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The targeted transport of nanoparticles or molecules on the
micrometer or nanometer scale is an active interdisciplinary
area of research[1] that promises numerous applications, such
as the defined insertion of nanoprobes or pharmaceutically
active compounds into cells[2] and applications in biosensing[3]

and microfluidics.[4] The transport can in principle be driven
by light, as well as by thermal or chemical energy. An initial
strategy comprises the coupling of the nanoobject to a
catalytic nanomotor that can move autonomously within a
liquid medium. For example, when bimetallic nanorods
consisting of a gold and a platinum segment are introduced
into an aqueous solution of H2O2, local decomposition of the
peroxide takes place on the platinum surface with the
formation of oxygen (Figure 1a).[5] Model calculations sug-
gest that the variation in the metal/liquid interfacial tension
along the rod associated with the resulting oxygen concen-
tration gradient is responsible for the propulsion with speeds
of a few micrometers per second.[5,6] However, the precise
mechanism is still the subject of current investigations.
Among the alternative mechanisms under discussion are ion
currents at the rod surface[7] and the release of oxygen
bubbles.[8] In a recent study, polymer microparticles were
bound to one end of Pt/Au nanorods by electrostatic or
protein–ligand interactions.[9] Although the attachment of the
cargo makes the bimetallic motors slower, they can transport
particles with a considerable diameter of up to about 1 mm in a
solution of H2O2. The transport takes place in a targeted
manner within a hydrogen peroxide gradient towards the
concentration maximum, a type of “chemotaxis” that had
been documented previously for unloaded motors.[10] More-
over, the interposition of short nickel segments into the motor
enabled the directed movement of the motor/particle hybrids
in a magnetic field.

SiO2 microparticles whose surface is coated with a
molecular catalyst for the decomposition of H2O2 serve as
alternative catalytic nanomotors. Until now, such particles
have been provided with a fluorescent marker to enable
better localization;[11] however, they should be equally
suitable for the transport of larger cargos. A further highly

promising nanomotor was created by the covalent coupling of
two different enzymes to carbon nanotubes.[12] The principle
behind its function is that H2O2 produced by one enzyme
(glucose oxidase) in an aqueous glucose medium is then
decomposed by another enzyme (catalase); the oxygen thus
generated provides the drive.

A second strategy is the ex vivo utilization of protein
nanomachines as transport vehicles.[13] These systems offer
the advantage that the cargo can be transported unidirec-
tionally along a nanostructured track (Figure 1b). The
biomotor kinesin, which is powered chemically by ATP
hydrolysis to move along microtubules (cylindrical polymers
of the protein tubulin with a diameter of 25 nm and a length of
many micrometers), has been investigated in detail.[14] Sub-
strate-bound kinesin enables the transport of microtubules,
which can be directed in defined directions through suitable
channels.[15] Conversely, stationary microtubules enable the
transport of kinesin. The tubules can be aligned with identical
polarity (each cylinder has a “plus” and a “minus” end) by
surface flow, so that the motors move uniformly in a fixed
preferred direction.[16] Both kinesin and microtubules have
been used to transport a cargo, for example, particles of
different materials of several micrometers in size[17] or DNA

Figure 1. Three types of motor for the transport of a cargo on the
micro- or nanometer scale. a) A segmented gold–platinum nanorod
whose movement is caused by the local catalytic decomposition of
hydrogen peroxide.[5] b) A kinesin biomotor whose movement, driven
by the hydrolysis of adenosine triphosphate (ATP), is directed along a
microtubule. Pi : phosphate, ADP: adenosine diphosphate. c) An elec-
trically driven nanomotor composed of a nanotube sheath which
moves along a coaxial nanotube.[21] The motion of the sheath is purely
rotational, purely translational, or like that of a nut along a screw.
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molecules[18] on substrates. In this way, objects can be moved
over several millimeters with speeds of up to 1 mms�1.[17]

Current studies are concerned with the use of microtubules
for the sorting of proteins in microfluidic cells[19] or as shuttles
that can transport objects between defined sites on a substrate
surface.[20]

A common feature of all of these transport systems is that
they are functional solely in a liquid medium. A novel
electrically driven motor created recently from carbon nano-
tubes for the transport of nanoobjects may be integrated into
solid structures.[21] The motor was prepared by attaching two
gold electrodes to a multiwalled nanotube and patterning a
nanostructured gold plate (side lengths� 500 nm) on the
nanotube by electron-beam lithography. The tube was heated
by applying an electrical current, which led to the ablation of
the outer wall(s), with the exception of the section protected
by the metal plate. In the last step, the substrate was etched
between the electrodes to produce a self-supporting structure
composed of a short (ca. 500 nm) cargo-carrying nanotube
sheath around a longer (ca. 2 mm), firmly anchored nanotube
axis (Figure 1c). A current flow through the axis could then
be used to transport the plate over a distance of more than
1 mm. A speed of up to 1 mms�1 was possible, which
corresponds approximately to the speeds attained with the
kinesin biomotors.[13]

The pivotal developments with respect to rotors created
from nanotubes, which were described in 2004,[22] are the
second degree of freedom (translation) and the drive
mechanism. Whereas the rotor was controlled electrostati-
cally, the current fed into the motor produces Joule heat,
which leads to intense heating of the nanotube. As the heat is
dissipated effectively at the metal contacts, a thermal gradient
of approximately 1000 8C in the middle of the tubes to almost
ambient temperature at the contacts is generated. The force
which drives the sheath to the closest electrode is ascribed to
the current of phononic excitations along the temperature
gradient. The nature of the movement of the sheath along the
coaxial nanotube depends upon the structure of the two
nanotubes. The character of the atomic interaction potential
between the two walls determines whether the sheath
preferentially undergoes pure translation, pure rotation, or
a combination of both, rather like the rotational movement of
a nut along a screw. In this way, steps in the subnanometer
range are possible, that is, considerably smaller steps than the
8 nm steps with which kinesin moves along microtubules.[4] A
further advantage of the nanotube motor is the longer lifetime
expected relative to that of biomotors used ex vivo, which are
subject to denaturation within a few days.[13]

The nanotube motors should enable fundamental knowl-
edge to be gathered on atomic frictional processes in nano-
machines. However, a number of barriers stand in the way of

their use in practice, for example, for the transport of liquids
or as nanopipettes for the controlled release of medicines. The
current high temperature of the nanotubes is particularly
problematic, but could be decreased by using shorter sheaths.
To produce a desired type of movement, a synthetic method
would have to be developed which yields nanotubes of
specific layers. The implementation of back and forward
movement would also be needed for many applications.
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