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An efficient polymeric micromotor doped with Pt
nanoparticle@carbon nanotubes for complex
bio-media†

Yana Li, Jie Wu,* Yuzhe Xie and Huangxian Ju

A highly efficient polymeric tubular micromotor doped with Pt

nanoparticle@carbon nanotubes is fabricated by template-assisted

electrochemical growth. The micromotors preserve good navigation

in multi-media and surface modification, along with simple synthesis,

easy functionalization and good biocompatibility, displaying great

promise in biological applications.

Recent advancements of nanotechnology promote the develop-
ment of artificial micro/nanomotors that are able to convert energy
into autonomous movements. These micro/nanomotors show
different architectures, such as segmented nanowires,1 conical
microtubes,2 Janus microspheres3 and some irregular structures,4

and are propelled along different propulsion mechanisms, includ-
ing bubble ejection,2,5 self-diffusiophoresis,6 self-electrophoresis,1a

pH gradients,7 magnetic fields,8 and ultrasound propulsion.9 Due
to the unique autonomous motion performance and flexible
controllability, they have been used in bacterial isolation,10 drug
delivery,11 sewage purification,12 microsurgery,9c active biomimetic
systems,13 and environmental monitoring.14 Among these motors,
the catalytic motors propelled by bubble-induced propulsion
are particularly attractive owing to their efficient movement in
ionic-strength solution.15

The bubble-induced propulsion relies on the asymmetry of
chemical reactions occurring on the tubular motor structures,
which are generally prepared by the rolled-up technique2c,5a,16 or
template-assisted assembly/deposition.17 These motors normally
contain outer inert material and inner catalytic Pt coating. The
latter can decompose hydrogen peroxide fuel to produce the oxygen
bubbles.5a,17 To extend the application of tubular motors, polymeric
materials have been introduced to the catalytic motors due to their
good biocompatibility, easy synthesis and functionalization, and
nice flexibility. For example, several polymer–metal bilayer micro-
motors have been prepared by the template-based electrochemical

synthesis and used to transport, isolate and detect various bio-
molecules.9a,18 A polymer multilayer tubular nanomotor containing
Pt nanoparticles (PtNP) in the interior has also been proposed with a
template-assisted layer-by-layer assembly technology.17a More
recently, a microjet with a temperature-responsible polymer as the
outer layer has been prepared by the rolled-up technique.19 Although
these polymeric motors show favourable functionalities, they still
have some inherent limitations due to the metallic inner layer,
which leads to the loss of motion performance in the protein-rich
system or the surface passivation of the inner layer in micromotor
functionalization with receptors. Therefore the application of
catalytic motors still remains a challenge.

Here we describe a bilayer polymeric tubular micromotor pre-
pared by a template-assisted electro-deposition technique. The
tubular outer layer of poly(3,4-ethylenedioxythiophene) (PEDOT)
is firstly electrochemically synthesized to further co-deposit poly-
pyrrole (PPy) and PtNPs loaded carbon nanotubes (PtNP@CNTs) on
its inner wall. The polymeric inner layer not only retains the
efficient catalytic ability of PtNPs for obtaining fast movement,
but also provides good biocompatibility for avoiding the limitations
of previously reported catalytic motors in biological systems. In
addition, this is the first example to incorporate CNTs for the
loading of PtNPs in the inner layer of the micromotor. The presence
of CNTs greatly improves the catalytic activity, which leads to faster
movement of the micromotor than those with PtNPs interior.17a

Due to the protection of porous PPy film, the PEDOT/PtNP@CNT-
PPy micromotor possesses good resistance to protein/molecule-
induced blocking and poisoning. Fe3O4 nanoparticles can also be
conveniently co-deposited in PtNP@CNT-PPy to achieve the mag-
netically directed movement. Thus such a polymeric micromotor
shows great promise for diverse applications.

The bilayer PEDOT/PtNP@CNT-PPy micromotor was synthesized
by sequential electrochemical growth of PEDOT and PtNP@CNT-PPy
on a cyclopore polycarbonate membrane (Scheme 1). Briefly, PEDOT
was firstly electropolymerized on the inner wall of the micropores.
After PtNP@CNT dispersion was filled into the PEDOT-
coated micropores, electrochemical plating was performed in
pyrrole solution to rapidly form a PtNP@CNT-PPy layer on the
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PEDOT surface. Finally, the polymeric tubular micromotors were
obtained after the template dissolution in methylene chloride. In
the fuel solution of H2O2, oxygen gas could be catalytically produced
to propel the movement of the micromotors.

The PtNP@CNTs were prepared by electrostatic assembly of
PtNPs on CNTs with the help of a positively charged polyelectrolyte
(ESI†). Compared with bare CNTs, many individual ‘‘nanodots’’
with an average diameter of 2 nm could be observed on the surface
of CNTs after the loading of PtNPs (Fig. S1, ESI†). The top-view
SEM image of the PEDOT/PtNP@CNT-PPy micromotor showed a
length of B12 mm and a defined cone tubular geometry with outer
diameters of 5 and 4 mm, along with inner openings of 3.8 and
2.8 mm (Fig. 1a). The outer surface of the polymeric microtube was
uniform and compact, while the inner surface of PtNP@CNT-PPy
was rough (Fig. 1b). The energy-dispersive X-ray (EDX) spectra
clearly showed the presence of platinum within the microtube with
a uniform distribution (Fig. 1c and d), indicating the successful
synthesis of PEDOT/PtNP@CNT-PPy micromotors.

The motion performance of the micromotors depended on the
preparation conditions such as the electropolymerization charge
and PtNP@CNT concentration. As expected, with increasing the
deposition charge more PtNP@CNT-PPy was electropolymerized
on the inner wall of PEDOT (Fig. S2a–d, ESI†). When the deposi-
tion charge was more than 0.1 C, the thickness of the formed

PtNP@CNT-PPy layer affected the inner opening diameter, which
led to the lower navigation speed of the micromotors in H2O2

solution (Fig. S2e, ESI†). Thus, 0.1 C was used for the electro-
polymerization of the PtNP@CNT-PPy layer. As the motion of the
micromotors relied on the catalytic generation of oxygen gas
by PtNP@CNTs, the effect of PtNP@CNT concentration was
examined (Fig. S2f, ESI†), in which the speed reached the
maximum value and trended to the plateau at 200 mg mL�1. Here,
the disappeared colour bars in Fig. S2e and f (ESI†) referred to the
ultraslow movement of the micromotors under their corresponding
experimental conditions.

The composition of the inner polymeric layer was an important
factor affecting the motion performance of micromotors. Under
the same deposition conditions, the inner layer formed by PPy
(PtNP@CNT-PPy) showed much more PtNP@CNTs, which were
arrowed in Fig. S3, ESI† in the polymer than that by polyaniline
(PtNP@CNT-PANI), and a more uniform surface than that by
PEDOT (PtNP@CNT-PEDOT) (Fig. S3, ESI†). This result was further
confirmed by the EDX mapping analysis (Fig. 1c,d, Fig. S4a–d and
Table S1, ESI†). The presence of platinum (25.80%) in the micro-
motor with the PtNP@CNT-PPy inner layer was much more than
those of 18.91% and 8.83% in micromotors with PtNP@CNT-
PEDOT and PtNP@CNT-PANI inner layers, respectively, suggesting
that more PtNP@CNTs could be deposited within the PPy layer.
The more PtNP@CNTs led to stronger catalytic activity of the inner
layer to decompose hydrogen peroxide fuel and thus resulted in
faster navigation speed, while the uniform PtNP@CNT-PPy layer
was also beneficial to the motion performance. Thus the PEDOT/
PtNP@CNT-PPy micromotor displayed a navigation speed of
288 mm s�1, faster than 0 and 138 mm s�1 of PEDOT/
PtNP@CNT-PANI and PEDOT/PtNP@CNT-PEDOT micromotors
at 5% H2O2, respectively (Video S1, ESI†).

The efficient propulsion of the PEDOT/PtNP@CNT-PPy micro-
motor was illustrated in Fig. 2. A tail of oxygen bubbles generated
from the catalytic decomposition of H2O2 by the PtNP@CNT-PPy
inner layer were released from the rear large-opening side of the
micromotor, which offered an average speed of 143 mm s�1 (nearly
12 body lengths) (Video S2, ESI†). The drag force of the micromotor
could be estimated to be 10 pN using the Stokes’ drag theory,2a

Fd ¼
2pmLU

lnðL=aÞ � 1=2

where Fd is the fluid resistance, U is the speed of the micromotor
(143 mm s�1), m is the fluid dynamic viscosity (1.01 mPa s,
equal to 1.01 � 10�3 N m�2 s), L is the length (12 mm) and a is
the radius (2.5 mm) of the micromotor. Such a speed was stable
for at least 20 min. In contrast, no motion performance was
observed in the absence of CNTs for PEDOT/PtNP-PPy or PtNPs
for PEDOT/CNT-PPy (Video S3, ESI†), indicating the efficient
catalytic ability of PtNP@CNTs in the PPy layer. Here, the poor
motion performance of the PEDOT/PtNP-PPy micromotor could
be attributed to the too low amount of PtNPs codeposited in the
PPy layer (Fig. S4e,f and Table S1, ESI†).

The speed of the PEDOT/PtNP@CNT-PPy micromotors depended
on the concentration of H2O2 fuel. Their average speed
increased from 62 � 15 mm s�1 (nearly 5 body lengths) at

Scheme 1 Schematic illustration of polymeric micromotor fabrication via
template-assisted electrochemical deposition and a propulsion mechanism.

Fig. 1 SEM (a), enlarged SEM (b) and EDX mapping analysis of Pt (c, d) in a
PEDOT/PtNP@CNT-PPy micromotor.
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1% H2O2 to 450� 26 mm s�1 (nearly 35 body lengths) at 15% H2O2,
in the presence of 1.6% (w/v) sodium cholate (Fig. 2g and Video S2,
ESI†). This tendency was primarily related to the bubble generation
frequency. Compared with 5 and 70 mm s�1 at 1% and 15% H2O2

for layer-by-layer assembled polymer–PtNP motors,17a the present
PEDOT/PtNP@CNT-PPy micromotors displayed much higher
motion speed in the studied concentration range of H2O2,
suggesting the good catalytic activity of PtNP@CNTs. It was attri-
buted to the high surface area of CNTs for loading more PtNPs in
the inner layer. In addition, the CNTs might also enhance the
catalytic ability of PtNPs due to their synergistic action.20

Remote control of the micromotors using an external field is
of utmost importance since it allows the motors with directed
movement to realize some essential functions, such as drug
delivery and targeted therapy.21 Here, the magnetic guidance of
PEDOT/PtNP@CNT-PPy micromotors could be conveniently
achieved by co-depositing Fe3O4 nanoparticles in the PtNP@CNT-
PPy layer (Fig. S5, ESI†). The corresponding video (Video S4, ESI†)
displayed that the Fe3O4 nanoparticles doped micromotors could
navigate along the predetermined (N, J, U) trajectories at a constant
speed in an external magnetic field.

The motion performance of the catalytic motors commonly
suffers great loss in protein-rich systems or after motor modi-
fication with receptors owing to the surface passivation of the
Pt layer,22 which limits their practical application in biological
systems. Due to the protection of porous PPy film, the proposed
micromotors showed an ability to preserve the catalytic activity
of PtNP@CNTs against protein/molecule-induced blocking and
poisoning. Different from the PEDOT/Pt micromotors,23 whose
speed and the bubble generation frequency decreased sharply
with the increase of bovine serum albumin (BSA) concentration
and then trended to 0 at 500 mM BSA, the motion performance
of PEDOT/PtNP@CNT-PPy micromotors could be maintained
with BSA concentration lower than 10 mM, and showed gentle
speed loss in the BSA concentration from 10 to 500 mM
(Fig. 3 and Video S5, ESI†). Even in the BSA concentration high
to 1000 mM, the PEDOT/PtNP@CNT-PPy micromotors still retained
good navigation with a speed of 52� 15 mm s�1 at 2% H2O2. Here,
the decrease of motion speed of PEDOT/PtNP@CNT-PPy micro-
motors was mainly attributed to the increased viscosity from
the high-concentration BSA. The good motion performance
of PEDOT/PtNP@CNT-PPy micromotors in the protein-rich

system showed important applications of the catalytic micro-
motors in complex bio-media.

The polymeric micromotors showed good motion performance
in different media. For example, they displayed a motion speed of
140 � 18 mm s�1 in 0.1 M KCl solution containing 2% H2O2,
which was similar as that in water (Fig. S6a and Video S6, ESI†),
suggesting that the motor movement was salt-independent.
Similar to the low speed in the protein-rich system, the micro-
motors displayed circular motion with the speeds of 77 � 11
and 66 � 10 mm s�1 in human serum and cell culture medium,
respectively, due to the viscosity effect.

Fig. 2 (a)–(f) Time-lapse motion images of a PEDOT/PtNP@CNT-PPy
micromotor in 2% H2O2 solution containing 1.6% (w/v) sodium cholate,
and (g) dependence of average speed on H2O2 concentration. Error bars
represented the standard deviations of speed from 20 micromotors.

Fig. 3 (a)–(j) Time-lapse images of PEDOT/Pt (a, c, e, g, i) and PEDOT/
PtNP@CNT-PPy (b, d, f, h, j) micromotors in BSA solutions at 0 (a, b), 10 (c, d),
100 (e, f) 500 (g, h) and 1000 (i, j) mM, respectively, containing 2% H2O2 and
1.6% (w/v) sodium cholate. (k) Dependence of average speeds of PEDOT/Pt
and PEDOT/PtNP@CNT-PPy micromotors on BSA concentration. Error bars
represented the standard deviations of speed from 20 micromotors.
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In order to evaluate the practical application of the polymeric
micromotor, wheat germ agglutinin (WGA) modified PEDOT/
PtNP@CNT-PPy micromotors were prepared to capture and isolate
pathogenic gram-negative bacteria (E. coli) in Luria-Bertani broth
containing 2% H2O2. The modification of WGA was performed
through the electrostatic assembly of AuNPs on PEDOT and then
WGA on AuNPs.24 The WGA modified PEDOT/PtNP@CNT-PPy
micromotors displayed a motion speed of 138 mm s�1 in 2%
H2O2 (Fig. S7a and Video S7, ESI†). Apparently, the modification
procedure did not affect the propulsion of the proposed polymeric
micromotors (Fig. S6b, ESI†), which was superior to 47% and 92%
of the speed decrease upon bio-modification of PANI/Pt10 and
rolled-up15c motors. Based on the specific recognition of lectin to
glycan, the WGA modified PEDOT/PtNP@CNT-PPy micromotor
could be used to recognize, capture and isolate E. coli (Fig. S7c and
Video S7, ESI†). In contrast, no successful capture could be
observed in the unmodified micromotors (Fig. S7b, ESI†).

In conclusion, we have demonstrated a new and vigorous
polymeric tubular micromotor prepared by template-assisted
electropolymerization of PEDOT as the outer layer and PtNP@CNT-
PPy as the inner catalyst layer. The PEDOT/PtNP@CNT-PPy micro-
motors show excellent motion performance in low-level fuel due to
the high catalytic activity of PtNP@CNTs and in bio-related environ-
ments including the protein-rich system due to the protection of
porous PPy film. The magnetically directed movement of the
micromotors has been achieved by co-depositing Fe3O4 nano-
particles in the polymeric inner layer. Furthermore, the loss of
motion speed during the bio-functionalization of the micro-
motors can be avoided. After the outer surface is modified with
WGA, the polymeric micromotors can autonomously recognize,
capture and transport pathogenic bacteria E. coli in biological
environment. The simple and mass preparation, easy modifica-
tion, good biocompatibility and excellent navigation performance
in complex media indicate the great promise of the polymeric
micromotors in biological applications.
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