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DNA walkers, a type of dynamic nanomachines, have become the subject of burgeoning research in the
field of biology. These walkers are powered by driving forces based on strand displacement reactions,
protein enzyme/DNAzyme reactions and conformational transitions. With the unique properties of high
directionality, flexibility and efficiency, DNA walkers move progressively and autonomously along mul-
tiple dimensional tracks, offering abundant and promising applications in biosensing, material assembly
and synthesis, and early cancer diagnosis. Notably, DNA walkers identified as signal amplifiers can be
combined with various amplification approaches to enhance signal transduction and amplify biosensor
sensing signals. Herein, we systematically and comprehensively review the walking principles of various
DNA walkers and the recent progress on multiple dimensional tracks by presenting representative ex-
amples and an insightful discussion. We also summarized and categorized the diverse signal amplifi-
cation strategies with which DNA walkers have coupled. Finally, we outline the challenges and future
trends of DNA walker machines in emerging analytical fields.
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1. Introduction

Because of the structural and functional characteristics of DNA,
on the foundation of rigorous Watson-Crick base pairing, DNA has
emerged as a notable building material for designing programma-
ble and versatile nanostructures. In the biomedical field, DNA
nanotechnology [1e6] has become a popular method for guiding
the precise manipulation of artificial systems at microscopic mo-
lecular levels. Various machines, including DNA switches [7e9],
DNA robots [10,11], DNA logic gates [12,13], DNA tweezers [14,15]
and DNA motors [16,17], have been exploited for bioanalytical
application and exhibit the properties of high flexibility, precision,
efficiency, sensitivity and specificity. Remarkably, DNAwalkers that
imitate the natural kinesin movements through which cargo is
directionally transported along microtubules have been shown to
perform controllable mechanical motion along predetermined
tracks on a unique nanoscale. These DNA walker machines, which
constantly traverse progressively and autonomously along one-
dimensional linear tracks, two-dimensional origamis and three-
dimensional nanoparticles, have great application prospects in
biosensing and bioimaging, material assembly and synthesis, and
monitoring living processes [18e27]. Moreover, prominent sensi-
tivity and detection limits can be obtained because of the superior
design schemes and advantageous properties of DNA walkers.
Herein, we intend to highlight the biosensing application of DNA
walkers as emerging dynamic molecular machines.

Structurally, DNA walkers mainly rely on the driving forces of
enzymatic reactions, strand displacements or conformational
transitions and walking bodies migrating along different dimen-
sional tracks. This paper summarizes the mechanisms of DNA
walker machines in detail and discusses representative examples of
relative biosensors based on multiple dimensional tracks. Impor-
tantly, DNA walkers have been essentially tested as signal ampli-
fiers, which are capable of recycling mechanical behaviors without
reversing the original operations. Recently, vast efforts have been
made towards engineering DNAwalkers that can strengthen signal
transduction in biosensors by integrating diverse signal amplifica-
tion strategies. Although several previous reviews have summa-
rized the analytical applications of DNA walkers [28e31], we first
summarize and evaluate the hyphenated techniques in which DNA
walkers are coupled with various amplification methods. Finally, in
this paper we also define the challenges and anticipate the devel-
opment prospects for DNA walkers in this inspiring field.
2

2. Principles of DNA walker machines

The representative DNA walker machine comprises three
essential ingredients, including the driving force, walking foot and
track. From a dynamic perspective, biased walking is realized by
breaking the initial balance through external driving forces, which
promotes the conversion of light or chemical energy into me-
chanical energy. Then, a fuel molecule is supplied to restore the
equilibrium system, thereby yielding the signal substance. Through
the cyclic process of damaging and repairing this equilibrium, the
energy cascade promotes spontaneous walking that occurs pro-
gressively and autonomously along the track to amplify the bio-
sensing signal.
2.1. Strand displacement reaction

The strand displacement reaction is a vital driving approach that
enables DNA walkers to control strand hybridization through
Watson-Crick hydrogen bonds [32e36]. This process is initiated by
toeholds and displaces the prehybridized strands towards branch
migration. Given the capability of the kinetic process to alter the
sequence length and toehold complementarity regions, the reac-
tion is advantageous for engineering synthetic DNA machines and
is independent of the enzymatic process.

The DNA walker was first exploited by Pierce’s group, who
mimicked kinesin motion to performmolecular transport driven by
strand displacement reactions (Fig. 1A) [20]. Supplemented by
complementary single-stranded hinges (A1 and A2), the two feet of
the synthetic walker were fixed to the branches of the track (green
and purple). When fuel strand D1 nucleated with strand A1 at the
exposed toehold, the walking leg was released and reattached to
the other track after the addition of new fuel strands. A persistent
walking mode can be achieved by providing energy through the
abovementioned strand displacement reaction without the
participation of enzymes. Directional motion can be achieved by
precisely controlling the walking steps through the addition of
specific fuel strands. However, an increased fuel concentration
reduced the efficiency of the leg-placing process, resulting from the
formation of a stable “trap state” that binds one fuel strand to the
foothold and another to the leg. Thus, a metastable hairpin struc-
ture has been extensively introduced as a fuel strand for these
nanomachines that prevents the formation of trap states. Tomov
et al. [37] developed a bipedal motor that employed hairpin fuel
strands to increase the timed walker stepping speed, and over 32



Fig. 1. Walkers powered by different driving forces. (A) Strand displacement reaction [20], (B) ligase and restriction endonuclease [42], (C) exonuclease [47], (D) DNAzyme [52], (E)
UV/vis light source-induced conformational transition [56] and (F) pH or ions-activated conformational change [57].
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high-efficiency steps that representedmovement along the origami
track could be obtained using a microfluidic device. Specifically, the
approach presented in this study enabled a distinct increase in the
operation yield and processivity without eliminating command
strands. In addition, Ellington’s group [38] adapted a catalytic
hairpin assembly to construct a stochastic DNA walker that acti-
vated the interaction of H1 (hairpin)-like substrates with hairpin
fuel strands to traverse the microparticle surface. The robust
walking behavior led to walker motion that continuously exceeded
30 steps.
3

2.2. Protein enzyme/DNAzyme reaction

Protein enzyme or deoxyribozyme (DNAzyme) reactions tend to
balance nucleic acid chemistry. There exists a class of DNA walkers
that are propelled by enzymatic reactions caused by covalent bond
hydrolysis of DNA substrates along the tracks. The operation effi-
ciency of these walking systems relies on competent enzyme/
DNAzyme-induced strand shearing and is approximately three or-
ders of magnitude quicker than traditional machines based on
hybridization reactions.

Endonucleases that catalyze the breakage of polynucleotide
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chains in the middle can nick single or double strands by recog-
nizing particular nucleotide sequences [32,39e41]. Yin’s team [42]
established the first enzyme-driven walker machines for trans-
porting DNA fragments, as achieved by scission and ligation actions
(Fig. 1B). A walking fragment of six nucleotides could be bound to
three anchor strands; the walker was ligated to the next anchor
strand by the T4 ligase and was regenerated upon cutting from the
previous anchorage by the restriction endonucleases of PflM I and
BstAP I. Repetition of the recognition site destruction and new site
creation processes allowed the walker to move autonomously and
unidirectionally along the DNA track. A similar walker scheme
driven by a simple nicking enzyme (N. BbvC IB) was presented for
transporting DNA cargo. The free-running molecular motor oper-
ated directionally, locating the desired position with an easy
modified track, and moved on the nanometer scale at a speed of
0.1 nm s�1 [43].

Endonuclease-induced walking machines still rely on the spe-
cific recognition units of nucleic acid sequences, so the emergence
of exonucleases perfectly circumvents this requirement. This
exonuclease degrades the polynucleotide chain in sequence from
the end to produce a single nucleotide [44e46] and has been
employed for various DNA walker devices. Fan et al. [47] reported
an exonuclease III (Exo III)-powered DNA walker that moved
autonomously along a three-dimensional (3D) track (Fig. 1C). For a
single-foot DNA walker hybridized with a nucleic acid track, Exo III
catalyzed the hydrolysis of the track from the blunt 30 termini. The
released walker binded to the adjacent track for a new Exo III
cleavage. The Exo III-propelled walking movement displayed high
processivity because the hydrolysis efficiency of Exo III was hun-
dreds of times higher than those of endonucleases and DNAzymes.

Although DNA walkers based on protein enzymes exhibit
fantastic operation efficiency, introducing bioenzymes into living
cells is difficult. This bottleneck is overcome through the utilization
of DNAzyme as a driving force for DNA walker design. DNAzymes
are a category of artificial enzymes with catalytic properties
[48e51]. Among them, RNA-cleaving DNAzymes with easy syn-
thesis and favorable stability can trigger the autonomous move-
ment of DNA walkers with the aid of metal ions. Le et al. [52]
exploited a DNAzyme motor by controlling the autonomous and
directional miRNA motion response, which is driven by Mn2þ-
dependent DNAzyme-catalyzed cleavage in living cells (Fig. 1D).
This motor, which avoided the necessity for bioenzymes and DNA
fuel strands, showed practical significance regarding live cells. In
addition, DNAzyme-induced dissociation has been used to extend
the applications of such motors in cell imaging, drug delivery and
gene diagnosis.

2.3. Conformational transition

The energy generated by DNA conformational transitions
[53e55] comprises an emerging power source for walker devices.
The representative design, powered by an ultraviolet/visible (UV/
vis) light source, employs photosensitive molecules modified to
oligonucleotides to mediate walker conformation. Yang et al. [56]
incorporated pyrene molecules into oligonucleotides and main-
tained the composite stability to constitute a DNAwalker strand via
a coupling reaction. The photosensitizer of the pyrene-modified
DNA walker was successfully constructed to promote cleavage of
the disulfide bond-connected stator on a DNA tile under 350 nm
photoirradiation (Fig. 1E); when the pyrene absorbed light energy
to transfer electrons to disulfide bonds, the stator strand was
cleaved, and the short fragment was released from the track. The
partiallymetastablewalker strand stepped up to the adjacent stator
due to strand displacement. The stepwise migration along the track
facilitated autonomous unidirectional movement driven by the
4

sustainable optical source. The real-time mechanical motion of
each forward walking strand was first observed upon utilization of
a high-speed atomic force microscope. This walking nanomachine
can be remotely controlled through photochemical reactions,
broadening its application in mesoscopic systems.

In addition to light power, driving forces activated by pH or ions
can also act as critical factors in walker machines. A bipedal walker
engineered by Willner’s group [57], traversing on a DNA template
track composed of four footholds, was driven by Hg2þ ions/cysteine
or Hþ/OH� ions (Fig. 1F). Initially, the two walker feet were posi-
tioned on footholds I and II because of prior hybridization. The use
of Hg2þ in the system gave rise to a forward walking motion of one
foot from foothold I to foothold III, yielding an elevated stable
thymine-Hg2þ-thymine (T) complex. Subsequently, adjusting the
pH of the system to acidic conditions led to strand rearrangement
to the i-motif structure (panel II) and locomotion of the other foot
from foothold II to foothold IV. Interestingly, due to the OH� ion and
cysteine activators, backward walking can be driven to dissociate
the i-motif or T-Hg2þ-T complex. Generally, this study presented
the development of a reversible DNA machine that enabled both
forward and backward walking, as triggered by Hg2þ/cysteine and
Hþ/OH� ions, respectively. Moreover, this approach introduced
external trigger signals that were applied to monitor pH changes or
pernicious ions in cells.

3. DNA walker machines based on multiple dimensional
tracks

The walking track plays a vital role in the operation of the DNA
walker machine, as the fundamental platform for transducing and
amplifying signals. The track is designed through the arrangement
and positioning of rigid substrate molecules (e.g., common DNA).
The anchor strand must be steadily fixed on the track to bind the
walking strand to the track, and various nanoparticle-based tracks
have been used to embrace the electrochemical or fluorescence
properties attributed to well-designed DNA walker machines with
advantageous controllability, mobility and transport efficiency. In
accordance with the walking manner and region, we classified the
machines into three categories of one-dimensional, two-dimen-
sional and three-dimensional DNA walkers.

3.1. One-dimensional (1D) DNA walker

Pierce’s group of pioneers devoted to DNA walkers exploited a
strand displacement reaction to drive a biped walking device in
striding along a one-dimensional (1D) track [20]. To track walker
motion, the four protruding branches of the walker track were
labelled with fluorescence dyes, and the legs of the walker strand
were labelled with quenchers. The use of walker movement for
molecular transport could be monitored in real time by the varia-
tion in the fluorescence signal in response to homologous fuel
strands, demonstrating high fidelity in controlling walking move-
ment at the nanoscale. The track scaffold found on rigid double-
stranded DNA can be easily designed and rationally adjusted,
allowing the device to progressively and autonomously mimic
motor protein locomotion.

Many DNA walkers built in strand-displacement regimes have
been used to make considerable advances in bioanalysis, whereas
additional fuel strands for hybridization render the byproducts of
double strand accumulation and dilute the system. The excellent
impetus in which light energy offers a high degree of precise
controllability overcomes the necessity of invasive changes to the
system. Famulok’s team [58] reported an orthogonal light-driven
DNA walker that traversed the back-and-forth directions along a
1D path (Fig. 2A). Two azobenzene derivatives corresponding to



Fig. 2. DNA walker supported by multiple dimensional tracks. (A) 1D double helix path [58], (B) a 1D single wall carbon nanotube track [59], (C) and (D) 2D rectangular DNA
origamis [60,64], (E) gold electrode [65], (F) ITO electrode [66], (G) 3D DNA origami [68], (H) 3D gold nanoparticles (AuNPs) [70] and (I) 3D magnetic beads (MBs) [49]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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different optical wavelengths were implemented to coordinate the
strand displacement courses via cis/trans isomerization. By means
of four photocontrolled strand displacement processes, the DNA
walker was flexibly regulated in a reversible walking pattern under
the appropriate light irradiation. This orthogonal photocontrol
system addressed the necessity of two or more photoactuators and
implemented greater spatiotemporal control. It could be expanded
to employ another orthogonal wavelength for guiding directional
walking. This highly accurate control over walker motion, based on
the power provided by light, paves a new road for designing
noninvasive progressive walking machines on the nanoscale.

Although these walker machines that employ DNA hybridiza-
tion control exhibit delicate sensitivity and specificity, the effi-
ciency of target-triggered hybridization declines consistently
between the target and probes, hindering low-abundance detec-
tion in living cells due to slow target-recycling kinetics. To over-
come this limitation, Xiao et al. [59] presented enzyme-powered
stochastic RNA walkers that move along a 1D single-wall carbon
nanotube (SWCNT) track (Fig. 2B). Duplex-specific nucleases
(DSNs) can selectively recognize and digest the DNA of DNA/RNA
heteroduplexes without specific splice sites and exhibit no activity
against single-stranded DNA or RNA; in the reaction system, they
effectively reduced DNA contamination from DNA/RNA heterodu-
plexes. The DSN-mediated cleavage of FAM-labelled DNA from
DNA/RNA heteroduplexes promoted autonomous and progressive
locomotion, allowing the transduction and amplification of bio-
recognition fluorescence signals for miRNA detection. The high
target-recycling kinetics enabled amplified signal outputs and an
excellent detection limit of 1.67 fM. The use of DSNs in the RNA
5

walker, provided excellent selectivity that distinctly discriminated
one-base mismatched miRNA from perfectly matched miRNA. In
particular, the DSN can be effectively transported into HeLa cells by
a transfection agent, and this approach provides a new perspective
for extending the application of RNA walkers to living cells.
3.2. Two-dimensional (2D) DNA walker

Inheriting the advantages of a 1D DNA walker, a two-
dimensional (2D) DNA walker with a planar structure offers a
higher degree of freedom for movement on the DNA track. The 2D
platform is preferable for fixing substrate molecules and effectively
controlling locomotion to improve processivity. Tinnefeld and his
partners [60] advanced a 2D walker machine that served as a
fluorescence signal amplifier for elevated sensitivity of target mo-
lecular detection (Fig. 2C). A 2D track of 100 nm in length and
70 nm in width was instituted upon folding the M13 mp18-derived
scaffold strand into a rectangular DNA origami using 192 staple
strands. The DNA target acted as a walker bound to the track,
yielding a specific duplex involving the recognition sequence.
Propelled by the enzymatic nicking reaction, autonomous walking
proceeded continuously along the origami track accompanied by
the release of quenchers. After adding dye-labelled imaging
strands, the brightness distribution could be characterized to
visualize the effect of walking behavior. The DNA walker was suc-
cessfully converted into a linear fluorescence amplifier to obtain
single nucleotide sensitivity. Monte Carlo simulations [61e63] were
used to prove the high processivity for the above walking move-
ment, and the rate constant of the perfectly matched sequence was
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2-fold larger than that of a single mismatch. The DNA walker was
also integrated into plasmonic fluorescence enhancement,
demonstrating that the unification of various amplification tech-
niques amplified the sensing signals. Moreover, DNA origami has an
information-bearing capacity with a precise geometry and an
excellent addressability and is successfully employed for the
implementation of intelligent nanorobotics. Fan’s research group
[64] developed a DNA navigator system based on a hybridization
chain reaction that implemented a parallel depth-first search on
DNA origami (Fig. 2D). The application of these solved mazes
defeated the complexity and scalability limitations of DNA
computing systems in solution, enabling the single DNA navigator
to explore possible paths randomly through a surface-based DNA
computational approach performed at the single-molecule level.

Even though DNA origami is addressable, flexible and functions
computationally, the nanoassembly cost is high, and the operation
environment in vacuum or at low temperature is relatively harsh.
Fortunately, electrodes have been discovered as prominent 2D
tracks for improving the walking surface area and working condi-
tion. Such electrodes enable the modification of biomolecules and
can be innovatively combined with DNA walkers to develop elec-
trochemical biosensors, resulting in the transduction and amplifi-
cation of electrochemical signals to obtain high sensitivity in
bioanalysis. Miao and his coworker [65] developed an electro-
chemical genosensing approach by coupling a bipedal DNA walker
with a strand displacement reaction on magnetic nanomaterials
(Fig. 2E). The implementation of this walking track, which was
supported by the tetrahedral DNA scaffold, improved the molecular
recognition efficiency and removed space molecules on the surface
of the gold electrode. In this assay, target DNA was enriched by
magnetic nanomaterials, inducing strand displacement amplifica-
tion to generate the trigger for subsequent DNA walking. The
application of silver nanoparticles (AgNPs) as signal sources
modified on the electrode surface generated sharp stripping peaks
due to the highly characteristic solid-state Ag/AgCl reaction. In the
presence of the target DNA, Pb2þ-dependent DNAzyme cleavage led
to the removal of single-stranded DNA segments with amino
groups, disabling the adsorption of AgNP signaling molecules. The
electrochemical signals were analyzed to quantitatively identify the
target DNA. In this nanomachine, the nanomaterials of
Fe3O4@AuNPs were beneficial for enriching target DNA through
magnetic separation in practical application. In addition to target
enrichment, two more amplification processes, namely, strand
displacement amplification and DNAzyme-induced walking
contributed to triply amplification of the sensing signal, enhancing
the sensitivity. In addition, in contrast to traditional walker ma-
chines, the bipedal DNA walker was driven by proximity-
dependent DNA hybridization, leading to high selectivity for the
target DNA. Indium tin oxide (ITO) electrodes with fantastic light
absorption and favorable electron transference have also been used
to establish 2D tracks. Jie’s group [66] reported a versatile elec-
trochemiluminescence (ECL) and photoelectrochemical (PEC)
biosensor for ultrasensitive glutathione (GSH) detection by
combining a DNAzyme-powered amplification strategy with DNA
walker-mediated allosteric modulation (Fig. 2F). As CdS:Mn-SA
signal probes were linked to the 2D ITO electrode, both the ECL
and PEC signals were dramatically enhanced for ultrasensitive GSH
determination. By combining Mn2þ-powered DNAzyme amplifi-
cation and DNA walker-mediated conformation transformation,
this work offered an efficient new strategy for the determination of
non-nucleic acid target and presented bright application prospects
in human serum samples.

In addition, glass slides have emerged as a favorable 2D planar
material for building DNA walker tracks. Zhu et al. [67] designed a
2D DNA walker-based pixel-counting strategy for the sensitive
6

determination of target nucleic acids on glass slide surfaces. With
the synergistic amplification of the DNA walker and a digital
counting program, the fluorescence spot representing the target on
glass slides was analyzed with a low detection limit down to the
femtomole level based on this approach.

3.3. Three-dimensional (3D) DNA walker

A class of DNA walkers that travel along 1D tracks or 2D tracks
demonstrate advantageous signal transformation and amplification
for biosensing systems. In contrast, the 3D DNA walkers that have
been found by researchers have superior amplification perfor-
mance, and the corresponding tracks possess strong DNA enrich-
ment capacities because of the abundant surface area of 3D
nanoparticles. The origami technique can therefore be extended to
a 3D scale; for instance, a plasmonic system presented by Zhou
et al. [68] was used to realize a gold nanorod that implemented
progressive nanoscale walking on 3D DNA origami (Fig. 2G).

In addition to 3D origami, gold nanoparticles (AuNPs), as uni-
versal 3D materials, have generated tremendous attention upon
being used to establish tracks for diverse walking machines. These
spherical nucleic acid-based 3D tracks are continuously prepared
by functionalizing AuNPs with thiolated DNA via AueS bonds,
providing a higher cargo loading capacity and faster mobility on the
spherical surface than possible with 2D tracks. In particular, the
DNA components can be sequentially arranged on the surface of
AuNPs, and these high local concentrations on the nanoparticle
surfaces strengthen the catalytic efficiency and output signal. The
pioneering work by the Le laboratory [69] took advantage of AuNPs
to introduce a binding-induced DNA nanomachine for the sensitive
detection of proteins and nucleic acids. The merits of this scheme
can be summarized as follows: i) the 3D tracks provides high
loading density to promote the conjugation of DNA components on
the well-defined AuNPs to accelerate the walking efficiency; ii) the
binding-induced assembly of separate DNA components improved
the specificity of target recognition; iii) the DNA walker achieved
high sensitivity powered by the enzymatic cleavage of releasing
hundreds of fluorescently-labelled oligonucleotides. Accordingly,
the Li laboratory [18] also reported an enzyme-powered 3D DNA
nanomachine built on a DNA-AuNP track. DNA walking was also
confirmed to work based on a well-defined space of a single AuNP
co-conjugated with all DNA components. It was advantageous that
various components could be integrated on a single nanoparticle to
expand the functionality of the nanomachine. Furthermore, Lv et al.
[70] presented a photoelectrochemical sensing platform for disease
biomarker determination based on ‘Z-scheme’ double photosys-
tems coupled with 3D DNA walkers (Fig. 2H). The AuNPs not only
functioned as building blocks for the DNA walking track but also
acted as electron mediators to facilitate electron transfer between
the two photosystems containing CdS quantum dots (QDs) and
BiVO4 materials. The target-triggered DNA walker induced the
progressive assembly of numerous CdS QDs on the surface of
AuNP@BiVO4, resulting in the formation of ‘Z-scheme’ photosys-
tems that remarkably amplified the photocurrent signal. The all-
solid-state artificial ‘Z-scheme’ system could effectively impede
electron-hole recombination to increase photocurrent density. This
DNA walker-based photoelectrochemical strategy with a detection
limit of 1.5 pg mL�1 could screen small molecules by altering the
sequence of the aptamer and thus expand the horizons of in vitro
diagnostic applications.

Magnetic nanoparticles with high loading capacity are also used
for constructing 3D tracks for DNAwalkers. Xu et al. [49] developed
an original fluorescence scheme for telomerase activity detection
based on a 3D DNA walker that was amplified by a fluorescence
resonance energy-transfer (FRET) system employing DNA-
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functionalized magnetic beads (MBs) as the track (Fig. 2I). The
effective DNA concentrations and experimental efficiencies were
improved as nucleic acids were immobilized on the high-density
surface of the MBs, thereby promoting progressive walking along
the MBs. The magnetic separation of DNA-functionalized MBs also
induced a low background signal for the 3D DNAwalker. Due to the
dual-amplification strategies within the DNA walker and MnO2
nanosheet-upconversion nanoparticle FRET system, a highly sen-
sitive detection method was realized with a detection limit of 23
HeLa cells (based on the telomerase extracted from HeLa cells).

Moreover, an artificial DNA probe, reported by Tan’s group [71],
was constructed to monitor molecular encounters via walking
locomotion through a strand-displacement reaction. This study of a
DNA walker, using live cell membranes as a track, verified the
occurrence of rapid encounters within the same lipid domains.

4. DNA walker machines coupled with signal amplification
strategies

Abundant signal amplification strategies, including catalytic
hairpin assembly [72,73], roll circle amplification [74e77], hybrid-
ization chain reaction [48,78e80], nanomaterial-based amplifica-
tion methods [81e92] and so on, have been uncovered that amplify
biorecognition signals to obtain excellent detection sensitivity in
biosensors. Remarkably, the DNAwalker machine, a famous fourth-
generation biosensor, is also regarded as an intelligent amplifier for
analytical applications; the sensing signal can be effectively
amplified through walking locomotion, powered by driving forces,
moving progressively and autonomously along engineered tracks.
To enhance biosensor sensitivity, selectivity and specificity, re-
searchers have reported numerous biosensing approaches based on
the organic coupling of DNA walkers with diverse amplification
tactics. We review the combined techniques and sort them based
on the different amplification strategies to which DNA walkers are
coupled. Relevant, insightful discussions are also put forth in this
section. Table 1 lists the techniques coupling DNAwalker machines
with diverse types of signal amplification strategies.

4.1. DNA walkers coupled with enzyme-free amplification strategies

Enzyme-free amplification strategies include a variety of wide-
spread approaches for amplifying the sensing signals in bio-
analysis; common examples include catalytic hairpin assembly,
hybridization chain reaction, and entropy-driven amplification.
Given the amplified capabilities of enzyme-free amplification
methods and DNA walkers, these two methods have been innova-
tively combined to construct DNA nanomachines with excellent
performance properties.
Table 1
Comparison of DNA walker machines coupled with signal amplification strategies.

Design principles of DNA walker Signal amplification strategies Analytes

DNAzyme reaction CHA Thrombin
Protein enzyme reaction HCR miRNA-141
DNAzyme reaction HCR let-7a
Strand displacement reaction EDA miRNA-21
DNAzyme reaction EDA Target DNA
Strand displacement reaction RCA HIV
DNAzyme reaction RCA 16S rRNA;

P. aeruginosa
Strand displacement reaction ERA Carcinoembr
Protein enzyme reaction MOF nanoparticles Target DNA
DNAzyme reaction UCNPs Telomerase
Protein enzyme reaction MOF and UCNPs CEA
DNAzyme reaction AgNPs Target DNA
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Catalytic hairpin assembly (CHA), a nonenzymatic isothermal
amplification reaction, is activated by a specific single-stranded
initiator to catalyze the self-assembly of two customized hairpins,
and abundant stable duplex signal readouts are yielded for the
amplified detection of target molecules. Due to the high signal-to-
noise ratio and remarkable catalytic amplification effects of the
CHA recycling reaction, it has been successfully combined with a
DNA walker machine for protein or nucleic acid determination.
Xiong et al. [93] developed a 3D-bipedal DNAwalker coupledwith a
CHA strategy for the cascade signal amplification determination of
thrombin (Fig. 3A). Taking advantage of the high local concentra-
tion of track DNA and the wide walking region, while in the pres-
ence of thrombin, a 3D DNA walker with two freely walking feet
demonstrated a surprising amplification effect on the production of
plentiful trigger DNA (T-DNA) for the following CHA reaction. After
magnetic separation, the T-DNA initiated the generation of copious
H1/H2 complexes in the CHA system that were used to activate the
signal reporters and yield amplified signal readouts. Eventually, the
ultrasensitive fluorescence biosensor was triple amplified by the
synergistic effect of a DNA walker, magnetic enrichment and CHA
reaction, giving rise to excellent selectivity, specificity and a
detection limit of 23 fM. Compared with traditional unipedal DNA
walking machines with the foot DNA and track DNA fixed on same
sensing interface, this walker with the two free feet anchored on
different sensing interfaces increased the local concentration of
track DNA, thereby improving the walking efficiency and expand-
ing the range of the walker. Moreover, the enzyme-free biosensing
platform enabled the issues of tedious and costly thermal cycling
processes to be avoided and demonstrated promising applications
in biomedical research. Yao et al. [94] designed a four-legged DNA
walker by embedding CG-Cþ triplex DNA into CHA circuitry
(Fig. 3B). In this project, cleavage of the hairpin substrates for the
CHA-based walker was not required, so the walkers shared with
“spiders” features could therefore yield DNA outputs for further
work on a 3D microparticle surface. In addition, walking of the
proton-controlled walker powered by toehold exchange reactions
could be dynamically caused to start and stop on highly organized
DNA tracks. Thus, the programmable walker exhibited prospective
applicability in large nanomachines.

A hybridization chain reaction (HCR) is another familiar
enzyme-free amplification technique that enables sensitive nucleic
acid detection. HCR also consists of two designed hairpins and a
trigger strand. In contrast to CHA, the trigger strand activates the
two hairpins to alternately unfold and form long nicked double-
helix structures. Although HCR has an intrinsic property of ampli-
fying sensing signals, the method may encounter problems
including high background noise and cumbersome labelling pro-
cesses, decreasing its detection accuracy in biosensing. To
Linear range LOD Ref.

0.1e5 � 103 pM 23 fM [93]
1.0 � 10�3- 1.0 � 106 fM 1.1 � 10�4 fM [95]
10e1.0 � 106 fM 7.9 fM [96]
20e10 � 103 pM 8 pM [101]
0.3e500 fM 0.29 fM [102]
5.0e1.67 � 103 fM 1.46 fM [104]
10-106 fM
10e1.0 � 108 CFU/mL

10 fM
10 CFU/mL

[105]

yonic antigen (CEA) 0.01e100 ng mL�1. 1.2 pg mL�1 [106]
1.0 � 10�4-100 nM 33.6 fM [114]
50 to 2000 cells 23 HeLa cells [49]
0.1e300 ng mL-1. 0.032 ng mL-1 [107]
1.0e100 fM 0.22 fM [65]



Fig. 3. DNA walker machines coupled with enzyme-free amplification strategies. (A) and (B) catalytic hairpin assemblies [93,94], (C) hybridization chain reaction [95], (D) entropy-
driven amplification [101].
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overcome these drawbacks, Li et al. [95] developed a versatile DNA
hydrogel-based fluorescence platform by combining a 3D DNA
walker with an HCR strategy for the ultrasensitive monitoring of
miRNA (Fig. 3C). With the introduction of target miRNA into the
system, the walking machine was initiated and yielded large
amounts of DNA S3 for the subsequent HCR process. Upon linking
S3 to H1, P1 and P2were, in turn, opened to hybridize and assemble
a cross-linked DNA hydrogel on SiO2 microspheres. Ultimately, dye
or QD-based fluorescence indicators were imbedded into the
hydrogel; thus, the fluorescence signal was significantly multi-
amplified by a DNA walker machine and HCR-induced DNA
hydrogel, demonstrating an ultralow detection limit and satisfac-
tory precision for miRNA-141 detection in prostate cancer diag-
nosis. Wang et al. [96] constructed an enzyme-free and label-free
cascade amplification platform by coupling a 3D DNA walker with
the HCR technique, which dramatically amplified the fluorescence
response signal to obtain high sensitivity and admirable specificity
towards let-7a. These coupling approaches used a single target to
induce continuous walking motion, and thus a mass of trigger DNA
was released to initiate the HCR process for amplified fluorescence
signals, achieving highly sensitive detection of a single target cor-
responding to multiple signal probes.

In contrast to CHA and HCR, which are both powered by base-
pair formation-induced changes in the negative free energy, the
entropy-driven amplification (EDA) reaction discovered by Zhang
et al. [97] in 2007 enabled the engineering of a range of rational
single-stranded DNAs for the construction of a catalytic circuit
through toehold-mediated strand displacement, which played a
crucial role in developing highly effective biological approaches.
The design of this EDA strategy is simpler andmore stable than that
based on hairpin assemblies and prevents false-positive signals
generated by nonspecific hybridization between metastable
hairpin structures generated from CHA or HCR [98e100]. Recently,
Liang and teammates [101] customized the EDA strategy into a 3D
walker machine for intracellular miRNA imaging. Activated by
target miRNA, the walking foot was attached to the surface of
AuNPs loaded with high-density DNA substrates (Fig. 3D). This
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intelligent machine could autonomously and progressively walk on
the 3D tracks through EDA-induced strand migration, resulting in a
persistent fluorescence signal generated by the continuous release
of dye-labelled substrate strands. The superior sensitivity and ki-
netics of this nanomachine were achieved by the accelerated
effective DNA component that was co-anchored onto individual
AuNPs through a proximity-induced intramolecular reaction.
Moreover, the analytical results of this method also exhibited a high
signal-to-noise ratio on account of the unique design of thewalking
leg for walkingmotion. Wang et al. [102] reported the development
of an electrochemical biosensor that was fabricated by integrating
EDA with a DNA walker for cascade-amplified detection of nucleic
acids. Biorecognition and EDA reactions could be realized in ho-
mogeneous solutions that improved amplification efficiencies.
Benefiting from the cascade amplification assay, abundant elec-
troactive probes were released from the gold electrode, giving rise
to satisfactory reproducibility and reliability and a low detection
limit of 0.29 fM.
4.2. DNA walkers coupled with enzyme-assisted amplification
strategies

Although enzyme-free amplification technologies have shown
favorable amplification performance, this performance is still lower
than that of enzyme-assisted amplification reactions in terms of
response efficiency, amplification power and design flexibility.
Thus, enzyme-assisted amplification approaches, including Exo III-
assisted target recycling amplification [44,75,103] and rolling circle
amplification, exhibit faster and more effective analytical perfor-
mances for low abundance target detection due to the beneficial
catalytic activity of nucleases. The incorporation of DNA walkers
with enzyme-assisted amplification approaches has been applied
to enable ultrasensitive bioanalysis.

Rolling circle amplification (RCA) is frequently utilized to
construct a biosensing platform for amplified sensing signals. RCA
is an effective isothermal enzymatic amplificationmethod powered
by DNA polymerase, producing long single-stranded DNA on
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circular Padlock probes using DNA or RNA primers. DNA walkers
with negligible background signals and facile operation capabilities
have been efficiently integrated with the RCA method for nucleic
acid analytes. Zheng et al. [104] developed a DNA nanomachine
based on the DNAwalker amplification reaction and RCA procedure
for human immunodeficiency virus (HIV) biomarker detection
(Fig. 4A). HIV nucleic acid was identified as a primer hybridized
with Padlock DNA assisted by T4 DNA ligase, and the RCA reaction
was driven by phi29 DNA polymerase. The generated long single-
stranded DNA derived from RCA was nicked by enzyme Nb. BtsI.
The catalysts hybridized with H1 and then H2 could be prompted to
displace the catalysts for forming the H1/H2 duplex on the AuNP
surface, thereby turning on the fluorescence signals of the 5-
carboxyfluorescein (FAM) labelled on H1. As the RCA reaction
propelled the DNA walker machine, the evidently amplified fluo-
rescence signal of the target DNA validated the excellent sensitivity
and selectivity of the proposed strategy. In summary, the DNA
nanomachine powered by the RCA product provided the high hy-
bridization efficiency of the target DNA, and high local effective
concentrations of H1 could be accumulated on the AuNP surface to
produce an obvious sensing signal due to DNA walker cascade
amplification. Zhou et al. [105] also introduced a multipedal DNA
walker coupled with an RCA reaction to build a cascade signal
amplification platform (Fig. 4B). Once the target 16S rRNA was
Fig. 4. DNA walker machines coupled with enzyme-assisted amplification strategies and na
recycling amplification [106], (D) metal-organic frameworks [114] and (E) upconversion na
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captured by CP, the RCA reactionwas activated to produce repeated
sequences that were partially complementary with walker probes
(WP). Pb2þ-dependent DNAzymes were constructed by hybridizing
WP with signal probes and upon the addition of Pb2þ, methylene
blue (MB)-modified signal probes were cleaved to release MB from
the Au electrode surface, dramatically reducing the peak current of
MB. The proposed cascade amplification approach displayed an
outstanding detection limit of 10 CFU/mL. The notable merits of this
integrated technology were as follows: (i) supplying large number
of binding sites due to the long RCA products that bind to walking
DNA legs and (ii) forming a multipedal DNA walker driven by
multiple DNAzymes to accelerate walking efficiency. This protocol
provided the desirable amplification ability for ultrasensitive
Pseudomonas aeruginosa detection.

Bymeans of template-dependent extension procedures, the RCA
reaction strongly facilitates biosensor signal transduction and
amplification. However, the preparation and purification steps for
circular templates are tedious and complicated. Exo III-assisted
target recycling amplification (ERA) is a delicate alternative
method for constructing sensitive biosensors without the applica-
tion of customized templates. Once exonuclease digests the
recessed 30 terminus of mononucleotides or the blunt double-
stranded DNA, the ERA approach promotes target recycling
accompanied by the generation of substantial repeated units. The
noparticles. (A) and (B) Rolling circle amplifications [104,105], (C) Exo III-assisted target
noparticles [107].
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cascade amplification protocol for merging the ERA with a DNA
walker has been innovatively explored for the construction of
sensitive and specific sensing platforms. As a representative
example, Wang’s group [106] reported a smart DNA machine for
the label-free determination of carcinoembryonic antigens by
incorporating ERA with a DNA walker (Fig. 4C). Based on specific
CEA-aptamer recognition, the machine was designed following an
ERA strategy to yield copious single-stranded products as walker
DNA. Autonomous walking was initiated by the walker DNA on the
surfaces of silica microspheres, and H3 hybridized with H4 to form
G-quadruplex structures, resulting in the production of a promi-
nent fluorescence signal aided by N-methylmesoporphyrin IX.
Given the two amplification stages of ERA and the DNAwalker, this
machine displayed a low detection limit of 1.2 pg mL�1 during the
isothermal amplification process, inwhich the complicated thermal
cycling module was discarded. This design exploits both the cata-
lytic amplification ability of Exo-III and the efficient cargo loading
capacity of the DNA walker to allow hundreds of signal probes to
respond to a single target, thereby achieving high sensitivity and
high specificity.

4.3. DNA walker amplification strategies coupled with
nanoparticles

In addition to nucleic acid-related isothermal signal amplifica-
tion strategies, nanoparticles have unique advantages, including
simple preparation methods, easily controllable sizes and facile
surface modifications, that meet the requirements for designing
efficient signal amplification strategies. Nanomaterials can not only
be functionalized to accelerate electron transfer on biosensing in-
terfaces but can also be utilized as catalysts by mimicking enzymes
and signal transmitters to amplify sensing signals and label
recognition molecules. Common nanoparticles include metal-
organic frameworks [107e109], upconversion nanoparticles
[33,49,110], silver nanoparticle-based magnification approaches
[111e113] and so on. Based on the outstanding advantages of
nanoparticles and DNA walkers, innovative biosensors have been
developed through the incorporation of DNA walkers with nano-
particles, enabling low background noise, high sensitivity and high
accuracy.

Metal-organic frameworks (MOFs) with high surface areas and
chemical stabilities have been widely employed in various bio-
sensors. The catalytic performance and the enlargement of the
reaction range have been improved due to the permanent porosity
and high tenability of MOFs to confine guest species. In particular,
the integration of the respective MOF and metal nanoparticle ad-
vantages enables the implantation of signal transduction and
amplification in biosensing platforms. Lei’s group [114] developed a
tandem signal amplification tactic based on the use of a DNA-
walker-induced conformation switch to fix Pd/MOF (Pd/PCN-224)
tags for ultrasensitive identification of DNA (Fig. 4D). The Pd/PCN-
224 composite was synthesized by reducing Pd nanocrystals on
PCN-224, and this composite not only demonstrated the hydrogen
adsorption/desorption property of PdNPs but also possessed the
short electron-transport distance of PCN-224, demonstrating bril-
liant electrocatalytic activity towards NaBH4 oxidation. In the
presence of target DNA, the released swing arms were activated by
cleavage enzymes to drive DNA walker movement and induce
structural conversion from a hairpin to a stable streptavidin (SA)
aptamer. Then, the Pd/PCN-224-SA composites were immobilized
on the surface via SA-aptamer recognition to produce a sufficient
electrochemical signal. This biosensor based on the tandem signal
amplification of MOF and DNA walkers displayed a working scope
that encompassed 6 orders of magnitude, a detection limit on the
femtomolar scale and a single-mismatch differentiation capacity.
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Upconversion nanoparticles (UCNPs), a class of rare earth-doped
nanoparticles with a high signal-to-noise ratio and outstanding
luminescence, have been employed in biosensing and medical
imaging applications. Our team [49] established a manganese di-
oxide nanosheet-upconversion nanoparticle (MnO2eUCNP) system
as a FRET platform, displaying little background interference and
low autofluorescence. The sensitive amplification strategy for the
telomerase activity assay was designed by coupling a 3D DNA
walker with a MnO2eUCNP-based FRET system. Once the trigger
strands were released by the DNA walking machines, they inter-
actedwith the complementary strands modified on UCNPs to break
the FRET system, and the fluorescence of UCNPs was recovered,
implementing the quantitative measurement of telomerase activ-
ity. Moreover, the MOFs grown on UCNPs could enhance photo-
electric properties upon NIR light excitation. Lv et al. [107]
fabricated a zeolitic imidazolate framework (ZIF)-8-assisted
UCNPs@ZnO composite photosensitive material for photo-
electrochemical (PEC) biosensing, which exhibited favorable con-
ductivity and stability as well as a slow electron-hole
recombination rate (Fig. 4E). The synthesized NaYF4:Yb,Tm@ZnO
composite converted near-infrared (NIR) excitation into UV emis-
sion to yield a photocurrent signal. Upon adding the target CEA, the
3D DNA walker, which possessed a strong enrichment ability, was
driven by a burnt-bridge mechanism to release guanine bases,
which enhanced the PEC responses and strengthened the sensi-
tivity of the sensing platform. Therefore, a highly effective signal
amplification mode can be accomplished depending on the inte-
gration of UCNPs@MOF materials with 3D DNA walkers.

In addition, sliver nanoparticles (AgNPs) featuring sharp silver
stripping peaks have attracted much attention for use in electro-
chemical sensing assays. Chai et al. [65] exploited a bipedal DNA
walker-based electrochemical gene sensor by making use of the
AgNP signal sources. In the absence of target DNA, the amino
groups modified on top of tetrahedral DNA could interact with
AgNPs to generate an intense linear sweep voltammetry peak. With
the production of probe B, as triggered by the target, DNA walking
was activated to cleave the DNA segments. The amino groups were
kept away from the surface of the electrode, which disabled the
localization of AgNPs; thus, the silver stripping peak current
decreased significantly. By studying the electrochemical signals, the
target DNA was quantitatively analyzed based on a DNA walker
machine with a low detection limit of 0.22 fM.

5. Conclusions and perspectives

The development of DNA walker machines has undergone
phenomenal progress for the past decade in both quantity and
quality. Diverse biosensors with precise programmability and
addressability based on DNA walkers have exhibited comprehen-
sive application capabilities in clinical diagnosis, targeted drug
delivery and ultrahigh-density data storage. The innovative incor-
poration of DNAwalkers with different amplification strategies has
been attributed to the excellent properties of high motility, sensi-
tivity and accuracy for the quantitative detection of biomolecules
in vitro or in living cells. However, restricted by some artificial
design deficiencies in DNA walkers, the operation efficiency is far
lower than that of natural molecular machines, and the applica-
tions of this technology in living areas still encompass only a small
fraction of the possibilities. Therefore, DNA walkers face some
challenges that remain to be overcome.

First, thewalking efficiency of DNAwalkersmust be improved in
nanosystems. Enhancing the concentration of substrate strands is
conducive to advancing walking efficiency, whereas walking strand
derailment may occur due to the inappropriate distance and uni-
formity of substrate DNA. In addition, nonrigid single strands are
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inclined to attach to the surface of nanoparticles constructed for
walking tracks, impeding walking movement. Researchers have
discovered rotating or rolling machines and favorable nano-
structures [115,116] that have been used to overcome the derail-
ment problem and accelerate the walking speed when the running
mode changed from step-by-step to high-speed rolling. Accord-
ingly, we have seen that a single target often activates the forward
motion of one walking strand. There is no doubt that if a single
target can be recycled to initiate multiple walking strands, the ef-
ficiency will massively improve.

Second, hyphenated techniques, combined DNA walkers with a
variety of signal amplification strategies, have made outstanding
achievements in the sensitivity and specificity of biosensors, but
some issues remain to be solved. The key issues are as follows: how
to decrease the number of operation steps, how to shorten the
response time of the sensing system, how to decrease the false
positive signal caused by non-specific adsorption, and so on. The
design of nanomachines can be simplified to have more integrated
molecular components for generating faster reaction kinetics,
ensuring the high operating efficiency of DNA walkers. In addition,
by changing or screening aptamer sequences, multi-target simul-
taneous detection methods can be constructed to enhance the
specificity of detection systems.

Third, the analysis of for actual samples by biosensing systems
based on DNA walkers is more complicated than that performed
using other DNA machines. For example, high concentrations of
serum proteins may generate a protein corona that masks the dy-
namic interactions of DNA walking. In addition, characterization
approaches, such as high-resolution atomic force microscopy and
transmission electron microscopy, are expensive and limit the
extensive application of complex systems. Real-time monitoring is
desirable, and novel easy-to-observe characterization may be use-
ful for realizing accurate visualization methods. Furthermore, mo-
lecular simulation will be a vital tool for the study of the
experimental parameters that influence DNA walker efficiency,
sensitivity and specificity.

Fourth, researchers have focused on employing DNAwalkers for
the detection of a series of specific target molecules. It is urgent to
expand this application scope to other targets, such as pathogens
and notable intracellular substances. In particular, aptamers, as
excellent recognition probes, can be integrated with DNA walkers
to detect highly sensitive nucleic acids, mycotoxins and other small
molecules. For intracellular analysis and in vivo detection, more
endeavors based on DNAwalkers should be made in the future. The
establishment of highly integrated DNA molecular machines can
enable the assembly of as many necessary components in the same
stable nanosystem as possible, followed by integral transport to the
targeted location in living cells, boosting the controllability of each
component distribution at the targeted site and advancing the
performance efficiencies of molecular machines. In addition to the
aforementioned applications coupled with signal amplification
strategies, DNA walker machines are also expected to be combined
with point-of-care tests, e.g., using commercial blood glucometers,
laptops or smartphones.

In summary, the future directions of DNA walker development
can be summarized as follows: (i) to further excavate the charac-
teristics of various nanomaterials by developing develop diverse
sensing platforms based on multi-dimensional tracks for clinical
diagnosis, environmental monitoring and food safety analysis; (ii)
to create a more efficient and simpler walking mode, e.g., to
simplify the design of nanomachine, which can improve the oper-
ating efficiency of DNA walkers; and (iii) to build a miniaturized,
intelligent and integrated DNA walker by combining portable
detection devices that can quickly read out the sensing signals and
analyze the detection results. In brief, to appreciate the universality
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and practicability of DNA walker machines in biological analysis,
researchers still have a long explorative journey ahead to realize
these substantial goals.
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