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Steering the technology that will
redefine life as we know it

Mihail Roco leads nanoscience and policy at the
national and international levels

Mihail Roco chairs the US National Science
and Technology Council's subcommittee on
Nanoscale Science, Engineering, and
Technology and is Senior Advisor for
Nanotechnology at the National Science
Foundation. Having been involved in nano
research since the early 80s, he is widely
recognized as a monumental leader in the
field, advancing technical knowledge and
policy and preemptively addressing societal
concerns in in the international arena.
Industrial Biotechnology asked the seminal thought-leader to share
his views and expertise.

General comments on the current state of
nanotechnology & predicted future trends...
he main nanotechnology products available now are dis-
persions, nanolayers, catalysts, sensors, and drugs in the
development stage. There are few direct applications avail-
able in molecular medicine, but many advances are in
progress. The knowledge base is developing very fast, from treatment
of simple diseases to that of complex conditions such as cancer.
Certainly it will take time time to move from basic knowledge to
clinical testing and applications.

A large number of start-up companies have been established
worldwide. I'd estimate that about one third are based on nanobiotech-
nology, and this is one reason I think R&D funds should be allocated
proprotionately.

Nanotechnology will develop in competition with other technologies

because of its advantages: It offers potential to be more economical
and cleaner for the environment and to create novel products.

Another trend I see is that nanotechnology will develop in coher-
ence with other emerging fields such as IT, cognitive sciences, and
certainly biology, in an evolution toward what I will call “unifying
principles” and concepts that are not available now.

Certainly we will need feedback from soceity as we move towards
this, as the implications are broad. We must integrate social scientists
into research groups, for example, and address their concerns as we
advance these technologies. As an example, the National Science
Foundation now requires all nanoscale science and engineering
research centers within its network to work with social scientists and
environmentalists, to address either general implications of nan-
otechnology in the long-term or implications of the particular
research done at that center.

On the main challenges to advancing
nanotechnology beyond proof of principle
to widespread application...

The first main challenge is measurement, to develop tools to “see
and touch” at the nanoscale, and for simulation. We currently are
not able to visualize two molecules in three-dimensional space by
direct measurements, nor to model microdomains of engineering rel-
evance from basic principles. This creates an enormous bottleneck
for future development.

Secondly, in nanobiotechnology, we always talk about large assem-
blies, i.e., many molecules of different kinds, with different functions
and interactions. All biosystems are large nanosystems, in this sense.
Current developments in nanotechnology are focused on components
such as quantum dots or nanotubes. Within nanoscience, we are not
yet able to create large systems or describe their operation in time.
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So we must address the complexity of these relatively large systems,
if we consider molecules as components, and then have rational
ways of analyzing them.

A third challenge relates to how these complex nanobiosystems
interact with other compounds, such as drugs or inert materials. In
some cases, it will be desirable to encourage certain kinds of interac-
tions, but in others, such as in surgical procedures where one might
want to limit toxicity, the preference may be to limit these interac-
tions. So we must have a better understanding of these interaction
processes, since applications in the future shall likely be hybrid systems
of biological components and biologically inert nanomaterials.

A fourth challenge, while not technical, is equally important.
Besides the medical field, there is a very broad set of industrial appli-
cations for nanotech. Initially, the enthusiasm in nanobiotechnology
was for medical applications, but we have seen that many so-called
evolutionary systems and bacterial systems, to name a few, can be
exploited for industrial production.

Nanobiotechnology applications may be in brain functions, genetics,
cell metabolism, and hybrid systems. Given this, another challenge
for nanotechnology relates to potential implications for human
development. Future nanobiotechnology techniques could theoretically
be used, for instance, to control DNA to create or at least influence
certain birth characteristics. And nanostructures could eventually be
used to modify brain operation. These possibilities are raising impor-
tant ethical and practical issues. We have to maintain the human
condition, and we like to avoid things that will change human
nature. For this reason, any large-scale projects in nanobio-
technology must address ethical, human development, and social
issues from the beginning.

There is also concern, especially in regards to nanobiotechnology,
about risks related to applications in bioweaponry. This is a very sen-
sitive issue, because many things are not yet known and it is very
difficult to reverse-engineer such kinds of weapons, or to find fast
solutions once such problems have been unleashed.

On challenges relating to policy...

It is notable that nanobiotechnology was a priority at the National
Science Foundation since the beginning of the National
Nanotechnology Initiative. We initially started a program on functional
nanostructure in 1997, and have since then had a program funding
solicitations in nanoscale science and engineering.

NIH is making a strong contribution in this field, though they
were relatively slower to grow in this field than other agencies, likely
for two reasons: First, the NIH is using tools developed by other
organizations such as NSF, NIST, and DOE. Second, nanobiotechnology
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systems are more complex than are basic current nanotechnology
applications. Since 2003, several NIH institutions have developed
strong programs, such as that by the National Cancer Institute.

In the US, I estimate that, at the beginning, the NSF, NIH, NASA,
NIST, and US Departments of Energy and of Defense of NNI overall
allocated 11-12% of nanotechnology R&D funds for nanobiotech-
nology projects. The overall value has increased to about 15%,
according to my estimation, especially due to expanded nanobiotech
research within the NIH over the last year or two.

Optimally, once the foundational R&D for tools and molecular
assembling is established, I think that nanobiotechnology should be
funded at about the level of one third of all efforts for nanotechnology.
This is because nanobiotechnology, first, provides models for other
fields and for nanoscale phenomena and systems, and second, has
broad implication in medicine and certainly in industrial processes.

If we compare the funding situation across countries, the US may
have the largest percentage of nanoresearch funding for
nanobiotechnology. The typical situation abroad, for instance, in
Europe or in Japan, is in the range of 5-6% investment in nanotech-
nology R&D for the period 2001-2004, in my estimation. The larger
percentage in the US is likely for two reasons: first, a deliberate
process of preparation, where we actively encouraged research in this
area. Second, we already had in the US a better-developed infra-
structure for bioresearch, across both academia and industry.

As for policy, it’s very important to look to the long-term societal
implications of the research from the beginning and to do this by
considering national, international, and cultural contexts. This is
very difficult to achieve. At this moment, we do not have any general
guidance, especially for international and cultural contexts. Recently
in Switzerland was established the International Risk Governance
Council (IRGC), of which I'm a member, whose role is to propose new
models for science and technology governance at the national and
international levels, in order to reduce the risks associated with
future developments

In IRGC, a few months ago, we started to study and apply different
principles of governance of science and technology to nanotech in
particular. The specific focus will be on the more disruptive nano-
technologies, including the so-called second generation of
nanoproducts (that is, active nanostructures and nanosystems), and
also to focus on global issues that are not currently addressed by
other organizations. We have already completed a survey of twelve
countries about how they propose to address these issues, and we
plan to publish a report after receiving input from multiple stake-
holders, such as industry, the public at large, NGOs, and govern-
ments. The report should be published in mid-2006. I am chairing the



group that is preparing this report, which we plan to make widely
available, and we are seeking wide input in its preparation and eval-
uation. For instance, in spring of 2006, we’ll hold a workshop in
Switzerland to gather input from multiple stakeholders. This could
include cultural organizations, industrial associations, academic rep-
resentatives, international organizations, and different civic groups.
We aim to be broad in our approach in order to provide models that
people will agree on.

This report will be truly international. Members of the IRGC are
from a range of different countries and will represent their nations in
their own capacity. So the goal is to create an independent frame-
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work that will have a lot of value, building on a very broad base of
information and involving some of the top specialists in their partic-
ular fields.

Besides developing these critical models for governance, we must
ensure public involvement, to address unexpected issues that may
arise. The public at large must be involved in any final decision making
processes. As part of the NNI organization, we have appointed the
interagency Nanotechnology Public Engagement Group in 2004, in
order to systematically address such issues in the US.

One final comment: the way we do investments must also be
examined. When we choose to make investments in nanotech, we
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should select first those areas that offer the most potential social
benefit, and, I reason, the least risk. Sometimes this may not be the
best business decision in the short term, but looking at it from the
point of view of government, this is how it should be done.

On environmental, health, and safety risks...

The focus in nanoresearch now is very much on shorter-term
immediate issues related to toxicity of the so-called first generation
of nanoproducts, such as nanoparticles, quantum dots, and nan-
otubes. Increased attention should be placed on second-generation
technologies, including nanodevices and true nanosystems. The
implications of these later products are less known, and there are as
yet no defined approaches to assessing these; at this moment, this is
where the attention of researchers should be increased.

How the international community should
respond to concerns about risk and safety...

There are ongoing international efforts to address this. In the US, I
organized and chaired, together with the Meridien Institute of
Washington, DC, the first International Dialogue on Responsible
Development of Nanotechnology, in Virginia, in June 2004. In July
2005, there was a second meeting held in Brussels. A third meeting
will follow in Japan in summer of 2006.

In that first first meeting, we engaged and surveyed 25 countries
and the European Commission in order to develop a framework for
international collaboration in responsible nanotechnology. This is the
kind of model we need to follow in the future. We plan to develop
different activities such as exchanges of databases, international col-
laborations in research, interaction with the public at large, and inte-
grative efforts among different international regulatory bodies.

In the US, we organized the first workshop on societal implications,
in 2000, and established Nanoscale Science, Engineering, and
Technology (NSET) interagency working group, Nanomaterials
Environmental and Health Issues, in 2003.

When nanotechnology will be widely
adapted and integrated into general society...

Once we achieve better systematic control of matter at nanoscale,
more-economical products will become available that are based on
nanotechnology. I believe nanotech will be widely accepted because
of its benefits, though certainly we have to address all potential
implications from the beginning. Already we have many products
developed, if we consider such things as dispersions of particles and
coatings. Second-generation products will be active nanostructures
and devices.
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But the most beneficial products will arrive after 2010, when true
complex nanosystems and applications of breakthrough technologies
emerge. Some will be closer to nanobio systems, that is, they will be
biological systems integrated at the nanoscale, and perhaps not as
complex as “natural” nanoscale biological systems are now. But engi-
neered nanosystems will be developed and will be most rewarding.

Also nanotechnology will be incorporated into many products,
and by 2015, more than half of all new products in advanced mate-
rials (pharmaceutcals, biotecnology, electronics) will be based on
nanoscience and nanoengineering. The impact of this will be very
significant.

The main issue now is to create the pipelines among younger sci-
entsists and students who will be the workers in the nanoscience of
the future. We will need not only researchers but skilled people to
build the products that are developed. In the US, the National Science
Foundation has had in place a proactive program since 2002 for
undergraduate education in nanotechnology for freshmen and sopho-
more students. In 2003, this was extended to high school education,
in part, by creating the Nanotechnology Center for Learning and
Teaching at Northwestern Univeristy, that has as a target to reach one
million high school children within 5 years, across all 50 states. This
year we announced a network for science museums for informal edu-
cation of the public at large and for education of students from K-12.
Overall, NSF is training about 10,000 students and teachers in 2005.

The most significant NSF initiatives
in nanoscience...

Among NSF initiatives is the nanoscale science and engineering
solicitation program, supporting nanoscale interdisciplinary research
teams that involve 3-5 researchers/professors from different disciplines.
This has had tremendous impact over the last 5 years: More than 250
awards have been given, each between $1 and $2 million, including
projects in nanobiotechnology.

One review made recently by the external Committee of Visitors
of NSF stated that “two significant and enduring results have
emerged from the investment: creation of a nanoscale science and
engineering community, and the fostering of a strong culture of
interdisciplinary research.”

Matt Tirrell, dean of engineering at University of California, Santa
Barbara, stated at the NRC review in August 2005 that the main
impact of the National Nanotechnology Initiative was that it “developed
and continues to advance the means for systematic control of matter
at nanoscale,” to the level that we can now proceed to new kinds of
research in future. At the President’s Council of Advisors on Science
and Technology meeting in March 2005, Chuck Vest, then MIT president,




asserted that “NNI is a new way to run a national initiative.”

As an example, we now have the ability to design molecules that
they self-assemble on several length scales following different pat-
terns, for given products. Sam Stupp of Northwestern University, for
instance, has designed a molecule that can self-assemble to create 3-D
networks for tissue engineering applications, to make connections
among nerves.

In 2005, 24 federal agencies participating in NNI are coordinated
by the US National Science and Technology Council’s subcommittee
on Nanoscale Science, Engineering, and Technology for research,
education, regulatory, international, and other activities, with a
budget of about $1.1 billion. We are just completing a series of other
initiatives at NSF, such as a network for Hierarchical Nanomanu-
facturing including four NSF centers, with the coordinating node at
the University of Massachusetts, Amherst. Collaborations with other
agencies (NIST, DOD, DOE) are planned, as well as with industry.

And another new initiative will focus on Nanotechnology
Informal Science Education. Yet another network will be called
Nanotechnology and Society. All three networks are to be launched

PEOPLE

in September 2005, with roles to serve society at large, to make con-
nections at the national level, to make critical information broadly
available, and to develop the most relevant research programs in the
field at a given time point.

In 1982, I started my research in this area. In 1991, I established
the first nanoparticle research program at NSF, and in 1999, I pro-
posed NNI with a budget of about half a billion dollars to the
National Science and Technology Council (Committee on Technology)
at the White House. In 1999, the chance of success of NNI was seen
as very remote. In January 2000, then President Clinton announced
NNI, and since then, 60 other countries have created nanotechnology
R&D programs. The Bush Administration provided support and has
increased the level of investment in NNI. In 2004, NNI supported
about 4,000 R&D projects and 40 centers and networks in the US.
Over $8 billion are invested worldwide almost equally by govern-
ments and industry for nanotechnology R&D, and the annual rate of
increase of nanotechnology products is estimated at 25%. It's so
rewarding to see how far things have come and to envision where
we'll go in the future.
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