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Abstract: Microshells are attractive in constructing bubble-

propelled micromotors due to the lower energy consump-

tion for bubbles forming on a concave surface. In this work,
enzyme-powered microshell motors were fabricated on mul-

timetallic (Au/Ag/Au) microshells along with the modifica-
tion of catalase on its concave surface. The catalase trig-

gered the decomposition of hydrogen peroxide to oxygen
gas, hence propelling the autonomous motion of microshell

motors. A size-dependent motion behaviour was observed

for the microshell motors in the form of slow tremble and

fast translation motion for a size smaller and larger than

5 mm, respectively, according to the size, generation efficien-
cy and ejection mechanism of bubbles and the intensity of

Brownian motion. In addition, the effect of fuel concentra-
tion on the motion speed of microshells was dependent on

whether the bubble generation was affected by the limited
mass transfer in the microshell space. These findings play an

important role for the design of microshell motors.

Introduction

Because micromotors can perform motion in different environ-

ments by converting energies, for example optical,[1] magnet-
ic,[2] electrical,[3] ultrasonic,[4] chemical[5] and biological[6] ener-

gies, into mechanical and kinetic energy, they have attracted
great attentions in multiple fields. For specific demand in ap-

plication, multifarious micromotors such as microrods,[7] micro-
tubes,[8] Janus microspheres[9] and other irregular shapes[10]

have been created by diverse methods. Due to the ability of

auto propulsion and convenient direction control, micromotors
possess advantages of self-separation, active recognition, and

accelerating mass transfer, hence showing charming per-
formance in environmental remediation,[11] biosensing,[12] clini-

cal diagnosis,[13] drug delivery[14] and therapy.[15]

Catalytic micromotors containing on-board catalyst are one

kind of important motors because they can realize self-driving

only by harvesting chemical energy from the surrounding fuel
environment without external stimuli. Among them, bubble
propelled micromotors are most widely studied due to their
fast speed and superior efficiency.[16] Bubble propelled micro-

motors are driven through the detachment or bursting of bub-
bles produced by special catalytic combinations, for example

Pt/H2O2. Platinum based tubular motors and spherical Janus

motors are two kinds of well-developed bubble propelled mi-
cromotors, in which the former is characterized by quick

motion due to the intracavity concave structure of catalytic
layer,[17] and the latter is characterized by easy modification on

the catalytic layer in the outermost shell.[18] Recently, enzyme
powered catalytic micromotors were fabricated owing to their

good biocompatibility for biological applications.[19]

Microshells benefitted from their unconfined concave struc-
ture are good candidates for fabrication of bubble-propelled

micromotors. Usually, bubble-propelled microshell motors are
multimetallic shells with Pt concave layer.[20] Based on the cata-

lytic decomposition of hydrogen peroxide by Pt, these micro-
shell motors could be propelled by O2 with quick motion

speed ever without chemical asymmetry. This is because the

concave catalytic layer in microshell requires less energy for
bubbles forming than flat and convex surface.[21] In addition,

the microshells could form local microspace on concave sur-
face in which O2 can reach saturation easily for bubble ejec-
tion. However, the research of microshell motors is mainly on
the fabrication of platinum based microshells with size of tens

of micrometers, microshells at size of few or sub-micrometers,
especially microshell motors fabricated with molecular catalyst,
are rarely reported.

Herein, enzyme powered microshells with different sizes
were prepared and their motion behaviours were systematical-

ly studied. The micromotors were fabricated on multimetallic
(Au/Ag/Au) microshells in which catalase was modified on its

concave surface to catalytically produce oxygen and drive
motors. The results showed the enzyme-powered microshells
were propelled by bubble generation, regardless of the size,

however, their motion behaviour was size-dependent relying
on the bubble size, generation efficiency and ejection way, as

well as their Brownian motion intensity. The effect of fuel con-
centration on motion speed of microshells with different sizes
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was different. Bienzyme (Glucose oxidase (GOx) and Catalase)
powered microshell motors were further fabricated and their

driving in glucose followed the size-dependent motion mecha-
nism.

Results and Discussion

Preparation and Characterization of Microshells.

A template-directed deposition protocol was employed to pre-
pare microshells with different size.[22] Briefly, SiO2 microspheres

at different size were spread onto glass substrates to form
monolayer, then Au, Ag, Au were sputtered onto the template

successively. After the dissolution of SiO2 template in etching

solvent, microshells were prepared. Here, Au/Ag/Au microshells
were adopted to fabricate micromotors owning to the ability

of silver alloy accelerated catalytic decomposition of H2O2.[23]

The thickness of metal layers varied with the size of microshell

to assure the shells with stable structure and smallest weight.
In this work, the thickness of Au/Ag/Au was optimized to 50/

200/50 nm, 30/120/30 nm, 20/80/20 nm, 10/40/10 nm, and 4/

16/4 nm for preparation of microshells at 20 mm, 10 mm, 5 mm,
2 mm, and 1 mm and 500 nm, respectively.

The SEM images of microshells from 2 to 20 mm were shown
in Figure 1. All the prepared Au/Ag/Au microshells showed a

mechanical stable hemispherical structure. Both the concave
and convex surface of the microshells were regular, smooth

and compact, which was in favor of further modification. In ad-

dition, the half spherical structure of the microshells offered a
local semi-enclosed microspace surrounded by concave sur-

face, benefitting the generation of bubbles.

Motion of Catalase Powered Microshell Motors.

By asymmetric modification of catalase on the concave surface
of microshells, the enzyme powered microshell motors were
fabricated, in which 11-mercaptoundecanoic acid (MUA) and 6-

mercapto-1-hexanol (MCH) were assembled on concave and
convexrespectively to offer chemical activity and inert surface

for catalase binding. The motion of microshell motors in
500 mm H2O2 was observed (Figure 2 and Video S1). The trajec-

tories showed the motion behavior of micromotors varied with

the sizes of microshells. For 2 mm microshell motors, bubble

was invisible and a tremble behaviour was observed (Fig-
ure 2 A). In contrast, visible bubbles were appeared on micro-

shells at 5, 10 and 20 mm, and the efficiency of bubble genera-
tion as well as the amount of motion-active microshells were

increased with increasing the size (Figure 2 B, C and D). Howev-
er, bubble propelled translation motion was observed on mi-

croshells at 10 and 20 mm rather than 5 mm. Obviously, the

motion behaviour of microshell motors depended on both the
bubble generation and the shell weight. Due to the small su-

perficial area as well as the small openings size of 2 mm micro-
shells, a little amount of catalase would be modified on the

concave to produce O2, hence, bubbles with small size and
low generation efficiency were produced, resulting in a weak
driving force. Owing to the small size and weight, Brownian

motion was obvious for 2 mm microshells, and the weak driv-
ing force could only enhance the Brownian motion to perform
intense tremble. For microshells at 5, 10 and 20 mm, Brownian
motion was not obvious and could be neglected, thus, their

motion completely relied on the gas driving force. Similar to
2 mm microshell, 5 mm microshell also produced weak driving

force because of the low generation efficiency, but it had rela-

tively heavy body, thus, 5 mm microshells were stationary in
the fuel solution. As the size bigger than 10 mm, large amount

of enzymes could be modified on concave due to the large su-
perficial area as well as the big openings size of microshells,

hence, bubbles with big size and high generation efficiency
was produced to occur strong propelling force. Thus, a direc-

tional translation motion with quick speed was observed for

microshell motors at 10 and 20 mm. Besides, the motion trajec-
tory of these large size microshells was determinative to be cir-

cular or straight according to the velocity and force/torque
produced by the micromotors.[24] Here, most microshells pre-

sented circular trajectory, and the straight motion was ob-
served only for low speed microshells. In addition, the motion

Figure 1. SEM images of microshells at (A) 2, (B) 5, (C) 10, and (D) 20 mm.

Figure 2. Motion trajectories of catalase powered microshell motors at size
of (A) 2, (B) 5, (C) 10 and (D) 20 mm during a period of 3 s. Scale bar: 10 mm.
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speed of the micromotors was size-dependent due to the
bubble generation efficiency, thus, 20 mm microshells present-

ed a faster motion speed than 10 mm microshells. The result
was consistent with that of platinum based microshell motors

reported previously.[21, 25]

The bubble generation on 2 mm microshells was observed
by microscope. For image recording, the microshells were im-
mobilized on the glass slide with their opening upward. In
contrast to microshells soaked in water, periodic change of the

brightness in microshell space was observed after the micro-
shells were soaked in 100 mm H2O2 (Video S2), suggesting the
generation and burst of microbubbles. This phenomenon was
further confirmed by the intensity curve (Figure 3). Compared

with the background curve showing constant intensity in

water, a curve with periodic triangular pulse change of the in-

tensity was observed in H2O2. The gradual increase and sharp
reduction of the intensity were attributed to the growth and

burst of the microbubbles, respectively,[26] verifying the period-
ic generation and burst of microbubbles on 2 mm microshells.

In addition, the intensity was changed with a regular frequency
of 100:11 s (Figure 3 B), indicating the generation of a bubble

on 2 mm microshells required &100 s. Such low bubble gener-

ation efficiency resulted in a weak driving force, hence the low
speed tremble behaviour of 2 mm microshells.

The bubble enhanced tremble of 2 mm microshells was also
characterized by optical microscopy (Video S3). Automatic

tracking showed the microshells travelled longer trajectories in
100 mm H2O2 than that in water, and the mean velocity of ten

microshells in the fuel solution was 20 mm s@1, which was obvi-
ously faster than 7 mm s@1 of Brownian motion in water, indicat-

ing the occurrence of bubble enhanced tremble for 2 mm mi-
croshells (Figure 4 A and B). The mean-square-displacement
(MSD) at different time interval (Dt) of 2 mm microshell was cal-
culated (Figure 4 C). Compared with that in water, the MSD
curve obtained from fuel solution showed the corresponding
parabolic shape at short time, further confirming the per-

formance of bubble enhanced tremble rather than Brownian
motion of 2 mm microshells in H2O2.

The above experiments indicated the catalase powered mi-
croshell motors were propelled by bubble, regardless of the
size, however, their motion speed and behaviour were size-de-
pendent due to the size, generation efficiency and ejection
way of bubbles. The motion mechanism of the microshells
with different size was presented in Scheme 1 and Video S4.
For microshells with size lower than 5 mm, bubbles at few mi-

crometer or sub-micrometers were generated slowly and burst

instantly in the microshell space. The energy of bubble col-
lapse formed the driving force of microshells,[27] however, due

to the low generation frequency, the bubble driving force was
weak and could only propel the microshells slightly. By com-

bining the weak bubble driving motion with the Brownian
motion, the microshells with small size would follow the be-

haviour of tremble with low speed. On the other hand, for mi-

croshells with size bigger than 5 mm, a large number of visible
bubbles were generated rapidly on the concave surface of the

microshells, resulting in the quick saturation of O2 and the im-
mediate detachment of bubbles from the shell without burst-

ing. The high efficiency of bubble generation and ejection pro-
duced a strong driving force which made the microshells with

big size follow the behaviour of translation motion with quick

speed.

Effect of Fuel Concentration on the Motion of Microshells.

The motion of microshells at different size in H2O2 with differ-

ent concentrations was observed (Figure 5). For 20 mm micro-
shells, motion was observed only when H2O2 was higher than

100 mm, and their velocity was increased sharply with increas-

ing the H2O2 concentration and reached the maximum speed
&180 mm s@1 at 1000 mm H2O2. One thing to be noted, be-

cause the bubble size and generation frequency were correlat-
ed negatively and positively with H2O2 concentration, these mi-

croshells were driven by bubble burst and ejection in 100 and
1000 mm H2O2, respectively. In contrast, for 2 mm microshells,

tremble was always observed no matter the H2O2 concentra-

Figure 3. Intensity curves of 2 mm microshells soaked in (A) water and
(B) 100 mm H2O2 during a period of 10 min.

Figure 4. Trajectories of three 2 mm microshells in (A) water and (B) 100 mm H2O2 during a period of 3 s. (C) Average MSD as a function of time interval (Dt).
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tion due to the Brownian motion. Their velocity was slowly in-
creased to reach the maximum &20 mm s@1 at 100 mm H2O2,

and the microshells maintained this maximum speed when
H2O2 concentration was higher than 100 mm (Figure 5 A). Simi-

lar trend of velocity vs. H2O2 concentration as well as maximum

speed was observed for microshells at 500 nm and 1 mm,
except that the fuel concentration required to reach the maxi-

mum speed was different (Figure 5 B and C). The plateau ap-
peared at 1 and 10 mm H2O2 for 500 nm and 1 mm microshells,

respectively. The dependence of velocity on H2O2 concentra-
tion confirmed all size of microshells follow the bubble propel-

led motion mechanism. In addition, these results indicated the

influence of fuel concentration on large size microshells was
greater than that on small size microshells. This should be be-

cause, for large size microshells who performed translation
motion, H2O2 concentration was the determinant of bubble

generation, however, for small size microshells who performed
tremble, the sub-micro shell space limited the molecular mass
transfer, which restricted the bubble generation for motion

propulsion.

Bienzyme Powered Microshell Motors.

Following the fabrication procedure of catalase modified mi-
croshells, catalase and GOx in a certain proportion were modi-

fied on the concave surface of microshells to construct bien-
zyme powered microshell motors. Here, GOx catalysed glucose

to produce H2O2 which then immediately decom-
posed by catalase to generate oxygen bubbles for

motion propulsion of the microshell motors (Fig-
ure 6 A). The catalase-GOx microshells at 20 mm were

motionless in glucose solution at any concentration,
however, the bienzyme microshells at 2 mm exhibit-

ed obvious tremble motion in fuel solution
(Video S5). The longer trajectory and parabolic

shaped MSD curve obtained from the 100 mm glu-

cose indicated the bienzyme microshells at small
size could perform the bubble enhanced tremble

similar to the catalase modified microshells (Fig-
ure 6 B, C, and D). In addition, the dependence of ve-

locity on glucose concentration also verified the bi-
enzyme microshells at small size carry on the bubble
propelled motion mechanism (Figure 6 E). For cata-

lase-GOx microshells, a small amount of H2O2 was
produced by the catalytic reaction of GOx to glu-

cose, thus, 2 mm rather than 20 mm bienzyme microshells ex-
hibited obvious motion behaviour because the 2 mm micro-

shells were less dependent on fuel concentration than the
20 mm microshells which was concluded in catalase modified

microshells above.

Conclusions

This work studied the motion behaviours of enzyme-powered
microshell motors with different sizes. Bubble propulsion oc-

curred on catalase-modified microshells, regardless of the size,
but the motion behaviour of microshell motors was size-de-

pendent according to the bubble size, generation efficiency
and ejection way, as well as the shell weight. Microshells with

a size smaller than 5 mm exhibited a slow tremble behaviour

due to the weak driving force from the burst of invisible
bubble with a slow generation frequency. In contrast, micro-

shells with a size larger than 5 mm exhibited a fast translation
motion by the strong driving force from the quick detachment

of visible bubbles with high generation efficiency. In addition,
the influence of fuel concentration on large size microshells

was greater than that on small size microshells because the

bubble generation was restricted by the limited mass transfer
in the microshell space of the latter. Furthermore, catalase-GOx

powered bienzyme motors could be fabricated on microshells
with a size of 2 mm rather than 20 mm, and also exhibited a

Scheme 1. Motion mechanism of catalase powered microshell motors.

Figure 5. Effect of the concentration of H2O2 on the motion velocity of microshells at size of (A) 2 and 20 mm, (B) 500 nm, and (C) 1 mm.
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bubble-propelled tremble behaviour. These findings could
guide the design of shell-based micromotors.

Experimental Section

Materials and Reagents.

SiO2 microspheres at different size were obtained from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (China). b-d-Glucose was
purchased from Shanghai Macklin Biochemical Co., Ltd. (China).
Catalase from bovine liver, GOx from apergillus niger, MUA, MCH,
N-hydroxycinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) were purchased from Sigma–Al-
drich. (USA). Ultrapure water used in all experiments was produced
from a Millipore water purification system (+18 MW, Milli-Q, Milli-
pore).

Fabrication of Enzyme Powered Microshells.

Firstly, multimetallic microshells were prepared by template-direct-
ed deposition. Briefly, SiO2 microspheres dispersed in ethanol were
deposited on glass substrates pretreated by Piranhas acid to form
monolayer. After an air drying, Au, Ag and Au were sputtered to
templates successively to obtain a multimetallic coat, whose thick-
ness was decided by diameters of microspheres. Afterwards, Janus
microspheres were redispersed into washing buffer (PBS, 10 mm,
pH 5.5) through a brief ultrasonic treatment. A 3 times washing,
the Janus microspheres were further incubated with 1 mm MCH
for 8 h to block the outer metal surface. After another washing,
10 % hydrofluoric acid was used to etch SiO2 templates and pro-
duce microshells.

The obtained microshells were immersed in the mixture of 1 mm
MCH and 25 mm MUA for 8 h to produce MUA monolayer on the
concave surface. Next, microshells were mixed with 0.4 m EDC and
0.1 m NHS in PBS for 2 h to activate carboxyl groups of MUA. Final-
ly, with a 2 h incubation in 2 mg mL@1 catalase (or the mixture of
2 mg mL@1 catalase and 6 mg mL@1 GOx), the catalase modified mi-

croshells (or the catalase-GOx based bienzyme microshells) were
prepared. The enzyme modified microshells were stored at 4 8C in
PBS buffer prior to use.

Characterization of the Motion of Microshells.

Before observation, 6 mL microshells was dispersed into 60 mL H2O2

or glucose, then 6 mL mixture was casted onto glass slides after a
sufficient oscillation. An inverted optical microscope was used to
capture motions of microshells. Displacements were obtained by
tracking microshells center-to-center. Moreover, mean velocity was
calculated based on trajectories and motions were recorded by
videos exported from the software of microscope.
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