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What’s new to say about nanotechnology? Every forecaster sees it as the

From passive
to sentient
objects

“Next Big Thing.” First described in the mid-1980s, nanotechnology has
moved steadily from the fringes to the center of science and seems poised to
transform everything from materials to computing. However, as it has moved
into the mainstream, it’s also changed in some important ways. We think that

there are three key points to understand regarding the future of nanotechnology.

It's Not About Nanotechnology, It’s About the Small World

First of all, nanotechnology gets the attention, but it’s really the
combination of nanotechnology and micro-electro-mechanical
systems (MEMS) that promises to be transformational. MEMS
is nanotechnology’s quiet older brother, and in the last decade
has found its way into everything from automobiles (as sensors
in engines and airbag accelerometers) to medical instruments.
MEMS are, as the Institute for the Future’s Paul Saffo puts it,
“training wheels for nano.”

First, MEMS have proven the value of mixing sensing and
reactive capability into once passive objects and products.
Companies and designers who have become skilled at MEMS
integration are well poised to exploit nanotechnologies. Sec-
ond, MEMS are manufactured using the same lithographic and
etching processes that turn out cheap microprocessors by the
billions. As those processes move into the sub-100nm range,
they open the possibility of applying existing familiar manufac-
turing processes.

It’s Not About Machines, It's About Efficiency
and Sentience

Bill Joy, Michael Crichton, and Ray Kurzweil have created a
public image of nanotechnology as being primarily concerned
with creating tiny robots. So far, however, nanotechnology and
MEMS have been applied in more familiar areas.

While there is the possibility that robotics will be an important
part of the future of small-world technology, the big story isn’t
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about creating new forms of autonomous intelligence; it’s about
weaving sentience and responsiveness into existing things.

MEMS is a key technology for creating sensors that allow
computers to sample and react to their surroundings. They also
serve as a bridge connecting built objects—everything from cell
phones to highways—to the digital world.

Likewise, while nanotechnology’s main uses have been to
enhance materials and biomedical products, in the future the
cutting edge of nanotechnology will shift to creating quantum
computational devices and nanoscale sensors. At the start of
the last century, we energized and illuminated our cities; in this
century, we’re going to make them intelligent.

It’s Not About Machines, It’s About Hybrids

The original language of nanotechnology spoke of foundries and
factories, molecule-sized gears and levers, atoms as switches.
But some of the most interesting nanoscale devices and pro-
cesses owe as much to biology as to mechanical engineering.
On the production side, scientists are using proteins and prions
to spin nano-wires, or creating conditions in which amino acids
self-assemble into nanotubes. Not only do small-world devices
sometimes spring from biological roots, they also appropriate
tools from biology. Lab-on-a-chip developers, for example, have
experimented with harnessing flagellates as tiny motors and
pumps. In other words, scientists working in the small world are
less likely to generate an inventory of mechanical systems, than
a menagerie of hybrids and chimeras.
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Making existing things more sentient 1 TARGET INDUSTRIES FOR NANOTECHNOLOGY

A 2005 study revealed that the larg-

est target industries for nanotechnology
were biomedical/life sciences, materials,
consumer products, and chemicals. In
these industries, nanotechnology has
mainly served to improve the perfor-
mance and efficiency of existing prod-
ucts, processes, and materials. Carbon

Transportation (incl. auto/aviation/aerospace)

Semiconductors/ICs

Biomedical/Life Sciences Computers

Communication/Optical Equip.

nanotubes, for example, have been used Other Materials (incl. metals)
to strengthen composite materials, while
finely milled zinc nanoparticles are used Consumer Products

in sunscreens.

. Chemicals (including plastics)
Energy/Environment

Nanotechnology—not a discipline General (not industry specific)
but an opportunity

Global spending on nanOteChnomgy has Source: President’s Council of Advisors on Science and Technology, 2005. The National Nanotechnology
been increasing rapidly. The spending is Initiative at Five Years: Assessment and Recommendations of the National Nanotechnology Advisory Panel.

distributed among both leading scientific
nations and up-and-coming countries like
South Korea, India, and China.

Another notable characteristic of this

spending is that much of it has been de- 2 NANOTECHNOLOGY SPENDING IS INCREASING RAPIDLY
voted to investing in new laboratories and

other infrastructure or awarded through Millions of dollars

national initiatives designed to build fun- 1,200

damental capabilities in nanotechnology
research. While there is an expectation of
substantial commercial payoffs, virtually 800 -

1,000
United States

= Japan
every country funding nanotechnology 600 - —— Europe
research is taking a long-term, strategic = Asia
view. 400 |
200

The number of patents granted that
deal with nanotechnology has also 0 L ! ! ! ! !
grown quickly. There has been a par- 2000 2001 2002 2003 2004 2005
ticulary sharp increase in the number
of patents—and by implication, level of
research activity—since 1995.

Source: National Science Foundation; President’s Committee of Advisors on Science and Technology
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Looking below the numbers, however, we
see that small-world science breaks new
sociological ground. Traditionally, as Thomas
Kuhn argued in The Structure of Scientific
Revolutions, scientific fields have been
united by a few big questions, a deeply held
epistemological viewpoint, and workhorse
instruments and laboratory techniques.
Disciplines have tended toward ever-greater
specialization and fruitful isolation. MEMS
and nanotechnology, in contrast, are less
about a coherent world view and intellec-
tual program, than a set of opportunities
(commercial as well as scientific) and a
trading zone of techniques and theories.
Small-world science is the first great non-
paradigmatic science, less a discipline than
a permanent revolution.

It’s about hybrids

lan Pearson, Futurologist at BT, had this to
say about the role of hybrids in nanotechnol-
ogy: “After 2020, we’ll use genetic modi-
fication to start harnessing the engines of
propagation that exist in nature—using pro-
teins to assemble things just as nature uses
proteins to assemble things. And, of course,
the control system you’ve got for doing that
is DNA. This will ultimately have the effect
of creating new kinds of intelligence-produc-
ing or even intelligent species. If we modify
DNA in situ in a bacterium to assemble
electronic circuits, which has already been
demonstrated in principle today, then we
can, in principle, make smart bacteria.”

3 NANOTECH PATENTS ON THE RISE
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The role of self-organization and self-assembly

| think in the future some of the most important work in chemistry will focus on questions of
self-organization and self-assembly. Chemists already know a lot about small molecules, they
know a lot about big molecules, and they know about bulk material. Where we have more to
learn is in the intermediate zone between the individual molecule and the bulk material; in
understanding the ways small molecules assemble into structures, how the structures of the
individual molecules influence the creation of larger structures, and how chemists can use
that understanding. This is particularly important because ultimately, even a human body is
just a self-assembled collection of molecules.

—Peter Atkins

The role of biological models

If you are really going to make really complex systems, it might be stupid to use a test tube
to do it, when you could use a bug instead and engineer it. It is possible to conceive of farm-
ing genetically engineered bugs that make components for computational systems. | think
it is much better to see what nature has achieved in some 4 billion years rather than going
down the more mechanical route that Eric Drexler proposed. He was trying to distort nature:
his machines would work if, as he said, “you can strengthen a bond here and weaken a bond
there ...” Well, you can’t. Nature’s got that under control. Physical laws are pretty absolute,
while evolution generates an extraordinary range of innovations and tools. The more we
investigate what evolution has produced, and the more we explore its possibilities, the more
stimulating it will be.

—Peter Atkins

The impact of nanotechnology on medicine and our sense of identity

In the next 10-15 years, we’ll start using things like carbon nanotubes to link sensors and
electronics to your nervous system and have other direct contacts to your capillaries, so that
you can monitor blood chemistry. Effectively, we’re going to link blood chemistry to the net-
work because you can monitor what’s happening to blood chemistry, and you can signal that
back to your computers across the network.

With some of the same technology, you can monitor what’s happening in the nervous system
and signal that out across the network as well. Monitoring the nervous system has a lot of ad-
vantages, because that means that you can basically record sensations. | see a future where
you can actually record sensations and just re-use things as part of games, as part of virtual
environments, and communication generally.

From 2020, we will start seeing the biotech links for IT getting more and more in-depth.
Nanotechnogy will help a lot with that. We’ll have a lot of materials that we can start putting
into the body that are biologically safe. Already people are working with carbon nanotubes
and things that can be loaded with proteins so that they don’t cause problems when you put
them into the body. We can expect that kind of technology to be fairly routine.

—Ilan Pearson

©2005 Institute for the Future. All rights reserved. All brands and trademarks are the property of their owners. Reproduction is prohibited without written permission.
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From life
through
evolution

to life through
design

Genetics Will Be Reengineered

Humans have been manipulating genes since Mendel worked
with his pea plants. But in the last 20 years, science has
learned to directly manipulate genes outside the breeding pro-
cess. Meanwhile, the genetic codes of myriad organisms, from
rice to worms and humans, have been cracked. Understanding
how genes function and are expressed has begun to transform
medicine, agriculture, energy, and the environment.

From its inception, genetic engineering received bad publicity.
While scientists explained the benefits of corn engineered for
resistance to herbicides, rice genetically altered to produce more
vitamins, and fruit that produced oral vaccines, critics cried
“Foul!” Genetically modified organisms (GMOs) are simply not to
everyone’s taste. Controversy is likely to continue to rage over the
safety of eating genetically modified food, the potential impact of
GMOs on wildlife and the environment, and the business impact
on farmers of patented genetically modified seeds.

As the science progresses though, the benefits of gene jockeying
will likely outweigh the risks. Comparing genome sequences
between various organisms is helping reveal the role genes may
play in diseases from cancer to depression and cystic fibrosis.
Someday, we each may be able to read our unique genetic code
to see the implications for our future health. While this could also
lead to better therapies and personalized medicine, human
genomics also raises complex ethical questions about our genetic
future and the designer humans who may inhabit it.

For 3.6 billion years, evolution has governed biology on this planet. But today,
Mother Nature has a collaborator. Inexpensive tools to read and rewrite the ge-
netic code of life will bootstrap our ability to manipulate biology from the bot-
tom up. We’ll not only genetically re-engineer existing life but actually create new
life forms with purpose. Still, we will not be blind to what nature has to teach
us. Evolution’s elegant engineering at the smallest scales will be a rich source
of inspiration as we build the bio-nanotechnology of the next 50 years.

Life Gets Programmable While Biology Goes Open Source

Historically, genetic scientists have been limited to working with
parts that nature has evolved. Recently, a deeper understanding
of genomics, coupled with computational biology, is leading to
the ability to hack life itself and build organisms that never ex-
isted in nature. The aim is a parts store of interchangeable “bio-
bricks”—genes, proteins, and cells that can be snapped together
like Tinkertoys to build living systems. From microbial factories
that produce anti-malaria and cancer-fighting drugs to bugs that
glow red in the presence of environmental contaminants and di-
gest the toxins, synthetic biology points toward a future teeming
with programmable life-forms built to do our bidding.

Biology Becomes a Tool for Nanotechnology

Along with these novel organisms, the melding of biology and
nanoscience is set to spawn hybrid systems that borrow from
both worlds. While the promise of nanotechnology is huge, ac-
tually constructing machines thousands of times smaller than a
red blood cell is no small task. On the other hand, evolution has
produced great feats in nanoengineering, from DNA’s self-
assembly to the forest of sticky fibers on geckos’ feet that enable
them to walk up walls. Biomolecular nanotechnology takes in-
spiration from these natural designs and even leverages them as
prefab components themselves, to construct useful systems at
the nanoscale. Advances in biochemistry and molecular genet-
ics are producing the tools to isolate these biological compo-
nents, reverse engineer their function, and synthesize complex
molecules and devices that combine the natural and the
artificial. Viral motors could propel nanobots. Solar cells could
generate energy using photosynthetic proteins from plants.

Life is what we make it.
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Computational biology leads to a boon in genetic medicine 1 TRANSGENIC RABBIT CREATED
AS ART TO SPUR DISCUSSION

Computational biology makes use of advances in computing power, simulations, genomics, OF SCIENCE

and protein chemistry to find relationships among biomarkers, genes, pharmaceutical re-
sponses, and diseases. Basic research has already spawned the first biomedical applications:

e Biosimulation: Advanced computer modeling of biological processes is leading to a
“laptop lab.” One hope is to use knowledge of the human genome and pharmaceuti-
cal chemistry to design new or more effective drugs that could then be “tested” in

computer models before attempting costly clinical trials. - N

= Pharmacogenomics: Analyzing inherited variations in drug responses promises better \
biomedicine through a personalized approach. The idea is that a patient’s genome )
could be profiled to predict in advance the effectiveness of a particular drug or /é: y
treatment. Early experiments have shown that a particular family of liver enzymes is - =
involved in the metabolism of more than 30 different classes of drugs. Genetic tests Source: Eduardo Kac, http://ekac.org
have been developed to screen_ for v_arlatlon and avoid drug overdoses. Anothe_r en- A In 2000 artist Eduardo Kac engineered a green
zyme has been shown to negatively influence chemotherapy treatments for childhood fluorescent transgenic rabbit to spur discus-
leukemia in the rare patient who has a defective variant. sion about our growing ability to alter the

human genome.
In tandem with the development of inexpensive tools to sequence the genome of various spe-

cies, the merger of evolutionary and developmental biology (“evo-devo™) will enable us to study
evolutionary variation in a methodical way, learning how organisms evolve and change form.

When scientists understand how diversity evolved, they may be in a position to prevent or mask 2 COSTS OF DNA SEQUENCING AND
the emergence of undesirable traits. Such tinkering with evolution is certain to raise ethical SYNTHESIZING ARE DROPPING
concerns but could reveal mechanisms to prevent birth defects or hereditary diseases. 100

Gene

synthesis
Open-source biology and programmable organisms create new business models or \\
in myriad industries
Projects are underway to convert bacteria into chemical factories that produce anti-malaria i Shonongo\
treatments for pennies instead of dollars. Similar microbial factories developed at the University synthesis
of California, Berkeley, and Amyris Biotechnologies may produce a promising anti-AIDS drug 01 F
derived from the Samoan mamala tree or cheaply generate the costly anti-cancer drug Taxol,
synthesized from the Pacific yew tree. Biotica, a firm spun out of the University of Cambridge, 0.01 | | | |
is developing methods to synthetically produce polyketides, drug-like molecules found in 1985 1990 1995 2000 2005 2010
some bacteria, fungi, and marine organisms that are the source of many costly cancer and Source: Carlson, Rob. Biosecurity and
cardiovascular therapeutics. Bioterrorism: Biodefense Strategy, Practice, and

Science Volume 1, Number 3, August 2003.

The next phase will be to build a biological platform from the bottom up. In 2005, J. ~ The cost of DNA sequencing and syn-
Craig Venter, the biologist who famously led the commercial effort to sequence the hu- thesizing is dropping tremendously. “By
man genome, launched Synthetic Genomics to develop industrial synthetic biology 2010 a single person will be able to se-

quence or synthesize 101° bases a day,”
says MIT researcher Rob Carlson. “Within

“The initial step for the company will be to develop a minimal genome that can provide a decade a single person could sequence
or synthesize all the DNA describing all

an operat_lng system for blo_loglcally based sof_tware, reads the c_orppany s Web site. the peaple on the planet many times over
“Synthetic Genomics, Inc. intends to synthesize the proposed minimal genome, add the in an 8-hour day or sequence his or her
desired biological capabilities, and insert it into an environment that allows metabolic own DNA within seconds.”

activity and replication.”

applications, particularly bio-factories for ethanol and hydrogen production.
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Bootstrapped by biology, hanotechnology begins to
realize its promise

In the 1940s, Swiss engineer George de Mestral returned from a
hike with his dog and discovered that his trousers and his dog’s coat
were covered with cockleburs. Examining the burrs’ hooks under a
microscope, de Mestral was struck with an idea for a fabric fastener.
Velcro was born. Velcro is the quintessential example of biomimet-
ics, or biomimicry, literally the study of nature in order to imitate

it. Biomimicry has emerged as a valuable methodology for nanoen-
gineers, both modeling artificial systems on nature and leveraging
biological processes to fabricate nanodevices.

“Biology is the nanotechnology that works,” says Tom Knight, a
leader of MIT’s synthetic biology efforts.

For example, researchers at the Ecole Normale Supérieure, Georgia
Institute of Technology, and other labs are reverse-engineering diatoms,
the incredibly complex shell structures of certain algae. The aim is to en-
gineer organisms, such as E. coli, to produce the ingredients of the shells
and scale up to industrial production. Without further modification, the
shells could be used as tiny glass test tubes for chemical reactions or
gears in micromachines. Through genetic engineering, the shells could
be shaped-to-order as structural components in nanodevices or platforms
for 3D integrated circuits with great computational power.

At MIT, materials scientist Angela Belcher altered the proteins in
bacteriophages so that the viruses assembled themselves into the
building blocks of liquid crystal displays. More recently, she produced a
virus that coats itself with semiconducting material and forms a bridge
between two electrodes. That nanowire virus is just a precursor to a
microbe she’s developing that self-assembles into a transistor. Mean-
while, New York University chemist Nadrian Seeman has programmed
DNA strands so that their base pairs bind together into octahedrons,
scaffolds, and even a nanomotor. Seeman has even built a DNA
“robot” that’s just 10 nanometers long and shuffles along a tiny track.
The next step, Seemen says, is to enable the “biped to lug around a
metal atom.”

3 GECKO ADHESIVE SYSTEM

Gecko adhesive system

Macro Meso Micro Nanostructures

Source: Ron Fearing, University of California, Berkeley

~ Geckos’ ability to run up walls comes from tiny hairs on each
toe that act as a self-cleaning dry adhesive. University of
California, Berkeley, researchers fabricated dense patches of
synthetic gecko hair with adhesive properties by casting poly-
urethane in an array of nanopores. The adhesion comes not from
any glue-like material on each hair but rather emerges from the
geometry of the mass of hairs. The research could eventually be
integrated into future wall-climbing or surgical robots.
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Biologists are building a library of interoperable genetic circuits that can be
snapped together like Tinkertoys

The idea of synthetic biology is to do for biology what electrical engineers have done for
circuit design and what chemists have done for the synthesis of chemicals—that is, to make
an engineering field out of it. Genetic engineering and standard molecular biology are about
using natural systems. Rather than just use the natural devices as they exist, we’re building
new parts that we can integrate into devices that function in predictable ways. The aim is to
standardize how those biological parts and devices function and fit together.

The business of biopharma needs to shift

We need a sea change in the way drugs are produced. The cost of biopharmaceutical
research, development, and production is pricing us out of medicine in the United States.
Now, think about the developing nations where they spend less than $4 per person on health
care annually. How can we ever make enough affordable drugs for the diseases that are really
killing most of the people on the planet?

It's a chicken-and-egg problem. It costs so much to develop and produce a drug right now
that companies have to own all the rights to pay for that development cost. If biopharma
companies could draw from inexpensive or open-source parts to begin with, that might make
drug development cheaper. They could then patent processes that make the drugs. We're
certainly not trying to put these companies out of business. We just want to provide a cheap
way for them to produce the active pharmaceutical ingredients they need.

Education is better than regulation

It’s getting easier to engineer life, and synthetic biology will make it simpler still. There is

a lot of potential for this to scare people. As scientists, it’s our responsibility to prove that
synthetic biology has tremendous potential to save lives. If we don’t have some really great
applications, | think it will be very hard to justify this field and avoid it becoming heavily
regulated. And if we over-regulate the field, we’re going to lose out on new drugs, new forms
of renewable energy, and so many other applications.

We’ve got to convince the public that it’s safe, but first we have to make sure that it is safe.

—Jay Keasling
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In the next 50 years, we will be faced with broad opportunities to remake our

From

minds and bodies in profoundly different ways. Advances in biotechnology,

brain science, information technology, and robotics will result in an array of

contained to
extended
bodies, minds,
and senses

methods to dramatically alter, enhance, and extend the mental and physical
hand that nature has dealt us. Wielding these tools on ourselves, humans will
begin to define a variety of “transhumanist” paths—that is, ways of being and
living that extend beyond what we today consider natural for our species. In

the very long term, following these paths could someday lead to an evolution-

ary leap for humanity.

We Begin to Celebrate Our Cyborg Selves

While technology has long been considered an extension of
ourselves, the connection has actually been rather tenuous.
Machines are tools we work with. Cyberspace is a place we go
to. However, new mobile devices, biomedical implants, and
network infrastructures are emerging that will bridge that gap,
transforming our bodies into tomorrow’s computing platforms.

The first signs of this will be in the area of wearable comput-
ing. Advances in electronic textiles promise evening gowns
that change color based on mood, undershirts that dispense
medicine, life recorders that capture every fleeting moment,
and wirelessly enabled coats that forecast the weather. These
wearable systems will serve as interfaces to pervasive wireless
networks that proactively deliver information based on our con-
text and connect us to each other in emergent social networks.
Far from the catwalk, researchers at the intersection of materi-
als science, electrical engineering, and fashion are designing
this computer couture of tomorrow.

Our Gray Matter Will Get an Upgrade

The next phase of human enhancement will entail altering our
biology more directly. Healthy individuals already take steroids
to improve athletic ability and amphetamines to “concentrate.”
As we learn more about the human brain, the development

of advanced pharmaceuticals that boost human performance
will accelerate. Based on new understanding of the cellular
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processes of memory, several companies are designing highly
targeted drugs to treat Alzheimer’s, schizophrenia, and memory
impairments associated with aging. As with hardware, the next-
generation families of these compounds will initially be marketed
as therapies but will quickly become “off-label” lifestyle drugs.

We Won't Act Our Age, Even Though We’ll Be Much Older

With better treatments for diseases, more people will live
longer. Simultaneously, people may pursue hormone and
antioxidant treatments to protect themselves from disease and
reduce the ravages of aging on the body. Artificial organs, tis-
sue engineering, and neuroprosthetics will line the shelves of
the human body shop. As the safety and efficacy of cochlear
implants, robotic appendages, and bionic eyes are proven, the
technologies will slowly shift from the realm of “treatments”
to “enhancements.” Can the biological limits of human life be
extended as well? Over the next several decades, the genetic
secrets behind aging may be revealed. If these “age genes” can
be identified, there is the potential to manipulate them and,
possibly, hold back the hands of time for decades.

But what is the cost—financially, socially, morally, and
ethically—of superhumanity?
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We are all becoming cyborgs—it’s just a matter
of degree

The wireless Web, sensor networks, pervasive computing, RFID,
context-aware environments, and the “Internet of things”
promise to transform our experience of creating, accessing, and
interacting with data. Digital information won’t feel like it exists
in an alternate world that we visit, but rather as a layer atop our
entire everyday reality. “The Network” will finally become inter-
twined with the fabric of our lives, and our clothing.

“We don’t have to fear robots taking over from us because there
will be no ‘us’ to take over from ... we will have become one
with our machines,” says Rodney Brooks, director of MIT’s Com-
puter Science and Artificial Intelligence Laboratory.

Electronic textiles—fabric containing microprocessors, sensors,
and actuators—could lead to shirts with pores that automatically
open and close depending on the temperature, army fatigues with
chameleon-like color-changing properties, and a “personal area
network™ of mobile devices. Biomedical sensors linked wirelessly
to “expert systems” could act as a “doctor-in-the-pocket™ keep-
ing a constant vigil on our health. For better or worse, flexible
displays will be likely to transform our bodies into screens.

The popularity of camera phones and blogging hints at how we
might “offload” some of our memories in the coming decade.
Lyndsay Williams of Microsoft Research’s Cambridge laboratory is
developing SenseCam, a wearable, sensor-laden digital camera that
automatically documents the day for later reference. For example,
each time the wearer walks into a different room, the change in
lighting triggers the camera to snap a 180-degree fish-eye shot.

A sudden movement, a change in ambient temperature, the body
heat of someone passing—these are all considered photo ops.

“The sort of problems we’re trying to solve are related to
memory recall,” Williams says. “Where did you leave your
spectacles? Who did you meet during a previous day?”

After a day of use, the device’s memory is filled with thousands
of time-stamped photos ready to be downloaded to a PC.

“It’s a black box data recorder for the human body,”
Williams says.

1 E-TEXTILE
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Source: Josei Lee, University of California, Berkeley

~ In this sample of a prototype e-textile, wires containing transistors and
the perpendicular interconnected wires are woven between thicker Teflon
threads that make up the bulk of the fabric. Various devices such as
mobile phones, chemical sensors, or blood pressure monitors could then
talk to each other through the grid-like network of fibers, much like desk-
top computers, servers, and printers communicate on an office network.

2 SENSECAM RECORDS THE WEARER’S DAY

Source: Microsoft Research Cambridge

~ Images from the SenseCam prototype
(right) are searched and accessed
using a software system called
MyLifeBits.




