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1. Introduction

Locomotion in macroscale objects is easily achieved by
using engines that consume chemical fuel. Directed motion of
micro- and nanoscale objects is desirable for many applica-
tions, such as self-assembly of superstructures, roving sensors,
drug-delivery systems, and useful nanomachinery. The chal-
lenge here is to impart energy to an individual object to bring
about its autonomous motion. Once this goal is achieved,
more complex tasks for application-oriented nano- and
micromotors can be envisioned. Conventional approaches
to transport and manipulate matter on the small scale use
optical trapping methods to address individual or small
groups of objects, and external fields that act on an ensemble
of small objects. Biomotors and motile bacteria, on the other
hand, are able to propel themselves autonomously, independ-
ent of external fields and of one another, by harnessing the
chemical potential energy available in their environment to
produce directed mechanical forces.[1] Several methods of
imparting motion to small objects by using localized physical

interactions and chemical reactions
have been demonstrated in recent
years. This Minireview highlights some
of these recent developments and dis-
cusses the principles and implications

of transducing chemical to mechanical energy on the micro-
meter scale.

2. Background

In practice, a variety of external fields have been used for
colloidal transport in fluids, such as electrophoresis[2] and
magnetophoresis[3] for directing the motion of charged and
magnetic particles, respectively. Lesser-known modes such as
thermophoresis[4] (migration due to a temperature gradient)
and diffusiophoresis[5] (migration due to a concentration
gradient) have also been used to achieve colloidal transport.
The interactions between these externally applied fields and
solid–fluid interfaces were discussed by Anderson.[6] While
external fields have been used to sort and separate particles
based on their response, this type of transport does not afford
the flexibility of moving objects independently. In a funda-
mentally different alternative, optical tweezers have also been
used to manipulate colloidal particles with up to nanometer-
scale precision using light gradients.[7] However, optical
trapping methods require that particles be moved individually
or in small groups.[8]

To achieve independent autonomous motion for objects in
a given ensemble would require each entity to generate its
own field or motive force. For this to occur, each object must
convert chemical energy into mechanical energy. Such an

Research into the autonomous motion of artificial nano- and
microscale objects provides basic principles to explore possible ap-
plications, such as self-assembly of superstructures, roving sensors, and
drug delivery. Although the systems described have unique propulsion
mechanisms, motility in each case is made possible by the conversion
of locally available chemical energy into mechanical energy. The use
of catalysts onboard can afford nondissipative systems that are capable
of directed motion. Key to the design of nano- and micromotors is the
asymmetric placement of the catalyst: its placement in an environment
containing a suitable substrate translates into non-uniform consump-
tion of the substrate and distribution of reaction products, which
results in the motility of the object. These same principles are exploited
in nature to effect autonomous motion.
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object is in essence a chemical locomotor; it harnesses the
chemical free energy of locally available reagents in its
environment and translates it into motion. However, the
relevant laws that govern the motion of small-scale objects
are, in practice, different from those encountered in macro-
scopic processes.[9] The motion of micrometer- and submi-
crometer-sized objects is dominated by viscous rather than
inertial forces (i.e., low Reynolds number).[10, 11] Consequent-
ly, fluid flow profiles on the microscale are laminar rather
than turbulent and viscous drag effectively eliminates any
momentum-based “coasting” of a micro- or nanoobject in
motion. Moreover, a dramatic increase in surface-to-volume
ratios for smaller objects favors surface forces, such as those
related to interfacial tension, over body forces.[9,12] Another
effect that further complicates the motion of small objects
suspended in fluids is the effect of molecule–particle collisions
arising from thermal diffusion.[13] Because the thermal
diffusion of a small object is inversely proportional to its
dimensions, to overcome the effects of Brownian motion
becomes a significant challenge as the size of the moving
object is scaled down.

Research in chemical locomotion and the related scaling
effects is important not only for designing application-
oriented nano- and micromotors but also for understanding
the interfacial phenomena related to colloidal transport.
Synthetic motors may also be used as simplified mimics to
probe unanswered questions pertaining to locomotion in
natural systems. A case in point is the motile Synechococcous
cyanobacteria found in a marine environment.[14] Unlike most
other motile microorganisms they do not have typical
motility-imparting appendages like the flagella or cilia, and

the basis of propulsion in these marine bacteria is not yet fully
understood. Besides cell motility, there are questions relating
to mechanisms of chemotaxis in certain microorganisms
whose sensitivity makes them difficult to test. Artificial
systems could also be used to study this problem as they can
be engineered to be more robust than their natural counter-
parts and may be subjected to harsher conditions.

3. Biomotors

To aid us in designing chemical locomotors, we can take a
cue from naturally occurring motors. A few notable examples
are the motor proteins: kinesins, myosins, and dyneins.[15]

These linear nanoscale motors move along complementary
tracks and perform a variety of functions such as cytokinesis,
signal transduction, intracellular trafficking, and locomotion
of cellular components. These biomotors have mechanisms in
place to convert chemical energy into the desired mechanical
output. While each of these biomotors performs a different
function, they share a few common features: they hydrolyze
adenosine triphosphate (ATP), which is available in the local
environment, to obtain energy, their motion is cyclic and
reversible, and they operate with high efficiencies that are not
commonly encountered in artificial systems.

Natural systems exhibit asymmetry in their design which
allows the locally available energy to be expended non-
uniformly, resulting in directed mechanical forces. This
feature of asymmetrical configuration is evident from the
motility of the bacteria Listeria monocytogenes, a pathogen
that propels itself by polymerizing actin in the host cell.[16] The
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bacterial protein ActA, which catalyzes the polymerization of
actin (a protein found in abundance in eukaryotic cells) into
polar filaments, is concentrated on one end—the tail—of the
cell. The motility-imparting process occurs in a treadmill
fashion: polymerization begins at the tail, while ATP-assisted
depolymerization occurs at the other end of the polymer
filament. Although the polymerization of actin is believed to
play a role in cell deformation and motility in a number of
eukaryotic systems, the finding that a single bacterial protein
ActA was responsible for motility in Listeria provided a
simple system to investigate the mechanism.[17] Theriot and
co-workers demonstrated that this ActA polymerization
enzyme can be used to move nonbiological objects up to
2 mm long (polystyrene beads) by functionalizing them asym-
metrically with the ActA polymerization enzyme and releas-
ing them in an actin-rich environment.[18]

The efficiency and the myriad functions carried out by
biomotors make them ideal models for artificial nanomotors.
However, this versatility is based on an increase in structural
complexity. Rather than trying to design artificial biomotors,
efforts have been made to transpose these in vivo motors to
favorable in vitro conditions. Hybrids of biomotors and nano-
or microscale inorganic components have been fabricated,
thus illustrating that biomotors can function outside their
natural environment. For example, the kinesin–microtubule
system has been used outside biological systems to transport
inorganic components, such as gold nanowires, over immobi-
lized microtubule tracks.[19, 20] This configuration has been
inverted to transport microtubule filaments functionalized
with magnetic nanoparticles over an array of surface-immo-
bilized kinesins.[21]

Another hybrid system was demonstrated by Montemag-
no and co-workers in which the enzyme ATPase was used to
drive the rotation of submicrometer-sized nickel rods in the
presence of ATP fuel solution for a few hours (Figure 1).[22]

However, the fraction of functional structures was low as a
result of the difficulty in forming ATPase–Ni propeller units
that were not pinned down to the underlying substrate.
Related approaches have been aimed at fabricating hybrid
devices that exploit motile bacteria to drive microscale
devices or deliver cargo. Mirkin, Holz, and co-workers
demonstrated that surface bound E. coli cells exhibit motility
and remain live for up to four hours.[23] The feasibility of
operating a microbe-powered micromotor based on this
method remains to be tested. The precise placement of the
bacteria and the prolonged operation of such a device are
some of the challenges to this approach. Whitesides and co-
workers described another hybrid approach, in which poly-
styrene beads were attached to photosynthetic unicellular
algae (Chlamydomonas reinhardtii). They showed that motile
microorganisms can be used to move microscale loads.[24]

The problems encountered by Montemagno and others in
developing hybrid systems illustrate the intricacies involved
in transposing biological motors outside their natural envi-
ronment, as it is not trivial to mimic in vivo conditions. Even
more arduous is replicating biomotors themselves owing to
their structural complexity. Besides structural and functional
differences, two major themes underlying the operation of
biomotors are asymmetry in design and the ability to exploit
the supply of locally available high-energy molecules for the
transduction of chemical to mechanical energy. Incorporating
these ideas of asymmetry and exploiting chemical energy
from the environment are keys to the development of
autonomously operating synthetic motors.

4. Dissipative Systems

There are a few examples of autonomous motion in
chemical systems. The systems discussed in this section
involve the lowering of surface free energy due to the
interaction between a mobile object and its surrounding
medium. A notable example is the selective migration of tin
islands on a copper surface.[25] Upon studying the surface
alloying of copper–tin at high vacuum, the authors noted that
the tin, soon after evaporation on a copper(111) surface,
formed islands. Real-time tracking of these tin islands (0.6-mm
diameter) using low-energy electron microscopy (LEEM)
showed that they migrate selectively over unalloyed copper
surfaces to leave behind static bronze features (Figure 2). This
selectivity was attributed to the repulsive interaction between
moving tin islands and static bronze incorporated on the
copper surface.

Another example is that of the spontaneous motion of
asymmetric mercury drops when placed in a solution of
potassium dichromate and nitric acid.[26] The combination of
reactants forms a mercurous chromate product that lowers
the surface tension of the reacting mercury surface. Subse-
quent contact with nitric acid cleanses the surface and exposes
fresh mercury for reaction with dichromate. Once set into
motion by some spontaneous perturbation of the system, the
front of the crescent-shaped drop is constantly exposed to
fresh solution while the rear is surrounded by a product-rich
environment, thereby maintaining the difference in surface

Figure 1. A nanomechanical device (D) powered by an F1-ATPase
biomolecular motor and consisting of a Ni post (A; height 200 nm,
diameter 80 nm), the F1-ATPase biomolecular motor (B), and a nano-
propeller (C; length 750–1400 nm, diameter 150 nm). From Ref. [22].
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tension between the leading and trailing sides of the moving
mercury drop.

Physical processes such as dissolution have also been used
to bring about autonomous motion. The motion of camphor
solids on a water surface is a well-known example. The
dissolution of a scraping of camphor lowers the surface
tension of the air–water interface, causing the dissolving
“camphor boat” to be propelled over the water surface. An
increasing complexity in motion (clockwise, anticlockwise,
and unidirectional) has been demonstrated by changing the
shape of the piece of camphor.[27] Amphiphilic polymer gels
such as poly(n-stearyl acrylate) behaved in a similar fashion
when they were swollen in tetrahydrofuran and placed on a
water surface.[28] As with the case of the dissolving camphor,
the swelling solvent has a lower surface tension than water
and its spreading at the interface leads to motion of the gel.
The hydrophobic alkyl chains of the gel impart to the surface
permselective properties, whereby an organic solvent from
inside the gel can be ejected whereas water from outside
cannot penetrate the gel. The surface of the gel released the
swelling solvent and was rendered crystalline soon after it
came into contact with water, while the interior responded
more slowly. This process set up an osmotic as well as a
hydrostatic pressure across the crystalline, permselective skin
that allowed a gradual ejection of the organic solvent and
resulted in prolonged motion of the gel (Figure 3). When the
asymmetry in solvent release was accentuated by covering all
but the rear end of the gel, a more directed and prolonged
motion was observed.

The above examples of locomotion rely on some chemical
or physical process that affects the surface tension at an
interface. In the simplest and most general sense, the velocity,
v, of the moving objects can be described as a roughly linear
function of the interfacial tension gradient (5g), such that v=
k5g, in which k includes geometric parameters and physical
properties such as viscosity. Once set into motion, these
moving objects are positioned asymmetrically to one side of
the interfacial tension gradients responsible for their motion.
Because the objects themselves are also the source of these
propulsive gradients, these gradients are continually reestab-
lished as the objects move.

5. Catalytic Systems

Though the synthetic systems described in Section 4 are
characterized by simplicity in design, they are all dissipative
and hence limited in applicability. Designing application-
oriented chemical locomotors requires incorporation of the
lessons learned from natural as well as artificial systems, while
bearing in mind the limitations presented by the synthetic
components used to make them. Many natural systems
localize enzymes that act on reagents available in the vicinity,
as with the Listeria example described in Section 3. From a
chemistDs perspective, this translates to placement of a
catalyst engine on the body of the object where neither
engine nor body is consumed when placed in an environment
containing the catalyst substrate. The asymmetry in particle
design translates into asymmetry in the distribution of
reaction products when placed in a suitable “fuel” solution.
This use of catalysis and asymmetry would be the most simple
and feasible way to power a nanomotor. As discussed in this
section, the localized reactions that occur at catalytic sites can

Figure 3. A) Schematic of a solvent-swollen amphiphilic polymer gel.
B) The mechanism for its motion due to solvent spreading at the air–
water interface. From Ref. [28].

Figure 2. LEEM images (1.5-mm across) of mobile 2D islands on
Cu(111). A) Sn islands (dark) formed during Sn deposition on a clean
Cu(111) surface (bright background) at 290 K. B) Trajectory plot of
migrating Sn islands, demonstrating their tendency to avoid crossing
paths. From Ref. [25].
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provide motility through a number of mechanisms, including
bubble propulsion, diffusiophoresis, interfacial tension gra-
dients, self-electrophoresis, bioelectrochemical propulsion,
and cyclic adsorption/desorption.

5.1. Bubble Propulsion

To our knowledge, Whitesides and co-workers were the
first to devise an artificial engine based on a catalyst to move
an otherwise inanimate object.[29] The key to their design was
the asymmetric placement of platinum on millimeter-sized
polydimethylsiloxane (PDMS) structures (Figure 4). When

placed in a solution of hydrogen peroxide, the platinum-
catalyzed decomposition of hydrogen peroxide to water and
oxygen gas led to a jet of bubbles which propelled the objects
at the liquid–air interface. This spontaneous motion facili-
tated the study of self-assembly phenomena by increasing the
rate of collisions between objects with both hydrophobic and
hydrophilic regions. Close approach of structures resulted in
an attractive force arising from the decrease in the total area
of the water–air interface, but the force driving the motion of
the objects was provided by the catalytic reaction.

Feringa and co-workers described a similar system, which
involved the decomposition of hydrogen peroxide by using a
manganese-based catalase mimic, rather than platinum, to
propel asymmetric silica particles (80-mm diameter).[30] The
catalyst was bound to the entire surface of the aminopropyl-
modified silica particles by imine linkages. The translational
motion of these particles when placed in a solution of
hydrogen peroxide was related to the expansion of oxygen
bubbles that nucleated on their surface. Although the motor
design did not involve localized placement of the catalyst,
motility in this case was facilitated by the inhomogeneous
distribution of bubble nucleation sites on the asymmetric
particle.

5.2. Diffusiophoresis

Besides the generation of bubbles of a gaseous reaction
product, such as oxygen, gradients of soluble or nongaseous
reaction products themselves are known to induce motion of
colloidal particles in solution. In this process of diffusiopho-
resis, the speed and direction of motion depend on the

interaction between the particle surface and the solute, as well
as on the magnitude of the solute gradient. A closely related
phenomenon is the osmophoresis of a semipermeable vesicle
through an osmotic pressure gradient in the surrounding fluid
that causes the particle to move to regions of decreasing
solute concentration.[31] Both diffusiophoresis and osmopho-
resis result in fluid transport as a result of concentration
gradients of solute and cause motion of particles exposed to
such gradients. Although these effects have been described
theoretically[6] and demonstrated practically[5] by considering
only externally imposed concentration fields, it was proposed
by Ajdari and co-workers that this same phenomenon should
be observed when the objects themselves are the source of the
chemical gradients (Figure 5).[32] This process would occur, for
example, if a particle with a catalyst on one side causes an
asymmetric distribution of reaction products around the
particle.

5.3. Interfacial Tension Gradients

Colloidal particles with catalytic asymmetry can be
electrochemically fabricated and indeed exhibit motion when
placed in a solution containing a fuel. Prior to the proposal
made by Ajdari and co-workers, Paxton et al. reported the
autonomous motion of platinum–gold nanorods in aqueous
hydrogen peroxide solutions.[33] The rods, with a diameter of
370 nm, consisted of platinum and gold segments, each 1-mm
long, and moved at linear speeds of up to 20 mms�1 (Figure 6).
The axial velocity of the rods was related to the rate of the
decomposition of hydrogen peroxide, with the rods moving
slower in solutions with a lower concentration of hydrogen
peroxide. More recently, Fisher et al. have examined the

Figure 5. A spherical particle with a spatially defined reaction site. The
generation and diffusion of products from this site results in an
asymmetric distribution of reaction products around the particle. From
Ref. [32].

Figure 6. Schematic of an asymmetric Pt–Au nanorod driven by the
catalytic decomposition of hydrogen peroxide. From Ref. [33].

Figure 4. Schematic of a self-propelling object consisting of a PDMS
plate (ca. 1–2-mm thick and 9-mm diameter) and a 2C2mm2 piece of
porous glass filter (covered with platinum by electron beam evapo-
ration) mounted on the PDMS piece with a stainless steel pin. From
Ref. [29].
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motion of these rods at water–organic interfaces to probe the
effect of viscosity on rod velocity.[34] Ozin, Manners, and co-
workers also reported a similar phenomenon using nickel–
gold nanorods, emphasizing the rotational motion imparted
to the “nanorotors” induced by the decomposition of hydro-
gen peroxide.[35]

Rotors of another kind were fabricated lithographically
by Catchmark et al.[36] Gold sprockets with a diameter of
approximately 150 mm were decorated with platinum on one
side of each tooth (Figure 7) to impart catalytic asymmetry to

the structure and resulted in rotary motion. The linear speed
at the circumference of the rotors was 390 mms�1. Interest-
ingly, the motion of the objects is towards the region of high
concentration of product (oxygen), rather than away from it,
unlike the larger structures described by the groups of
Whitesides[29] and Feringa.[30]

In addition to controlling the motion of the systems driven
by hydrogen peroxide by geometric design of moving
structures, motion may also be controlled magnetically. Kline
et al. demonstrated that nanorods, which contain magnetic
segments, powered by hydrogen peroxide could be aligned
when an external magnetic field is applied.[37] Nickel segments
with a length shorter than the segment radius were used to
ensure the easy axis of magnetization was orthogonal to the
direction of motion (Figure 8). This setup allowed them to
show that the motion of the rods was propelled by the
decomposition of hydrogen peroxide (and not by attraction to
the magnet) and that their direction could be remotely
controlled by using relatively weak magnetic fields. This
motion is analogous to the behavior of motile bacteria that
align themselves with the weak magnetic field of the Earth; in
fact, these magnetotactic bacteria have magnetic moments on
the same order as that of the nickel-containing rods
(10�15 Am2).[38]

Bubbles were generally not observed near the moving
objects in any of these examples, demonstrating that bubble
propulsion is not responsible for the observed motion and

indicating a different propulsion mechanism from that
observed byWhitesides[29] and later by Feringa.[30] The motion
of these rods was initially attributed to the oxygen concen-
tration gradient emanating from the catalytically active
platinum surfaces. Although this process seems a good
candidate for a diffusiophoretic mechanism, recent calcula-
tions indicated that diffusiophoretic contributions to the
motion of these particles would be too small to be the primary
driving force and predicted motion in the wrong direction.[39]

Instead, it was suggested that the oxygen concentration
gradient resulted in an asymmetric interfacial tension gra-
dient around the Pt–Au nanorod that induced a slip velocity
at the particle–fluid interface. By solving the convection–
diffusion equation to describe the oxygen concentration
gradient and by considering the geometric parameters of
the nanorods and the surface tension of the bulk solution, the
velocity of the Pt–Au nanorods in hydrogen peroxide
solutions was reduced to the relationship given in Equa-
tion (1), in which S is the surface-normalized oxygen evolu-

v / SR2g

hDL
ð1Þ

tion rate, g is the surface tension of the bulk solution,D is the
rate of diffusion of oxygen away from the rod, and R and L
are the geometric radius and length of the nanorods,
respectively.

The observed linear relationship between the speed of Pt–
Au rods in hydrogen peroxide solutions and the product of the
rate of oxygen evolution and surface tension of the bulk
solution seemed to confirm this relationship.[33] However, it
did not necessarily exclude the possibility of a self-electro-
phoretic or some other unknown mechanism.

Figure 7. Photograph of a gold gearlike structure with platinum
deposited on the tooth regions. The arrow in the inset shows the
region where the interfacial tension gradient is formed. From Ref. [39].

Figure 8. The movement of Pt-Ni-Au-Ni-Au rods in aqueous H2O2
without a magnetic field applied (A) and with an applied field (B).
Note that rods align perpendicular to the applied magnetic field which
results in rod motion about 90 degrees to the applied field. From
Ref. [37].
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5.4. Self-Electrophoresis

Self-electrophoresis is the migration of a particle in an
electric field that is generated by the particle itself, an idea
that was first suggested by Mitchell as a mode of transport for
microorganisms.[40] Lammert et al. explored the possibility
that a cell with an uneven distribution of ion channels on its
surface could self-generate an electric field to propel itself
through solution.[41] It was shown that the ability of an object
to exhibit self-electrophoresis is directly related to its electro-
phoretic mobility [Eq. (2)]; v is the velocity of the object

v ¼ �mEo ð2Þ

undergoing self-electrophoresis, m is the electrophoretic
mobility, and Eo is the magnitude of the self-generated
electric field parallel to the cell membrane.

This relationship in fact proved to be useful in ruling out
self-electrophoresis as a mechanism for the motility of
Synechococcus cyanobacteria because these marine bacteria
failed to exhibit mobility in their natural environment in the
presence of an externally applied field.[42] The motility
mechanism of these bacteria is still currently under inves-
tigation.[43]

Paxton et al. presented a theoretical analysis for a micro-
meter-sized conducting particle that produces an electric field
as a result of redox chemistry occurring at its two ends.[39] One
end of the particle carries out oxidation of species A, which
sets up an electron flow to the other end of the particle where
reduction of species B occurs. Simultaneously, protons are
produced at one end and consumed at the other. As these
protons migrate, they drag the fluid with them to cause an
observable slip velocity, which propels the particle in the
opposite direction (Figure 9). It is evident that the speed of

the particle would be dependent not only on the magnitude of
the current generated in the particle due to the reaction but
also on the conductivity of the surrounding fluid. The HHckel
equation was used to demonstrate that an ion current density
on the order of 5 I 10�4 mAcm�2 would suffice to propel a
metallic particle with a zeta potential of �40 mV (conductiv-
ity: 105 Sm�1) at 10 mms�1 in an aqueous medium (conduc-
tivity: 10�5 Sm�1). This current density, J, can be related to the

rate of a redox reaction involving n electrons according to the
Equation (3), where A is the cross-sectional area of current

rate ¼ JA
nF

ð3Þ

flux and F is FaradayDs constant.

5.5. Catalytic Fluid Pumping

An interesting aspect of the work involving hydrogen
peroxide and metallic structures relates to immobilization of
the catalyst onto a fixed surface. While freely suspended
metal nanorods move with respect to the bulk solution, by
Galilean invariance an immobilized metal structure in the
presence of hydrogen peroxide will induce fluid flows at the
interface between the structure and the fluid. Kline et al.
demonstrated this fluid-pumping effect on a gold surface
patterned with silver—another known catalyst for the decom-
position of hydrogen peroxide.[44] When aqueous hydrogen
peroxide solution which contained colloidal tracer particles
was deposited onto these bimetallic surfaces, the tracers
either followed a convection-type fluid flow towards the
micrometer-sized silver surface or formed patterns as they
were pushed away from the catalyst, depending on the zeta
potential of the tracer (Figure 10).

As in the case of the moving platinum–gold nanorods, the
silver catalyst was always in direct electrical contact with the
gold. However, when an insulating layer was incorporated
between the gold surface and the silver feature, both the
convection-driven motion and the pattern formation of the
tracers were effectively turned off. The absence of the
catalytically driven effect when an insulator separates the
two metals is strongly suggestive of an electrokinetic fluid-
pumping mechanism resulting from bipolar electrochemistry.
It was described that the electric field arises from the silver-
catalyzed reduction of hydrogen peroxide and oxidation of
hydrogen peroxide on the gold surface, which induces an

Figure 9. A particle capable of generating its own electric field due to
bipolar catalysis. Protons generated when A is oxidized on one end
migrate along the particle–solution interface and are consumed at the
opposite end when B is reduced. The ensuing ion flux results in a
particle slip velocity relative to the surrounding fluid at the particle–
fluid interface. From Ref. [39].

Figure 10. Catalytic fluid pumping on a silver–gold surface. Particles
migrate inwards or outwards depending on the zeta potential relative
to the zeta potential of the gold substrate. Particles migrating towards
the silver catalyst follow electroosmotic convection near the catalyst
surface. From Ref. [44].

Angewandte
Chemie A. Sen et al.

5426 www.angewandte.org 	 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 5420 – 5429

http://www.angewandte.org


electroosmotic flow directed towards the silver features.
Although particles near the surface–liquid interface are swept
inward by this electroosmotic flow, individual particles also
experience an electrophoretic force as a result of the catalyti-
cally generated electric field, and the direction of this force
depends on the zeta potential of the particle. The observed
velocity of tracer particles is the sum of the electroosmotic
and electrophoretic velocities.

5.6. Bioelectrochemical Propulsion

Bipolar catalysis has also been used to propel the motion
of millimeter-scale objects. Mano and Heller described a
system based on carbon fibers that exploits two redox-
coupled enzymes to induce autonomous motion.[45] An asym-
metrically functionalized carbon fiber (0.5–1-cm long; 7-mm
wide) was fabricated with one of the ends containing the
oxygen-reducing enzyme bilirubin oxidase (BOD) and the
other end incorporating glucose oxidase (GOx), which
catalyzes the oxidation of glucose to d-glucono-1,5-lactone.
Both enzymes were linked to the carbon fiber using redox
polymer bridges to enable efficient electron transport be-
tween the enzymes and the conducting fiber (Figure 11).
When the fibers were placed at the interface between air and
a solution of glucose, they moved in a linear path, with the
GOx end forward. This motion was attributed to the differ-
ence in surface tension between the two ends caused by the
proton flux from anode to cathode. Protons, which are
produced in the bipolar oxidation of glucose, are generated
at the GOx end and consumed at the BOD end, where
cathodic reduction of oxygen takes place to give water. It was
proposed that this proton concentration gradient results in
surface tension instability and, hence, propulsion of the fiber
occurs. To support this hypothesis, they placed an insulating
segment between the anode and cathode to prevent the
electrochemical reaction and observed no propulsion. An-
other important observation was that only those fibers at the
air–water interface showed mobility. Fi-
bers that were completely immersed in
water were immobile, possibly because of
the low solubility of oxygen in water.

5.7. Microcantilever-Based Motors

While the examples discussed in this
Minireview focus primarily on the motility
of unbound objects, transduction of chem-
ical energy to mechanical energy has been
achieved in systems such as microcanti-
levers that are fixed at one end. Micro-
cantilevers find application in the field of
sensing, where detection of specific ana-
lytes is facilitated by their interaction with
a suitably functionalized cantilever.[46]

Various modes of signal transduction, such
as variations in mass, temperature, and
stress, have been employed for sensors

based on microcantilever actuation. In the static mode of
operation where no driving frequency is applied, the pertur-
bation of the microcantilever due to its interaction with
substances in its surroundings is usually detected by means of
an optical feedback. Su and Dravid recently described the
operation of a catalyst-based cantilever that functions in a
cyclic manner.[47] In the presence of UV light, the TiO2 coated
on a cantilever catalyzed the oxidative decomposition of
ethanol on its surface, which bent the cantilever as a result of
differential stress (Figure 12). Once all the ethanol in the
vicinity of the cantilever was consumed by photocatalytic
oxidation, the cantilever returned to its original position. The
process was repeated when ethanol was reintroduced into the
system, allowing the system to function in a cyclic manner,
resembling the operation of a combustion engine.

Figure 11. A) A self-propelled bioelectrochemical motor consisting of a
carbon fiber functionalized with glucose oxidase (GOx) and redox
polymer I on one end, and bilirubin oxidase (BOD) and redox polymer
II on the opposite end. When the fiber is placed on a solution of
10 mm glucose in pH 7 buffer, electrons flow along the path glucose!
GOx!I!carbon fiber!II!BOD!O2, and the fiber is propelled at
the solution–O2 interface by the ion flow accompanying the flow of
electrons. B) The fiber does not move when an insulator is introduced
between the two electrocatalytic fiber ends. From Ref. [45].

Figure 12. Proposed scheme for ethanol-fuelled photocatalytic microengines based on TiO2-modified
microcantilevers. From Ref. [47].
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6. Future Directions and Applications

The small-scale and local conversion of chemical energy
into mechanical energy may find use, among other applica-
tions, as micropumps and motors for micro- and nanomachi-
nery. As demonstrated by Kline et al. , immobilized catalyst
systems have the ability to pump fluids without any moving
parts.[44] Furthermore, the magnitude of this electrokinetic
pumping effect is related to the surface charge on both the
moving particles and the substrate in contact with the
surrounding fluid. It follows that fluid flow caused by this
effect can be modulated by changing the surface charge at
solid–fluid interfaces.[48] With appropriate surface chemistry,
the properties of the interface may be tuned chemically,[49]

electrically,[50] or optically.[51] This catalytically induced elec-
trokinetic phenomenon could find use in microfluidics and
lab-on-a-chip applications, where the use of pressure gradi-
ents or externally generated electric fields may be difficult or
undesirable.

In addition to micropump applications, the ability of
particles that are both catalytic and asymmetric to locally
convert chemical energy into mechanical energy offers the
possibility of designing and controlling micro- and nanoscale
machines that can interact with biological systems, such as
individual cells. The idea of designing and developing devices
that can interact intimately with biological systems at the
cellular level is an exciting one and will benefit from
addressing two aspects of biocompatibility: one that allows
the device to work properly in biological systems, and one
that will not interfere in an undesirable way with the
biological host. This will require the development of new
approaches (or adaptation of current ones) to allow for
biocompatible and biologically available materials and fuels.

The examples in this Minireview demonstrate the fulfill-
ment of the minimum requirements for nanoscale machines,
namely initiating motion and, to a lesser degree, controlling
the direction of that motion at the micro- and nanometer
scales. If, in addition to a motor and a director, one could
incorporate a device to perform some useful operation such as
carrying cargo, entirely new classes of micro- and nanoscale
devices may become possible. By incorporating materials that
selectively adsorb or desorb a substance upon action of some
stimulus from either the immediate environment or a remote
source, such devices could be engineered to deliver small-
scale amounts of therapeutic agents, or other loads, to specific
regions in the human body. In addition, artificial motors could
be integrated with biological cells to enhance natural immune
responses. For example, synthetic motors attached to leuko-
cytes might increase the rate of movement of these natural
defenders especially through capillaries, thus increasing the
likelihood that they will find immune-triggering pathogens
and may accelerate recovery from or entirely prevent illness.

In charting future directions, two major areas will need to
be addressed. First, while we know that catalysts can be used
to impart motion to otherwise inanimate objects, we need to
more fully understand and develop the mechanisms of
chemical-to-mechanical energy transduction. Although some
mechanisms of this energy transduction have been discussed
here, important work must be done to explore more fully the

parameters related to moving small-scale devices, such as the
scaling of different mechanisms.

Other mechanisms may also be of interest, such as
Listeria-mimicking systems propelled by an insertion poly-
merization mechanism as demonstrated by the motility of
ActA-functionalized microspheres in an actin-rich environ-
ment.[18] The asymmetric polymerization of monomers at an
immobilized metal catalyst will be a biomimetic analogue of
the actin-polymerizing Listeria system. The ideal system of
this type would produce relatively stiff polymer strands at
rates equivalent to chains extending by tens of micrometers
per second. This corresponds to polymer growth rates on the
order of 10�5 molcm�2 s�1 or site-turnover rates (assuming
coverage of about 1010 catalyst molecules per cm2) of approx-
imately 105 s�1. The catalyst particle would move by extending
a growing polymer chain, akin to the method employed by
Listeria.[16]

More work must also be done to generalize these
phenomena. There are several approaches to convert stored
chemical energy into mechanical energy. However, these
approaches use a very narrow group of catalytic reactions to
convert chemical energy into mechanical energy, which
severely limits the usefulness of artificial chemical locomotion
at the small scale. Understanding the mechanisms that use
asymmetry to induce motion in fluids on the small scale and
broadening the class of practical reactions that are capable of
utilizing these mechanisms are two key objectives to general-
ize the phenomena described above. The resulting creative
insight and broadened library of reactions will allow tailoring
of chemical locomotors to a variety of applications, some of
which have been discussed in this Minireview.
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