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Biological locomotion by protein-based molecular machines,
powered by reactions of energy-rich molecules, such as ATP,
abounds in nature.1-3 The design of man-made machines in which
chemical energy is directly converted to mechanical energy, utilized
in their propulsion, is one of the challenges of contemporary
bioengineering.4 Locomotion by the reaction of glucose and oxygen
has not been previously reported. Here, we show that a carbon fiber
is propelled rapidly at the water-O2 interface when built with a
terminal glucose oxidizing microanode and an O2 reducing micro-
cathode. The flow of current through the fiber is accompanied by
transport of ions, which is so fast at the interface, where the viscous
drag is small, that it carries the fiber at∼1 cm s-1.

Earlier, small objects, of micrometer to millimeter size, have
been chemomechanically propelled by the gaseous O2 evolved in
the platinum-catalyzed decomposition of hydrogen peroxide (2H2O2(l)

f O2(g) + 2 H2O(l)).5-9 Macroscopic hemicylindrical poly(dimethyl
siloxane) plates, having a platinized domain,6 were propelled by
the recoil when the O2 bubbles departed from their catalyst surface.
Microscopic (2µm long, 370 nm diameter) platinum-gold rods
were shown to move autonomously in aqueous H2O2 along an
interfacial tension gradient,7 and the direction of the motion of
Ni-Au-Ni-Au nanorods in H2O2 solution was controlled by an
applied magnetic field.8 Self-powered nanomotors have been formed
with bar-coded gold-nickel nanorods, their gold end anchored to
the surface of a silicon wafer;5 some had a gear-like gold structure
with platinum deposited on the teeth of the gears.9

In the direct bioelectrochemical to mechanical power conversion
process of this communication, conductive carbon fibers, of 0.5-1
cm length and 7µm diameter, were autonomously propelled by
the glucose-oxygen reaction at 37°C and at pH 7 under 1 atm
O2. The fibers had central 4-8 mm long hydrophobic segments,
making them float at the solution-gas interface (Scheme 1A). Their
∼1 mm long bioelectrocatalyst-coated end-segments were, however,
hydrophilic and in electrolytic contact with the solution. One of
their end-segments was coated with a bioelectrocatalyst for the
oxidation of glucose, redox polymer wired glucose oxidase (GOx).10

Their opposite end-segment was coated with a bioelectrocatalyst
for the four-electron reduction of O2 to water, redox polymer wired
bilirubin oxidase (BOD).11 In the resulting electrically shorted
biofuel cell, the anode reaction was

and the cathode reaction was

resulting in the net bioelectrochemomechanical power-generating
reaction

In the absence of glucose under 1 atm O2 or in the presence of
glucose, but under 1 atm N2, the fibers were still (Movie 1,
Supporting Information). In the presence of glucose and O2, an
electron current flowed from the glucose anode to the O2 cathode
through the carbon fiber. This current was balanced by a stream of
ions, hydrated protons, flowing at/or near the gas-solution interface
from the anode to the cathode, propelling the fibers (Scheme 1B).

When the GOx/BOD ratio was balanced for approximately
similar reaction rates at the two fiber ends, the trajectory of the
fibers was linear. The fibers were propelled at a velocity of∼1 cm
s-1 for 20 s, their velocity decreasing to∼0.1 cm s-1 after ∼1
min, and the fibers halted after∼3 min (Movie 2, Supporting
Information; snapshot series of Figure 1A). When, a small excess
of GOx was applied, the trajectory of the fibers was spiral (Movie
3, Supporting Information; snapshot series of Figure 1B). At a large
excess of GOx, the fibers rotated around their anode (Movie 4,
Supporting Information; snapshot series of Figure 1C) at∼5
revolutions/s (rps) for∼5 s, with their rotation decreasing after 10
s to ∼2 rps and halting after 2 min. After a fiber halts, a fresh
fiber does not move in the solution in which the fiber halted,
showing that halting and solution contamination are associated.
Adding 40 mg/mL of either glucose oxidase or bilirubin oxidase,
which would form like most proteins, a monolayer at the interface,
caused the fibers to be still.

Scheme 1. The Self-Propelled Bioelectrochemical Motora

a (A) The two ends of a carbon fiber are made hydrophilic by exposure
to a 1 Torr O2 plasma. (B) One end of the fiber is modified with the
electrostatic adduct of glucose oxidase (GOx) and redox polymerI . The
other end is modified with an electrostatic adduct of bilirubin oxidase (BOD)
and redox polymerII . When the fiber is dipped in a pH 7 buffer solution
containing 10 mM glucose, electrons flow along the path glucosef GOx
f I f carbon fiberf II f BOD f O2, and the fiber is propelled at the
solution-O2 interface by the ion flow accompanying the flow of electrons.
(C) When an insulator is introduced between the two electrocatalytic fiber
ends, the fiber does not move.

â-D-glucosef δ-glucono-1,5-lactone+ 2 H+ + 2 e- (1)

1/2 O2 + 2 H+ + 2 e- f H2O (2)

â-D-glucose+ 1/2 O2 f δ-glucono-1,5-lactone+ H2O (3)
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Electron conduction by the fibers was necessary for locomotion.
Fibers comprising two insulating epoxy-bonded segments were still
(Scheme 1C). The mere presence of GOx and BOD was insufficient
for propulsion; there was no movement when the electrons could
not flow from the anode to the cathode. Furthermore, only hydro-
phobic fibers, residing at the water-gas interface, not fully im-
mersed in the solution, were visibly propelled. When made hydro-
philic by exposure to a low-pressure O2 plasma, they were fully
immersed and still. The velocities of the floating fibers were sensi-
tive to the ionic strength, increasing as the concentration of the
NaH2PO4-Na2HPO4 electrolyte was decreased from 1 M to 10 mM.
They were also sensitive to the glucose concentration, increasing
as the glucose concentration was increased from 2 to 32 mM.

The oxidation of glucose and the reduction of O2 result in a pH
gradient (reactions 1 and 2). We propose that protons and their
associated water molecules flow from the anode to the cathode in
this pH gradient, their stream carrying the floating fibers. The
hydrated proton stream is rapid, and the fibers move, only where
the viscous drag is small, at the gas-water interface. Thermody-
namically, it is the difference in the concentration of ions (in this
case, hydrated protons) at the gas-water interface, translating to a
difference in the surface tensions between the anode and near the
cathode,12 that underlies the surface-pressure gradient creating the
fast flow.

The model explains most of the experimental observations; in
the absence of either glucose or oxygen, or if the circuit is resistive
because the anode is electrically insulated from the cathode, a
propulsion-driving ion concentration (pH) gradient does not exist.
When a protein is added, the fiber is wetted, submersed, and no
movement is observed because at the expectedly increased viscous
drag, which is far greater in the solution than at its surface. The
movement is now too slow to be seen by the naked eye. Leaching
of one of the enzymes, which like all proteins are surface-active,
slows, then stops the movement. Increase in ionic strength not only
affects the surface tension, lessening the difference between the
tensions at the anode and the cathode, but also slows the kinetics
of glucose electrooxidation and O2 electroreduction through phase
separation of the electrostatic adduct of the enzyme and its
polymeric wires.13,14 We are still searching for the cause of the
dependence of the trajectory on the excess GOx.

In summary, we report locomotion, powered by the reaction of
glucose and oxygen, and show that power generated in a bioelec-
trochemical reaction can be directly converted to propulsive
mechanical power.
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Supporting Information Available: Four movies showing the
motion of fibers (1) in the absence of glucose, under 1 atm O2, and in
the presence of glucose, but under 1 atm N2, where the fiber is still;
(2) for GOx/BOD ≈ 1, where the trajectory is straight, the fiber
propelled at a velocity of∼1 cm s-1; (3) for GOx/BOD> 1, where
the trajectory is spiral; and (4) for GOx/BOD. 1, where the fiber
rotates. This material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 1. Graphs and images illustrating the motion. (A) Top left at GOx/
BOD ∼ 1, the trajectory is linear. Right: pictures taken att ) 0.2 s (1),t
) 3 s (2),t ) 5 s (3), andt ) 8 s (4). (B) Left: when GOx/BOD> 1, the
trajectory is spiral. Right: pictures taken att ) 0.2 s (1),t ) 1s (2), t )
3.8 s (3), andt ) 6 s (4). (C) Left: when GOx/BOD. 1, rotation around
the anode is observed (blue). Right: pictures taken att ) 1 s (1),t ) 7 s
(2), t ) 10 s (3), andt ) 16 s (4).
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