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All materials used by Nature are, in essence, nano-
structured and contain multiple interfaces and interphases,
since they are composed of nano-size building blocks, such
as proteins, filaments, membranes or mineral particles. These
nanostructures fulfill multiple essential functions in living
organisms, from energy conversion, to chemical synthesis
and mechanical stabilization. Typically these nanostructures
are assembled into larger assemblies, such as tissue, follow-
ing hierarchical principles. This gives control over the struc-
ture and dynamics of biomaterials over many length scales,
and is a major concept for designing artificial multi-
functional and adaptive materials. Understanding the prin-
ciples of hierarchical assembly in living organisms and ap-
plying them to engineered materials and structures is—and

will be in the future—a grand challenge of materials research
with several major research directions.

A first direction is the study of relations between function,
structure and dynamics in biological materials,’ such as
plants bodies, cells, extracellular matrix, intracellular mate-
rials, as well as uncovering the synthesis, adaptation and
healing strategies used by Nature to build, maintain and re-
pair these usually very complex materials. This type of ma-
terials research will have direct applications in biomedicine
and contribute to research in cellular and structural biology.
Most importantly, this research also provides major input
into biomimetic materials research, which is based on the
understanding of how natural materials work.” This type of
research will lead the development of novel materials such as
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FIiG. 1. Opportunities for structural research with neutrons and synchrotron radiation in the field of biological and biomimetic materials
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polymers, ceramics, metals and composites” ~ or surfaces

with new properties, e.g., multi-functionality,10 self-healing
capability,” adaptivity,lz_'7 energy conversion,'®!” etc. Such
materials will find applications in many different fields, from
biomedicine (e.g., implants, organ replacements) to transport
technology (e.g., aerospace) and information technology
(e.g., nanomotors, nanofluidic, molecular electronics, etc.).
The ultimate grand challenge is to assemble artificial func-
tional units which reproduce the functionality of cells or
even organs (artificial life). This will include scaffolds for
tissue engineering,zo’21 in vivo implantable permanent bio-
sensors, drug carriers and materials for bioreactors. With the
wide-spread efforts to develop new strategies for regenera-
tive medicine,”>* there will be the need for a range of new
materials which can be integrated as hybrid systems into liv-
ing systems.

Many types of materials, both soft and hard, can be found
in natural tissues. Soft materials include filaments, mem-
branes, gels and tissues built from organic molecules of vari-
ous sizes and types. Inorganic particles, such as silicates,
carbonates, phosphates and various oxides are used as rein-
forcement of polymeric structures such as in bone and for
special purposes, e.g., as magnetic particles for the orienta-
tion of birds and insects in the earth’s magnetic field. Some
of these materials develop their functionally directly as nano-
structures. Examples are genetic coding by the DNA or cell
motility by actin polymerization and de-polymerization. In
many cases, these nano-sized elements are used as building
blocks for the assembly of larger functional units, such as
muscles or tendons, or the plant cell wall.

In all these research directions, the nanometer scale plays
a crucial role, as most of the biological materials are based
on nanometer sized building blocks. However, in addition to
the nanoscale characteristics, a wide range of dimensions
needs to be considered, since most bio-related materials and
devices cover multiple length scales to develop their func-
tionality. In terms of structure characterization, this implies
that a large range of dimensions and time scales have to be

covered. This is a major opportunity for research with neu-
trons and synchrotron radiation (Fig. 1). Structure-property
relations may be determined by “in-situ” methods where a
specimen is being studied in a time-resolved way during a
chemical reaction, a phase transformation or during the re-
sponse to an external stimulus, such as changes in tempera-
ture, magnetic field or mechanical load.

This In Focus section of Biointerphases contains reviews
and original articles covering a range of applications of neu-
trons and synchrotron radiation to the study of biological
materials, interfaces and surfaces. Readers are encouraged to
look up the web pages of the synchrotron and neutron facili-
ties around the world for details on the available instrumen-
tation and research opportunities.

'P. Fratzl and R. Weinkamer, Prog. Mater. Sci. 52, 1263 (2007).

%P, Fratzl, J. R. Soc., Interface 4, 637 (2007).

3R. Vaia and J. Baur, Science 319, 420 (2008).

4C. Ortiz and M. C. Boyce, Science 319, 1053 (2008).

5C. Picart and D. E. Discher, Nature (London) 448, 879 (2007).

%S. Lee and N. D.Spencer, Science 319, 575 (2008).

"W. J. Barnes, Science 318, 203 (2007).

$A. Mitchinson, Nature 445, 373 (2007).

°D. Rosamund, Nature 436, 471 (2005).

1, B.Messersmith, Science 319, 1767 (2008).

'S, E.van der Zwaag, Self Healing Materials. An Alternative Approach to
20 Centuries of Materials Science (Springer, Berlin, 2007).

2] R. Capadona, K. Shanmuganathan, D. J. Tyler, S. J. Rowan, and C.
Weder, Science 319, 1370 (2008).

BA. Sidorenko, T. Krupenkin, A. Taylor, P. Fratzl, and J. Aizenberg,
Science 315, 487 (2007).

HR. Elbaum, L. Zaltzman, I. Burgert, and P. Fratzl, Science 316, 884
(2007).

15V, H. Ebron et al., Science 311, 1580 (2006).

167, D. Madden, Science 311, 1559 (2006).

R. H. Baughman, Science 308, 63 (2005).

M. Armand and J. M. Tarascon, Nature 451, 652 (2008).

M. Y. Darensbourg, Nature 433, 589 (2005).

3. Ladet, L. David, and A. Domard, Nature 452, 76 (2008).

213, MacNeil, Nature 445, 874 (2007).

2E. Fuchs, Nature 445, 834 (2007).

BN. Koike, D. Fukumura, O. Gralla, P. Au, J. S. Schechner, and R. K. Jain,
Nature 428, 138 (2004).



