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Photocurable polymer-based tubular micromotors: 
advancing toward life science applications
Saki Batoria and Teruyuki Komatsu*a

Micromotors—micrometer-scale objects capable of autonomous motion in aqueous environments—have 
emerged as promising tools in microtechnology and microrobotics. Among their structural variants, hollow 
tubular architectures are particularly attractive due to their multifunctional surfaces. A key challenge lies in 
advancing their practical application in life sciences. This review highlights recent progress in photocurable 
polymer-based tubular micromotors. Acrylic-resin tubes incorporating platinum nanoparticles (Pt tubes) were 
fabricated through a template-assisted process combining photopolymerization with wet layer-by-layer 
assembly. Protein-functionalized Pt tubes propel in H2O2 solutions via O2 bubble generation, while catalase-
modified tubes exhibit light-tunable propulsion. Remarkably, Pt tubes also self-propel in aqueous ammonia 
borane (NH3BH3) through H2 bubble release, enabling lectin-coated micromotors to capture live cells without 
damage. Moreover, urease-driven tubes wrapped with doxorubicin-loaded liposomes demonstrate efficient 
anticancer activity under near-infrared irradiation. These findings underscore the potential of photocurable 
polymer-based tubular micromotors as versatile platforms for future biological and biomedical applications.

1. Introduction
Research on nano- and micromotors capable of autonomous 
propulsion in aqueous media has advanced significantly over the 
past 15 years, resulting in diverse designs and synthetic 
strategies.1-3 Micromotor morphologies include particles, wires, 
rods, sheets, and tubes. Among these, hollow cylinders are 
particularly compelling because their architecture provides three 
spatially distinct regions—the inner surface, tube wall, and outer 
surface—each capable of independent functionalization (Fig. 
1).4 By assigning specific tasks to each region, multifunctional 
applications can be realized. Propulsion is generally driven by 
chemical reaction or external stimuli such as ultrasound,5-7 
magnetism,8 and light,9-11 with chemical reactions being 
particularly attractive due to the absence of electronic 
requirements. A common mechanism involves O2 bubble 
generation via hydrogen peroxide (H2O2) disproportionation 
(2H2O2 → 2H2O + O2), which requires immobilization of 
catalysts such as platinum (Pt),12-23 silver (Ag),24,25 manganese 
dioxide (MnO2),26-28 or catalase (Cat)29-35 on the inner surface. 
Catalyst serves as the “engine”, while H2O2 functions as the 
“fuel”. A defining feature of micromotors is that the 
functionalities incorporated into the tubular walls or outer 
surface are amplified through autonomous propulsion. Reported 
applications to date include target capture and isolation,36-43 

cargo delivery,44-50 environmental remediation and pollutant 
removal,51-61 as well as (bio)sensing and assays.62-70 

A principal goal in the micromotor research is their 
translation into life science applications.71-73 Potential 
applications include on-demand drug delivery and integration 
into ultra-small diagnostic or therapeutic devices. To achieve 
this, micromotors must accommodate bioactive macromolecules 
(proteins, enzymes, antibodies, nucleic acids) and biocompatible 
materials (polymers, liposomes, nanoparticles). However, 
several challenges remain to ensure safe and effective use in 

a.Department of Applied Chemistry, Faculty of Science and Engineering, 
Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan

Fig. 1 Schematic of a self-propelled tubular micromotor composed of 
three distinct regions, each exhibiting a different functionality.
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biological contexts. Here, we focus on “tubular” micromotors 
and provide an overview from four key perspectives.  

(i) Tube wall. Traditionally, tubular walls have been 
fabricated via two primary strategies: metal thin-film roll-up 
nanotechnology12,13 and template-assisted electrochemical metal 
deposition.14 The former method necessitates clean-room 
facilities and intricate photolithography, whereas the latter 
employs the inner pores of polycarbonate (PC) or anodic 
aluminum oxide (AAO) membranes as molds, allowing for the 
production of uniform hollow cylinders. Consequently, 
template-assisted fabrication has become the prevailing method. 
Nevertheless, metal tubes lack biodegradability. Tubular walls 
composed of synthetic polymers, produced solely through 
polymerization, present an attractive alternative. In 
electrodeposition-based methods, conductive polymers such as 
polypyrrole, poly(3,4-ethylenedioxythiophene) (PEDOT), and 
polyaniline are commonly incorporated.14,18,55,65,74 Carbon 
allotropes have also been explored.75,76 However, these polymers 
generally exhibit poor biocompatibility. To address this, 
multilayered tubes composed of electrostatically stacked 
proteins and polyelectrolytes have been fabricated via layer-by-
layer (LbL) assembly using porous PC membranes.22,46 The 
proteinaceous tubes are fully digestible by proteases, providing 
high biodegradability. Nonetheless, achieving mechanically 
robust tubes capable of withstanding bubble ejection requires 
multi-step and labor-intensive procedures. In 2018, Newland et 
al. utilized porous AAO membranes to photopolymerize 
polyethylene glycol diacrylate, producing flexible polymer 
tubes.77 Photopolymerization offers simplicity and scalability, 
suggesting that photocurable resins are a promising platform. By 
introducing negative charges onto the cylindrical wall, both the 
inner and outer surfaces of liberated tubes can be modified via 
electrostatic interactions, allowing molecular designs that 
prioritize biofriendly nature. However, Newland’s study did not 
extend to micromotor applications.

(ii) Engine. Biocompatibility is critical for life science 
applications, and this principle extends to the catalytic engine. 
While Pt films serve as highly effective catalysts, they are not 
biodegradable under physiological conditions. In contrast, small-
sized Pt nanoparticles (PtNPs) are considered safe and non-
cytotoxic, with applications in food and cosmetics. Recently, 
Escarpa et al. demonstrated that Prussian blue can also catalyze 
H2O2 decomposition, enabling self-propelled micromotor 
function.78 Enzymatic catalysts provide even greater 
biocompatibility. Cat has been extensively employed as an 
engine due to its H2O2 disproportionation activity, comparable to 
PtNPs.29-35 Sanchez et al. immobilized Cat on the inner surface 
of tubular micromotors, observing vigorous migration in 
aqueous H2O2 solutions.29 Similarly, urease (Ure), which 
hydrolyzes urea into CO2 and NH3, has been used as an engine, 
enabling slow propulsion in urea solutions without bubble 
formation.79-81 Because gas bubbles do not accumulate, Ure-
powered micromotors are compatible with living organisms and 
obviate the need for surfactants, which can disrupt cell 
membranes and protein structures.82,83 A notable feature of 
enzyme-powered micromotors is that the swimming velocity 
depends on catalytic activity, with maximum speeds achieved at 

the enzyme’s optimal temperature and pH.29-32,34 Consequently, 
velocity can be modulated by environmental conditions, and 
precise control using external stimuli (e.g., light) enables 
dynamic manipulation of micromotor propulsion.

(iii) Fuel. Most micromotors are propelled in 1–10 wt/v% 
H2O2 solutions via O2 bubble generation. H2O2, however, is a 
strong oxidant that can damage cell membranes and induce 
cytotoxicity, as well as compromise protein and enzyme 
structure and function. Thus, biological applications have 
historically been limited to specific contexts and durations. 
Alternative fuels are being explored for broader applicability. 
For instance, Feringa et al. developed glucose-fueled 
micromotors using glucose oxidase (GOD) and Cat as the 
engine.84 GOD oxidizes glucose to generate H2O2, which Cat 
subsequently decomposes to produce O2. A complication of this 
system is that O2 is required to sustain the conversion of glucose 
by GOD. 

H2 bubble-powered micromotors have also been reported. 
Wang et al. utilized strong acids (HCl or gastric acid) as fuel and 
zinc (Zn) metal as the engine, generating thrust through the redox 
reaction Zn(s) + 2H+(aq) → Zn2+(aq) + H2(g).85 In vivo 
application was demonstrated in the mouse stomach.86,87 
Magnesium (Mg)-driven micromotors coated with enteric 
polymer similarly enabled localized drug release in the 
gastrointestinal tract.88 More recently, metal-organic framework 
(MOF)-based Zn-driven tubes have been developed for sustained 
cargo release.89 Sodium borohydride (NaBH4) with Pt or 
palladium (Pd) engines has also been employed to generate H2 
bubbles,90 though instability of NaBH4 in a neutral pH limits its 
practicality. Ure-powered micromotors utilizing urea as fuel 
operate at physiologically relevant concentrations (human blood: 
2.1‒7.1 mM; urine: 127‒698 mM),91,92 demonstrating promising 
applicability in biological systems.

(iv) Drug loading. The application of tubular micromotors 
as active drug delivery systems has attracted considerable 
interest. Micromotors can transport therapeutic agents to 
targeted sites and release them locally, enhancing treatment 
efficacy while minimizing side effects. Existing tube 
micromotors typically exhibit low drug-loading capacity, as 
drugs are immobilized via electrostatic interactions, π-π 
stacking, or hydrophobic interactions.46-48 Liposomes, spherical 
vesicles composed of phospholipid bilayers, offer a promising 
strategy to increase payload capacity. Dense adsorption of drug-
encapsulated liposomes onto micromotor surfaces could 
dramatically enhance transport efficiency. To date, tubular 
micromotors incorporating liposomes on their exterior have not 
been reported.

Guided by these four design principles, we have developed 
photocurable polymer tube micromotors. This review 
summarizes recent findings concerning their synthesis, structural 
features, and functional properties. Hollow acrylic-resin 
cylinders were fabricated via in-template photopolymerization, 
engine molecules were immobilized on the inner surface, and 
desired proteins and liposomes were attached to the outer surface 
(Scheme 1). The swimming velocity of Cat-driven tubes can be 
modulated by visible light irradiation. Notably, Pt tubes powered 
by H2 bubbles enable the capture of live cells in H2O2-free 
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environments. Furthermore, micromotors loaded with anticancer 
drug-encapsulated liposomes efficiently induce cell death upon 
near-infrared (NIR) irradiation. Photocurable polymer tube 
micromotors represent a highly scalable, ultra-small platform 
with substantial potential for life science applications.

2. Photocurable polymer tube micromotors 
with PtNP interior
2.1. Synthesis and self-propulsion behavior of Pt tubes

Representative acrylic resin-based tubular micromotors 
possessing PtNP-lined interiors (Pt tubes) were fabricated via a 

two-step template synthesis employing track-etched PC 
membranes (pore size: 8.0 μm) (Scheme 1).93 The procedure 
comprised: (i) photopolymerization to generate polymeric tube 
precursors, followed by (ii) LbL deposition to construct an 
intermediate magnetite nanoparticle (MNP) layer and an 
innermost PtNP catalytic layer. Cross-linked acrylic resin, 
poly[bis{2-(methacryloyloxy)ethyl}phosphate] (PBMP), was 
selected as the wall material (Scheme 1A) owing to its 
mechanical robustness and negatively charged phosphate 
groups, which permit subsequent electrostatic LbL assembly on 
both tubular surfaces. A methanol solution of BMP monomer 
was introduced into the microporous PC membrane and 
photopolymerized under N2 atmosphere with ultraviolet (UV, 
365 nm) irradiation. For LbL modification of the interior wall, 

Scheme 1 (A) Polymerization of BMP to yield PBMP. (B) Synthetic scheme of photocurable polymer-based tubes via photopolymerization and LbL 
deposition in a track-etched PC membrane template, followed by outer-surface coating. Structures include: PBMP/MNP/PLA/PtNP tube (Pt tube), 
Avi/PBMP/MNP/PLA/PtNP tube (Avi/Pt tube), bFet-Avi/PBMP/MNP/PLA/PtNP tube (Fet/Pt tube), bConA-Avi/PBMP/MNP/PLA/PtNP tube (ConA/Pt 
tube), PBMP/MNP/PLA/PLG/Avi tube (Avi tube), PBMP/MNP/PLA/PLG/Avi-bCat tube (Cat tube), PBMP/MNP/PLA/PLG/Avi-bUre tube (Ure tube), 
and DoxL/PBMP/MNP/PLA/PLG/Avi-bUre tube (DoxL/Ure tube). (Refs. 93, 96, 105, 106)

Fig. 2 (A) SEM images of Pt tubes. (B) Microscopic observation of Pt tube micromotor powered by O2 bubble ejection in PB solution (2 w/v% H2O2, 
0.2 w/v% Triton-X 100). (C) Relationship between velocity of Pt tube micromotors and H2O2 concertation in PB solution (0.2 w/v% Triton-X 100). 
(D) Microscopic observation of an Avi/Pt tube micromotor in PB solution (2 w/v%, H2O2, 0.2 w/v% Triton-X100) in a microfluidic channel. The 
micromotor was magnetically guided from position (1) to (3) using an Nd magnet. (E) Microscopic observations of Avi/Pt tube micromotors in PB 
solution (2 w/v% H2O2, 0.2 w/v % Triton-X 100) in a microfluidic channel under a magnetic field: (upper) without biotinylated fluorescein (bFL), 
(lower) with bFL. Right, bright-field mode; left, fluorescence mode. From ref. 93. Copyright 2024, American Chemical Society.
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the polymer-embedded PC membrane was mounted in a 
stainless-steel holder, and sequential pressure filtrations of 
aqueous dispersions of MNPs, poly(L-arginine) (PLA, a cationic 
adhesive), and PtNPs were carried out. This yielded 
PBMP/MNP/PLA/PtNP assemblies (Pt tubes) within the 
membrane pores.93 Dissolution of the PC template followed by 
freeze-drying of the residues produced a black powder of Pt 
tubes. 

Scanning electron microscopy (SEM) revealed uniform 
hollow cylinders with an outer diameter of 7.6 ± 0.3 μm, a wall 
thickness of 284 ± 26 nm, and a tube length of 18.3 ± 0.3 μm 
(Fig. 2A). Dispersions of lyophilized Pt tubes were prepared by 
brief sonication in phosphate buffer (PB, pH 7.0). Upon addition 
of H2O2, the Pt tubes exhibited vigorous motility through the 
continuous expulsion of O2 bubbles, with an average velocity of 
305 ± 63 μm/s at [H2O2] = 2 w/v % (Fig. 2B).93 Most tubes swam 
with a rotational trajectory due to slight curvature along their 
longitudinal axis. Introduction of a neodymium (Nd)-magnet 
enabled precise control of swimming direction, propelling the 
tubes toward the magnetic field as a result of the MNP layer. The 
swimming velocity was dependent on H2O2 concentration (1‒4 
w/v%), with increased bubble ejection frequency accelerating 
motility (Fig. 2C).   

2.2. Capture of targets by protein-coated Pt tube micromotors

Functionalization of the external surface of Pt tubes with proteins 
endows them with specialized recognition capabilities. As an 
initial demonstration, avidin (Avi), a tetrameric protein with 
exceptionally strong affinity for biotin, was employed. Given 
that Avi is a basic protein with an isoelectric point of 10‒10.5, 
Avi-functionalized Pt tubes (Avi/Pt tubes) were readily prepared 
by simple immersion of negatively charged Pt tubes in aqueous 

Avi solution (Scheme 1B).93 The motility of Avi/Pt tubes in 
H2O2 solution was essentially indistinguishable from that of 
unmodified Pt tubes. To assess their recognition capability, 
biotinylated fluorescein (bFL) was employed as a model target. 
Self-propelled Avi/Pt tubes captured bFL far more efficiently 
than static, non-motile controls.  

Avi/Pt tubes retained motility within confined spaces, such 
as the narrow microchannel (0.4 mm width, 0.1 mm depth) of a 
microfluidic chip (Fig. 2D). Upon injection at the entrance 
reservoir [position (1)], the swimming tubes were magnetically 
guided to the exit reservoir [position (3)] through the 
microchannel. Fluorescence microscopy readily distinguished 
micromotors bearing bFL (bright) from those without (dark) 
(Fig. 2E). This demonstrated that Avi/Pt tubes can detect and 
visualize biotinylated targets in dilute and trace samples (5 nM, 
10 μL). Antibody-coated tubular micromotors hold considerable 
promise for detecting minute quantities of antigens across 
diverse microchip-based diagnostic platforms.

A subsequent challenge involved capturing influenza virus 
particles. Viral infection is initiated by binding of the surface 
glycoprotein hemagglutinin (HA) to sialylated glycans. Fetuin 
(Fet), a glycoprotein from fetal bovine serum, contains 
tribranched N-acetylneuraminic acid-terminated oligosaccha-
rides that bind to HA. Accordingly, biotinylated Fet (bFet) was 
immobilized on Avi/Pt tubes (Scheme 1B). The resulting Fet/Pt 
tubes exhibited self-propulsion in H2O2 solution with an average 
velocity of 320 ± 84 μm/s. 

To establish a model system, HA-bound fluorescent 
nanoparticles (HA-FNPs, 100 nm diameter) were prepared as 
pseudo-influenza A virus particles (Fig. 3A).93,94 These non-
infectious, luminous particles are easily handled under standard 
laboratory conditions and can be sensitively monitored with 
conventional fluorometric techniques. Each nanoparticle 

Fig. 3 (A) Structural model of HA-FNP. (B) Cryo-TEM image of HA-FNP. (C) Schematic illustration of HA-FNP capture by Fet/Pt tube micromotor. (D) 
Microscopic observations of HA-FNP-Fet/Pt tube micromotors in PB solution (2 w/v % H2O2, 0.2 w/v % Triton-X 100): left, bright-field mode; right, 
fluorescence mode. (E) SEM images of HA-FNP-bound Fet/Pt tubes. From ref. 93. Copyright 2024, American Chemical Society.
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displayed approximately 350 HA molecules, a density 
comparable to natural influenza A virus.95 Cryogenic 
transmission electron microscopy (cryo-TEM) confirmed a 
spiky HA-coated surface (Fig. 3B).

Introduction of HA-FNPs into dispersions of swimming 
Fet/Pt tubes resulted in immediate green fluorescence emission 
from the tubes, confirming the binding of pseudo-viral particles 
on their exterior surfaces (Fig. 3C,D).93  The swimming velocity 
(286 ± 70 μm/s) was nearly identical to that of unmodified Fet/Pt 
tubes. Fluorescence quantification indicated an average of 2.3 × 
104 HA-FNPs bound per tube, consistent with SEM observations 
of ~2.0 × 104 particles per tube (Fig. 3E). These results establish 
that Fet-functionalized micromotors specifically recognize HA-
bearing viral surfaces. Thus, Fe/Pt tubes represent a promising 
platform for the selective removal and separation of influenza A 
virus particles at the microscale.

3. Photocurable polymer tube micro-
motors with Cat interior
3.1. Synthesis and self-propulsion behavior of Cat tubes

Nanoscale PtNP-based engines demonstrate acceptable safety, 
while biocatalytic enzyme-driven engines offer even greater 
biocompatibility. Cat is a hemoprotein enzyme capable of 
decomposing H2O2 with high efficiency. Acrylic resin tube 
micromotors with Cat on the internal surface (Cat tubes) were 
synthesized by immobilizing biotinylated Cat (bCat) on the inner 
surface of tubes bearing an Avi interior (Avi tubes) (Scheme 
1B).96 Upon addition of H2O2 to the Cat tubes dispersion, the 
tubes exhibited self-propulsion through the expulsion of O2 
bubbles (Fig. 4A). The average velocity was 130 ± 35 μm/s (pH 
7.0, [H2O2] = 2 wt%, 25 ℃). Notably, the motion speed of Cat 
tubes exceeded that of previously reported Cat-driven tubular 
micromotor.30,31,34,35  

The enzyme activity significantly influenced the mobility of 
Cat tubes.29-32,34 Both pH and temperature are critical factors 
governing enzyme performance. As expected, the swimming 
speed of Cat tubes varied with pH, reaching a maximum of 128 
± 10 μm/s at pH 7.0 (25 ℃), the optimal pH for Cat (Fig. 4B).97 
Furthermore, at constant pH 7.0, the tubes exhibited the highest 
velocity (241 ± 38 μm/s) at 35 ℃, close to the optimal 
temperature (37 ℃) for Cat (Fig. 4C). The addition of sodium 
azide (NaN3), a Cat inhibitor, led to the cessation of autonomous 
motion within 1 min ([NaN3] = 25 μM). Because N3

– coordinates 
to the ferric heme of Cat and inhibits enzyme activity, measuring 
the time until Cat tubes ceased movement allowed estimation of 
NaN3 concentration, suggesting potential application as a 
detection device.    

3.2. Velocity control of Cat tube micromotors using light 
irradiation

Controlling micromotor velocity with external stimuli, 
particularly light, is of great interest. Several researchers have 
demonstrated that tubular micromotor speed can be modulated 
by irradiation with NIR, visible, and UV light.98-100 Notably, we 

found that Cat tubes swam faster (270 ± 43 μm/s) under visible 
light irradiation (460–495 nm) (Fig. 4D). Termination of light 
exposure caused an instantaneous decrease in motion speed, 
which returned to the baseline level. The frequency of bubble 
ejection increased from 30 bubbles/s before light irradiation to 
45 bubbles/s during irradiation. The velocity increased 
proportionally with light intensity (Fig. 4E). In other words, the 
swimming speed of Cat tubes directly reflected the intensity of 
visible light. Importantly, visible light irradiation did not affect 
the velocity of Cat tubes lacking MNPs. This demonstrated that 
photoinduced control of motion was only achievable in Cat tubes 
containing both MNP and Cat layers. Various experiments 
revealed that the observed speed increase was attributable to the 
photothermal effect of MNPs in the wall (Fig. 4F).96 Shi et al. 
reported that MNPs exhibit higher photothermal heating 
efficiency under white-light illumination compared to NIR 
irradiation.101 The bulk aqueous solution remained at 25‒26 ℃ 
under irradiation, indicating that local photothermal heating of 
the tube wall by MNPs enhanced the activity of adjacent Cat 
enzymes (Fig. 4F). Because the maximum swimming velocity 
was achieved as light intensities of 62–88 mW/cm2, the inner 
wall of the tube is presumed to reach the optimal temperature for 
Cat (37 °C) within this range. Acceleration and deceleration of 
Cat tubes were repeatedly observed upon switching the light on 
and off, with rapid response times (Fig. 4D,G).96 Upon light 
irradiation, maximum speed was reached within 1 s; upon 
cessation, the velocity returned to baseline within 3 s. By 
contrast, repetitive irradiation of Cat tubes without MNPs and of 
Pt tubes did not produce velocity changes (Fig. 4G). The 
remarkable on–off light responsiveness of Cat tubes highlights 
their potential for expanding the scope of micromotor 
applications.

4. Pt tube micromotors powered by H2 
bubbles in NH3BH3 solution
4.1. Self-propulsion behavior of Pt tubes and survival of E. coli in 
NH3BH3 solution

H2O2 has been the most frequently used fuel for micromotors. 
However, the strong oxidizing nature of H2O2 limits its 
applications, particularly due to rapid inactivation of live cells. 
A major challenge in the development of micromotor is ensuring 
that the fuel does not adversely affect living organisms. 
Micromotors powered by gas bubbles without reliance on H2O2 
would therefore offer significant advantages across various 
fields. Ammonia borane (NH3BH3) is a promising H2 source 
owing to its high hydrogen content, water solubility, nontoxicity, 
and stability.102 The hydrolysis of NH3BH3 on Pt catalysts 
generates H2 gas under ambient conditions (NH3BH3 + 2H2O → 
3H2 + NH4

+ + BO2
‒).103,104 In 2024, we found that Pt tubes 

exhibited vigorous self-propulsion in aqueous NH3BH3 solution, 
driven by the ejection of H2 gas bubbles from the terminal 
opening, with an average speed of 103 ± 24 μm/s ([NH3BH3] = 
0.6 M) (Fig. 5A).105 The velocity of the micromotors and the 
frequency of H2 bubble generation increased with NH3BH3 
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concentration. The PtNP layer functioned as a catalyst for 

NH3BH3 hydrolysis, thereby powering micromotor movement. 

To date, several tubular micromotors capable of capturing E. 

coli—a model bacterial target—have been reported. In these 
studies, tube surfaces were functionalized with the lectin 

Fig. 4 (A) Schematic illustration of a Cat tube micromotor powered by O2 bubble ejection. (B) Effect of pH on the average velocity of Cat tube 
micromotors (2 w/v% H2O2, 0.1 w/v% Triton X-100) and Cat activity97 at 25 °C. (C) Effect of temperature on the average velocity of Cat tube 
micromotors (2 w/v% H2O2, 0.1 w/v% Triton X-100) and Cat activity97 at pH 7.0. (D) Microscopic observation of Cat tube micromotors in PB solution 
(2 w/v% H2O2, 0.1 w/v% Triton-X 100); left, without light irradiation; right, under light irradiation. (E) Effect of optical intensity on the average 
velocity of Cat tube micromotors (2 w/v% H2O2, 0.1 w/v% Triton X-100) and on bulk solution temperature. (F) Schematic illustration of wall heating 
in a Cat tube micromotor under visible light irradiation. (G) Relationship between micromotor velocity and repeated light on/off cycles in PB solution 
(2 w/v% H2O2, 0.1 w/v% Triton-X 100). From ref. 96. Copyright 2024, American Chemical Society.
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concanavalin A (ConA), which specifically binds to terminal 
carbohydrates of lipopolysaccharides (LPS) on bacterial outer 
membranes. Wang et al. demonstrated bacterial isolation using 
ConA-modified tube micromotors in 7.5 w/v% H2O2 solution, 
although quantitative evaluations were not conducted.38 
Similarly, we developed ConA-wrapped protein tube 
micromotors capable of binding E. coli in aqueous 2 w/v% 
H2O2.35 However, in both cases, most bacterial cells became non-
viable and non-culturable due to the potent oxidative effects of 
H2O2. 

To evaluate whether E. coli could survive in aqueous 
NH3BH3, we employed a genetically engineered GFP-expressing 
E. coli (GFP: green fluorescent protein). The bacteria maintained 
fluorescence in HEPES buffer containing 0.6 M NH3BH3 and 

were successfully cultured on LB agar plates even after exposure 
to the same solution.105 Clear colony formation was observed 
after 16 hr, confirming bacterial survival. In contrast, E. coli 
exposed to 2 w/v% H2O2 showed no colony formation after 16 
hr. This stark contrast highlights NH3BH3 as a safer fuel 
alternative for micromotors in life science applications.

4.2 Capture of E. coli by ConA/Pt tube micromotors 

ConA/Pt tubes were fabricated by immersing Avi/Pt tubes in 
biotinylated ConA (bConA) solution (Scheme 1B). Upon 
addition of E. coli to an NH3BH3 dispersion containing 
swimming ConA/Pt tubes, the tubes efficiently captured the 
bacteria (Fig. 5B).105 Fluorescence microscopy clearly showed 
E. coli binding to ConA/Pt tube micromotors (Fig. 5C). A single 

Fig. 5 (A) Microscopic observation and schematic illustration of a Pt tube micromotor powered by H2 bubble ejection in PB solution (pH 7.0, 0.6 M 
NH3BH3, 0.2 w/v% Triton X-100). (B) Schematic of E. coli capture by a ConA/Pt tube micromotor. (C) Microscopic observation of E. coli-bound 
ConA/Pt tube micromotor in HEPES buffer (pH 6.8, 0.6 M NH3BH3, 0.2 w/v% Triton X-100). (D) E. coli residual rate after treatment with ConA/Pt 
tube micromotors determined by fluorescence measurements. (E) 3D reconstruction from CLSM slice images of an E. coli-bound ConA/Pt tube. E. 
coli, green; PBMP wall stained with tetramethylrhodamine methyl ester, red. (F) E. coli colony incidence after treatment with ConA/Pt tube 
micromotors. From ref. 105. Copyright 2024, American Chemical Society.
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treatment removed 79% of bacteria from the dispersion (Fig. 
5D).105 The capture efficiency was significantly higher than 
those of swimming PSS/Pt tubes [PSS, poly(styrene sulfonate)] 
and non-swimming ConA/PLG tubes [PLG, poly(L-glutamic 
acid)], indicating that (i) specific binding between ConA and 
bacterial LPS mediated capture, and (ii) autonomous propulsion 
enhanced collision frequency, thereby improving efficiency 
relative to non-motile counterparts. On average, 5.5 E. coli cells 
adhered to each tube. Confocal laser scanning microscopy 
(CLSM) slice images of E. coli-bound ConA/Pt tubes confirmed 
approximately six bacteria attached per tube (Fig. 5E). 

A small volume of the supernatant was spread onto LB agar 
plate and incubated at 37 ℃. The colony incidence rate for the 
ConA/Pt tube group was 23% compared to the reference group 
(identically treated E. coli without tubes) (Fig.  5F), consistent 
with residual cell rates determined by fluorescence (Fig. 5D).105 
By contrast, when the same experiment was performed in 2 
w/v% H2O2 solution, no colony formation occurred, indicating 
complete bacterial death. These results demonstrate that self-
propelled ConA/Pt tubes can efficiently capture live E. coli in 
NH3BH3 solution. Thus, NH3BH3 enables the development of 
tubular micromotors targeting live cells in environments that 
preserve cellular viability. 

5. Photocurable polymer tube micromotors 
with Ure interior and drug-loaded liposomes 
exterior
5.1. Synthesis and self-propulsion behavior of DoxL/Ure tubes

Active drug delivery using tubular micromotors capable of 
autonomous propulsion under physiological conditions has 
attracted considerable attention.46-50 Ure-engine catalyzes the 
hydrolysis of urea, generating a mechanical driving force 
without the bubble formation. Several studies have investigated 
Ure-powered tubular micromotors.79-81

Doxorubicin (Dox), an anthracycline antibiotic, is clinically 
used in liposomal formulations. In 2025, we synthesized 
DoxL/Ure tubes by sequentially immersing Avi tubes in (i) a 
biotinylated Ure (bUre) solution and (ii) a phospholipid liposome 
dispersion containing Dox (DoxL; diameter 148 nm, 
encapsulating ~1.6 × 10‒19 mol Dox per liposome) and a 
fluorescent probe (DiD) (Scheme 1B).106 SEM images 
confirmed the immobilization of DoxL on the tube surface (Fig. 
6A). The exterior of the DoxL/Ure tube appeared markedly 
rougher than that of the smooth Ure tube, indicative of high-
density DoxL adsorption. The number of DoxL particles 
absorbed per Ure tube was estimated at ~2.5 × 104, 
corresponding to a surface coverage of 93%. This equates to ~4.0 
× 10‒15 mol of Dox per tube, 69-fold greater than that reported 
for Pumera’s tube micromotors, which relied on electrostatic 
interactions for drug loading.48 Thus, DoxL/Ure micromotors are 
capable of transporting chemotherapeutic agents at exceptionally 
high concentrations and densities. CLSM images of the 
DoxL/FUre (FUre: fluorescein-labeled bUre) tube exhibited 
strong fluorescence from both fluorescein (tube wall) and DiD 
(liposome), confirming successful immobilization of FUre on 
the Avi layer and adsorption of DoxL onto the tube exterior (Fig. 
6B).

DoxL/Ure tubes exhibited autonomous propulsion in PBS 
containing a physiological concentration of urea (Fig. 6C).106 

Fig. 6 (A) SEM images of DoxL/Ure tubes. (B) CLSM images of DoxL/FUre tube. Green fluorescence: FUre; red fluorescence: DiD. (C) Microscopic 
observation of a DoxL/Ure tube micromotor with trajectory in PBS solution ([urea] = 100 mM). (D) Schematic illustration of DoxL/Ure tube 
micromotor propulsion via urea decomposition into NH3 and CO2. From ref. 106. Copyright 2025, American Chemical Society.
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The average velocity was 11.4 ± 2.5 μm/s ([Urea] = 100 mM), 
exceeding previously reported values for Ure-powered tube 
micromotors.79-81 Within the tubular cavity, Ure catalyzes the 
decomposition of urea into CO2 and NH3, which are 
subsequently converted into ionic species such as NH4

+, HCO3
‒, 

CO3
2‒, and OH‒ (Fig. 6D). The resulting ionic concentration 

gradient drives outward fluid diffusion, generating internal flow 
that propels the micromotor in the opposite direction.79-81 

5.2 Drug release capacity and anticancer activity of DoxL/Ure 
tube micromotors

DoxL immobilized onto the tube surface undergoes a gel-to-
liquid crystalline phase transition at 38.5 °C (Tc). For externally 
triggered drug release, NIR irradiation (1490 nm) was applied to 
heat the DoxL/Ure tube dispersion. After 2 min of irradiation, 
the solution temperature exceeded Tc, reaching 39 ℃, and 76.4% 
of the encapsulated Dox was released within 5 min (Fig. 7A). 
These results demonstrate that NIR irradiation effectively 
triggers drug release from DoxL/Ure tubes, highlighting their 
potential for remote-controlled cancer therapy.

The cytotoxicity of DoxL/Ure tubes was evaluated in MCF-
7 breast cancer cells. Treatment with DoxL/Ure micromotor 
reduced cell viability to 19 ± 4%, a remarkable decrease 
compared with the non-swimming control group (Fig. 7B).106 
The autonomous propulsion enhances micromotor‒cell 
interactions, promoting electrostatic adhesion to cell 
membranes. The cationic liposomes of DoxL/Ure tubes facilitate 
adhesion during swimming, and subsequent NIR-induced 
heating triggers localized Dox release at the cell surfaces. This 
delivers a high concentration of the drug directly to cells, 
resulting in effective cytotoxicity (Fig. 7C).

To validate this mechanism, CLSM was used to monitor 
MCF-7 cells incubated with DoxL/Ure tube micromotors (Fig. 
7D).106 Without NIR irradiation, DiD (liposome membrane) and 
Dox (liposome core) fluorescence were observed on the tube 
surface. Upon NIR exposure, Dox fluorescence appeared in the 
cytoplasm, indicating successful release and cellular uptake, 
whereas DiD fluorescence remained confined to the tube, 
implying that only Dox was delivered. Thus, self-propelled 
DoxL/Ure tubes carrying high drug payloads can adhere to 
cancer cells and enable on-demand drug release under light 

Fig. 7 (A) Relationships between NIR irradiation time and (left axis) Dox release rate from DoxL/Ure tubes and (right axis) bulk solution temperature. 
(B) Viability of MCF-7 cells after treatment with DoxL/Ure tube micromotors, washing, and NIR laser irradiation (1490 nm), determined by CCK-8 
assay. Control group: no urea, no Dox, no light irradiation. **p < 0.01 vs. non-swimming DoxL/Ure tube group (light, no urea). (C) Schematic 
illustration of NIR-induced DoxL release form a DoxL/Ure tube micromotor bound to MCF-7 cells. (D) CLSM images of MCF-7 cells after incubation 
with DoxL/Ure tube micromotors, washing, and NIR irradiation. Red fluorescence: DiD; green fluorescence: Dox. From ref. 106. Copyright 2025, 
American Chemical Society.
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irradiation, resulting in potent anticancer activity. Given the 
versatility of liposomal drug encapsulation, tubular micromotors 
represent a promising platform for active targeted drug delivery 
across diverse biomedical applications.

6. Conclusion and prospect
By combining photopolymerization within a porous PC template 
with LbL assembly, a wide variety of acrylic-resin-based tubular 
micromotors can be fabricated. Tubes bearing PtNPs on their 
inner surfaces autonomously swim in aqueous H2O2 and 
NH3BH3 solutions by ejecting O2 and H2 bubbles, respectively. 
Notably, we discovered that NH3BH3 serves as a fuel for H2 gas 
release, enabling self-propulsion. Functionalities introduced 
onto the outer surface are amplified by autonomous locomotion. 
For example, Pt tube micromotor wrapped with Fet captured 
influenza virus-shaped nanoparticles, suggesting potential as 
detectors for viral infections. The swimming speed of Cat-
powered micromotors was remotely controlled by visible light 
irradiation, with rapid acceleration and deceleration attributed to 
the photothermal effect of the MNP layer in the wall. Because E. 
coli can survive in NH3BH3 solutions, H2-evolving micromotors 
show promise as versatile tools for life science applications. 
ConA-coated tube micromotors successfully captured live E. 
coli without harming the cells. Furthermore, Ure-powered 
micromotors densely wrapped with Dox-loaded liposomes 
efficiently attached to cancer cells and released Dox upon NIR 
irradiation, exhibiting high anticancer activity. Beyond 
oncology, this strategy may reduce dependence on conventional 
antibiotics and help mitigate the emergence of drug-resistant 
strains. Potential in vivo applications include operation in urea-
rich environments such as the urinary bladder. It is feasible to 
synthesize a diverse set of photocurable polymer-based tubular 
micromotors and immobilize proteins, enzymes, antibodies, and 
metal oxides on their surfaces. These self-propelled polymer 
tubes thus represent a promising platform for active and targeted 
applications in the life sciences.

For future practical applications, acrylic-resin tube 
micromotors present several advantages. The first major hurdle 
is large-scale production. The PC template-assisted method is 
well suited to mass production, as microporous PC membranes 
are already manufactured using track-etching technology, where 
heavy ion beams irradiate PC thin films and the created minute 
holes are enlarged by chemical etching. Large-area microporous 
membranes can be directly employed, and polymer tube walls 
can be fabricated simply by UV irradiation, making the process 
both time- and cost-efficient. 

A second key hurdle is biosafety. The in-template 
photopolymerization strategy is applicable to constructing 
hollow cylinders from biocompatible polymers. The tubes, 
composed primarily of polyesters and polyelectrolytes, are 
advantageous for life science applications. In addition, surface 
functionalization via wet LbL assembly enables the 
immobilization of multiple enzymes or catalysts in hierarchal 
arrangements along the cylindrical wall, facilitating functional 
relays of sequential reactions. For instance, sandwiching 

glucoamylase and GOD as intermediate layers in Cat tubes could 
yield starch-fueled micromotors. Functionally engineered and 
custom-designed polymer tube micromotors are expected to 
establish a new paradigm in smart biomaterials science and serve 
as innovative ultrasmall devices for various biological and 
biomedical applications.
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