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Tubular Motors

Tubular Micro/Nanomachines: From the Basics

to Recent Advances

Borui Xu, Biran Zhang, Lu Wang, Gaoshan Huang, and Yongfeng Mei*

Inspired by the machines that have changed the world through their autono-
mous functions, scientists have focused their attention on performing similar
functions at the micro/nanoscale. The motility of these micro/nanomachines
(micro/nanomotors) offers enormous opportunities for cargo delivery, biode-
tection, and environmental and biomedical applications. Among the various
geometries of micro/nanomotors, a tubular shape provides asymmetric inner
and outer surfaces, where the inner wall hosts chemical reactions that supply
the moving power and the outer wall can be modified for specific chemical

and biological functions. This review describes the concept of tubular micro/
nanomotors, including their basic principles, fabrication methods and control
over their motion. With the assistance of catalytic reactions, tubular micro/
nanomotors can generate a powerful thrust force to navigate in complex natural
and in vitro environments. Modification of the tubular micro/nanomotors
allows the motors to capture, transport, and release selected cargos on demand.
In addition, their application in sensing and decontamination benefits from their
collection behavior and self-mixing effect. Furthermore, noncatalytic reaction-
driven tubular micro/nanomotors, such as redox-based and biohybrid tubular
micro/nanomotors, provide new possibilities for practical in vivo applications.
The state-of-the-art tubular micro/nanomotors could offer a promising platform
for various applications, e.g., lab-on-chip devices and in vivo theranostics.

1. Introduction

Machines that use chemical, thermal, or electrical power to per-
form designed functions and complete specific tasks have pro-
moted all aspects of society and human life. The invention of
steam-powered machines triggered the Industrial Revolution.!!
Later, the production of the internal combustion engine marked
a major turning point in the Technological Revolution,? and
this engine still functions in industry and our daily lives. Cur-
rently, we are surrounded by many types of machines and
cannot live without their assistance. As noted by Feynman in
his famous speech in 1959,F the miniaturization of machines
to the micro/nanoscale would open a new era in technology.
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Since that speech, considerable effort
has been devoted to research on micro/
nanomachines. One important issue that
urgently needs to be solved is the power
source for micro/nanomachines. Different
strategies have been advanced to obtain
power from chemical reactions or bio-
logical motion. Currently, micro/nanoma-
chines that are capable of moving, called
micro/nanomotors, can complete several
tasks at the microscale ranging from car-
rying, transporting, and releasing cargos
to detecting and analyzing molecules as
well as interacting with biological cells.

With the development of nanotech-
nology, different geometries of micro/
nanomotors, including Janus particles,
rods,””) helices,®) and biomimetic shapes,”]
have been developed with the goal of real-
izing functional micro/nanomachines.®!
Rocket-shaped tubular micro/nanomotors
have attracted substantial attention due to
their asymmetric inner and outer surfaces.
The inner wall commonly consists of cata-
lysts or reactive materials that can provide
thrust, while the outer wall can be modi-
fied with chemical or biological materials to endow the micro/
nanomotors with the ability to conduct specific functions.
In this review, the basics of tubular micro/nanomotors are
introduced, including their working principles, mechanisms
of propulsion, fabrication methods, and control strategies.
Tubular micro/nanomotors based on catalytic reactions and
their applications in cargo delivery, biosensing, and environ-
mental remediation are reviewed. Meanwhile, other non-
catalytic reaction-driven tubular micro/nanomotors that have
achieved in vivo biomedical applications are introduced.
Finally, a summary and outlook for the possible direction of
future development are given.

2. Tubular Micro/Nanomotors at Low
Reynolds Numbers

Micro/nanomotors®9 are also regarded as engines,!¥ jets, 1!

rockets,12 and robots!!¥l at the micro/nanoscale. Specifically,
micro/nanojets and rockets are used to describe tubular micro/
nanomotors that possess similar shapes and propulsion mech-
anisms as jets and rockets in the real world. These jets and
rockets can generate substantial thrust to overcome gravity
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and propel themselves away from the ground into the sky or
space. However, at the micro/nanoscale, the motion of micro/
nanomotors in a liquid at low Reynolds numbers is mainly
hampered by viscous force and the Brownian motion of the sur-
rounding liquid molecules, as described by Purcell in 1976.'4
The Reynolds number, which was introduced by Sir George
Stokes and popularized by Osborne Reynolds to describe the
transition of a fluid’s flow from laminar flow to turbulent flow,
is defined as the ratio of inertial forces to viscous force as
follows: Re = pul/u, where p, u, |, u are the density of the fluid,
the velocity of the fluid relative to the moving object, the char-
acteristic length of the object, and the dynamic viscosity of the
fluid, respectively. For an object moving in a fluid, the Reyn-
olds number enables us to quantitatively distinguish the forces
that dominate the motion (Figure 1). For an object moving at
the macroscale, such as a swimmer, the Reynolds number can
be up to 10* For smaller objects, e.g., goldfish, the Reynolds
number is =102 In these cases, the large Reynolds numbers
indicate that the inertial force is much greater than the vis-
cous force. However, for objects moving at the microscale, for
example, an Escherichia coli (E. coli) bacterium, the Reynolds
number can be much smaller. The average mean speed of E. coli
is 30 um s7!, and it has a radius of =1 um with a length of
=2 um. The viscosity of water is =<1 mPa . Therefore, the Reynolds
number of an E. coli bacterium is =10~*. This value implies that
viscous force dominates the motion and that the influence of
inertial force can be neglected for microscale objects.

To realize the directional movement of micro/nanomo-
tors, a variety of strategies!”! have been developed, including
the utilization of an external energy supply (e.g., electric,l1®

@
: Re=10°> {cm
@

Figure 1. Swimming objects with different sizes and Reynolds
numbers (from top to bottom: swimmer, fish, bacteria, and artificial tubular
micro/nanomotor).
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magnetic,'”! acoustic,"® and biologicall' sources), the self

diffusiophoresis mechanism,??” self-electrophoresis,?!! and the
bubble recoiling mechanism.?? Tubular micro/nanomotors
are established based on the bubble recoiling mechanism. The
thrust comes from ejection of the generated bubbles from one
end, which propels the motion of the tubular micro/nanomo-
tors in the opposite direction. The bubble recoiling mechanism
can provide high propulsion power, leading to fast movement
and the ability to transport heavy cargos.

The basic principle of tubular micro/nanomotors propul-
sion was described in 2009123 shortly after the invention of
these novel tubular micro/nanomotors.?* The fuel (hydrogen
peroxide solution, H,0,) surrounding the tubular micro/
nanomotors enters their hollow structure and is catalytically
decomposed by the inner platinum (Pt) layer. Then, bubbles are
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generated inside the tube and propelled out through the larger
end of the microtube. The ejection of bubbles provides a jet
force, which propels the forward motion of the tubular micro/
nanomotors. Figure 2a illustrates the process of generating
bubbles inside a tubular micro/nanomotor. As demonstrated
here, the H,0, solution fills in the microtube (Figure 2a-i),
and then the O, bubbles produced by the reaction on the inner
surface (Figure 2a-ii) nucleate and move to the larger end of the
tube (Figure 2a-iii). Finally,an O, bubble detaches from the tubular
micro/nanomotor and is released, as shown in Figure 2a-iv.
The bubbles tend to move toward the larger end due to the cap-
illary force created by the geometric asymmetry of the tubular
structure.[?3-2°]
To better understand the propulsion mechanism of bubble-
propelled tubular micro/nanomotors, the motion behaviors of
bacteria swimming at the microscale need to be analyzed. Basi-
cally, as demonstrated in Figure 1, the motion of peritrichous
bacterium is driven by the rotation of their flagella.?¥ Each fla-
gellar filament is connected to a hook that is encircled by a ring
embedded in the cytoplasmic membrane of the bacterium.?’]
Sophisticated biochemical reactions inside the bacterium cause
the ring to rotate in a specific direction; hence, the helical flagellar
filament rotates with the ring through its bond to the hook, pro-
ducing a screw-like motion. Each rotation of the helical flagellar
filament generates an asymmetric configuration deformation,
which allows the bacterium to move at low Reynolds numbers.
By contrast, there is a mutant of Salmonella that has straight

ave (body |eng\h’$)
)

v,

Microjet velocity

;30
“Hm) 35 K

flagellar filaments,?®! and although the flagellar filaments can
rotate, this mutant is stationary because the configuration does
not change with the rotation of the filaments. Tubular micro/
nanomotors have similar dimensions as peritrichous bacteria
and an analogous hydrodynamic performance in which asym-
metric configuration deformation is required for motion at low
Reynolds numbers.

When regarding the tubular micro/nanomotor and a single
bubble together as a system, the motion of the tubular micro/
nanomotor is attributed to the asymmetric geometry deforma-
tion that occurs as the bubble grows on one side of the tube. As
illustrated in Figure 2b, Li et al. 2] presented a model to illustrate
the deformation process in a micromotor-bubble system. Fj
and Fyypple denote the drag forces acting on the micro/nanomotor
and the bubble, respectively. A single deformation cycle begins
with stage 1, in which a bubble migrates to the end of the
micromotor at a certain speed, and ends with stage 4, where the
bubble detaches from the micromotor and the speed decreases
to zero under the drag force. Then, another bubble is produced,
and the whole deformation process becomes an asymmetric
cycle. With a high frequency of bubble ejection, the discrete
steps merge to generate continuous motion.

From the increased attention on tubular micro/nanomo-
tors, several models have been built to quantitatively analyze
their motion dynamics. Researchers have developed a simpli-
fied model for calculating the average micromotor speed that
fits well with the experimental results.’) In this calculation,
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Figure 2. Propulsion mechanism of tubular micro/nanomotors. a) Bubble generation inside a tubular micro/nanomotor. Adapted with
permission.?’l Copyright 2013, IEEE. b) Scheme depicting the deformation process in the tubular micro/nanomotor-bubble system in one cycle of

movement. c) Average velocity vj*

™ as a function of theradius R; and length L of a microtube. b,c) Reproduced with permission.[?l Copyright 2011,

Royal Society of Chemistry. d) Drag coefficient Cy versus the ratio & for different semi-cone angles 0 ranging from 0° to 3° for a cone frustum micro/
nanomotor. Reproduced with permission.33l Copyright 2015, AIP Publishing LLC.
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the tubular micro/nanomotor is considered to be a cylinder
rolled from a rectangular nanomembrane, and the cylinder has
a length I and a width 27R;, where L and R; are the length and
radius of the cylindrical structure, respectively. The model was
presented as follows

pe = 9nCHzOzRiL (1)

]
3R +LR, /[h{?f]—osz
j

where n is a rate constant related to the production of oxygen
and can be determined from experiments, and v{*, Cy,o,, and
Ry, are the average speed of the tubular micro/nanomotor, the
concentration of H,0, in solution, and the radius of the oxygen
bubble, respectively. According to this equation and the corre-
sponding calculation results shown in Figure 2¢, the average
speed of a micro/nanomotor is dependent not only on the con-
centration of the chemical fuel (H,0,) but also on its geometric
configuration. Further derivation of the equation reveals that
there is a maximum speed based on the body length per second
(bl s71), and this phenomenon should be considered in regard
to the applications of micro/nanomotors.

Most models, including the one described above, can only
calculate the dynamic parameters of cylindrical®® and conical
micro/nanomotors,?>3! but there are tubular micro/nanomo-
tors with other geometries, such as a double cone.?? Thus, Li
et al.?! provided a unified model for calculating the drag force
and drag coefficient of general tubular micro/nanomotors. In
this model, the tubular micro/nanomotor is considered to be
immobile, and the surrounding fluid moves translationally
with a constant speed. The unified drag coefficient, Cy, is intro-
duced as follows

2
A Re )

(Ing' +a)
where & = L/Ry. and & = L/R,,. Ry, and R, are the radius
of the larger end and the cross-sectional radius of the micro/
nanomachine, respectively.

In the equation for Cy, Re is the Reynolds number, and o
varies for different shapes. For instance, for a cylindrical micro/
nanomotor, o¢ = —0.80685, and for a conical tubular micro/
nanomotor, o is defined by the equation

2 ln[ 2 J

_2-¢tanb 2-&tand | 2-&tan6 3)
26 tand _2—§tan91n[2—2§tan0]
2-&tanf | 2-&tand

0{=—1+ln2
2

For a double-conical tubular micro/nanomotor, o is defined
by another equation

PO S NS ol L S ™ 4)
2 Etan® 2-Etand (2-&tand

where 6 is the semi-cone angle of the conical structure.
Figure 2d presents Cy as a function of & for different 6 values.
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Cy decreases substantially with increasing & from 0 to 3 and
slowly increases when & is larger than 6. We can learn from
the inset in Figure 2d that C; is smaller when 6 is larger,
which means that the drag force acting on the tubular micro/
nanomotor is smaller. If the tubular micro/nanomotor moves
at a constant speed, the drag force and the jet force provided by
the ejection of bubbles are balanced.*! Therefore, the jet force
is also strongly related to the geometry of the tubular micro/
nanomotor. To design micro/nanomotors with a higher jet force
and hence a higher speed, 8 should be increased. However, 6
should be reduced since the ratio of the length to the radius,
&, is usually over 6 in the fabrication of micro/nanomotors.3l

3. Fabrication Methodology versus Motion Control

3.1. Fabrication Methodology

As mentioned above, tubular micro/nanomotors utilize a spe-
cific chemical reaction to generate bubbles inside the tube.
For most situations, the chemical reaction should occur only
inside the tube to generate substantial power with high effi-
ciency. Therefore, the fabrication of micro/nanotubes with
asymmetric inner and outer surfaces is needed so that only
the inner surface reacts to produce thrust. In the development
of tubular micro/nanomotors, two main approaches are avail-
able for constructing asymmetric micro/nanotubes with mul-
tilayered walls: rolled-up nanotechnology and template-assisted
electrodeposition.

3.1.1. Rolled-Up Nanotechnology

Rolled-up nanotechnology is a fabrication method that takes
advantage of strain engineering, which has been widely applied
in the manufacturing of 3D tubular micro/nanostructures.4l
The basic concept of rolled-up nanotechnology is to release a
prestrained nanomembrane by etching a sacrificial layer. This
method was developed more than a decade ago, where InAs/
GaAs bilayer nanomembranes were rolled into micro/nano-
tubes by etching the AlAs underneath layer.’>! Then, in 2008,
a general rolled-up nanotechnology was reported?¥ and has
become a common method for fabricating tubular micro/
nanomotors due to its versatility both in the pattern design and
materials available.*® In this self-rolled fabrication method, a
photoresist layer patterned by photolithography acts as the sac-
rificial layer. Then, materials with an internal strain gradient are
deposited on the patterned photoresist through physical vapor
deposition (PVD) or chemical vapor deposition. In the PVD pro-
cess, the glancing angle is commonly aligned to create a window
through the shadow effect so that no material is deposited on
the obscured substrate. This window serves as an etching front
for the directional removal of the sacrificial layer by an etching
solution. After selective etching using acetone, the prestrained
nanomembranes are released and rolled into tubular structures
as a result of strain relaxation. A tubular micro/nanomotor con-
sisting of Ti/Fe/Au/Ag layers was previously reported in which
the Ag component served as the catalyst for decomposing H,0,
into oxygen and generating propulsion power from the oxygen
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bubbles. The Fe layer allowed the tubular micro/nanomotor to
be controlled by external magnetic fields.?l A similar rolled-up
nanomembrane system was reported in which Pt replaced Ag
as the decomposition catalyst, as shown in Figure 3a-i.?3! The
length of the tubular micro/nanomotor (100 pm) was deter-
mined by the pattern size (Figure 3a-ii), and the diameter of
the tube was =5 pum, as measured from the scanning electron
microscopy (SEM) image shown in Figure 3a-iii. The velocity
of this tubular micro/nanomotor reached 2 mm s, and dif
ferent types of movement, including a straight line, rotation,
and helix, were observed and could be manipulated through the
external magnetic field.

Though rolled-up nanotechnology based on a photoresist
sacrificial layer has become an important method for fabri-
cating tubular micro/nanomotors, the wet etching process for
removing the photoresist, which requires a supercritical point
drying process, may destroy the fabricated tubular structure
due to surface tension. Recently, rolled-up micromotors based
on graphene oxide were developed.’”) Without the assistance

(c) .

Pt deposition l
Dissolve PMMA
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XN
//\w
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of a sacrificial layer, researchers applied ultrasonication to
release the graphene oxide films to form tubular micromotors
by taking advantage of the weak bonding interface between the
silicon substrate and the graphene oxide films. In this fabrica-
tion process, the suspended graphene oxide solution was first
drop-casted on the substrate, followed by the deposition of Ti
and Pt layers. After ultrasonication, this trilayered nanomem-
brane was released into solution and subsequently rolled into a
tubular structure.

Furthermore, a dry-release method was recently developed in
which a heating process thermally decomposes the sacrificial
layer.3¥ In the dry-release fabrication process, a poly-meth-
ylmethacrylate (PMMA) layer is spin-coated on the substrate
as a sacrificial layer. After deposition of an oxide structural
layer as well as a metallic layer several nanometers thick, the
as-fabricated sample is annealed in nitrogen to decompose the
PMMA layer, causing the deposited nanomembranes to roll
into tubes. At the same time, the ultrathin metallic layer nucle-
ates into nanoparticles, thereby generating an external capillary

(b)
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Figure 3. Tubular micro/nanomotors fabricated by the rolled-up nanotechnology. a) Self-rolling of a strain-engineered nanomembrane by selective
etching of the photoresist. (i) Scheme of the rolling process, (i) optical image, and (iii) SEM image of rolled-up tubular micro/nanomotors. Reproduced
with permission.?3l Copyright 2009, Wiley-VCH. b) Self-rolled tubular micro/nanomotors prepared by the dry-release method. (i) Scheme for rolling
induced by a rapid thermal annealing (RTA) treatment. SEM images of rolled-up tubular micro/nanomotors with annealed Ag (ii) and Pt (iii) metal
particles. Adapted with permission.138 Copyright 2013, Wiley-VCH. c) Clean-room-free rolled-up fabrication method. (i) Release of the nanomembrane
by dissolving the PMMA sacrificial layer and a subsequent ultrasonication treatment. (ii) SEM image of a tubular micro/nanomotor fabricated by the
clean-room-free method. (iii) SEM image of a tubular micro/nanomotor released through ultrasonication after treatment with hydrogen peroxide.
Adapted with permission.¥ Copyright 2014, Royal Society of Chemistry. d) Tissue—cell-assisted rolled-up fabrication. (i) Removal of the tissue cell
coating by ultrasonication to release the Pt layer. (ii) Optical image of the tissue cell coating as a sacrificial layer. (iii) SEM image of a tubular micro/
nanomotor fabricated by the tissue-cell-assisted rolling method. Adapted with permission.l*% Copyright 2014, Royal Society of Chemistry.
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force for rolling (Figure 3b-i). The tubular micro/nanomotors
produced by this method had diameters as low as hundreds of
nanometers, which cannot be obtained from only the internal
strain gradient present in deposited nanomembranes. Further-
more, the catalytic metallic nanoparticles, such as Ag and Pt
accelerated the decomposition of hydrogen peroxide, resulting
in a higher moving speed.l*8!

Other simple methods for preparing rolled-up micro/
nanomotors have also been proposed. For example, Pumera and
co-workersB3? used a transmission electron microscope (TEM)
grid to pattern the nanomembrane, allowing micro/nanomo-
tors to be generated without requiring a clean room for photo-
lithography. In this work, PMMA served as the sacrificial layer,
which was removed by dissolution (Figure 3c-i). Pure Pt micro-
tubes were fabricated, as shown in Figure 3c-ii. To generate these
tubes, a prestressed nanomembrane was deposited on the sub-
strate and released by H,0, treatment and direct ultrasonication.
Unlike the tubes discussed above, the fabricated microtubes had
an irregular end (Figure 3c-ii). To rapidly prepare large quanti-
ties of tubular micro/nanomotors without requiring complex
procedures, tissue cell was applied to help construct the tubular
micro/nanomotors (Figure 3d-i).9 The tissue cells were first
dispersed in water and deposited on the substrate (Figure 3d-ii),
which was followed by the deposition of Pt. The layer of tissue
cells was removed through ultrasonication, leaving behind a
pure Pt nanomembrane that rolled into tubular micro/nanomo-
tors (Figure 3d-iii). These two strategies provide easier fabrication
methods with fewer requirements and lower cost, which may
facilitate the future investigation of the rolled-up nanotechnology.

The rolled-up nanotechnology offers a convenient method
for manufacturing tubular micro/nanomotors with tunable
diameters and lengths. With a deeper understanding of the
mechanics at the micro/nanoscale, the rolling process can be
carefully tuned by altering the pattern of the sacrificial layer
and the deposition parameters,*! leading to better control over
the geometry of the tubular micro/nanomotors. In addition, the
photoresist sacrificial layer permits the use of a wide range of
inorganic materials, and with other sacrificial layers, the com-
ponents of tubular micro/nanomotors can be extended from
inorganic materials to organic materials as well as combina-
tions of both. The versatility in the geometric design and avail-
able materials offers promising prospects for rolled-up tubular
micro/nanomotors.

3.1.2. Template-Assisted Deposition and Coating

Unlike in the rolled-up nanotechnology in which 2D nanomem-
branes are deposited on a flat substrate and then reconstructed
into 3D tubular micro/nanomotors, in the template-assisted
deposition method, the materials are grown on/in templates
to directly form 3D structures. Thus, the shape of the tubular
micro/nanomotors can be conveniently designed by choosing a
template with a specific shape. Template-assisted deposition can
be divided into two classes based on the type of template: tem-
plate-inside fabrication (such as wires, as shown in Figure 4a—d)
and template-outside fabrication (such as porous templates, as
shown in Figure 4e-h).
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Materials deposited on a micro/nanowire template are given a
tubularstructurebyselectivelyremoving theinnerwire (Figure4a).
As early as 2000, researchers used a polymer wire as the tem-
plate, which was removed by thermal degradation, leaving the
deposited polymer or metal as micro/nanotubes.*?! In addition,
this template-inside fabrication method was applied to gen-
erate nanotubes of GaN, a popular semiconductor material.*’!
Hexagonal ZnO nanowires were chosen as the template for the
growth of single-crystal GaN. After removing the ZnO nanow-
ires, perfect single-crystal GaN nanotubes were obtained for
future applications. The first report of micro/nanotubes pre-
pared by this method for the purpose of self-propulsion was
published in 2010 and used Ag wire as the template.*Y The
wire was first etched into a conical shape by HNOj; (Figure 4b-i).
Then, a Pt/Au bilayer nanomembrane was grown on the sur-
face of the wire by electrodeposition. After shaping and com-
plete etching of the wire, conical tubular micro/nanomotors
(Figure 4b-ii) were constructed and released, and these tubes
were able to move in a solution of hydrogen peroxide.[*]

The template-inside fabrication method could be further
investigated in the preparation of graphene-based tubular
micro/nanomotors. Recently, the fabrication of graphene fibers
with tunable lengths and diameters by a one-step method was
reported.I*’] First, a suspension of graphite oxide was injected
into a glass pipeline with a diameter of hundreds of microm-
eters. The pipeline was then sealed and heated at 230 °C for 2 h
to obtain a graphene fiber inside the pipeline. Hence, the porous
graphene fiber lost its water and the diameter decreased to tens
of micrometers due to capillary force. To prepare a tubular
structure instead of a fiber, a Cu wire was placed in the middle
of a glass pipeline as a template.l*l The hydrothermally reduced
graphite oxide aggregated around the Cu wire, and the dried
graphene microtubes were released by etching the Cu wire in an
FeCl3/HCI solution (Figure 4c-i). Several Cu wires were applied
together as templates to produce microtubes with multichan-

with functional materials (e.g., Pt, Pd, TiO, nanoparticles)®

before etching of Cu wire. If Cu wire was covered with func-
tional nanoparticles, these particles would be decorated into
the inner wall of graphene microtubes. Therefore, graphene-
based tubular micromotors were prepared successfully with Pt
nanoparticles on the inner wall and ferromagnetic materials
embedded in the wall, where the latter one provided mag-
netic control.*®! Except that those methods for the fabrication
of tubular micro/nanomotors, there were well-known tubular
structures called hydrothermally grown micro/nanotubes.*’]
However, they were seldom adopted for the application in
micro/nanomachines, which could be due to the difficulty of Pt
coating inside the tube wall.

Nevertheless, the production of a myriad of tubular micro/
nanomotors by this template-inside fabrication method through
shaping of the conical wire is difficult. Thus, a template-out-
side electrodeposition method based on a polycarbonate mem-
brane template containing numerous uniform double-conical
micropores was developed for the fabrication of polymer/metal
bilayer tubular micro/nanomotors (Figure 4d).1*!] Unlike in the
previous method, the coating was grown inside the template
rather than on the outside of the wire. In this method, a poly-
aniline (PANI) layer was first deposited along the pores of the
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Figure 4. Tubular micro/nanomotors fabricated by template-assisted electrodeposition. a) Template-inside fabrication of micro/nanotubes via deposi-
tion on a wire. Adapted with permission.[*}l Copyright 2003, Nature Publishing Group. b) SEM images of (i) an etched Ag wire and (ii) a fabricated
Pt/Au tubular micro/nanomotor. Reproduced with permission.[*l Copyright 2010, American Chemical Society. c) SEM images of hydrothermally
fabricated graphene tubular micromotors with one (i), two (ii), and four channels (iii). Reproduced with permission.*l Copyright 2012, American
Chemical Society. d) Template-outside fabrication of micro/nanotubes with the assistance of a porous polymer template. Adapted with permission.[*?]
Copyright 2011, American Chemical Society. €) SEM images of a tubular micro/nanomotor from the (ii) side view and (iii) cross view. Reproduced
with permission.®l Copyright 2011, American Chemical Society. f) SEM/X-ray energy dispersive spectroscopy mapping (SEM/EDX) of a Pt/Au tubular
nanomotor fabricated from an AAO template. Reproduced with permission.[3 Copyright 2013, Royal Society of Chemistry. g) TEM image of a single
tubular nanomotor fabricated by ALD on a copolymer template. Reproduced with permission.’¥l Copyright 2017, Wiley-VCH.

template through electrostatic and solvophobic interactions. A
catalytic Pt layer was subsequently grown on the PANI layer via
galvanostatic deposition. After dissolving the polymer template,
PANI/Pt bilayer tubular micro/nanomotors with conical shapes
were successfully prepared (Figure 4e), and these micro/
nanomotors exhibited a speed of motion over 350 bl s71.

This template-assisted electrodeposition method provides
an easy way to fabricate large amounts of tubular micro/nano-
motors without complex fabrication requirements. As the
polymer-based tubular micro/nanomotors demonstrated, this
template-assisted electrodeposition method is suitable for fabri-
cating fully inorganic tubular micro/nanomotors. For example,
Cu/Pt bilayer tubular micro/nanomotors were successfully
fabricated through template-assisted electrodeposition*”! in
which Cu and Pt were sequentially grown in the micropores of a
polycarbonate template through two electrodeposition steps. In
addition, the bimetallic tubular micro/nanomotors released after
removing the template were able to move in a solution with an
extremely low concentration of H,0, (0.2 wt%). Moreover, the
preparation of graphene/metal tubular micro/nanomotors based
on the template-assisted electrodeposition method was reported
in 2015.5% In this fabrication process, the porous polycarbonate
template was first sputtered with a thin layer of Au on the
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branched side for use as an electrode. Graphene oxide was then
grown via a cyclic voltammetry technique and subsequently
reduced by continuous cyclic voltammetry. Layers of Pt and Au
were then deposited using a galvanostatic method. Finally, to
release the bilayer tubes, the template was dissolved, and the
Au electrode was removed by hand polishing with an alumina
slurry’® Tubular micro/nanomotors consisting of different
carbon nanomaterials have also been developed.’! Further-
more, layer-by-layer (LbL) assembly through electrodeposition
was proposed as an optimal technique for growing multilayer
nanomembranes.’” The LbL method permits the growth of
various materials, including polymer layers, nanoparticles, and
inorganic and organic molecules. By simply immersing the
porous template in solutions containing oppositely charged
molecules, polymer-based tubular micro/nanomotors with cata-
lytic metallic nanoparticles inside were prepared.

In addition to the above fabrication methods based on polymer
templates, nanoporous anodic aluminum oxide (AAO) can also
serve as a template for electrodeposition.%33 For example, Cu
was first grown as a sacrificial layer followed by the growth of Au
and Pt. Finally, Au/Pt tubular micro/nanomotors were released
after etching the Cu sacrificial layer in HNO; (Figure 4f).
Recently, a copolymer template-assisted method for the synthesis
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of tubular nanomotors was reported.>* The template was fab-
ricated via block copolymer lithography®! and consisted of a
porous photoresist layer covered with a 40 nm thick polymer
layer. Instead of electrodeposition, atomic layer deposition
(ALD) was applied to deposit TiO, and Pt layers several nanom-
eters thick (Figure 4g). The resulting tubular micro/nanomotors
were released from the substrate by etching the top polymer
layer with a mechanical scribe.

The fabrication of tubular micro/nanomotors via the
template-assisted electrodeposition method is accomplished
without a clean room and complex photolithography and dep-
osition processes. Using a porous template, this method can
fabricate a large number of tubular micro/nanomotors in one
procedure, and the shape of the micro/nanotubes, including
the length, diameter, and symmetry, can be easily tuned by
choosing templates with specifically designed micro/nanop-
ores. On the other hand, this method sacrifices the versatility
of the available materials, as only certain kinds of materials
can be grown due to the limited materials available for electro-
deposition and ALD. However, the desired versatility could be
achieved through technological development of the templates
and deposition methods.

In summary, these two methods of template-inside and tem-
plate-outside functionalization, which are the main methods of
fabricating tubular micro/nanomotors, have both proven their
utility in the fabrication of high quality functionalized tubular
micro/nanomotors on a large scale. Recently, 3D printing and
writing technologies have become highly developed and can
produce miniscule structures with precise control of the design
down to the hundreds of nanometers, which offer great oppor-
tunities for the manufacturing of tubular mesostructures.?°!

3.2. Motion Control

As with any motile invention, the maximum speed that tubular
micro/nanomotors can achieve is of constant interest.’”] Sub-
stantial propulsion power is generated by the bubble recoiling
mechanism such that the first reported tubular micro/nanomo-
tors reached a speed of 2 mm s71.[23 Faster speeds suggest
that the micro/nanomotors can transport more cargo and may
operate in environments with a low fuel concentration and
high viscosity. Thus, considerable efforts have been devoted to
improving the speed through different strategies. For instance,
compared to tubular structures with symmetric ends, a conical
shaped micro/nanomotor tends to move faster due to the more
efficient generation and ejection of bubbles.*! The size of the
tubes also affects the speed.F’!! Since the bubbles are produced
via a chemical reaction and the speed is dependent on the size
and ejection frequency of the bubbles, an optimal method for
enhancing the speed of the tubular micro/nanomotors is to
accelerate the chemical reaction. An enlarged reaction area pro-
vides a faster rate of reaction and is easily obtained by creating
a rough surface. Tubular micro/nanomotors fabricated through
dry-release rolled-up nanotechnology contain a rough inner sur-
face due to the annealing treatment.l3¥l Thus, a nearly fourfold
acceleration was achieved for these motors relative to the tubular
micro/nanomotors with a smooth inner surface. Metal nanopar-
ticles have also been directly grown by ALD through the island
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growth mechanism (Volmer-Weber mechanism).*” To prepare

tubular micro/nanomotors with finely structured walls and
thus an increased surface area, the same research group applied
an AAO sacrificial layer in the rolled-up nanotechnology.l®”!
Deposition on the AAO layer generated a hierarchical nanomem-
brane containing nanopores. The resulting rolled-up tubular
micro/nanomotors with nanopores provided an enlarged sur-
face area and improved the reactant accessibility. The speed
increased twofold to fivefold relative to that of the smooth micro-
tubes. Similarly, graphene/Pt and graphene/Au tubular micro/
nanomotors prepared by electrodeposition contained micropo-
rous Pt and Au inner layers with highly reactive properties.l>%
These micro/nanomotors exhibited ultrafast bubble propulsion,
leading to moving speeds as high as 170 bl s7! and the ability
to move in an environment with an extremely low fuel concen-
tration. In addition to the aforementioned methods for acceler-
ating tubular micro/nanomotors, many other aspects influence
the speed of tubular micro/nanomotors, including the tube
components,®! temperature,®?l fuel concentration,?3*8 sur-
factant concentration,!®l and pH.[*4

Both rolled-up nanotechnology and template-assisted elec-
trodeposition have been explored as methods for miniatur-
izing tubular machines to the nanoscale. In 2011, the smallest
man-made jet engine recorded in the Guinness Book of World
Records was fabricated via the rolled-up nanotechnology.l®!
This micro/nanomotor consisted of ultrathin Ing;3/Gagygy/As
and GaAs layers (3 nm each) perfectly grown on an AlAs sacri-
ficial layer by molecular beam epitaxy (MBE). Benefiting from
the ultralow bending stiffness caused by the thickness of the
nanomembrane and the enormous strain generated by the lat-
tice mismatch of the bilayer, this nanomembrane system rolled
into tubular structures with a diameter of 600 nm. Moreover,
Li et al.®® successfully fabricated rolled-up nanotubes with
diameters of 100-200 nm (Figure 3b) by combining the internal
stress with capillary force via annealing an ultrathin metal layer
into nanoparticles.

Unlike the rolled-up nanotechnology, which requires the
careful design of materials, a certain layer thickness, and
a strain gradient for the miniaturization of tubular micro/
nanomotors, template-assisted electrodeposition can easily con-
struct nanoscale tubular structures via the selection of a tem-
plate containing nanoholes. For example, electrodeposition on
an AAO template produced Au/Pt tubular micro/nanomotors
with lengths and diameters of 4.5-5.0 um and 200-400 nm,
respectively (Figure 4g).’3 Furthermore, extremely small
tubular micro/nanomotors with diameters of tens of nanom-
eters were reported very recently.”* A template fabricated via
block copolymer lithography contained pores with a length and
diameter of 150 and 60 nm, respectively. Therefore, the fabri-
cated tubular micro/nanomotors were as small as 50-60 nm
indiameterand 120-150 nminlength (Figure 4h). Such extremely
small tubular micro/nanomotors exhibited valid motion even
though the effect of Brownian motion is very strong at that
small size. Interestingly, no obvious bubbles were generated
by the nanomotors, so the motion may be attributed to a self-
diffusiophoretic propulsion mechanism in which the oxygen
gradient led to the directional motion.>*

The control of the tubular micro/nanomotor motion is a vital
issue for their application. Unlike the conventional methods
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used to control macroscopic machines, the construction of a
micro/nanoscale machine with a control circuit is nearly impos-
sible. Instead, numerous approaches have been investigated
that use external sources to influence the direction and speed of
tubular micro/nanomotors.

A simple method for establishing control over the move-
ment of tubular micro/nanomotors is to add a ferromagnetic
layer of Fe, Co, and Ni. In this way, the direction of the micro/
nanomotors is easily tuned by altering an external magnetic
field. As early as 2009, researchers used an external magnetic
field to align tubular micro/nanomotors parallel to the direc-
tion of the magnetic field and a spinning magnetic field to
rotate the tubular micro/nanomotors (Figure 52).2% In addi-
tion, ferromagnetic rolled-up tubular micro/nanomotors could

self-regulate and remain suspended on the surface of a liquid
through the capillary force induced by the meniscus-climbing
effect. Recently, 3D closed-loop magnetic control was
achieved by building eight independent electromagnetic coils
in 3D spacel%”] In addition, although ferromagnetic tubular
micro/nanomotors commonly move in the direction parallel to
the magnetic field, they can also function as a compass after
a magnetizing treatment, which means that their movement
toward or away from the magnet depends on the polarity./®®]
Light is another attractive source for controlling the motion
of tubular micro/nanomotors. Unlike magnetic control, which
only modulates the orientation, light control primarily alters
the speed. Different mechanisms are available for utilizing light
irradiation to regulate the motion. For example, Solovev et al.l®’]

(a)

Moving

<'%On

. 2

Motion
control

S Ultrasound off Ultrasound on

. -l
Move Stop

Figure 5. Control of the tubular micro/nanomotor motion. a) Magnetic control of a ferromagnetic tubular micro/nanomotor. Reproduced with
permission.?l Copyright 2009, Wiley-VCH. b) Speed acceleration triggered by laser irradiation. Optical images of the motion of tubular micro/nanomo-
tors without and with laser irradiation. Reproduced with permission.”% Copyright 2013, Royal Society of Chemistry. c) Ultrafast control of tubular micro/
nanomotors with ultrasound waves. Adapted with permission.’l Copyright 2014, American Chemical Society. d) Geometric confinement of tubular
micro/nanomotors for collection. Adapted under the terms of the Creative Commons Attribution 3.0 Unported License.l”>] Copyright 2014, the authors,
published by Royal Society of Chemistry. ) Tubular micro/nanomotors based on a temperature-responsive polymer. (i) Schematic and optical image of
the heat-triggered unfolding process to stop the motion. (i) Schematic and optical image of the cooling-triggered folding process to start the motion.
Adapted with permission.’8l Copyright 2014, Wiley-VCH.
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applied visible light to halt the movement of tubular micro/
nanomotors on a patterned Pt substrate. The light irradiation
accelerated the reaction of the fuel with the Pt substrate, thus
decreasing the concentration of fuel around the tubular micro/
nanomotors. At the same time, the concentration of surfactant
decreased, further slowing the motion. Due to both effects, the
movement of the tubular micro/nanomotors stopped under vis-
ible light irradiation and was slowly recovered in the absence of
irradiation. In another method, laser irradiation was applied to
accelerate the chemical reaction inside the tubular micro/nanomo-
tors by heating the surrounding environment, which led to faster
movement, and the speed could be controlled by adjusting the
laser power, as shown in Figure 5b.7% Similarly, heat for acceler-
ating the rate of reaction could also be provided by near-infrared
irradiation.”!! Tubular micro/nanomotors were modified with
Au nanoparticles, which preferentially generated large amounts
of local heat under near-infrared light irradiation due to their
plasmon resonance. Such tubular micro/nanomotors exhibited
“on/off” movement at a critical H,0, concentration. In another
system, single-component TiO, tubular micro/nanomotors were
controlled with light by taking advantage of their photocatalytic
reactivity.”?l In this way, wireless and rapid (less than 0.2 s)
control was realized because the bubble-generating reaction
occurred only once the TiO, component was exposed to light. In
another example, by adding additional photochromic molecules
to the solution, the locomotion was altered by UV or visible light
due to the change in the surfactant concentration caused by the
reversible isomerization of the molecules.?]

Ultrasound energy, chip geometry, and temperature are
other valid sources for manipulating or guiding tubular micro/
nanomotors. Ultrasound energy was applied to modulate the
motion of the motors due to its effects on the generation and
evolution gas bubbles (Figure 5¢).7# External ultrasound waves
disrupt the growth of the microbubbles that form on the inner
surface of the tubular micro/nanomotors. The small bubbles
that are subsequently ejected do not provide sufficient power
for propulsion, causing the tubular micro/nanomotors to
stop moving. Thus, control with ultrasound energy provides
an ultrafast (<0.1 s) and reversible way to regulate the speed.
Schmidt et al.”” examined the effects of the chip geometry on
tubular micro/nanomotor motion. The researchers designed a
chip with chevron and heart shapes to trap the tubular micro/
nanomotors at the apex of the chevron or confine them in
the heart shape, where they could easily move but were not
likely to escape (Figure 5d). In addition, a rolled-up tubular
micro/nanomotor constructed in a stimuli-responsive poly-
mer responded to temperature.”?) The curvature of the tube
changed with temperature, thus influencing the efficiency of
bubble generation and leading to modulation of the speed. At a
higher temperature, the tubular structure unrolled to form a flat
nanomembrane (Figure 5e-i), thereby leading to static behavior,
and this process could be reversed, as shown in Figure 5Se-ii.
Furthermore, modification of the inner wall composition by
replacing the Pt catalytic layer with Pt/Cu alloy was performed
to delay the movement of tubular micro/nanomotors.’” The
micro/nanomotors were unable to move until the Cu com-
ponent was consumed by a chemical reaction to expose the
catalytic Pt material. The delay time was altered by changing the
composition ratio of Pt/Cu and the surrounding environment.
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Hence, untethered control over the motion of tubular micro/
nanomotors has been realized through various methods that
change their surrounding physical or chemical environment.
Some methods aim to manipulate the direction, while others
attempt to influence the speed. The invention of a general
method for manipulating both the speed and direction of
tubular micro/nanomotor motion is an important step toward
the realization of smart micro/nanomotors that can respond to
orders or autonomously complete designated functions.

4. Catalytic Reaction-Driven Tubular
Micro/Nanomotors

Catalytic reaction-driven micro/nanomotors with a tubular
geometry are one of the most popular chemically powered
micro/nanomotors. Micro/nanomotors based on the bubble
recoiling mechanism generate propulsion power via a chemical
reaction that is accelerated by a catalyst on the inner surface of
the tube. The propulsion power is provided by the surrounding
solution that contains the appropriate fuel. The only require-
ment for the valid motion of catalytic reaction-driven tubular
micro/nanomotors is the addition of the proper fuel to the sur-
rounding environment. This peculiarity endows catalytic reac-
tion-driven tubular micro/nanomotors with several advantages,
such as prolonged navigation, reusability, and versatility. In this
section, we discuss the motion driven by catalytic reactions, and
Section 5 will present the noncatalytic-driven motion of tubular
structures.

4.1. Catalyst versus Environment

H,0, is commonly chosen as the fuel for the catalytic reaction
due to its fast reaction and simple production. The decompo-
sition of H,0, produces water and oxygen, and the produced
oxygen accumulates inside the tube to generate bubbles that are
ultimately ejected from one end of the tube.?**¥] In this type of
tubular micro/nanomotor, a thin layer of Pt is often deposited or
grown on the inner wall as a catalyst because it can dramatically
improve the rate of H,0, decomposition. However, since Pt is a
scarce and expensive noble metal, leading to a high cost of fabri-
cation, some substitutions have been evaluated. Similar to Pt, Ag
can catalyze the decomposition of H,0,, although its efficiency
is lower due to its oxidization.l?3] However, Ag is still a good
material for replacing Pt because of its comparatively low cost.
The reported tubular micro/nanomotors based on Ag reached a
speed of =20 bl s7! in 3% H,0, and were able to move in a 0.5%
solution.”® Manganese oxide (MnO,) is another functional
catalyst and is more suitable for in vivo applications than Pt,
which may be deactivated by small molecules such as proteins
and salts.’”” However, MnO, suffers from self-destruction
during the catalytic reaction, and as a result, the tubular micro/
nanomotors can move for approximately only 10 min. Despite
this property, MnO, has been applied to prevent the deactiva-
tion of Pt by thiols, which are widely used to modify the Au layer
in the functionalization of tubular micro/nanomotors.®% The
MnO, coating on Pt prevented contact between Pt and the solu-
tion containing thiols until the tubular micro/nanomotors were
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immersed in a H,0, solution. In addition, considering that
these inorganic catalysts may have similar effects as living organ-
isms, the catalase enzyme was modified to provide propulsion
power and improve the biocompatibility.B!l Recently, a new cat-
alytic reaction for propulsion was reported in which biofriendly
urea was catalytically decomposed into NH3 and CO, by urease
located on the inner wall of the nanotube.?l Since no bub-
bles were observed during propulsion, the researchers attrib-
uted the effective movement to the internal flow created by the
generated molecules. The materials and fuel of this tubular
nanomotor are considered biocompatible, which may provide
profound potential for future biomedical applications.

In laboratory investigations, the environments surrounding
tubular micro/nanomotors are carefully designed to provide
optimal conditions for propulsion. However, the practical appli-
cations of tubular micro/nanomotors occur in complex, real-
world environments or bodily fluids. The presence of many par-
ticles and components in these complex matrices may hinder
the motion of tubular micro/nanomotors. To investigate this
hypothesis, Zhao et al.83] tested the motility of tubular micro/
nanomotors in various real-world environments, including tap
water, rain water, lake water, and sea water. The frequency of
bubble ejection and muotility of the catalytic reaction-driven
tubular micro/nanomotors were found to be influenced by
these different environments. In particular, the tubular micro/
nanomotors were unable to eject bubbles and move in these
liquids without a certain dilution. This lack of motility might
be attributed to the high concentration of ions in the real-
world environments and to other unexpected issues, which still
require more exploration. To determine the suitability of cata-
lytic reaction-driven tubular micro/nanomotors for in vivo appli-
cations, their motility was examined in bodily fluids, such as
blood.®* The results of those experiments showed that both the
high viscosity and high electrolyte concentration of blood hin-
dered the locomotion of the tubular micro/nanomotors. How-
ever, an increase in the temperature from room temperature to
physiological temperature dramatically accelerated the catalytic
reaction, leading to valid motion in 10x diluted blood.®!
The challenge for obtaining tubular micro/nanomotors that
can move in these real-world environments is to enhance their
propulsion power, which should therefore be one of the future
directions. In addition, upon specific functionalization, these
tubular micro/nanomotors can complete several tasks, such as
cargo delivery, molecule detection, and water purification, in
complex environments, as described in the following section.

4.2. Cargo Collection and Delivery

The basic function of a motor, including those at the micro-
and nanoscale, is to transfer selected cargos to a desired place.
Solovev et al.®% reported the capture of cargos through magnetic
force. The catalytic reaction-driven tubular micro/nanomotor in
the system was fabricated by rolling of a Ti/Fe/Pt nanomem-
brane. Without additional modification, the tubular micro/
nanomotors could catch and transport numerous particles,
thereby illustrating the substantial towing force provided by
the tubular micro/nanomotors based on the bubble recoiling
mechanism. Furthermore, the tubular micro/nanomotors, which
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floated on the solution and moved at the interface between
the water and air,®”] were able to catch floating metallic nano-
plates and assemble them into regular arrays (Figure 6a). This
delivery property was expanded to catch and directionally trans-
port microparticles and cells in microfluidic channels.®®!

The ease of modification provides access to diverse biofunc-
tions, such as the selective capture, transport, isolation, and
release of biomolecules. Kagan et al.® developed a tubular
micro/nanomotor fabricated via the template-assisted electro-
deposition method that rapidly isolated nucleic acid targets
through its surface modification. The fabricated tubular micro/
nanomotors were half-coated with Au via a deposition method.
Then, the tubular micro/nanomotors were modified with a
binary self-assembled monolayer of a thiolated capture probe
and short-chain 6-mercapto-1-hexanol. The modified tubular
micro/nanomotors selectively collected the surrounding targets,
including single-stranded DNA, and the collection efficiency
was highly improved by the local convection induced by the
ejection of bubbles. Furthermore, these tubular micro/nanomo-
tors carrying the target DNA moved forward to escape from
untreated samples, such as human serum.®! Thus, the bio-
functionalized tubular micro/nanomotors realized the selec-
tive capture, delivery, and isolation of target DNA in a complex
sample solution and transported the cargo to a clean down-
stream zone for further investigation. A similar strategy was
also applied to rolled-up tubular micro/nanomotors.*” The
fabricated metallic tubular micro/nanomotors were subjected
to a deposition process that coated half of the tube with Au.
Then, the Au surface was modified with streptavidin, which
could capture biotinylated beads. In another investigation,
Orozco et al.®!l developed a molecular imprinting method for
fabricating polymer-based, catalytic reaction-driven tubular
micro/nanomotors with biofunctions. The molecular imprint
was applied during electrodeposition of the outer poly(3,4-eth-
ylenedioxythiophene) (PEDOT) layer so that after etching the
template, the tubular micro/nanomotors were directly biofunc-
tionalized with binding sites without additional modification.
The recognition properties of the outer wall were maintained
under harsh operating conditions, such as high temperature,
pressure, and extreme pH.°! Later, researchers used both bio-
functionalized tubular micro/nanomotors to capture and iso-
late anthrax simulant spores and unmodified tubular micro/
nanomotors to mix a mildly oxidizing solution to achieve the
destruction of these biothreat spores. In addition, the elimina-
tion of the spores was visually confirmed via the biofunctional-
ized tubular micro/nanomotors.?!

The strong propulsion power produced by tubular micro/
nanomotors allows them to deliver not only small biomolecules,
such as nucleic acids, but also large particles, such as cells.
Modification of the outer Au surface of tubular micro/nanomo-
tors with an antibody was proposed to impart the ability to
selectively capture and isolate cancer cells within a designated
area (Figure 6b, upper: schematic diagram and lower: captured
image), and the cancer cells were shown to remain viable in a
low concentration of H,0, for a long period.”® The similar cap-
ture and isolation of other types of cells is believed to be made
possible by the appropriate modification.

Although tubular micro/nanomotors with the ability to selec-
tively capture target molecules and particles can be obtained
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through proper modification, the release of these targets
remains an important issue for further research on targets
and the reutilization of tubular micro/nanomotors. Wu et al.>2
developed a release mechanism in tubular micro/nanomotors
that was triggered by physical stimuli. In this research, a
multilayered tubular micro/nanomotor was prepared by the

www.afm-journal.de

template-assisted LbL method, and drug release was achieved
under ultrasonic treatment by breaking the outer shell of the
tubular micro/nanomotors. The researchers developed another
method for realizing the light-triggered release of drugs
(Figure 6¢-i).°" In this method, the inner wall of the tubular
micro/nanomotors was modified with a heat-sensitive gelatin

(b)

Figure 6. Cargo delivery and release achieved by tubular micro/nanomotors. a) Capture and self-assembly of metallic nanoplates through the magnetic
control of tubular micro/nanomotors. Adapted with permission.® Copyright 2010, Wiley-VCH. b) Biofunctionalized tubular micro/nanomotors for
the selective isolation of cancer cells. (i) Scheme showing the modification of tubular micro/nanomotors with an antibody for the delivery of cancer
cells. (ii) Overlay images depicting the capture and delivery processes. Reproduced with permission.®3l Copyright 2011, Wiley-VCH. c) Drug transport
and light-induced release by biodegradable tubular micro/nanomotors. (i) Scheme of drug release triggered by light. (i) and (iii) Time-lapse images
of drug release (brown solution) triggered by a near-infrared laser (purple spot). Reproduced with permission.>!l Copyright 2014, American Chemical
Society. d) Isolation and ATP-triggered unloading of proteins by aptamer-modified tubular micro/nanomotors. (i) Scheme showing protein release
triggered by ATP. (ii) and (iii) Images showing the release of proteins from tubular micro/nanomotors in an environment containing ATP. Reproduced
with permission.®> Copyright 2011, American Chemical Society. e) Nanotools for conducting micro- or nanosurgery. (i) Scheme depicting a tubular
micro/nanomotor drilling into an organ. (i) SEM image of a tubular micro/nanomotor embedded in a pig liver after drilling. (iii) SEM image of the
hole drilled in the pig liver after removal of the tubular micro/nanomotor by a magnet. Adapted under the terms of the Creative Commons Attribution
3.0 Unported License.®® Copyright 2013, the authors, published by Royal Society of Chemistry.
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hydrogel layer containing Au nanoparticles and drugs. Near-
infrared light produced considerable heat around the Au nan-
oparticles, thus triggering a phase transition of the gelatin
In addition, the tubular micro/nanomotors were made of bio-
degradable proteins and completely disappeared within several
days upon enzymatic treatment.[*l

Chemical and biological reactions are other powerful tools for
achieving the release of the cargo. Orozco et al.”*l demonstrated
the dynamic isolation and subsequent unloading of proteins by
modified tubular micro/nanomotors (Figure 6d-i). A half-coated
Au layer was functionalized with mixed binding aptamers such
as adenosine triphosphate (ATP) and protein-binding aptamers.
The functionalized tubular micro/nanomotors moved in a solu-
tion containing the target proteins to rapidly collect the sur-
rounding proteins (Figure 6d-ii). In addition, under the control
of a magnetic field, the proteins were isolated within a sepa-
rate solution. The addition of ATP to the solution triggered the
release of the proteins by replacing their bonds to the function-
alized tubular micro/nanomotors (Figure 6d-iii).

A release process triggered by changes in the environmental
conditions was further investigated for biorelated applications.
Tubular micro/nanomotors coated with a layer of Au biofunc-
tionalized with a bioreceptor were used to selectively capture
and isolate E. coli bacteria,®® which is vital for food safety
and water quality related to human health. In this work, the
motility of the biofunctionalized tubular micro/nanomotors
was realized in a variety of real samples, including drinking
water, apple juice, and seawater. After the successful isolation
of E. Coli, their release was achieved by transferring the tubular
micro/nanomotors into a low-pH glycine-based solution. After
minutes of navigation, the bacteria were fully unloaded from
the tubular micro/nanomotors. Moreover, a magnetic layer was
incorporated in the tubular micro/nanomotors to simultane-
ously transport magnetic nanoparticles; thus, this system could
achieve the dual transfer of bacteria and antimicrobial drugs.[*®
As another example, tubular micro/nanomotors were pre-
pared from a poly(3-aminophenyl-boronic acid) (PAPBA)/Ni/Pt
trilayer for the capture of yeast cells.””! The outer PAPBA layer
provided strong binding to the glucose molecules and sugar
components on the walls of the yeast cells. After the selective
capture and transport of the yeast cells, their release was trig-
gered by adding fructose, which binds more strongly to the
boronic acid ligand, thereby taking the place of the bound sugar
components on the yeast cells to liberate them from the tubular
micro/nanomotors.

As demonstrated above, tubular micro/nanomotors for bio-
medical applications can selectively capture, transport, and
release biomolecules and particles that range from proteins and
drugs to cells. Another advanced biomedical application is the
execution of microsurgery on organs. In 2012, a self-propelled
nanotool was prepared through the careful design of the
tubular shape.l”® The researchers fabricated an InGaAs/GaAs
rolled-up tubular micro/nanomotor with a sharp tip by con-
trolling the rolling direction. This tubular micro/nanomotor
preferentially moved with a curved trajectory, that is, forward
motion with simultaneous rotation. Therefore, the specific
motion of the tubular micro/nanomotor caused it to function
like a drill, and the tubular micro/nanomotor was capable of
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drilling into cells, such as Hela cells.”®] However, this pre-
cise control over the rolling method requires highly controlled
deposition using expensive molecular beam deposition (MBE)
and H,0, as fuel, which may not be suitable for the surgical
environment. Therefore, a Ti/Cr/Fe trilayer rolled-up tubular
micro/nanomotor was later fabricated via e-beam deposition
and selective etching of the sacrificial photoresist,” which was
patterned with a trapezoidal shape so that the trilayer mem-
brane rolled into a tube with sharp tips on both ends. Then,
a rotating magnetic field was applied to trigger the rotation of
the tubular micro/nanomotor (Figure 6e-i). Interestingly, under
a low frequency magnetic field, the tubular micro/nanomotor
preferentially rotated its long axis parallel to the substrate. In
addition, when the frequency increased to a certain threshold,
the mode of tubular micro/nanomotor rotation changed such
that the long axis was vertical to the substrate, thus exhibiting
drilling behavior.’”! Thus, under magnetic control, the tubular
micro/nanomotor was first guided to a specific point and then
drilled into an organ (Figure 6e-ii) by changing the guiding
magnetic field to a high-speed rotating field. This nanodrill was
subsequently removed under a strong magnetic field, leaving a
hole in the organ, as shown in Figure 6e-iii. The ability to per-
form microsurgery with tubular micro/nanomotors provides a
novel way to deliver drugs into organs and can be realized by
loading drugs into the nanodrills without further treatment.

4.3. Sensing In Vitro

Benefiting from the muotility of tubular micro/nanomotors,
sensing by properly modified tubular micro/nanomotors rep-
resents a rapid and sensitive method for monitoring toxins
and biomaterials. In addition, through clever design, the pres-
ence and concentration of target molecules can be determined
in various ways. For example, the binding of molecules onto
tubular micro/nanomotors can be directly observed by modi-
fying the molecules with larger particles, which is a conven-
tional approach in immunoassays. Gracia et al.l'% developed
catalytic reaction-driven tubular micro/nanomotors into a lab-
on-chip immunoassay by functionalizing PEDOT/Ni/Pt tubular
micro/nanomotors. The Ni layer provided magnetic guidance
in the lab-on-chip system, allowing the tubular micro/nanomo-
tors to swim directionally in a microchannel network. An anti-
body was attached to the outer surface of the tubular micro/
nanomotors to capture the corresponding target protein. In
addition, the protein was further modified with another anti-
body that was conjugated to a streptavidin-coated polystyrene
particle as a tag (Figure 7a-i). The tagged protein permitted
the direct visualization of the immunoreaction occurring on
the surface of the tubular micro/nanomotors (Figure 7a-ii).
Then, the researchers used the functionalized tubular micro/
nanomotors to perform a double antibody sandwich assay
with the lab-on-chip system. In this system, the tubular micro/
nanomotors were first guided toward a reservoir containing
different proteins, where they selectively captured the target
protein. Then, the micro/nanomotors were guided to the next
reservoir, where the second antibody bound to the target pro-
tein to complete the sandwich immunoassay procedure. Com-
pared with the common double antibody sandwich assays, the
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Figure 7. Rapid sensing via catalytic reaction-driven tubular micro/nanomotors. a) Lab-on-chip immunoassays by antibody-functionalized tubular
micro/nanomotors. (i) Surface modification for an immunoassay observed by tagging with a second antibody. (ii) Direct observation of the immuno-
assay via a microparticle tag. Adapted with permission.['° Copyright 2013, Royal Society of Chemistry. b) Detection of toxins in water through changes
in the motion of enzyme-powered tubular micro/nanomotors. The insets show that the motion is slowed in a solution containing toxins. Adapted
with permission.l%] Copyright 2012, American Chemical Society. c) Fluorescence detection of ricin by aptamer-modified tubular micro/nanomotors.
The fluorescence signal changes from weak (i) to strong (ii) in the presence of ricin. Adapted under the terms of the ACS AuthorChoice License.['®]
Copyright 2016, American Chemical Society. d) Automatic collection of molecules for enhanced SERS. The Raman spectra of R6G with active tubular
micro/nanomotors (black), static tubular micro/nanomotors (red), micro/nanomotors fixed on a substrate (green) and clean substrate (blue) illus-
trate the enhanced SERS response for the active tubular micro/nanomotors. The inset illustrates the collection of R6G by the moving tubular micro/

nanomotors. Adapted with permission.'"] Copyright 2016, Royal Society of Chemistry.

tubular micro/nanomotor-based assay eliminated the laborious
multiple washing steps and saved time. Furthermore, modifica-
tion of the tubular micro/nanomotors with different antibodies
allowed them to capture and distinguish different antigens
through conjugation to microparticles with various shapes
and sizes.'%l A further investigation was carried out to detect
cancer biomarkers in situ by immunoassay.l'%? Since the col-
lection speed of functionalized tubular micro/nanomotors is
dependent on the concentration of target cancer biomarkers in
solution, the concentration could be semi-quantitatively deter-
mined by counting the number of collected microspheres and
analyzing the effect of the target protein on the speed, and this
method was shown to be viable in untreated serum samples.
The presence of target molecules can also be indicated by
variations in the speed of the motors, as these molecules may
change the surface properties of the tubular micro/nanomotors.
In 2013, enzyme-based tubular micro/nanomotors were applied
in tests for the presence of heavy metals and other pollutants
in water (Figure 7b).'%%] The enzyme attached to the inner wall
of the tubular micro/nanomotors was designed to catalyze
the decomposition of H,0, to provide propulsion power, thus
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facilitating the motion of the tubular micro/nanomotors,
which could be observed by optical microscopy, as shown in
the insets of Figure 7b. When the tubular micro/nanomotors
were exposed to the toxins Hg, Cu, sodium-azide pesticide, and
aminotriazole herbicide, the biocatalytic activity of the enzyme
was quickly and irreversibly lost, resulting in attenuation of the
tubular micro/nanomotor motion. Thus, the presence of these
contaminants in the surrounding water could be confirmed
by monitoring the movement of the tubular micro/nanomo-
tors. Estimation of the ecotoxicological parameters, such as
the exposure concentration effect and survival time, was also
used to semi-quantitatively measure the concentration of con-
taminants. The observation of the motion was similarly applied
to the detection of a nerve agent,'* although the procedure
detected the presence of nerve agent vapor instead of its pres-
ence in solution. In this experimental design, two droplets were
placed a certain distance apart on a glass slide. One droplet
contained the nerve agent, and the other contained fabricated
enzyme-catalytic reaction-driven tubular micro/nanomotors
that navigated by ejecting bubbles. Rapid evaporation of the
nerve agent filled the surrounding air with the nerve agent
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vapor, which then dissolved in the second droplet containing
the tubular micro/nanomotors and hindered their motion.
Therefore, the presence of nerve agent in the surrounding air
could be visually determined by monitoring the motion of the
tubular micro/nanomotors in the droplet.

In addition to sensing toxins, Khiem and Minteer!'""]
reported a DNA biosensor based on monitoring the motion of
catalytic reaction-driven tubular micro/nanomotors. Unlike the
above research in which the motion was hindered by the target
molecules, the tubular micro/nanomotors reported herein
exhibited turn-on behavior; that is, they began to move in the
presence of the target DNA. The tubular micro/nanomotors
consisted of PEDOT and a Au layer modified with a DNA probe.
In addition, Pt particles conjugated to another DNA probe were
added to the solution. The dispersed Pt catalyst could not pro-
vide propulsion power for the tubular micro/nanomotors, and
these Pt particles were bound only to a DNA probe for the target
DNA, which served as a bridge to connect the Pt particles and
the tubular micro/nanomotors through the two DNA probes.
Thus, the effective conjugation of Pt was able to degrade H,0,
inside the tube and propel the tubular micro/nanomotors. In
this way, the presence of the target DNA was confirmed by
monitoring the movement of the tubular micro/nanomotors.
This biosensing method provided a detection limit as low as
1 pmol.l'%] Because this sandwich identification assay is complex
and expensive, DNA biosensors were subsequently fabricated
based on catalase-modified tubular micro/nanomotors.!%!
Through the same principle, the tubular micro/nanomotors
were modified with DNA probes conjugated to nontarget DNA
molecules that were further modified with catalase. Upon inter-
action between the target DNA and the tubular micro/nanomo-
tors, the target DNA competitively bound to the DNA probe,
displacing the catalase-modified nontarget DNA and resulting
in a slower motion. This change in the motion of the tubular
micro/nanomotors provided a semi-quantitative way to detect
the target DNA.

In the field of biosensing, fluorescence is another powerful
tool for analyzing biological samples through direct observa-
tion. Jurado-Sanchez et al.l'"”! combined a fluorescence signal
with tubular micro/nanomotors to obtain a small chemical
sensor. The outer surface of tubular micro/nanomotors was
modified with CdTe quantum dots that produced a strong
fluorescence signal. Such tubular micro/nanomotors was able
to detect toxic Hg ions, such as Hg?" and CH;Hg*, because
the presence of these ions in solution rapidly quenched the
fluorescence signal (after 12 s of navigation).'””] The quantum
dot-modified tubular micro/nanomotors could provide rapid,
quantitative detection of low Hg ion concentration since the
fluorescence intensity was linearly dependent on the Hg con-
centration up to 1 mg L~11'%1 The fluorescence of functionalized
tubular micro/nanomotors was also applied in the detection of
ricin, a deadly poison (Figure 7c).l'%l Reduced graphene oxide/Pt
bilayer tubular micro/nanomotors containing large amounts of
active sites for binding a ricin aptamer on the reduced graphene
oxide surface were fabricated. The conjugated aptamers were
modified with a fluorescent dye, but no fluorescence signal was
observed due to the effective fluorescence quenching capability
of graphene (Figure 7c-i).1'%l The detection of ricin was achieved
based on the preferred conjugation of ricin to the aptamer.
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The ricin in solution was rapidly collected by the moving
tubular micro/nanomotors, thereby displacing the dye-labeled
aptamer from the graphene surface. Rapid recovery of the fluo-
rescence signal was therefore observed (Figure 7c-ii), leading
to effective detection by changing the signal from “off” to “on”.
The recovered fluorescent intensity increased linearly with
increasing ricin concentration in the range from 100 pg mL™!
to 10 ug mL™!, providing the ability to quantitatively detect ricin
in diverse biodefense scenarios.'®l In another work, a sensor
based on the fluorescence recovery of catalytic reaction-driven
tubular micro/nanomotors was proposed with other carbon
materials.l'%! The outer layer consisted of multiwalled carbon
nanotubes or carbon black and provided a high fluorescence
intensity and excellent adsorption of dyes such as rhodamine
6G (R6G). When R6G rapidly adsorbed on the carbon allo-
trope surface, the fluorescence signal of the tubular micro/
nanomotor was quenched, which facilitated the successful
detection of dyes. Consequently, in the presence of dopamine,
competitive adsorption led to the desorption of R6G, resulting
in the recovery of fluorescence.

In addition, without any functionalization, the stirring effect
and collection properties caused by the locomotion of tubular
micro/nanomotors can shorten the detection time and increase
the signal intensity. For example, the motion of tubular micro/
nanomotors accelerated the detection of proteins in a micro-
array-based immunoassay.''% The motion of the catalytic reac-
tion-driven tubular micro/nanomotors created a localized vortex
that transported the target molecules to the outer surface, which
was functionalized with immobilized antibodies. The fluores-
cent intensity of the moving tubular micro/nanomotors was
=~3.5-fold higher than that of the static ones, proving the faster
collection of the target protein on the detection surface. In
another study, catalytic reaction-driven tubular micro/nanomo-
tors were combined with surface-enhanced Raman scattering
(SERS) to achieve more sensitive detection (Figure 7d).111]
Tubular micro/nanomotors were fabricated through the self-
rolling of Au/SiO/Ti/Ag multilayer nanomembranes. The
outer Au layer provided outstanding SERS properties. The
tubular micro/nanomotor was first moved through a solution
containing target molecules such as R6G. Then, after evapora-
tion of the water, the R6G molecules were collected around the
tubular micro/nanomotor, leading to a fivefold enhancement in
the Raman spectrum intensity relative to that of the immobi-
lized tubular micro/nanomotors.

This section introduced the sensitive detection of target mole-
cules based on tubular micro/nanomotors. When large particles
are conjugated to the target, the collection process by the motile
tubular micro/nanomotors can be directly observed via optical
microscopy. For molecules without tags, the sensing behavior
of the tubular micro/nanomotors is derived from monitoring
changes in the motion (e.g., speed). Furthermore, with the
assistance of fluorescence, the rapid quantitative analysis of the
concentration of a molecule can be realized based on the fluo-
rescence signal of the tubular micro/nanomotors. In addition,
by combining the fast collection behavior of tubular micro/
nanomotors with SERS, we can detect extremely low concentra-
tions of the target. These tubular micro/nanomotors rapidly col-
lect the surrounding targets during navigation, thus gathering
the target molecules together to obtain ultrahigh sensitivity.['11]
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4.4. Environmental Decontamination

Environmental pollution from the increasing frequency of
anthropogenic activities causes nonnegligible issues in modern
society. With the development of nanotechnology, nanomaterials
exhibit outstanding abilities to adsorb and degrade pollutants,
such as heavy metals and organics.''2l As discussed above,
functionalized tubular micro/nanomotors can rapidly capture
and collect surrounding molecules and particles while moving
in solution. Appling this strategy to the field of environmental
decontamination could provide a method for the rapid purifica-
tion of contaminated water. The remediation of water consists
of two methods: adsorption/absorption of pollutants and chem-
ical degradation of contaminants.

Guix et al.'"! demonstrated the first example of environ-
mental remediation based on the rapid sorption capability
of tubular micro/nanomotors. Fabricated Au/Ni/PEDOT/Pt
tubular micro/nanomotors were modified with a superhydro-
phobic layer by the self-assembled monolayer method. With the
addition of H,0, and surfactant to water contaminated with oil,
the functionalized tubular micro/nanomotors moved through
the polluted solution to clean it. Oil droplets in the water

(a)

(c)

strongly adhered to the superhydrophobic layer, and the high
propulsion power of the tubular micro/nanomotors allowed
them to drag several microscopic oil droplets against the vis-
cous force. Under the guidance of a magnetic field, the col-
lected oil pollutant was transported to a separate area to achieve
the purification of the polluted water.'3l In another study,
tubular micro/nanomotors were synthesized via LbL assembly
of a poly-(styrenesulfonic acid) (PSS)/allylamine hydrochloride
(PAH) multilayer followed by the electrodeposition of PEDOT
and Pt inner layers.'' The PSS/PAH outer layer provided a
large loading capability for organic pollutants, such as methyl
paraoxon and R6G. The motion of the tubular micro/nanomo-
tors enhanced the fluid dynamics, leading to more efficient
absorption of organic pollutants relative to the static tubular
micro/nanomotors.

Singh et al.'"] reported the development of reusable tubular
micro/nanomotors for the detoxification of nerve agents
(Figure 8a). The tubular micro/nanomotors consisted of zir-
conia (ZrO,) and graphene oxide, where the outer ZrO, layer
offered unique properties, including the efficient binding of
nerve agents, and the inner graphene oxide layer was coated
with Pt to provide a high thrust force. The tubular micro/

(b)

Magnetic
control

(d)

Propulsion: 2H,0, EX 2O O]

Degradation: Fe** + H,0, —~ Fe** + OH + HO-

Figure 8. Environmental decontamination by catalytic reaction-driven tubular micro/nanomotors. a) Zirconia/graphene tubular micro/nanomotors
for the removal of organophosphate compounds. Reproduced with permission.l'" Copyright 2015, American Chemical Society. b) Graphene-
based tubular micro/nanomotors for lead decontamination and collection. Adapted under the terms of the Creative Commons Attribution (CC-BY)
License.['" Copyright 2016, the authors, published by American Chemical Society. c) Organic remediation by tubular micro/nanomotors based on
the Fenton reaction. Adapted under the terms of the ACS AuthorChoice License.'"l Copyright 2013, American Chemical Society. d) Remediation
of 4-nitrophenol by catalytic reaction-driven tubular micro/nanomotors without the addition of fuel. Adapted with permission.l'?!l Copyright 2015,
American Chemical Society.
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nanomotors demonstrated the highly efficient removal of
the nerve agent, while the static ones or those without the
outer ZrO, layer showed negligible adsorption. Furthermore,
the nerve agent could be desorbed from the tubular micro/
nanomotors through a NaOH treatment, and the recovered
tubular micro/nanomotors were separated from the toxin with
a magnet. Purification was also demonstrated with reusable
tubular micro/nanomotors based on graphene oxide.' The
graphene oxide/Ni/Pt multilayer tubular micro/nanomotors
were proposed to capture, transfer, and remove heavy metals,
where Pb served as an example. The graphene oxide layer was
able to absorb heavy metal ions in water. The catalytic reaction-
driven tubular micro/nanomotors moved for a long time and
absorbed most of the heavy metals (Figure 8b). Then, the func-
tionalized tubular micro/nanomotors delivered the heavy metals
to another chamber under the guidance of a magnetic field.
Desorption of the heavy metals for reuse of the tubular micro/
nanomotors was accomplished through an acid treatment.

The above studies achieved environmental decontamination
by the absorption and adsorption of toxins. For organic pollut-
ants, another useful remediation approach is degradation via
chemical reactions. Soler et al.l''”l demonstrated the ability of
bimetallic tubular micro/nanomotors without further function-
alization to clean polluted water through a Fenton-like oxidation
process (Figure 8c). The catalytic reaction-driven tubular micro/
nanomotors were fabricated via self-rolling of Fe/Pt nanomem-
branes. In the presence of H,0, in an acidic environment, the
outer Fe layer slowly dissolved and released Fe?* ions, which
then reacted with H,0, through a Fenton reaction in a catalytic
cycle with the following two steps

Fe” +H,0, — Fe* + OH + HO' (5)
Fe* +H,0, —» Fe* +HO; +H* (6)

The hydroxyl radical (HO") generated in this reaction is a
powerful oxidant that is capable of degrading organic con-
taminations. The degradation efficiency of the tubular micro/
nanomotors was =12 times higher than that of immobilized
Fe microtubes due to the enhanced mixing of the liquid that
resulted from bubble generation and fluid flow. In addition,
these Fe/Pt tubular micro/nanomotors were reusable after their
collection with a magnet and could be used for several cycles
with a high degradation efficiency, and they still functioned
after being stored for several weeks.''8l H,0, itself is a clean
reagent for efficiently decomposing chemical toxins through
the generation of OOH™ nucleophiles. However, conventionally,
decontamination systems based on H,0, require a high con-
centration to maintain prolonged operation. Considering that
the tubular micro/nanomotors are propelled by H,0,, the
resulting self-mixing effect can accelerate the degradation effi-
ciency of H,0,. PEDOT/Pt tubular micro/nanomotors without
further functionalization were applied to the degradation of
organophosphate nerve agents,!? and as much as 96.1% of
the available methyl paraoxon was degraded within 20 min in
the presence of tubular micro/nanomotors, whereas a negli-
gible change in the signal was observed without tubular micro/
nanomotors.
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Uygun et all'20 applied functionalized tubular micro/

nanomotors in another environmental area—carbon dioxide
(CO,) sequestration, which is important for slowing global
warming. The surface of the tubular micro/nanomotors was
modified with carbonic anhydrase (CA). When dissolved in water,
CO, is hydrated and ionized to CO3%". The CA attached on
the surface of tubular micro/nanomotors performed excellent
CO, capture by catalyzing the hydration process. The mixing
of the functionalized tubular micro/nanomotors substantially
enhanced the sequestration efficiency such that 9.2- and 11.5-
fold enhancements were obtained relative to free CA mole-
cules and immobilized tubular micro/nanomotors with CA,
respectively. Furthermore, the biofunctionalized tubular micro/
nanomotors maintained their catalytic activities after storage for
30 d.1'2% Another strategy for achieving the generation of propul-
sion power and the remediation of polluted water was developed
based on a one-step catalytic chemical reaction (Figure 8d).'2!
In this research, tubular micro/nanomotors were modified
with Pd particles, which can catalyze the decomposition of the
pollutant 4-nitrophenol in the presence of NaBH,. This deg-
radation reaction generates hydrogen bubbles, thereby simul-
taneously providing propulsion power. Therefore, the tubular
micro/nanomotors did not require H,0, fuel and surfactant.
The degradation speed of this system was =10 times faster than
that of static Pd particles.

Furthermore, highly efficient photocatalytic degradation was
obtained by combining TiO, tubular micro/nanomotors with Pt
and Pd layers.['?Z Modification with these noble metals allowed
the tubular micro/nanomotors to rapidly degrade organic pol-
lutants, such as rhodamine B, methyl orange, and methylene
blue, under visible light and natural sunlight. In another dem-
onstration, semiconductor quantum dots were attached to the
outer surface of tubular micro/nanomotors during template-
assisted electrodeposition.?3] PANI containing Cd** was elec-
trodeposited first, and the template was then immersed in
a Na,S solution to assemble CdS quantum dots on the PANI
layer. The CdS quantum dot-modified PANI/Pt tubular micro/
nanomotors exhibited outstanding photocatalytic degradation
of bisphenol A, with complete degradation of the pollutant
occurring within 10 min. Moreover, when ZnS quantum dots
were introduced on the surface of the tubular micro/nanomo-
tors, heavy metal ions (i.e., Hg ions) dynamically exchanged
with Zn?*, leading to the efficient absorption of heavy metal
ions on the surface of the tubular micro/nanomotors.

Currently, catalytic reaction-driven tubular micro/nanomo-
tors are mainly based on the catalytic decomposition of H,0,.
The rapid generation of oxygen bubbles allows the tubular
micro/nanomotors to navigate in complex and real environ-
ments. This high thrust also provides the ability to tow heavy
cargos. In addition, easy modification of the outer surface of
tubular micro/nanomotors allows them to selectively capture,
transport, and release target particles. Based on the binding
process, tubular micro/nanomotors can rapidly collect sur-
rounding molecules and particles for further sensing and
cleaning applications. We revealed only a small portion of the
research on the functionalization of tubular micro/nanomotors
as well as their inspired applications. Many more types of func-
tionalization are waiting to be discovered and will establish new
applications for tubular micro/nanomotors.
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5. Noncatalytic Reaction-Driven Tubular
Micro/Nanomotors

While the most popular tubular micro/nanomotors are those
with catalytic properties that can decompose H,0, to form
oxygen bubbles, high concentrations of H,0, are not suitable
for in vivo applications. Thus, tubular micro/nanomotors with
different chemical materials that use fuels other than H,0,
have also been developed. Furthermore, biohybrid tubular
micro/nanomotors that function independently of fuels have
been demonstrated.

5.1. Chemical Reaction-Driven Tubular Micro/Nanomotors

In 2011, a tubular micro/nanomotor consisting of PANI and Zn
layers was reported (Figure 9a).l'2!l The inner Zn layer provided
effective propulsion in strongly acidic media by generating
hydrogen bubbles via the redox reaction Zn(s) + 2H*(aq) —
Zn*(s) + Hy(g). This tubular micro/nanomotor could move in
different acids and perform the capture, transport, and release
of cargos with an additional ferromagnetic layer. Furthermore,
a Zn-based tubular micro/nanomotor with a double-conical
shape was developed to more conveniently load cargos.’? In
that study, two different particles (SiO, and Au nanoparticles)
with different sizes (20-500 nm) were utilized as the cargo to
demonstrate the ability of Zn-based tubular micro/nanomo-
tors to transport large amounts of the various particles. Upon
reaching the destination, the tubular micro/nanomotors were
destroyed in the acid environment to release the cargo.

The first in vivo application was demonstrated in the acidic
environment in the stomach.'””! Zn-based tubular micro/
nanomotors were operated in gastric acid and exhibited
improved spreading efficiency for delivering drugs (Au parti-
cles as an example, Figure 9b-i). The binding and retention of
Au particles (drugs) on the stomach wall were enhanced by the
motion of the Zn-based tubular micro/nanomotors such that
the drugs were able to remain in the stomach for a long period
dissolved the tubular micro/nanomotors to release the cargos,
leaving no toxins or organisms behind. However, one weakness
of this tubular micro/nanomotor is that the reaction between Zn
and acid is too fast to maintain their motion for long periods, and
the lifetime of the micro/nanomotors was only 20 s in strongly
acid environments.’?! Other materials were recently put forward
as replacements for the Zn metal.l'?%l The Fe layer that replaced
Zn reacted with acid to generate hydrogen bubbles; thus, both a
longer lifetime (20 min) and a higher propulsion efficiency were
achieved. This research was also the first to demonstrate the
self-reconfiguration of several micro/nanomotors into chain-like
arrays and other structures through magnetic interactions.'2¢!

Highly active metals that can react with water to produce
hydrogen can potentially provide propulsion power in the
absence of acid. Tubular micro/nanomotors constructed with
Mg as the inner wall were capable of navigating in water, pro-
viding broad potential for in vivo applications.'”) Interestingly,
an enteric coating was applied to prevent reaction of the Mg layer
until the enteric polymer dissolved in the intestinal fluid.'*”)
Therefore, the tubular micro/nanomotors moved only in the
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Micromotors In Vivo

Zn(s) + 2H*(aq) — Zn?'(aq) + Hy(g)
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Figure 9. Chemical reaction-driven tubular micro/nanomotors for in vivo
applications. a) The tubular micro/nanomotors with zinc propelled by
redox reaction in acid environment. (i) Principle of propulsion. (ii) SEM
image of the top view of Zn-based tubular micro/nanomotors. Repro-
duced with permission.?4l Copyright 2011, American Chemical Society.
b) Zn-based tubular micro/nanomotors moving inside the stomach. (i)
Scheme of the micro/nanomotors motion prolonging the retention of
drug. (ii) The counted tubular micro/nanomotors in stomach after 2 h
compared with (iii) immobilized tubular micro/nanomotors. Adapted
under the terms of the ACS AuthorChoice License.'?] Copyright 2014,
American Chemical Society. c) Controlled release of tubular micro/
nanomotors in the gastrointestinal tract. The localization and reten-
tion of tubular micro/nanomotors in stomach and gastrointestinal
tract are determined by the thickness of polymer coating. Adapted with
permission.['?’] Copyright 2016, American Chemical Society.

gastrointestinal tract where the Mg layer was exposed, and the
position of release within the gastrointestinal tract was altered by
changing the coating thickness. As demonstrated in Figure 9c, a
thinner coating of the enteric polymer allowed the micro/nanomo-
tors to locally release the drug close to the stomach, while a thicker
coating allowed them to reach the ileum. Through this approach,
like a capsule, the drugs loaded in the tubular micro/nanomotors
were released at precise locations, and faster spreading was also
achieved due to the motility of the micro/nanomotors.

5.2. Biohybrid Tubular Micro/Nanomotors
Rather than searching for proper chemical reactions to provide

the propulsion power needed for tubular micro/nanomotors,
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nature has already provided large amounts of motile cells and
microorganisms that can be incorporated in tubular micro/
nanomotors. In recent years, Magdanz et al.'?!] have devoted
considerable effort to developing tubular micro/nanomotors
combined with spermatozoa (Figure 10a-i). In 2013, the first
tubular micro/nanomotor driven by captured spermatozoa
was reported.%] The rolled-up microtube consisted of Ti and
Fe and had a diameter of several micrometers, which was suit-
able for capturing spermatozoa. The direction of motion was
controlled in 3D by an external magnetic field.'?l Such guid-
ance allowed the biohybrid tubular micro/nanomotor to move
directionally in the microchannels of a lab-on-chip system.
Several approaches for improving the performance of biohy-
brid tubular micro/nanomotors have been explored.['* Shorter
tubular micro/nanomotors have been shown to provide faster
speeds, which was attributed to the reduced confinement of

(iii) Os 90s
10 um

Figure 10. Biohybrid tubular micro/nanomotors and heat-propelled
tubular micro/nanomotors. a) Biohybrid tubular micro/nanomotors
combined with spermatozoa. (i) Illustration of the capture, transport
and release of spermatozoa near an oocyte under magnetic guidance.
The inset shows a spermatozoon entering a microtube. (ii) Release of
spermatozoa from polymer-based tubular micro/nanomotors upon
increasing the temperature. The inset of i) is adapted with permission.['%
Copyright 2013, Wiley-VCH. i) is adapted with permission.l3% Copyright
2015, Wiley-VCH. ii) is reproduced with permission.['3! Copyright 2016,
Wiley-VCH. b) Tubular micro/nanomotors propelled by a thermal gra-
dient generated via near-infrared irradiation. (i) Scheme of fabricated
tubular micro/nanomotors containing Au nanoparticles on the inner
wall. (i) SEM image of the light-activated tubular micro/nanomotors.
(iii) Optical images of the moving tubular micro/nanomotors propelled
by a thermal gradient. Adapted under the terms of the Creative Common
Attribution 4.0 International License.['3% Copyright 2017, the Autors, pub-
lished by Nature Publishing Group.
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the flagellum within the walls of the microtube. Compared
with the biohybrid tubular micro/nanomotors constructed by
the random locomotion of spermatozoa, biofunctionalization
of the inner wall provided a strong bond to the spermatozoa,
resulting in a higher coupling efficiency. Furthermore, the
activity of the spermatozoa could be enhanced by adding caf-
feine to surrounding solution to improve the speed of the bio-
hybrid tubular micro/nanomotors.!3%

In addition to the valid capture and transport of spermatozoa
by biohybrid tubular micro/nanomotors, the release of the sper-
matozoa based on a temperature-sensitive polymer layer has
also been achieved.3!l At low temperature, the polymer-based
nanomembrane rolled into tubular structures that were ready
for coupling to spermatozoa. After the spermatozoa swam
into the tubes and the biohybrid tubular micro/nanomotors
moved to the desired location, the release of the spermatozoa
was triggered by increasing the temperature (Figure 10a-ii).
Also, higher temperatures accelerated the spermatozoa motion,
allowing them to rapidly escape from the unrolled micro/
nanomotors. The biohybrid tubular micro/nanomotors based
on spermatozoa provide a novel treatment for infertility and
may realize more biofunctions. The development of biohybrid
tubular micro/nanomotors provides complete biocompatibility,
which is critical for in vivo applications, and therefore, more
applications can be expected in the near future.'3?

5.3. Other Types

Wang et al.l'*}] developed self-propelled tubular micro/nanomo-
tors in which the propulsion behavior was induced by the
Marangoni effect as follows: the presence of surface tension
gradient leads to the movement of micro-objects on the sur-
face from an area with low surface tension to an area with high
surface tension. Thus, the propulsion of these tubular micro/
nanomotors required no additional fuel or modification. In
addition, researchers modified tubular micro/nanomotors with
enzymes for the degradation of pollutants.l'** The enzyme was
released in polluted water and transformed the pollutants into
innocuous materials, while the motion of the micro/nanomo-
tors stirred the solution and facilitated rapid degradation of the
pollutant.

Moreover, a tubular micro/nanomotor activated by light was
developed in which the navigation was not based on a chemical
reaction. Instead, the tubular micro/nanomotor was propelled
by a thermal gradient. Polymer-based tubular micro/nanomo-
tors with Au nanoparticles inside the tube generated substantial
heat under near-infrared light irradiation,** and the resulting
heat gradient inside the conical tube provided asymmetric ther-
mophoretic forces for propulsion. Moreover, the deposition of
Au clusters on the larger open end of cone-shaped silica tubes
was demonstrated (Figure 10b-i,ii).l'*! Irradiation by near-
infrared light (laser) generated a thermal gradient along the
axial direction of the tube, producing a thermophoretic force
that propelled the tubular micro/nanomotor (Figure 10b-iii).
The speed of the tubular micro/nanomotor could be tuned by
modifying the irradiation power of the near-infrared light. At a
sufficiently high power, the micro/nanomotors exploded due to
the ultrahigh thermal gradient produced in the silica layer,!**!
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which may provide a novel release method for biomedical
applications.

From research advancements toward noncatalytic reaction-
driven tubular micro/nanomotors, several in vivo applications
havebeenachieved based on different power sources (e.g., Zn, Mg).
However, because these systems are still far from practical
application, enormous efforts are needed to meet the demands
of biomedical micro/nanomotors with the further development
of biocompatible catalysts and fuels. Precise control and bio-
functionalization are required to guide the micro/nanomotors
to a desired location inside a body and conduct biomedical func-
tions. The marriage of materials and medical science would
accelerate the development of tubular micro/nanomotors for
health care and disease treatment as expected.!'3¢]

6. Summary and Outlook

While the development of machines has completely revolu-
tionized industrial fabrication processes and our lifestyles, the
function of machines at the micro- and nanoscale remains to
be seen, as micro/nanomachines require additional research to
realize their practical application. However, the tubular micro/
nanomotors introduced in this review already share similarities
with various macroscopic machines, such as submarines, jets,
missiles, and rockets. In this review, we attempted to provide
a complete picture of the tubular micro/nanomotors developed
in recent decades. These tubular micro/nanomotors are com-
monly self-propelled through the bubble recoiling mechanism,
and their velocity depends on the ejection frequency and rela-
tive size of the bubbles generated inside the tube. The methods
for fabricating tubular micro/nanomotors include rolled-up
nanotechnology and controllable template-assisted deposition.
In the rolled-up nanotechnology, the key requirement is mul-
tilayered nanomembrane systems with strain gradient on
sacrificial layers. The catalysts (typically Pt or Ag) were rolled
inside tubes and functional materials coated outside. Tem-
plate-assisted methods require matrixes to host materials for
motors and surface coating inside/outsisde of adopted tem-
plates. Rolled-up method mainly relies on thin film deposition
methods and plannar silicon technology, while template-assised
method could be highly related to the development of porous
tempaltes and coating technology. When the 3D printing tech-
nology becomes further developed, more complex tubular
micro/nanomotors for complicated motion with high power
can be expected. Effective control of the speed and direction
of motion is realized through both physical approaches, such
as a magnetic field, light, and ultrasound energy, and chemical
modification of the inner layer. A magnetic field is commonly
used for motion control by simply adding ferromagnetic com-
ponent as Fe, Co, and Ni. In addition, catalytic reaction-driven
tubular micro/nanomotors that rely on the catalytic decomposi-
tion of H,0, to generate oxygen bubbles have been developed
with a variety of catalysts, such as Ag, Pt, MnO,, and the cata-
lase enzyme. These systems are widely applied in the selective
delivery of cargos, microdetection and sensing, and environ-
mental remediation by taking advantage of the self-mixing
effect and proper modification of the outer surface. Due to the
toxicity of high H,0, concentrations to organisms, noncatalytic
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Figure 11. Intelligent transformers consisting of a team of macroscale
robots and tubular micro/nanomotors. a) Thousands of macroscale
robots assembled into designed shapes through their interactions. (i)
Designed robot with a size similar to that of a U. S. penny. (ii) Thousands
of robots assembled into the shape of the letter “K”. Reproduced with per-
mission.l3”) Copyright 2014, AAAS. b) Self-alignment and self-assembly
of tubular micro/nanomotors. (i) SEM image of a rolled-up microtube
with ferromagnetic components. (i) Five microtubes aligned through the
interaction of their magnetic forces. (iii) Gathering behavior of tubular
micro/nanomotors caused by capillary force. (i) and (ii) are adapted with
permission.l'*® Copyright 2009, IOP Publishing Ltd. (iii) is reproduced
with permission.l3% Copyright 2013, Royal Society of Chemistry. c) Pro-
posed sketch of transformers consisting of a team of tubular micro/
nanomotors for completing different tasks on the micro-nanoscale.

reaction-driven tubular micro/nanomotors have also been
developed based on biofriendly chemical reactions and
external sources, and they possess infinite potential for in vivo
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bioapplications through modification with biofriendly mate-
rials, such as Au and carbon-based materials.

With regard to the future of rocket-like tubular micro/
nanomotors, their future fabrication requires a convenient
method for achieving the large-scale production of specifically
designed geometries. In addition, different fuels and mecha-
nisms of propulsion, especially biocompatible fuels for in
vivo applications, will be explored to generate higher thrust in
various environments. Currently, tubular micro/nanomotors
are typically modified to perform a single specific task, which
restricts the general use of tubular micro/nanomotors. Hence,
an intelligent tubular micro/nanomotor is desired that can fulfill
multiple functions in a smart manner by moving and operating
according to a specific design and commands. Apart from the
investigations of single intelligent tubular micro/nanomotors,
cooperation among a group of tubular micro/nanomotors may
provide more attractive prospects. Thousands of robots have
been designed at the macroscale (Figure 11a-i) to achieve the
programmable formation of different shapes (Figure 11a-ii) via
their local communication.3”] Likewise, interaction between
various tubular micro/nanomotors could allow them to act as
transformers to complete complex tasks. To date, several inter-
actions have been developed for assembling tubular micro/
nanomotors. For example, rolled-up microtubes with a fer-
romagnetic component (Figure 11b-i) formed a straight line
through their magnetic interactions (Figure 11b-ii).'*® Further-
more, tubular micro/nanomotors moving at a liquid surface
tend to gather together under the influence of capillary force
(Figure 11b-iii).l3% In addition, a very recent report described
the organized motion of a group of microparticles.'*!) How-
ever, smart assembly and transformation are still far from
being achieved. Interaction, communication, and cooperation
between tubular micro/nanomotors will endow them with
the ability to transform into different shapes so that they can
utilize the optimal strategy to handle an assigned mission. As
sketched in Figure 11c, individual tubular micromotors could
assemble in parallel to generate great power for faster navi-
gation or a stronger towing force. In addition, assembly in a
line could provide better drilling behavior. If tubular micro/
nanomotors could assemble such that they eject bubbles in dif-
ferent directions, fast rotation could be produced to accelerate
the release of cargos. As in an assembly line constructed of a
series of machines to autonomously produce goods with high
efficiency, the realization of interaction, communication, and
cooperation among tubular micro/nanomotors would tremen-
dously improve their working efficiency and allow complicated
task to be autonomously completed. We believe that the inves-
tigations of tubular micro/nanomotors and all kinds of micro/
nanomachines will create a new era, much like machines did
hundreds of years ago.
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