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Executive Summary

The Office of Basic Energy Sciences in the
Department of Energy Office of Science, and
the Basic Energy Sciences Advisory
Committee convened a workshop in January,
2002 to explore the potential impact of biology
on the physical sciences, in particular the
materials and chemical sciences.

Twenty-two scientists from around the nation
and the world met to discuss the way that the
molecules, structures, processes and concepts
of the biological world could be used or
mimicked in designing novel materials,
processes or devices of potential practical
significance. The emphasis was on basic
research, although the long-term goal is, in
addition to increased knowledge, the
development of applications to further the
mission of the Department of Energy.

The charge to the workshop was to identify
the most important and potentially fruitful
areas of research in the field of Biomolecular
Materials and to identify challenges that must
be overcome to achieve success. This report
summarizes the response of the workshop
participants to this charge, and provides, by
way of example, a description of progress that
has been made in selected areas of the field.

The participants agreed on several
conclusions. First and foremost, they agreed
that:

The world of biology offers an
extraordinary source of molecules and
inspiration for the development of new
materials, devices and processes. Progress
in research in a number of areas in this
field has been rapid and the panel foresees
a revolutionary impact of the linkage of
biology and materials science on science
and technology in general, and the mission
of the Department of Energy in particular.

In particular the panelists agreed that:
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The interest of the Department of Energy
in biomolecular materials and biological
processes is very broad. There is a need for
lighter and stronger materials to improve
fuel economy. There is a need for
functional materials to control transport
across membranes, to make separations
and purification processes more efficient.
There is a need to increase energy
efficiency by using low temperature
processes to make materials. There is a
need for energy producing processes that
can convert light, carbon dioxide, and
water to high-density fuels and thereby
decrease, at least to some extent, our
dependence on fossil fuels. Finally the
high specificity of biological reactions,
producing little or no side products, and
the inherent biodegradability of
biological systems strongly suggest that
these systems need to be explored by DOE
for their potential beneficial effects on the
environment.

Having agreed on these principles, the
participants stepped back to explore potential
research directions in the field. The world of
biology is immense. As described in Section 2
of this report, living organisms perform an
extraordinary number of functions, virtually
all of which can be seen to have relevance to
materials, processes or devices. Some of these
impacts have already been explored, at least to
some extent, most have not. At this stage an
outline of productive directions in the field
can be identified only through broad brush
strokes.

Specifically, the participants felt that a DOE
program in this area should focus on the
development of a greater understanding of the
underlying biology, and tools to manipulate
biological systems both in vitro and in vivo
rather than on the attempted identification of
narrowly defined applications or devices. The



field is too immature to be subject to arbitrary
limitations on research and the exclusion of
areas that could have great impact.

Future Directions.

These limitations aside, the group did respond
to the charge and develop a series of
recommendations. Three major areas of
research were identified as central to the
exploitation of biology for the physical
sciences. Sections 3, 4 and 5 in this report are
devoted to those areas.

Self Assembled, Templated and Hierarchical
Structures. Biology acts at the nanoscale,
synthesizing and manipulating molecules with
dimensions as small as tenths of nanometers.
Through successive rounds of complexation
and linkage of these molecules, it develops
structures on the meter length scale. All of this
is accomplished without conscious direction.
Understanding and control of the processes
involved in this self-fabrication are critical to
the successful exploitation of biology. This is
discussed in Section 3.

The Living Cell in Hybrid Materials Systems.
Despite the extraordinary advances in the past
decade in our understanding of biological
systems, many remain far too complex for us
to use, mimic or recreate. As a result, it must
be expected that for well into the future, many
of the cellular functions we wish to exploit will
have to be performed by intact, living cells
themselves. Thus, methods to incorporate
living cells or tissues into non-living structures
and devices, and to have them communicate
with those structures and devices will be
required. This area is discussed in Section 4.

Biomolecular Functional Systems. Living
systems perform a wide variety of functions
that could be controlled and used in vitro.
Critical to this goal is the thorough
understanding of the molecular components of
these systems and how they interact, leading
to our ability to manipulate those components
and interactions. In some cases, intact cells (as
found in nature or altered by design) will need

ii
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to be used (see Section 4). However, in other
cases, this will involve removal of the
particular functional system from the
organism. In still other cases it will involve the
recreation or mimicking of it outside the
organism. This area is discussed in Section 5.

Workshop participants also discussed the
challenges and impediments that stand in the
way of our attaining the goal of fully
exploiting biology in the physical sciences.
Some are cultural, others are scientific and
technical.

Barriers.

Cultural Challenges. Those who know the
biology, the biologists, are, more often than
not, descriptive scientists, whose goal is to
identify the molecular components of
biological systems and understand how they
work together to produce the observed
function. They are, in general, not focused on
synthesis or creation of these molecules or
systems, or mimics of them, nor are they
focused on their adaptation to functional
systems working outside the organism. This
culture has changed somewhat in recent years
with the focus on the molecular basis of
disease and the identification of targets and
then lead compounds for pharmaceuticals.
The number of biologists with an explicit
interest in the non-biomedical application of
their systems however, remains small.

1. On the other hand, until recently,
chemists, physicists and materials
scientists, who traditionally do have an
interest in creating materials, processes
and devices, have had little formal
training in the biological sciences. A very
sophisticated understanding of a field is
required to exploit it, thus truly
interdisciplinary training needs to be
significantly enhanced. We are already
seeing this, with the organization of
departments and groups in “chemical
biology” and the significant increase in
the enrollment of chemistry, physics and
materials science students in biological



science classes.

2. The application of biology to the physical
sciences is by definition a
multidisciplinary activity requiring
extensive collaboration. There have,
however, historically been few
collaborations between biologists and
materials scientists, although there have
been some with physicists and more with
chemists.

Scientific and Technical Challenges.

1. Biological systems are not generally
robust. They function best at room
temperature, although some have been
found in freezing or boiling
environments. They are subject to
deterioration in non-sterile environments.

They generally require an aqueous milieu.

Thus issues of the adaptation of biological
systems to the harsher environments of
materials, processes and devices, and
their strengthening for long-term viability
must be addressed.

2. We do not, even after the revolutionary
advances of the past few decades,
understand biological systems well
enough to control and manipulate them.
Basic research into the molecules,
structures and processes is required
before adaptation and mimicry can be
achieved. Processes such as molecular
recognition, self-assembly, protein
folding, energy transduction, nervous
system function must be further
elucidated.

3. Biological systems are, at their highest
level of function, exceptionally complex,
with large numbers of components
interacting in very specific ways. Many
systems are multifunctional and highly
responsive to their environment. Issues of
simplification or of precise assembly of
multicomponent complex objects without
sacrificing their function need to be
addressed

iii
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4. Theory, simulation and modeling have
not been applied to biological systems to
the extent that they have become routine
in the materials sciences, physics and
chemistry. This field must be developed.

5. Characterization tools, especially at the
single molecule level need to be
developed. This is a particularly
challenging issue because the National
Institutes of Health, the primary federal
agency for support of biological and bio-
medical research has, in the past, not
emphasized instrument development to
the extent that the DOE programs have.

Recommendations.

Program Relevance. In view of what has
recently developed into a generally recognized
opinion that biology offers a rich source of
structures, functions and inspiration for the
development of novel materials, processes and
devices support for this research should be a
component of the broad Office of Basic Energy
Sciences Program.

Broad Support. The field is in its early stages
and is not as well defined as other areas. Thus,
although it is recommended that support be
focused in the three areas identified in this
report, it should be broadly applied. Good
ideas in other areas proposed by investigators
with good track records should be supported
as well. There should not be an emphasis on
“picking winning applications” because it is
simply too difficult to reliably identify them at
this time.

Support of the Underlying Biology. Basic
research focused on understanding the
biological structures and processes in areas
that show potential for applications
supporting the DOE mission should be
supported.

Multidisplinary Teams. Research undertaken by
multidisciplinary teams across the spectrum of
materials science, physics, chemistry and
biology should be encouraged but not



artificially arranged.

Training. Research that involves the training of
students and postdocs in multiple disciplines,
preferably co-advised by two or more senior
investigators representing different relevant
disciplines, should be encouraged without
sacrificing the students’ thorough studies
within the individual disciplines.

Long-Term Investment. Returns, in terms of
functioning materials, processes or devices
should not be expected in the very short term,

iv
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although it can reasonably be assumed that
applications will, as they have already, arise
unexpectedly.

The workshop participants wish to thank and
acknowledge Patricia Dehmer, Director of the
Office of Basic Energy Sciences; Iran Thomas,
Director of the Division of Materials Sciences;
and the Basic Energy Sciences Advisory
Committee for their vision in identifying
biomolecular materials as an important new
field and in sponsoring this workshop.



Foreword

In 1999, the Basic Energy Sciences Advisory
Committee (BESAC) convened a workshop to
design a roadmap for research in complex
systems. The report of the workshop, Complex
Systems — Science for the 21 Century, outlined an
exciting science agenda that both integrated the
disciplines of physics, materials sciences,
chemistry, biology, and high-performance
computing, and also could be built on the
foundations that had been put in place a year
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materials such as adhesives and composites,
highly specific membrane and filtration
systems, low-friction bearings, wear-resistant
materials, high-strength lightweight materials,
photosynthetic materials with built-in energy
storage devices, and much more. The
magnitude of the challenge is perhaps more
daunting than any faced before by these
disciplines. I would greatly appreciate BESAC'’s
help in defining these challenges.”

before by the
National Table 1. Speakers BESAC
Nanotechnolo Mark Al Lawrence Berkeley National Laboratory / considered a
gy Initiative. arc Atpet University of California at Berkeley number of
Samuel Stu Northwestern Universit worksho
In June 2001, PP y p
Dr. James Lia Addadi Weizmann Institute of Science topics that
Decker, Acting Paul Alivisatos University of California at Berkeley / were
Director of the Lawrence Berkeley National Laboratory suggested by
Office of Hagan Bayley Texas A&M University this charge.
Science, U.S. Angela Belcher University of Texas at Austin One involved
Department of | Carolyn Bertozzi University of California at Berkeley / the

Energy, asked

Jean Fréchet

Lawrence Berkeley National Laboratory
University of California at Berkeley /

exploration of

BESAC to help Lawrence Berkeley National Laboratory biomolecular
refine that Reza Ghadiri Scripps Research Institute materials,
research Max-Planck Institute for Polymer Research, materials
Wolfgang Knoll .
agenda. “In Mainz based on
the world Chad Mirkin Northwestern University biological
beyond nano,” Carlo Montemagno  University of California at Los Angeles structures and
Dr. Decker Thomas Moore Arizona State University principles but
wrote in his Daniel Morse University of California at Santa Barbara whose study
Charge letter to | David Nelson Harvard University and use
the Chair of Cyrus Safinya University of California at Santa Barbara encompasses
BESAC, “it Peter Schultz Scripps Research Institute research at the
will be Nadrian Seeman New York University interfaces
necessary to Douglas Smith University of California at San Diego among the
use atoms, Viola Vogel University of Washington many
molecules, and Ulrich Wiesner Cornell University disciplines
nanoscale X. Sunney Xie Harvard University enumerated in

materials as the building blocks for larger
supramolecules and hierarchical assemblies. As
was described in Complex Systems — Science for
the 21°" Century, the promise is nanometer-scale
(and larger) chemical factories, molecular
pumps, and sensors. This has the potential to
provide new routes to high-performance

Dr. Decker’s charge. As a result of the rapidly
increasing interest in research applying the
principles and structures of biological systems
to the physical sciences, this BESAC workshop
was held in San Diego, California, January 13-
15, 2002. Mark D. Alper of the Lawrence
Berkeley National Laboratory and the



University of California at Berkeley and Samuel
L. Stupp of Northwestern University were co-
chairs. Twenty-two leaders (Table 1) in a wide
variety of areas linking biology, physics,
materials sciences, and chemistry were invited
to discuss progress in the field, define
promising future directions and identify
barriers to their pursuits. Thirty other
participants attended. The agenda for the
meeting is shown in Table 2. This report of the
presentations and discussion at the workshop
begins with an introduction followed by a

Table 2. Agenda.
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discussion outlining the wide potential for
research in the field, identifying molecules,
structures and principles in biology that could
reasonably be applied to solving problems
important to the Department. This is followed
by three sections discussing areas in this broad
field the workshop attendees felt were of
particular interest at this time, and also
amenable for productive research, given our
present knowledge of the underlying biology
and the tools and techniques existing for their
manipulation.

Doubletree Golf Resort San Diego, 14455 Penasquitas Drive, San Diego, CA 92129

Sunday, January 13, 2002

7:30 pm Speakers’ Dinner
Monday, January 14, 2002

8:00 am Welcome

8:10 am Introduction

8:20 am Workshop Organization

Bio-Inorganic Systems — Angela Belcher , Chair

Pat Dehmer, Iran Thomas
DOE/BES

Mark Alper

Samuel Stupp

8:30 am Opportunities at the Biology / Materials Interface Paul Alivisatos

8:50 am S1-hc0n Blotechnology:. Proteins, Genes and Daniel Morse
Biomolecular Mechanisms

9:10 am Cc.)nfcrol of Minerals by Organisms - Nanometers to Lia Addadi
Millimeters and More

9:50 am Protein Control of Inorganic Materials Angela Belcher

10:10am  Towards a Tetravalent Chemistry of Colloids David Nelson

10:30 am Discussion

Biomimetics and Biomolecular Self Assembly — Sam Stupp, Chair

11:00 am  Self-Assembly of Cell Cytoskeletal Proteins Samuel Stupp
Functional Materials Design, System Construction,
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1. Introduction

Mankind has made use of biological materials
for millennia. Through most of this time, they
were used as nature made them. Homes were
built with wood, straw, leaves; ropes were
fashioned from vines; tools were shaped from
bone, antler, horn; living yeast was used to
catalytically ferment alcohol or to leaven
bread. More recently, mankind sought to
extend his exploitation of nature by mimicking
her principles, building, for example, bird-like
wings to free him from the ground, and
Velcro, reported to have been inspired by the
mechanism by which burred seed shells stick
to a dog’s coat (Ball 1999).

For most of recorded time, however, nature’s
living systems were regarded as “special.” It
was not until the 19" century that the principle
of the “vital force” was finally set aside and
the concept of making biological molecules
and employing biological processes outside
the living cell was demonstrated. The
extracellular synthesis of urea from cyanate by
Friedrich Wohler in 1828 demonstrated that
“life” was not a requirement for the synthesis
of molecules found naturally only in living
organisms. [As Wohler wrote to Berzelius, “I
must tell you that I can make urea without the
use of kidneys, either man or dog.”] Years
later, in 1897, Buchner demonstrated that the
entire 12 step/12 enzyme pathway converting
glucose to ethanol could proceed in extracts
from yeast cells that had been killed and
completely disrupted through grinding with
sand.

The impact of these discoveries on materials
science was immense — although not, to this
day, fully exploited. Nature, through
evolution — the extraordinary linkage of
natural variation and selection — has, over
billions of years, learned to develop thousands
of extraordinarily sophisticated materials and
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chemical processes that can serve us well in
our search for the advanced materials required
to meet our demand for improvements in
productivity, conservation, and safety. As in
other fields, opportunities often lie untapped
until the need and the tools to exploit them
arise. In this area, biomedical applications
came first driven by human health
considerations. But the time for applications to
the physical sciences is now here, and the past
few years have seen a burgeoning of our
interest in pursuing this exciting field of
endeavor.

Despite the great interest over the past decade,
successful and widespread use of biology in
materials science remains a formidable
challenge. The application of biological
materials or of materials that mimic biological
systems lags far behind our enthusiasm for
them. Our ability to control chemical reactions
with nature’s exquisite sensitivity, to make
polymers with precise molecular weight, or to
assemble macromolecules into large-scale
structures is at a very primitive, descriptive
stage. We are even further from an
understanding, much less the ability to
imitate, the metabolic, catalytic, and
regulatory processes that harness energy for
vital processes and synthesize all vital
substances.

There is however reason to be optimistic that
we will, in the not too distant future, come to
understand the very complex physics and
chemistry of biological processes. A revolution
has taken place in biology over the past few
decades. We now have a vastly increased
knowledge and understanding of the
biochemistry and molecular biology of
biological materials and how their unique
properties arise from their structure. We now
have a vastly increased arsenal of tools to



analyze, characterize and manipulate these
systems and we now have theories and highly
developed simulations to guide and interpret
experiments. We are, as a result, developing a
vastly increased ability to modify biological
materials and processes for our needs and to
synthesize, de novo, new materials that are
based on biological principles.

As Wohler and Buchner demonstrated, there
are no mysterious vital forces governing the
behavior of biological systems. They are,
instead, governed by the coulomb and
chemical potentials that govern everything in
the universe. Quantum mechanics, Newton’s
laws, and thermodynamics determine the
motions of particles, mass transport, and
energy balance. Geometry influences how
things can be packed. The difficulty is that we
don’t yet understand how these relatively
simple forces can give rise to such complex
phenomena. At the molecular level, we don’t
fully understand the relationships among
structures, properties, and functions. We don’t
understand chemistry well enough to make
these complicated molecules easily. At the
level of molecular assemblies and sub-cellular
components, we don’t understand how they
are organized and how they function
collectively. The cellular level, with all of its
interacting components, mass and energy
flows, is beyond our ability to even describe
completely.

Section 2 outlines the awe inspiring array of
molecules, structures, and processes
developed by living organisms and available
for our use or modification. It is an impressive
list, providing, in effect, an “existence proof”
of what can be done and challenging us to
exploit it. It must be remembered, however,
that even this impressive catalogue does not
describe the upper limits. Despite their many
interesting and useful properties, biological
materials and processes evolved under severe
constraints that limited their development. For
one, nature does not optimize structures and
processes — evolution stops when it has made
structures and processes that are “good
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enough” for their specific, or narrowly defined
purpose and successfully adapt their host
organism to its environment. Further, each
structure or process is limited by the fact that
it must “co-exist” and interact with the other
structures and processes on that organism. On
a more fundamental level, only a small
number of the 92 naturally occurring elements
have been used, and only small ranges of pH,
temperature, and pressure have been
explored. Often, the constraints do not prevent
our use of these materials and processes.
Clearly wood is a ubiquitous structural
material, and fermentation is a well-developed
industrial process. However, these processes
are limited in their properties and applications
of biomolecular materials. Wood cannot
substitute for carbon fiber reinforced
composites in airplanes, and fermentation by
itself will not produce absolute alcohol. There
is a real possibility that, once we understand
the principles of nature’s construction, we will
be able to use these principles for our own
design goals and “improve on nature.”

The interest of the Department of Energy in
biomolecular materials and biological
processes is very broad. There is a need for
lighter and stronger materials to improve fuel
economy. There is a need for functional
materials to control transport across
membranes, to make separations and
purification processes more efficient. There is
a need to increase energy efficiency by using
low temperature processes to make materials.
There is a need for energy producing
processes that can convert light, carbon
dioxide, and water to high-density fuels and
thereby decrease, at least to some extent, our
dependence on fossil fuels. Finally the high
specificity of 