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PREFACE

Research and applied science, as we see it today, has advanced to a place
in which, instead of manipulating substances at the molecular level, we can
control them at the atomic level. This exciting operational space, where the
laws of physics shift from Newtonian to quantum, provides us with novel
discoveries, which hold the promise of future developments that, until recently,
belonged to the realm of science fiction.

Nanobiotechnology is a multidisciplinary field that covers a vast and
diverse array of technologies from engineering, physics, chemistry, and
biology. It is expected to have a dramatic infrastructural impact on both
nanotechnology and biotechnology. Its applications could potentially be
quite diverse, from building faster computers to finding cancerous tumors
that are still invisible to the human eye. As nanotechnology moves forward,
the development of a ‘nano-toolbox’ appears to be an inevitable outcome.
This toolbox will provide new technologies and instruments that will enable
molecular manipulation and fabrication via both ‘top-down’ and ‘bottom-
up’ approaches.

This book is organized into five major sections; 1. Introduction, 2. Bio-
templating, 3. Bionanoelectronics and Nanocomputing, 4. Nanomedicine,
Nanopharmaceuticals and Nanosensing, and 5. De Novo Designed Structures.

Section 1 is an introductory overview on nanobiotechnology, which
briefly describes the many aspects of this field, while addressing the reader
to relevant sources for broader information overviews.

Biological materials can serve as nanotemplates for ‘bottom-up’ fabrica-
tion. In fact, this is considered one of the most promising ‘bottom-up’
approaches, mainly due to the nearly infinite types of templates available.
This approach is demonstrated in Section 2.

The convergence of nanotechnology and biotechnology may combine
biological and man-made devices for the design and fabrication of bio-
nanoelectronics and for their use in nanocomputing. This area is addressed
in Section 3, which covers the use of biological macromolecules for electron
transfer and computation.

One of the main reasons nanobiotechnology holds so much promise is
that it operates at the biological size scale. Biological molecules (such as
enzymes, receptors, DNA), microorganisms and individual cells in our
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bodies are all nano-sized. Engineered ultrasmall particles that are made in
the exact size needed to perform specific tasks, such as drug release in par-
ticular locations in the body, drug delivery into the blood stream, or to pin-
point malfunctioning tissues (cancerous tissue, for example), are examples
of the new medical discipline termed ‘nanomedicine’. Section 4 gives a brief
look at this extensive and rapidly growing field.

The fact that nanobiotechnology embraces and attracts many different dis-
ciplines, encompassing both researchers and business leaders, has produced
many examples of bio-inspired de novo designed structures. Each scientific
group approaches the molecular level with unique skills, training, and lan-
guage, and a few examples are presented in Section 5. Cross-talk and collab-
orative research among academic disciplines, and between the researchers and
their counterparts in business, are critical to the advancement of nanobiotech-
nology and constitute the foundation for the new material generation.

Working at the molecular or atomic level allows researchers to develop
innovations that will dramatically improve our lives. The new territory of
bionanotechnology holds the promise of improving our health, our industry,
and our society in ways that may even surpass what computers and biotech-
nology have already achieved.

Ilan Levy and Oded Shoseyov
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Nanobiotechnology Overview

Oded Shoseyov and Ilan Levy

Summary

Nanobiotechnology is a multidisciplinary field that covers a vast and diverse
array of technologies coming from engineering, physics, chemistry, and biology.
It is the combination of these fields that has led to the birth of a new generation
of materials and methods of making them. The scope of applications is enormous
and every day we discover new areas of our daily lives where they can find use.
This chapter aims to provide the reader with a brief overview of nanobiotechnol-
ogy by describing different aspects and approaches in research and application of
this exciting field. It also provides a short list of recently published review arti-
cles and books on the different topics in nanobiotechnology.

Key Words: Nanobiotechnology; nanocomputing; nanoelectronics; nanofabrication;
nanomedicine; nanotechnology.

1. INTRODUCTION TO NANOSCIENCE
AND NANOTECHNOLOGY

The prefix nano is derived from the Greek word nanos meaning
“dwarf,” need and today it is used as a prefix describing 10~ (one billionth) of
a measuring unit. Therefore, nanotechnology is the field of research and fabri-
cation that is on a scale of 1 to 100 nm. The primary concept was presented
on December 29, 1959, when Richard Feynman presented a lecture entitled
“There’s Plenty of Room at the Bottom™ at the annual meeting of the
American Physical Society, the California Institute of Technology (this lec-
ture can be found on several web sites; see ref. /). Back then, manipulating
single atoms or molecules was not possible because they were far too small
for available tools. Thus, his speech was completely theoretical and seem-
ingly far-fetched. He described how the laws of physics do not limit our abil-
ity to manipulate single atoms and molecules. Instead, it was our lack of the
appropriate methods for doing so. However, he correctly predicted that the

From: NanoBioTechonology: Biolnspired Devices and Materials of the Future
Edited by: Oded Shoseyov and llan Levy © Humana Press Inc., Totowa, N]J
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4 Shoseyov and Levy

time for the atomically precise manipulation of matter would inevitably
arrive. Today, that lecture is considered to be the first landmark of science
at the nanolevel.

The first 30 yr or so of the nanosciences were devoted mainly to studying
and fabricating materials at the nanolevel. In those studies, much effort was
devoted to shrinking the dimension of fabricated materials. It was also a time
when the two basic fabrication approaches were defined: “bottom-up” and
“top-down.” The bottom-up approach seeks the means and tools to build
things by combining smaller components such as single molecules and atom:s,
which are held together by covalent forces. Theoretically, it can be exempli-
fied by molecular assemblers, where nanomachines are programmed to build
a structure one atom or molecule at a time or by self-assembly, where these
structures are built spontaneously. The advantage of the bottom-up design is
that the covalent bonds holding a single molecule together are far stronger
than the weak interactions that hold more than one molecule together. The top-
down approach refers to the molding, carving, and fabricating of small materi-
als and components by using larger objects such as mechanical tools and
lasers, such as is used today in current photolithographic approaches in silicon
chip fabrication. Currently, techniques using both approaches are evolving,
and many applications are likely to involve combination approaches. However,
the bottom-up approach, at least theoretically, holds far more practical and
applicative future potential.

Nanoscience is therefore a multidisciplinary field that seeks to integrate
mature nanoscale technology of fields such as physics, biology, engineering,
chemistry, computer science, and material science.

2. THE “NANO”-“BI1IO” INTERFACE

Biosystems are governed by nanoscale processes and structures that have
been optimized over millions of years. Biologists have been operating for many
years at the molecular level, in the range of nanometers (DNA and proteins) to
micrometers (cells). A typical protein like hemoglobin has a diameter of
about 5 nm, the DNA’s double helix is about 2 nm wide, and a mitochon-
drion spans a few hundred nanometers. Therefore, the study of any subcellular
entity can be considered “nanobiology.” Furthermore, the living cell along
with its hundreds of nanomachines is considered, today, to be the ultimate
nanoscale fabrication system.

On the other hand, countless exciting questions in biology can be
addressed in new ways by exploiting the rapidly growing capabilities of
nanotechnological research approaches and tools. This research will form
and shape the foundation for our understanding of how biological systems
operate. We are exploiting nanofabrication to perform individual molecule
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analyses in biological systems, to study cellular responses to structured
interfaces, and to explore dynamic life processes at reduced dimensions. Our
research has advanced the ability to structure materials and pattern surface
chemistry at subcellular and molecular dimensions.

The groundwork of each and every biological system is nanosized molecu-
lar building blocks and machinery that cooperate to produce living entities.
These elements have ignited the imagination of nanotechnologists for many
years and it is the combination of these two disciplines (nano and biotechnology)
that has resulted in the birth of the new science of nanobiotechnology.
Nanotechnology provides the tools and technology platforms for the investiga-
tion and transformation of biological systems, and biology offers inspirational
models and bio-assembled components to nanotechnology. The difference
between “nanobiology” to “nanobiotechnology” resides in the technology part
of the term. Anything that is “man-made” falls into the technology section of
nanobiotechnology. Nearly any molecular machinery that we can think of has
its analog in biological systems and as for now, it appears that the first revolu-
tionary application of nanobiotechnology will probably be in computer science
and medicine. Nanobiotechnology will lead to the design of entirely new
classes of micro- and nanofabricated devices and machines, the inspiration for
which will be based on bio-structured machines, the use of biomolecules as
building blocks, or the use of biosystems as the fabrication machinery.

3. NANOBIOTECHNOLOGY

Unlike nonbiological systems that are fabricated top-down, biological
systems are built up from the molecular level (bottom-up). They do this via
a collection of molecular tool kits of atomic resolution that are used to fabri-
cate micro- and macrostructure architectures. Biological nanotechnology, or
nanobiotechnology, can be viewed in many ways: one way is the incorpora-
tion of nanoscale machines into biological organisms for the ultimate purpose
of improving the organism’s quality of life. To date, there are a few methods
for synthesizing nanodevices that have the potential to be used in an organ-
ism without risk of being rejected as antigens; another way is the use of biolog-
ical “tool kits” to construct nano- to microstructures. However, the broad
perspective is probably the one that will include both and will be defined as:
the engineering, construction, and manipulation of entities in the 1- to
100-nm range using biologically based approaches or for the benefit of
biological systems. The biological approaches can be either an inspired way
of mimicking biological structures or the actual use of biological building
blocks and building tools to assemble nanostructures. In a way, the first exam-
ple of a nanobiotechnology system might be the production of recombinant
proteins. Recombinant DNA technology can direct the ribosomal machinery
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to produce designed proteins both in vivo and in vitro that can serve as com-
ponents of larger molecular structures.

As already mentioned, there are two basic fabrication approaches to creating
nanostructures: bottom-up and top-down. The bottom-up approach exploits
biological structures and processes to create novel functional materials, biosen-
sors, and bioelectronics for different applications. This field encompasses many
disciplines, including material science, organic chemistry, chemical engineer-
ing, biochemistry, and molecular biology. In the top-down approach, nano-
biotechnology applies tools and processes of nano/microfabrication to build
nanostructures and nanodevices. The tools that are used often involve optical
and electron beam lithography and the processing of large materials into fine
structures with defined surface features. One of the major differences between
nanotechnology and nanobiotechnology is that in the former, the dominant
approach is top-down, whereas in the latter, it is bottom-up.

An example of the bottom-up approach is the pioneering work of two lead-
ing groups on biomolecular motor proteins (2—7). In these studies, naturally
occurring motor proteins were engineered for compatibility with artificial
interfaces to create new ways of joining proteins to synthetic nanomaterials.
Biomolecular motors can provide chemically powered movement to micro-
and nanodevices. Nanodevices utilizing motor proteins such as kinesin or
F -ATPase can be used as nanoscale transporters, as probes for surface imag-
ing, to control the movement of target substances, and to support the controlled
assembly of nanostructures.

Structural properties that enable DNA to serve so effectively as genetic
material can also be exploited to produce target materials with predictable
three-dimensional (3D) structures in the bottom-up approach. Pioneering
work using this approach is presented in studies performed by the group of
Nadrian Seeman (8-/2). He uses DNA motifs with specific, structurally
well defined, cohesive interactions involving hydrogen bonding or covalent
interactions (“sticky ends”) to produce target materials with predictable 2D
and 3D structures. The complementarity that leads to the pairing of the DNA
strands is the driving force for the complex assemblies with their branched
structures. These efforts have generated a large number of individual species,
including polyhedral catenanes, such as a cube and a truncated octahedron, a
variety of single-stranded knots, and Borromean rings. The combination of
these constructions with other chemical components is expected to contribute
to the development of nanoelectronics, nanorobotics, and smart materials.
Therefore, the organizational capabilities of structural DNA nanotechnology
are just beginning to be explored, and the field is ultimately expected to be able
to organize a variety of species in the material world.

Another fascinating example is the use of crystalline bacterial cell surface
layer (S-layers) proteins as tools in nanofabrication and nanopatterning. The



