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Visions of self-replicating nanomachines that could devour the Earth in a “grey goo”
are probably wide of the mark, but “radical nanotechnology” could still deliver
great benefits to society. The question is how best to achieve this goal

The future of nanotechnology

Richard Jones

NANOTECHNOLOGY is slowly creeping into popular culture,
but not in a way that most scientists will like. There is a great
example in Dorian — novelist Will Self’s modern reworking
of Oscar Wilde’s The Picture of Dorian Gray. In one scene, setin
a dingy industrial building on the outskirts of Los Angeles, we
find Dorian Gray and his friends looking across rows of
Dewar flasks, in which the heads and bodies of the dead are
kept frozen, waiting for the day when medical science has
advanced far enough to cure their ailments. Although one of
Dorian’s friends doubts that technology will ever be able to
repair the damage caused when the body parts are thawed
out, another friend — Fergus the Ferret — is more optimistic.

— Course they will, the Ferret yawned; Dorian says they’ll do it with
nannywhatsit, little robot thingies — isn’t that it, Dorian?
—Nanotechnology, Fergus —you’re quite right; they’ll have tiny
hyperintelligent robots working in concert to repair our damaged bodies.

This view that nanotechnology will lead to tiny robotic sub-
marines navigating our bloodstream is ubiquitous, and images
like that in figure 1 are frequently used to illustrate stories about
nanotechnology in the press. Yet today’s products of nano-
technology are much more mundane — stain-resistant trousers,
better sun creams and tennis rackets reinforced with carbon
nanotubes. There is an almost surreal gap between what the
technology is believed to promise and what it actually delivers.

The reason for this disparity is that most definitions of
nanotechnology are impossibly broad. They assume that any
branch of technology that results from our ability to control
and manipulate matter on length scales of 1-100 nm can be
counted as nanotechnology. However, many successes that
are attributed to nanotechnology are merely the result of
years of research into conventional fields like materials or
colloid science. It is therefore helpful to break up the defini-
tion of nanotechnology alittle.

What we could call “incremental nanotechnology” involves
improving the properties of many materials by controlling
their nano-scale structure. Plastics, for example, can be rein-
forced using nano-scale clay particles, making them stronger,
stiffer and more chemically resistant. Cosmetics can be for-
mulated such that the oil phase is much more finely dispersed,
thereby improving the feel of the product on the skin. These
are the sorts of commercially available products that are said
to be based on nanotechnology. The science underlying them
is sophisticated and the products are often big improvements
on what has gone before. However, they do not really repre-
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1 Nanorobots: fact

like this speculative — and, to a physicist, highly implausible - rendition of a
“nanorobot” inside a human vein. The nanorobot is pictured removing a
blockage from the blood vessel using nano-scale cutters and vacuum cleaners.

sent a decisive break from the past.

In “evolutionary nanotechnology” we move beyond simple
materials that have been redesigned at the nano-scale to act-
ual nano-scale devices that do something interesting. Such
devices can, for example, sense the environment, process in-
formation or convert energy from one form to another. They
include nano-scale sensors, which exploit the huge surface
area of carbon nanotubes and other nano-structured mater-
ials to detect environmental contaminants or biochemicals.
Other products of evolutionary nanotechnology are semi-
conductor nanostructures — such as quantum dots and quan-
tum wells — that are being used to build better solid-state
lasers. Scientists are also developing ever more sophisticated
ways of encapsulating molecules and delivering them on de-
mand for targeted drug delivery:.

Taken together, incremental and evolutionary nanotech-
nology are driving the current excitement in industry and
academia for all things nano-scale. The biggest steps are cur-
rently being made in evolutionary nanotechnology, more and
more products of which should appear on the market over
the next five years.

Grey goo and radical nanotechnology

But where does this leave the original vision of nanotech-
nology as articulated by Eric Drexler? Back in 1986 Drexler
published an influential book called Engines of Creation: The
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Coming Era of Nanotechnology, in which he
imagined sophisticated nano-scale ma-
chines that could operate with atomic
precision. We might call this goal “rad-
ical nanotechnology”. Drexler envis-
aged a particular way of achieving
radical nanotechnology, which involved
using hard materials like diamond to
fabricate complex nano-scale structures
by moving reactive molecular fragments
into position. His approach was essen-
tially mechanical, whereby tiny cogs,
gears and bearmgs are integrated to
make tiny robot factories, probes and
vehicles (figure 2).

Drexler’s most compelling argument
that radical nanotechnology must be
possible is that cell biology gives us
endless examples of sophisticated nano-
scale machines. These include molecu-
lar motors of the kind that make up
our muscles, which can convert chemi-
cal energy to mechanical energy with
astonishingly high efficiencies. There
are also ion channels (see figure 3) and
ion pumps that can control the flow of
molecules through membranes. Other
examples include ribosomes — molecu-
lar structures that can construct protein
molecules, amino acid by amino acid, with ultimate precision
according to the instructions on DNA.

Drexler argued that if biology works as well as it does, re-
searchers ought to be able to do much better. Biology; after all,
uses unpromising soft materials — proteins, lipids and poly-
saccharides — and random design methods that are restricted
by the accidents of evolution. Motion is created by changes to
the shapes of these molecules, rather than through the cogs
and pistons of macroscopic engineering. Furthermore, mole-
cules are moved around through their continual bombard-
ment by other molecules — what is known as Brownian
motion — rather than via pipes and tubes. We researchers,
however, have the best materials at our disposal. Surely we
can create what are, in effect, synthetic life forms that can
reproduce and adapt to the environment and overcome “nor-
mal” life in the competition for resources?

Drexler’s book raised one big spectre. By engineering a
synthetic life form that could create runaway self-replicating
machines, we might eventually render all normal life extinct.
Could we make, by accident or malevolent design, a plague
of self-replicating nanorobots that spreads across the bio-
sphere, consuming its resources and rendering life, including
ourselves, extinct? This scary possibility was dubbed by
Drexler as the “grey goo” scenario. It is what triggered much
of the public’s doubts about nanotechnology and was the
inspiration for Michael Crichton’s novel Prep, which is shortly
to be turned into a film.

However, many scientists simply dismissed Drexler’s visions
of tiny nano-scale robots as science fiction, so self-evidently
absurd as not to be worth considering. Indeed, Drexler him-
self has recently declared that self-replicating machines are
not, after all, necessary for molecular nanotechnology (see
Phoenix and Drexler in further reading).
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2 Radical nanotechnology

The original “radical” version of nanotechnology
can be traced back to Eric Drexler — founder of the
Foresight Institute in California — who foresaw
sophisticated nano-scale machines that can
operate with atomic precision. He imagined using
hard materials, like diamond, to fabricate
complex nano-scale structures by moving reactive
molecular fragments into position. This motion
controller, for example, could be a componentin a
nanomachine used to assemble molecules.
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Flaws in Drexler’s vision

It is nevertheless worth examining the
Zshortcomings of Drexler’s original vi-
: sion because this may give clues as to
> how we might make radical nanotech-
3nology feasible. Why, for example, do
S illustrations of nanosubmarines look so
Eabsurd to a scientific eye? The reason
gis that these pictures assume that the
engineering that we employ on macro-
& scopic scales can simply be scaled down

2

2 to the nano-scale. But physics looks very

z dlfferent at such dimensions. Designs

S that function well in our macroscopic

= world will work less and less well as they
shrink in size. A nanosubmarine would
operate in a very different environment
to its macroscopic counterpart.

Small objects have lower Reynolds
numbers — a dimensionless quantity
proportional to the ratio of the product
of the size and flow speed to viscosity.
The dominating force opposing motion
therefore arises from viscosity rather
than inertia. Fluid molecules, mean-
while, will continually bombard the ob-
ject because of Brownian motion. The
submarine would therefore be perpet-
ually jostled around, while its internal

parts and mechanisms would bend and flex in constant
random motion. Another difference at the nano-scale is that
surface forces are very strong: the nanosubmarine would
probably just stick to the first surface it encountered. These
three factors —low Reynolds numbers, ubiquitous Brownian
motion and strong surface forces —are what makes nano-scale
design very challenging, at least at ambient temperatures in
the presence of water.

So is radical nanotechnology simply impossible? What bio-
logy teaches us is that, contrary to Drexler’s implicit position,
life is highly optimized, by billions of years of evolution, for
the particular type of physics that operates at the nano-scale.
The principles of self-assembly and molecular shape change
that cell biology uses so extensively exploit the special physics
of the nanoworld —namely ubiquitous Brownian motion and
strong surface forces. In other words, if we want to fulfil the
goals of radical nanotechnology, we should use soft materials
and biological design paradigms We should also stop worry-
ing about grey goo, because it is going to be very hard to
produce more highly optimized nano-scale organisms than
nature has already achieved.

E FOR MOLECU

ST

The path to radical nanotechnology
Even if the most extreme visions of the nanotechnology evan-
gelists do not come to pass, nanotechnology — in the form of
machines structured on the nano-scale that do interesting and
useful things — will certainly play a growing part in our lives
over the next half-century. How revolutionary the impact of
these new technologies will be is difficult to say. Scientists
almost always greatly overestimate how much can be done
over a 10 year period, but underestimate what can be done in
50 years.

Sometimes the contrast between the grand visions of nano-
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technology —robotic nanosubmarines repairing our bodies —
and the reality it delivers — say an improved all-in-one sham-
poo and conditioner — has a profoundly bathetic quality. But
the experience we will gain in manipulating matter on the
nano-scale in industrial quantities is going to be invaluable.
Similarly, there is no point being dismissive about the fact that
lots of early applications of nanotechnology will be essentially
toys — whether for children or adults — just as data-storage
technology is currently being driven forward by the needs of
digital TV recorders and portable music players like Apple’s
iPod. These apparently frivolous applications will provide the
incentive and resources to push the technology further.

But which design philosophy of radical nanotechnology
will prevail — Drexler’s original “diamondoid” visions or
something closer to the marvellous contrivances of cell bio-
logy? One way of finding the answer would be to simply
develop the existing technologies that have driven the relent-
less miniaturization of microelectronics. This “top-down”
approach, which uses techniques like photolithography and
etching, has already been used to make so-called micro-
electromechanical systems (MEMS). Such systems are com-
mercially available and have components on length scales of
many microns — the acceleration sensors in airbags being
a well known example. All we need to do now is shrink these
systems even further to create true nanoelectromechanical
systems, or NEMS (see Roukes in further reading).

The advantage of this top-down approach is that a massive
amount of existing technology and understanding is already
in place. The investment, both in terms of plant, and research
and development, is currently huge, driven as it is by the vast
economic power of the electronics and computing industries.
But, as we have seen, the disadvantage is that there are both
physical and economic bounds to how small this technology
can go. Although industry has shown extraordinary ingenuity
in overcoming seemingly insurmountable barriers already —
new ultraviolet light sources and phase-shifting masks have
made feature sizes below 100nm a commercial reality —
maybe its luck will soon run out. A more fundamental prob-
lem is the importance in the nanoworld of Brownian motion
and surface forces. Strong surface forces may make the mov-
ing parts of a NEMS device stick together and seize up.

Taking a lead from nature

So how could we follow biology’s example and work with
the “grain” of the nanoworld? The most obvious method is
simply to exploit the existing components that nature gives
us. One way would be to deliberately remove and isolate from
their natural habitats a number of components, such as
molecular motors, and then incorporate them into artificial
nanostructures. For example, Nadrian Seeman at New York
University and others have shown how the self-assembly
properties of DNA can be used to create quite complicated
nano-scale structures and devices (figure 4). Another ap-
proach would be to start with a whole, living organism —
probably a simple bacterium — and then genetically engineer
a stripped-down version that contains only the components
that we are interested in.

One can think of this approach — often called “bionano-
technology” — as the Mad Max or Scrap Heap Challenge ap-
proach to nano-engineering. We are stripping down and then
partially reassembling a very complex and only partially
understood system to obtain something else that works. This
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3 Nanomachines in nature
) s

Cell biology gives us endless examples of sophisticated nano-scale machines.
This biological nanomachine, for example, can be activated by a membrane
voltage or a signalling molecule, which switches a potassium “ion channel”
from a closed (left) to an open state (right). Potassium ions can therefore be
selectively allowed to cross the membrane (shown as a yellow bar).

approach exploits the fact that evolution —nature’s remarkable
optimization tool — has produced very powerful and efficient
nanomachines. We now understand enough about biology to
be able to separate out a cell’s components and to some extent
utilize them outside the context of a living cell — as illustrated
in the work of Carlo Montemagno at the University of Cali-
fornia at Los Angeles and Harold Craighead from Cornell
University (figure 5). This approach is quick and the most
likely way to achieve radical nanotechnology soon.

As we learn more about how bionanotechnology works, it
should be possible to use some of the design methods of bio-
logy and apply them to synthetic materials. Like bionano-
technology, such “biomimetic nanotechnology” would work
with the grain of the special physics of the nanoworld. Of
course, the task of copying even life’s simplest mechanisms is
formidably hard. Proteins, for example, function so well as
enzymes because the particular sequence of amino acids has
been selected by evolution from a myriad of possibilities. So
when designing synthetic molecules, we need to take note of
how evolution achieved this.

But despite the difficulties, biomimetic nanotechnology
will let us do some useful — if crude — things. For example,
ALZA, a subsidiary of Johnson and Johnson, has already
been able to wrap a drug molecule in a nanoscopic container
— in this case a spherical shell made from double layers of
phospholipid molecules — and transport it to where it is
required in the body. The container can then be made to
open and release its bounty.

I do not think that Drexler’s alternative approach —based
on mechanical devices made from rigid materials — fun-
damentally contradicts any physical laws, but I fear that its
proponents underestimate the problems that certain features
of the nanoworld will pose for it. The close tolerances that
we take for granted in macroscopic engineering will be very
difficult to achieve at the nano-scale because the machines
will be shaken about so much by Brownian motion. Finding
ways for surfaces to slide past each other without sticking
together or feeling excessive friction is going to be difficult.
Unlike the top-down route using silicon, we have no large
base of experience and expertise to draw on, and no big eco-
nomic pressures driving the research forward. And unlike
the bionanotechnological and biomimetic approaches, it is
working against the grain, rather than with the grain, of the
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4 Building on the basics of biology
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One approach to nanotechnology — often called bionanotechnology —
involves stripping down and then partially reassembling a complex and only
partially understood biological system to get an artificial nanostructure that
works. This structure was made by Nadrian Seeman of New York University by
self-assembling DNA molecules with specially designed sequences.

From N C Seeman 2003 Biochemistry 42 7259-7269

special physics of the nanoworld. Drexler’s approach to rad-
ical nanotechnology, in other words, is the least likely to
deliver results.

Concerns and fears

Assuming that some kind of radical nanotechnology is poss-
ible and feasible, the question is whether we should even want
these developments to take place. Some 50 years ago it was
generally taken for granted that scientific progress was good
for society, but this is certainly not the case now. In some quar-
ters, there are calls for a cautious approach to nanotechnol-
ogy; at the most extreme, there are demands for a complete
moratorium on the development of the technology. In the
light of these concerns, the UK government last year asked
the Royal Society and the Royal Academy of Engineering to
carry out a major survey into the benefits and possible prob-
lems of nanotechnology. The report, which is based on exten-
sive collaboration with the public, has just been published.

There are two key concerns as far as the public is con-
cerned. The first relates to the kind of incremental nanotech-
nology that is already at or near market — namely that finely
divided matter might be intrinsically more toxic than the
forms in which we normally encounter it. If the properties of
matter are so dramatically affected by size, the argument
goes, matter that is harmless in bulk quantities might be more
toxic and more effective at getting into our bodies when it is
in the form of nano-scale particles.

We know that the physical form of a material can drastic-
ally affect its toxicity. One sobering example is asbestos, which
comes in two chemically identical forms — serpentine and
chrysotile asbestos. While the former is a harmless mineral
that consists of flat sheets of atoms, the latter contains nano-
scale tubes of atoms. Exposure to this tubular form is what
has killed so many people from lung cancer and other dis-

eases. Garbon nanotubes, like chrysotile, are the rolled-up
version of a sheet-forming mineral that itself is not toxic —in
this case, graphite. Although we have no definitive evidence
that carbon nanotubes are dangerously toxic, prudence cer-
tainly suggests that we should be careful when handling them.
After all, every new material has the potential to be toxic.

Regulations controlling the introduction of new materials
into the workplace and the environment are, rightly, much
stricter now than in the past, and we should appreciate that
the properties of materials depend on their physical manifes-
tation as well as their chemical content. But we do not have to
assume that all nano-scale materials are inherently danger-
ous. Imposing a blanket ban would be absurd and unenforce-
able, simply because we have enough experience of many
forms of nanoparticles to know they are safe. If we wanted
to avoid nanoparticles completely, we would have to give up
drinking milk, full as it is of nano-scale casein particles.

Evolutionary nanotechnology is certainly going to lead
to far-reaching changes in society, which we should get to
grips with now. It will allow computing that is so cheap and
powerful that every product or gadget — no matter the price
— will be able to process, sense and transmit information.
Radio-frequency identification chips, which are already
available, are just the beginning. But the prospect of cheap,
powerful, computing — when combined with mass storage
and automated image processing —is a totalitarian’s dream
and a libertarian’s nightmare.

The public’s second big fear of nanotechnology —beyond
these concrete social, environmental and economic factors —
concerns the proper relationship between man and nature.
Is it right to take living organisms from nature and then re-
assemble and reconstruct their most basic structures, possibly
with additional synthetic components? By replacing living
parts of the body with man-made artefacts, are we blurring
the line between man and machine? These fears are at the
root of the most far-reaching concern about nanotechnology
—the grey-goo problem. Of course, fear of loss of control is a
primal fear about any technology. The question is whether it
is realistic to worry about it.

We should be clear about what this proposition implies:
that we can out-engineer evolution by making an entirely
synthetic form of life that is better adapted to the Earth’s en-
vironment than life itself is. Such a feat is unrealistic in the
next 20 years — and probably for a lot longer. We simply do
not have a detailed enough knowledge of how life itself works.
We have the “parts list”, but very little understanding of how
it all fits together and operates as a complex system. Still, our
appreciation of how nature engineers at the nano-scale will
grow rapidly, and attempts to mimic some of the functions of
life will help us to appreciate how biology operates.

Butisit even possible in principle to develop a different form
of life that works better than the one that currently exists? To
find out, we need to take a view on how perfectly adapted life
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5 Hybrid bionanotechnological devices
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Bionanotechnology exploits the fact that evolution has led to very powerful
and efficient nanomachines. We can now, for example, separate out a cell’'s
components and, to some extent, run them outside a living cell. This hybrid
device, developed by Carlo Montemagno of the University of California at

Los Angeles and Harold Craighead from Cornell University, consists of an
array of nickel posts (a), each of which has a height of 200 nm and a diameter
80 nm. Mounted on each post is a biological rotary molecular motor (b). A
nanopropeller (c) - of length 750-1400 nm and diameter 150 nm — has been
attached to the rotor of each motor. Addition of “ATP” fuel to the complete
device (d) makes the propeller rotate. From R K Soong et al. 2000 Science
290 1555-1558

is to its environment. We need to know how many times life
got started and how many alternative schemes were tried and
failed. We need to know if any of these other schemes, which
might possibly have been eliminated by chance or accident,
could have done better. Evolution is a very efficient way of
finding the optimal solution to the problem of life. Does it
always find the best possible solution? Maybe not, but I would
be very surprised if we can do better.
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