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Dream Nanomachines**

By Geoffrey A. Ozin,* lan Manners,
Sébastien Fournier-Bidoz, and André Arsenault

Locomotion on the nanoscale through a fluid environment is one of the
grand challenges confronting nanoscience today. The vision is to
synthesize, probe, understand, and utilize a new class of motors made
from nanoscale building blocks that derive on-board or off-board L)

power from in-situ chemical reactions. The generated mechanical work

allows these motors to move through a fluid phase while simultaneously or sequentially per-
forming a task or series of tasks. Such tiny machines, individually or assembled into designed
architectures, might someday transport medicine in the human body, conduct operations in
cells, move cargo around microfluidic chips, manage light beams, agitate liquids close to elec-
trode surfaces, and search for and destroy toxic organic molecules in polluted water streams.
Are these just “nanomachine dreams”, or “dream nanomachines”? Some very recent exciting
developments suggest that a world of amazing chemically powered nanomachines will be the
way the story unfolds in the not-too-distant future!

1. Nanomachine Challenge

Visionary physicist Richard Feynman, in his prescient 1959
Caltech speech “There’s Plenty of Room at the Bottom”,
issued a public challenge and a thousand-dollar prize to the
first person to create an electrical motor “smaller than one
sixty-fourth of an inch”.!' Soon thereafter, and much to
Feynman'’s surprise, William McLellan built such a tiny motor
tediously yet meticulously by hand using just an optical micro-
scope and fine tweezers.
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Since Feynman’s prophetic speech, pertinent questions
about tiny motors and machines, invisible to the naked eye,
include: How small can they be and still function? What exter-
nal or internal energy sources can be used to drive them?
What are the forces responsible for the locomotion? What
power can they generate? Finally, what tasks can they under-
take? In this Research News paper, we will take a brief look
at how the field has evolved post-McLellan and what the
future holds for these tiny mechanical contraptions.

2. MEMS and NEMS

The Feynman-McLellan episode seems to have inspired re-
search into microelectromechanical systems (MEMS), a field
that emerged in the mid-eighties. This led to the development
of micromotors orders-of-magnitude smaller than McLellan’s
handmade creation. They are now being mass produced to
manufacture fascinating products, such as digital projectors
composed of millions of electrically driven micromirrors and
airbags in automobiles deployed by micromotion sensors.?”
MEMS, an integration of top—down semiconductor processing
and engineering physics, enables tiny machines to be sculpted
from smaller components on the scale of millimeters to micro-
meters. Downsizing MEMS represents the futuristic realm of
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nanoelectromechanical systems (NEMS): the world of the tin-
iest machines, sensors, and computers, now considered to be
an achievable goal as Moore’s law races towards 70 nm fea-
ture sizes on chips by 2010. However, it is not yet clear
whether NEMS will be fashioned from bulk materials by re-
fining top—down nanofabrication methods to go even smaller,
or rather by adopting a radically different strategy which en-
tails self-assembling them from the bottom-up using nano-
scale building blocks with controlled size and shape, surface
structure, and chemical functionality.®! One thing is certain:
the bottom-up approach has attractive advantages over its
rival when considering Nature’s bionanomachines.

3. Nature’s Bionanomachines

We see self-assembly at work in Nature’s impressive biomo-
lecular motors and machines that manufacture and transport
biochemicals in the cytoplasm and provide motility to cells.[**!
A classic example of a biomolecule factory is the ribosome,
an RNA and protein composite that uses a temporary tran-
script in the form of messenger RNA to assemble proteins
from amino acids, which can then proceed to other tasks. An
impressive case of biological locomotion is the Kkinesin
protein, a linear processive motor that transports chemical
payloads along microtubules in the cell. In addition, there are
also non-processive motors, including myosin and the dynein
protein family, which detach from the track and subsequently
re-attach, and therefore can be seen as hopping along the
track instead of walking. It is hard for nanoscience to com-
pete with the flagella biological motor in bacteria like Escher-
ichia coli—an assembly of proteins embedded in cell mem-
branes that decomposes adenosine triphosphate (ATP) for
energy, and, through a whip-like rotary motion, provides mo-
tility to bacteria in a liquid. Forward translation occurs when

Figure 1. Schematic of a hybrid organic—inor-
ganic propeller powered by the ATPase enzyme
(top), and consecutive frames of a video image
showing the synthetic propeller fed ATP as an
energy source (bottom). Reprinted with per-
mission from [6]. Copyright 2000 AAAS.

www.advmat.de

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the thrust provided by flagella rotation overcomes opposing
forces of viscous drag on the E. coli body, while the attainable
speed depends on the size and shape of the cell.

This is a cursory glance at just a few bionanomachines
created from the bottom-up by Nature’s self-assembly bio-
chemistry. To emulate this impressive skill in the laboratory is
one of the grand challenges of contemporary bionanoengi-
neering.

4. Artificial Bionanomachines

One approach to create artificial bionanomachines is to
transfer biotechnology from Nature and integrate biomole-
cules with man-made nanostructures. Inspired by the flagella
rotary motor, a hybrid bionanochemomechanical rotary
device has been assembled from ATP synthase and a nickel
propeller.! ATP synthase, also called ATPase, is an assembly
of proteins anchored in the cell lipid bilayer responsible for
the synthesis of ATP, the biological energy currency, and is
powered by a proton gradient across the membrane created
by nearby proton pumps. Every time an ATP molecule is
synthesized, the head of ATPase rotates by 120°, making this
protein a very small and very efficient nanopropeller. Inspired
by this ability, ATPase has been chemically anchored via a his-
tidine linkage on its underside to a lithographically defined
nanoscale nickel pillar on a substrate, and via a biotin—strept-
avidin linkage on its topside to a nanoscale nickel propeller,
also made by lithography. When fed with ATP, the ATPase
enzyme provides the energy to cause the propeller to rotate
(Fig. 1).

A first step towards a muscle-powered bionanomachine has
been realized by self-assembling muscle fibers, comprising
comb-like arrays of protein actin filaments having myosin
protein rods interdigitated between the teeth of the combs,
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with a NEMS device and feeding it glucose biofuel.”! The glu-
cose causes molecular motors located at the termini of the
myosin filaments to step along the actin filaments, causing
deeper interpenetration of the myosin rods into the actin fila-
ments and thereby inducing the muscle fiber to contract. This
hybrid biochemomechanical system has been shown to per-
form as a force transducer for measuring the mechanical
properties of muscle; moreover, it functions as a mechanical
device with muscle-powered movement.

In another study, it was demonstrated that chemical control
could be exerted over the adhesion in specific numbers and
orientations of motile, living E. coli bacteria to patterned,
functionalized self-assembled monolayer (SAM) surfaces that
had structural features of a pre-determined size and shape‘[g]
This represents a step towards bacteria-powered nanoma-
chines, whereby surface-confined bacteria could be harnessed
for performing specific machine tasks, like delivering a chemi-
cal or physical payload to a targeted destination or powering
a device.

Continuing with the theme of size and shape, filamentous
cells of E. coli, when spatially confined and allowed to grow
in microchambers patterned by soft lithography in nutrient-
soaked agarose, have been found to adapt their form to the
shape of the microchamber.”) Crescent-, zigzag-, sinusoidal-,
and spiral-shaped E. coli with flagella motors created in this
way have been observed to retain these shapes when released
into solution. Moreover, their swimming style depends on the
shape of the adapted cell. Just as the growth and form of a
myriad of non-living materials exemplified by crystals, colloi-
dal crystals, and block copolymers can be controlled by the
geometrical and spatial constraints of surface-relief patterns,
so too can living bacteria like E. coli be directed to adopt a
shape commensurate with the container in which they grow.
In the context of bionanomachines, this paradigm provides a
valuable platform for understanding and optimizing the rela-
tionship between shape and locomotion of self-propelled cells
of bacteria. Such studies will generate a body of information
that may assist with the design of man-made nanomachines
that perform a useful task (as discussed below).

As well as directing the growth and form of E. coli in geo-
metrically and spatially confined microcontainers, their mo-
tion has also been directed by microchannels fashioned in a
patterned master placed on top of and in conformal contact
with a substrate.'”) By manipulating the dimensions of the
microchannels, the material properties of the microchannel
ceiling and side walls, the chemical nature of their surfaces,
and the nutrients and additives contained therein, conditions
could be found that coerced the E. coli to “drive on the right”.
In a series of ingenious experiments, this preference could be
traced to the flagella-driven motion of the body of the cell,
thrusting and twisting forward, and how the differential resis-
tance of the ceiling and side walls of the microchannel (glass
and plasma-oxidized polydimethylsiloxane) and the substrate
(agarose) influence the direction and sense of movement. This
innovation points the way to bacteria-powered microfluidic
devices and analysis systems.

Adv. Mater. 2005, 17,3011-3018

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

But the assembly and action of these bionanomachines still
has “more than a little help from Nature” —to operate, they
all rely on active biomolecular components and energy-rich
biofuels. Can we do better? Can we outsmart Nature? Can we
create nanomachines from the bottom-up that derive their
power from simple solution-phase or surface chemical reac-
tions that do not make use of complex biological molecules?

S. Autonomous Self-Assembly

Self-assembling synthetic systems are usually built by chem-
ically pre-programming components to form a specific struc-
ture.”! But what if we provide the components with autono-
mous movement capabilities? This idea was demonstrated
using chemically powered, asymmetrically shaped macroscale
objects sculpted from polydimethylsiloxane, endowed with
hydrophilic and hydrophobic regions.!""! They float at an air/
water interface and can self-assemble through capillary inter-
actions. Platinum was applied to these objects at a specific
location, and, when floated on an aqueous solution of hydro-
gen peroxide, the surface-catalyzed evolution of oxygen from
the platinum propelled the objects, causing them to move
about and collide. Through complimentary hydrophobic inter-
actions, these chemically driven colliding objects formed
dimers bearing two platinum motors. Isomers of a like kind
formed dimers with motors at opposite ends and looped
around at the air/water interface. In contrast, isomers of the
opposite kind formed mirror-image dimers with motors at the
same end and displayed linear motion. Eureka, the race for
nanoscale chemically powered motors had begun!

6. Man-Made Nanomachines

Some of the most dramatic recent examples of synthetic na-
nomachines, some with moving parts, are based upon creative
devices made of carbon nanotubes, metal, or semiconductor
nanowires, and mainly driven by an electrical source of ener-
gy. An exception is a nanoscale thermometer based on a sin-
gle-walled carbon nanotube that converts thermal energy into
expansion of a nanocolumn of liquid gallium imbibed within
the body of the nanotube, thereby registering temperature.[lz]
A nanorotor based on a suspended-beam carbon nanotube
and an attached silicon nanoplate between two electrodes
converts electrical energy into rotary motion of the plate.m]
Such tiny rotors might find utility as nanoscale stirrers for agi-
tating liquids in confined spaces like microchannels, or near
electrode surfaces to enhance diffusion processes, or as optical
switches for directing light beams. A metal nanowire, sus-
pended in a droplet of water located between microelectrodes
having a specific geometry to which alternating current volt-
ages with a particular frequency and phase are applied, has
been coerced to undergo linear and rotary types of mo-
tion.'"*!> The force responsible for the locomotion is dielec-
trophoresis, which arises from the interaction between the
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polarized conduction electrons in the nanowire and the ap-
plied electric field. Velocity, rotation speed, rotation sense,
and degree of rotation of the nanowires are all under electri-
cal control. Magnetic and non-magnetic nanowires and car-
bon nanotubes have been manipulated in this way, moving
freely in solution and chemically anchored to a substrate.
Also, a micromotor based upon the movement of a dust parti-
cle by a bent, rotating metal nanowire was demonstrated.

Going even smaller, an electrically driven nanocrystal linear
nanomotor has been assembled in an electron microscope
from an indium nanocrystal ram between two carbon-nano-
tube lever arms (Fig. 2)."Y Another indium nanocrystal is
attached to one of the lever arms, and through electromigra-
tion of indium atoms along the surface of the nanotubes,
serves as a continuous supply of indium atoms."”! The voltage
bias applied to the lever controls the direction of flow of
indium atoms between reservoir and ram, making the ram
grow or shrink, and thereby prying the lever arms apart or
allowing them to relax together. Individual or crossed inor-
ganic nanowires made of common semiconductors like silicon,
gallium arsenide, cadmium sulfide, and zinc oxide can func-
tion as electrically activated transistors or diodes, light-emit-
ting diodes, or lasers. For example, the electrical-switching
action of a field-effect transistor built from a silicon nanowire
with a surface-tethered alkoxysilane can have a terminal
amine group that is sensitive to pH or a molecular recognition
group that is responsive to specific biomolecules, although
these nanowire sensors have no moving parts.[ls]

Scanning probe microscopes are also a class of nanoma-
chines, where an electrically driven and piezoelectrically posi-
tioned nanoscale tip attached to the end of a microcantilever,
besides imaging at the nanoscale, can also manipulate and
write with nanometer precision atoms and molecules, macro-
molecules and biomolecules, and clusters and surfaces. Mil-
lions of these fine tips on microcantilevers are now being used
to deposit a wide range of molecules and materials into func-
tional nanopatterns by dip-pen nanolithography, as well as to
make patterns of nanoindentations in polymer surfaces. Such
nanoindentations can be used to encode vast quantities of
information and erased by thermally consolidating the na-
noindentation, as has been demonstrated by the IBM Milli-

Figure 2. Electrically driven linear nanomotor made from an indium nanocrystal and a
carbon nanotube lever. Reprinted with permission from [16]. Copyright 2005 American
Chemical Society.
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pede—a MEMS-based nanomechanical system that has
achieved data-storage densities of more than one terabit
(1000 gigabits) per square inch (1 inch=2.54 cm). This is
equivalent to storing the contents of 25 digital video discs
(DVDs) on an area the size of a postage stamp.*”]

7. Man-Made Nanochemomechanical Systems
(NCMS)

While biomolecular motors can drive nanomechanical sys-
tems, they are complex and constrained to functioning under
physiological conditions. In contrast, a chemically powered
motor could, in principle, be constructed from nanoscale
building blocks having a myriad of compositions, sizes, and
shapes, with different surface structures and functionalities,
and powered by a diversity of environmentally friendly on-
board fuels.”l One of the main challenges to reduce this idea
to practice is to figure out how to interface nanoscale objects
with internal or external chemical power sources which can
endow them with a particular type of motion.

The idea that anisotropic forces can be created on the body
of a nano-object by an on-board chemical motor raises the ex-
citing possibility of discovering whole new classes of entirely
synthetic nanomachines which can be “pre-programmed” by
synthesis and “designed” through surface chemistry to per-
form specific tasks. Such bottom-up chemically powered
nanomachines could provide the basis of a new genre of nano-
chemomechanical systems, denoted NCMS, placing them in
context with well-documented top—down, electrically driven,
engineered silicon-based nano-electro-mechanical systems
known as NEMS.

It is well recognized that surface-stress changes caused by
chemical processes in molecules anchored to microcantilevers
can induce bending of the lever. Coupling species to the mi-
crocantilevers capable of molecular recognition enables the
development of a novel class of ultrasensitive chemical and
biological sensors that can operate in air and in water with de-
tection capability in the parts-per-billion to parts-per-trillion
range. By building a surface-stress change in the microcantile-
ver, caused by either a redox or a photoinduced
conformational change of a molecule attached to
one side of the microcantilever, bending can be in-
duced, thus raising the possibility of developing
novel kinds of nanochemomechanical devices.

Nanochemomechanical-induced bending of an
array of microcantilevers has recently been re-
duced to practice by a redox-powered linear mo-
lecular rotaxane motor that had been chemically
attached via thiol linkers to the surface of a micro-
cantilever (Fig. 3).?” Cycles of chemical oxidation
and reduction of the tethered rotaxane molecule
induce a contractile strain in the surface of the mi-
crocantilever, causing it to flex. This is an impress-
ive example of how a molecular analogue of mus-
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Figure 3. Nanochemomechanical devices based on a redox-active rotax-
ane tethered to a microcantilever, which causes reversible beam flexing
in chemical oxidation-reduction cycles. Reprinted with permission from
[20]. Copyright 2004 American Institute of Physics.

cle filaments can be tethered to a cantilever and chemically
stimulated to make it bend.

In a related vein, nanophotochemomechanical-induced
bending of a microcantilever has also been achieved by trans—
cis photoisomerization of an azobenzene molecular motor
that had been chemically anchored to the gold surface of a
cantilever via a thiol linker (Fig. 4)./ In this case, bending
occurs because of surface stress induced by the photochemi-
cally induced change in the dimension of the molecule teth-
ered to the cantilever. This stress is transmitted to the surface
of the cantilever, forcing it to bend.

Figure 4. Nanophotochemomechanical-induced bending of a microcanti-
lever induced by trans—cis photoisomerization of an azobenzene chemi-
cally anchored to the gold surface of a cantilever via a thiol linker [21]. Re-
produced by permission of the Royal Society of Chemistry.

Similarly, a photocatalytic microengine has recently been
described whose motion is fuelled by surface photo-oxidation
of hydrocarbons on a thin titania film deposited on the silicon
nitride side of a gold/silicon nitride bimorphic microcantile-
ver.”?l The observed reversible bending of the microcantilever
occurs at room temperature and was explained in terms of a
four-step process involving adsorption, photo-ignition, heat
generation, and desorption of the hydrocarbon fuel on the
surface of the titania. An analogy was drawn between this
hydrocarbon-fuelled photocatalytic microengine and a four-
stroke internal-combustion engine based on fuel intake,
compression, combustion, and exhaust. The elegance of this
photochemically powered self-cleaning microengine is its sim-
plicity, which lends itself to the future development of large-
scale motors comprising massively parallel microcantilever
arrays that convert solar photons and hydrocarbons into
mechanical work.
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Towards the end of last year, it was independently reported
by materials chemistry groups at Toronto and Penn State!?*?%]
that chemically powered linear motion of a gold/platinum
nanorod could be achieved in solution,** and that rotational
motion of a gold/nickel nanorod could be realized when teth-
ered at one end to a surface (Fig. 5).%)

Figure 5. lllustration of rotary motion of a gold/nickel nanorod anchored
via the gold end to a silicon surface and propelled into a circular orbit by
oxygen nanobubbles evolved from the catalytic decomposition of hydro-
gen peroxide fuel to water and oxygen at the nickel end [23].

In these experiments, segmented nanorods were made by
electrochemical deposition of the respective metals into a
nanochannel alumina membrane, followed by sacrificial etch-
ing of the membrane and release of the nanorods into
solution. In these first examples of chemically driven nano-
locomotion, it was surmised that movement was provided by
nanobubbles formed from the decomposition of hydrogen
peroxide to oxygen and water generated at a catalytic nickel
or platinum segment of a bimetal nanorod. However, it is still
unclear whether the origin of the nanobubble-induced motion
is something like gas propulsion or surface-tension gradients,
or something else entirely.

This question of “something or something else” will be the
subject of intense scrutiny in future studies. One aspect that
deserves attention is the hydrodynamics of nanobubble col-
lapse. Very recent molecular dynamics simulations show col-
lapse to be very fast (on the order of picoseconds), creating
high local temperatures and a large free-energy change.[zsl
Therefore, the force associated with nanobubble implosions
might be another contribution to nanorod motion. The pro-
duction, size, and location of nanobubbles on the nanorod
need to be defined.

These nanorod nanomotor results were expanded upon in a
demonstration that an external magnetic field could enable
guided motion of gold/nickel/platinum nanorods in an aque-
ous solution of hydrogen peroxide, whereby nanobubble-in-
duced mobility of the nanorod is directed by the magnetic
lines of force acting on the ferromagnetic nickel segment of
the nanorod.*!
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While much needs to be clarified concerning the specific
forces responsible for the mobility of these chemically pow-
ered nanorods, the possibilities for extending this concept are
limitless. These include new nanorod compositions, segmen-
ted architectures, surface functionalities, chemical fuels, and
catalytic reactions. Individual nanorods or nanorods anchored
in pre-defined geometries to other nanorods or nano-objects
(biological or non-biological) can be set into motion while
freely suspended in solution; chemically tethered to surfaces;
confined at liquid/liquid, liquid/solid, or gas/liquid interfaces;
contained within microfluidic channels; or guided by director-
field patterns of liquid-crystalline hosts.

In a follow-up study to the nanorod nanomotors, a lithogra-
phically defined gold microgear having platinum deposited
asymmetrically on one side of the teeth of the gear was driven
to rotate by oxygen-nanobubble formation from the plati-
num-catalyzed decomposition of an aqueous hydrogen perox-
ide solution.”’

An important extension of the nanorod and microgear work
makes use of a binuclear manganese cluster (a mimic of the
binuclear manganese catalase enzyme) chemically anchored
to the surface of a silica microsphere that, in the presence of
aqueous hydrogen peroxide, causes catalytic formation of
oxygen nanobubbles that send the sphere into motion.”®! The
significance of this work is that it represents an example of a
molecular-based system in which autonomous movement of
micrometer-scale spheres has been powered by catalytic con-
version of chemical to mechanical energy. Whether the pro-
pulsion mechanism stems from oxygen nanobubbles, an inter-
facial-tension gradient, or something else has yet to be
defined. Needless to say, an extension to chemically propelled
nanospheres will enable a cornucopia of interesting tasks to
be performed, like dynamic self-assembly of colloidal aggre-
gates and crystals, or delivery of an active payload to a tar-
geted destination.

On-board chemical power was also applied to a conductive
carbon microfiber that was coated at one end with a bioelec-
trocatalyst for the oxidation of glucose (glucose oxidase, GOX,
anode) and at the other with a catalyst for the reduction of
oxygen to water (bilirubin oxidase, BOD, cathode).”*! This in-
novative construction creates a shorted biofuel cell in which
the net bioelectrochemomechanical power-generating reaction
of aqueous glucose and oxygen is directly converted into pro-
pulsive mechanical power of the fiber (Fig. 6). The origin of
the locomotion appears to stem from a pH gradient, whereby
protons generated at the anode and their associated hydrogen-
bonded water molecules, together with charge balancing elec-
trons, migrate cooperatively from the anode to the cathode
in this pH gradient. It is purported that the ion flux around
the fiber induces fiber motion at the solution/air interface.

8. Nano Locomotion— A Few Thoughts

Hopefully, this brief glance at nanoscale motors and ma-
chines, moving around in a fluid environment and driven by
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Figure 6. Illustration of a self-propelled carbon-fiber-based bioelectro-
chemical motor driven by the reaction of glucose and oxygen. Reprinted
with permission from [29]. Copyright 2005 American Chemical Society.
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on-board or off-board chemical power sources, makes it clear
that fantastically interesting challenges lie ahead with respect
to not just making them work, observing their motion, and
using them to perform a task, but, at a more fundamental
level, understanding what forces are at work to make them
tick. This enquiry will take us into the world of fluid dynamics
at the nanoscale, the regime of low Reynolds numbers where
viscosity is a dominant theme —an unfamiliar world for many
materials chemists, but one that has been quite well trodden
by physicists and engineers, especially those with a bent
towards biology and interested in how microorganisms like
E. coli swim, so there are plenty of lessons to learn.*")

To expand slightly, for locomotion of nanoscale objects
in water, one is in the realm of very low Reynolds numbers
(107), defined as the ratio of inertial to viscous forces and
shown by Osborne Reynolds more than a century ago to be
given by the equation Re=Lv p/y, where L is the dimension
of the nano-object, v is the velocity, p is the density of the
fluid, and # is the viscosity. In this regime, viscous forces domi-
nate inertial forces, and to induce motion on the nano-object
the force F must overcome the viscous drag D. This is usually
expressed as ma=F-D, where m is mass, a is acceleration,
and D =37y LS, where S is a shape parameter.

In the case of a nanorod motoring around in a fluid, one
can get an idea of what controls motion by noting that, for
constant or zero F, m/D ~2a® p’ly, where a is the radius of the
nanorod and p’ is the density of the nanorod. This simple anal-
ysis brings forth the inescapable realization that to move
nanorods in a small Reynolds number environment, using on-
board or off-board energy-rich chemical fuels, large forces will
have to be applied to the nanorods because of the opposing
large viscous drag.

This then begs the question whether or not such forces can
be generated on a nano-object with a chemically powered
motor. The optical microscopy visualization of the nanobub-
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ble-driven nanorod nanomotors mentioned above provides
direct evidence that they work,[2242627] 5 either the inertial
forces generated on the nanorod from the nanobubbles (e.g.,
surface-tension gradient, propulsion, implosion) are sufficient
to overwhelm the opposing viscous forces, or there is some-
thing else at work that has yet to be recognized. Possibly,
nanorod movement occurs partly or completely at the inter-
face between air and water, where viscous drag will be
reduced. Maybe the motion is facilitated by the reduction in
viscous skin friction that is anticipated to arise for nanorod
movement, with nanobubbles located at the interface between
water and the hydrophobic gold segment of the nanorod.*!! In
other words, a translating nanorod, partly or wholly coated in
nanobubbles, may experience less hydrodynamic drag than
one free of nanobubbles. Detailed studies of nanobubbles
formed in the surface-catalyzed decomposition of hydrogen
peroxide to water and oxygen by nanorods are underway (see
below).F*?!

9. Nanomachine Dreams

In the not-too-distant future, it is possible that completely
synthetic chemically propelled nanoscale motors and ma-
chines will be developed to a point of sophistication that they
will impact certain areas of nanotechnology. Is this a realistic
or imaginary vision?

Cells in Nature, whose nanoscale-machine operations are
powered by chemical reactions, provide an existence proof
that synthetic mimics are feasible in the laboratory. Recall the
philosophy of Jean-Marie Lehn: “if it exists, it can be synthe-
sized!” While Nature’s biomolecular machines are indeed
hard to copy, recent reports of chemically powered nano-
motors constructed from nanorods with energy-rich chemical
cargoes provide evidence that powering nanoscale machinery
through chemistry in the liquid phase is now a practical pro-
position.

Our latest experiments have been chemically orchestrated
using surfactant additives to enable recording in real-time vid-
eo of the hydrogen peroxide fueled motional dynamics of
aqueous-phase nanorod nanomotors, and at the same time
capturing images of the accompanying oxygen-nanobubble
propulsion.’?! In these movies (see Supporting Information),
one can literally see “racing nanorods” with linear- and cork-
screw-type motion, and even nanorods “orbiting” around a
micrometer-size bubble, giving the impression of “egg fertili-
zation”. Amazingly, the observed nanobubble “nanojet-
stream”, emanating from one end of the nanorod, suggests a
propulsion mechanism whereby the thrust on the nanorod
stems from the nanobubbles themselves rather than a nano-
bubble-induced surface-tension gradient. One can imagine a
“synthetic mimic of the proverbial nanosubmarine”: see the
corkscrew motion presented in Figure 7 in the movie pro-
vided as Supporting Information.

Nanomachine enthusiasts, experimentalists, and theore-
ticians have been waiting a long time for such a break-
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Figure 7. Sequence of time-lapse microscope images of aqueous-phase
corkscrew motion of a chemically driven Ni-Au barcode nanorod nano-
motor capturing both the nanorod dynamics and the nanobubble jet
stream emanating from the decomposition of hydrogen peroxide at the
catalytically active nickel end of the nanorod [32].

through.”) What is appealing about the discovery of the chem-
ically propelled nanorod nanomotor is that it is elegant in its
simplicity, powerful in its scientific ramifications, and extraor-
dinary in that nobody thought of doing it a long time ago. The
nanorod building blocks are straightforward to make, and
many simple solution-phase and surface-energy-rich chemical
reactions, found in basic chemistry textbooks, can be formu-
lated to achieve nanoscale locomotion. Beyond nanorods, a
diversity of other kinds of building blocks can be synthesized
whose bulk and surface structure and composition, size, and
shape are under strict chemical command.?! The simplicity of
these “bottom—up” nanomotors will enable deeply analytical
and synergistic experimental and theoretical investigations
geared towards determining how they work and how they
may be adapted to nanoscale machinery.

Perceived benefits undoubtedly will be the fundamental
nanoscience accrued. As the new nanoscience becomes clear
over the next few years, new nanotechnology will blossom. It
could be the biomedical and pharmaceutical, analytical, and
environmental sectors that will eventually benefit from nano-
motors and nanomachines that perform useful tasks. Only
doing the research will answer these questions and enable
“nanomachine dreams” to become “dream nanomachines”!
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