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Preface

Nanoscience and technology focuses on synthesizing structures that have at least one dimen-
sion on the sub-100 nm length scale. It deals with investigating the fundamental proper-
ties of such structures, which usually differ significantly from that of the bulk material, and
taking advantage of these qualities in constructing novel materials and devices or develop-
ing unique applications. Owing to widespread interest and investment, biomedical nano-
technology, or the use of nanostructures in medicinal applications, is an area of intense
research that is growing and progressing at a rapid pace. This rapid development is driven
by the fact that nanomaterials often offer superior capabilities when compared with con-
ventionally used materials for the detection, diagnosis, and treatment of disease. Further,
they have the potential to enable real-time disease detection and therapy and to advance
point-of-care systems.

The goal of this volume is to provide an overview of biomedical nanotechnology, from
the conception of novel materials in the laboratory to the application of such structures in
the clinic. After a brief introductory chapter, the first section consists of protocol chapters
which provide practical information on the synthesis of a variety of solution-phase and
surface-bound nanomaterials and their application in sensing, imaging, and /or therapeu-
tics; most chapters provide step-by-step instructions and insight into overcoming possible
pitfalls and challenges. The chapters are written by leading researchers in biology, chemistry,
physics, engineering, and medicine from academia, industry, and the national laboratories.
The second section consists of a series of case study/review chapters that discuss the toxi-
cology of nanomaterials, the regulatory pathways to US Food and Drug Administration
(FDA) approval of these materials, their patenting, marketing, and commercialization, and
the legal and ethical issues surrounding their use. These are written by experts in the science,
social science, business, law, and ethics communities. Nanotechnology looks not only to
revolutionize medical care but the fundamental property differences associated with nano-
materials and the potential for their use as multicomponent/multifunctional structures are
also transforming the aspects of these fields that take part in mediating their introduction to
the public.

This volume is a useful reference for scientists and researchers at all levels who are
interested in working in a new area of nanoscience and technology or in expanding their
knowledge base in their current field. The case study/review chapters are meant to inform
scientists of routes they can take in moving their research beyond the bench, so they can
design their systems with real-world considerations in mind. In turn, this volume also will
be of interest to the social scientist, lawyer, or businessperson who wants to learn about
the salient points of nanotechnology as they are applied to their field.

I would like to thank Prof. John M. Walker, series editor for Methods in Molecular
Biology, for his guidance and the authors for sharing their expertise and producing such
high-quality chapters. It was a pleasure to work with them on this project. I would also
like to acknowledge Dr. Haley D. Hill for her support and helpful discussions.

Awrgonne, IL Sarab J. Hurst
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Chapter 1

Biomedical Nanotechnology

Sarah J. Hurst

Abstract

This chapter summarizes the roles of nanomaterials in biomedical applications, focusing on those
highlighted in this volume. A brief history of nanoscience and technology and a general introduction to
the field are presented. Then, the chemical and physical properties of nanostructures thar make them ideal
for usc in biomedical applications are highlighted. Examples of common applications, including sensing,
imaging, and therapeutics, are given. Finally, the challenges associated with translating this field from the
research laboratory to the clinic setting, in terms of the larger societal implications, are discussed.

Key words: Nanoparticles, Nanodevices, Biomedical nanotechnology, Biodetection, Nanothera-
peutics, Implant materials

1. Introduction

Nanoscience and technology is a field that focuses on developing
new synthetic and analytical tools for building and studying struc-
tures with submicrometer, and more typically sub-100 nm dimen-
sions (1 nm=1x10" m) (see Fig. 1) (1, 2). Moreover, it is
concerned with the study of the chemical and physical properties
of such structures and how these properties change as the size of
a material is scaled down from the bulk to a collection of several
atoms. Finally, nanoscience and technology centers on utilizing
the capabilities and the fundamental property differences associ-
ated with such highly miniaturized structures to construct novel
functional materials and devices and to develop ground-breaking
applications. The nanoscale is a length scale that falls between
that of traditional chemistry and physics, which deals with the
manipulation of atomic bonds (~10-'® m) and that of biology,
where most structures are on the order of ~10-° to 107 m in

Sarah J, Hurst (ed.), Biomedical Nanotechnology: Methods and Protocois, Methods in Molecular Biology, vol. 726,
DOI 10.1007/978-1-61779-052-2_1, © Springer Science+Business Media, LLC 2011
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diameter (e.g., cells, viruses, and bacteria), and as a consequence
the field is highly interdisciplinary, encompassing aspects of
physics, chemistry, biology, engineering, and medicine.

Although a boom in nanoscience and technology research
occurred only recently, nanomaterials, in particular metallic nano-
particles, have been used for centuries in art (i.e., the Lycurgus
cup), architecture (i.c., stained glass windows), photography (i.¢.,
the developing process), and medicinal remedies (3, 4). In the
late 1800s, Michael Faraday discovered and developed reliable
syntheses for pseudo-spherical gold nanoparticles and later (in
1908) a theoretical framework for understanding of their optical
properties was put in place by Gustav Mie. In the mid-1900s,
enabling technologies for the imaging and manipulation of atoms
and nanostructures were pioneered as atomic force, and electron
microscopes were designed and put to use. It was also during this
time that biologists were unraveling cellular structure and discov-
ering a multitude of biological species (e.g., DNA and proteins)
that have nanoscale dimensions. Further, the advent of novel
electronic components such as transistors was ushering in the age
of high-powered computing. Such findings led prominent scien-
tists such as Richard Feynman and others to speculate that nano-
science and technology would be a revolutionary new research
direction for many fields of science (5).

Today, one of the main thrusts of nanoscience research is the
synthesis of novel nanoparticle materials and devices. Solution-
based syntheses exist for making monodisperse samples of both
isotropic and anisotropic metallic, semiconducting, and polymeric
nanoparticles of a variety of shapes (6) including spheres (7-10),
disks (11-13), prisms (14, 15), cubes (16-18), wires (19), rods
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Fig. 2. Electron microscopy images of some common nanostructures. (b) Adapted with permission from Nano Lett.
(2009), 9, 3116. Copyright 2009 American Chemical Society. (¢) Adapted with permission from J. Phys. Chem. B (2007),
111, 1249. Copyright 2007 American Chemical Society. (d) Adapted with permission from J. Am. Chem. Soc. (2008), 130,
14958. Copyright 2008 American Chemical Society. (e) Adapted with permission from J. Am. Chem. Soc. (2005), 127,
5312. Copyright 2005 American Chemical Society.

(20-23),and branched (24-26) structures (see Fig. 2). Techniques
such as arc discharge, laser ablation, and chemical vapor deposition
(CVD) are being used to create carbon-based nanomaterials (i.e.,
fullerenes and carbon nanotubes) (27, 28) (see Chapter 15).
Surface-based techniques (e.g., electrospinning (29), lithography
(30-32), and templation (20)) are being utilized to make surface-
bound nanostructures (33) (see Chapters 8 and 10), nanostruc-
tured scaffolding materials (see Chapters 15-17) (34-36),
nanoelectromechanical devices (NEMS) (see Chapter 9) (37, 38),
and nanofluidic devices (39). The nanomaterials produced using
these processes are being applied in electronics (40), catalysis (41,
42), energy storage and generation (43, 44), environmental
remediation (45, 46), security (47), and especially in biology and
medicine (48-50).

In particular, this volume focuses on the application of the
above types of nanomaterials in biomedicine. This chapter pro-
vides a brief introduction to this field. It highlights the common
properties of such structures and the main advantages that they
can offer compared to conventionally used materials. It then dis-
cusses the key applications in which these structures are used,
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namely, sensing, imaging, and therapeutics. Finally, it gives a
future perspective of this field, not only in terms of new research
directions, but also in terms of the larger societal implications of
and challenges associated with transitioning nanoscience and
technology products and strategies from the research laboratory
to the clinical setting.

2. Nanomaterials
in Medicine

The types of nanoparticles and nanodevices that are utilized in
biomedical applications are chemically and physically diverse, but
despite this diversity, they share several commonalities that make
them advantageous compared to conventionally used structures.

First, nanomaterials are small in size, having at least one
dimension (e.g., particle diameter or feature size) between 1 and
100 am (1). Due to their small size, these nanostructures have
high surface-to-volume ratios and hence are very reactive both
during and after their synthesis. This property in part makes them
highly tailorable and since their chemical and physical properties
depend on their size, shape, and composition, important param-
eters including their charge, hydrophobicity, solubility, and stabil-
ity can be easily tuned. For example, a given nanostructure could
be designed to be either structurally robust (51) or easily biode-
gradable (52) over a certain period of time in a biological envi-
ronment. Also, their small size allows nanostructures to readily
interact with biological entities, which have similar dimension.
Nanoparticles have been shown to be taken into cells through the
pores of their membranes (53) and even localized in particular
areas of the cell (54). They also have been known to cross the
blood-brain-barrier through tight biological junctions unlike
larger macrosized objects (55).

In addition, the nanomaterials employed in biomedical appli-
cations usually are multicomponent in nature (20, 49). Often, a
nanoparticle or nanostructure is conjugated to one or more types
of chemical and /or biological species such as oligonucleotides
(short, synthetic DNA strands), proteins, drugs, or lipids through
techniques including chemical conjugation, encapsulation, infu-
sion, or adsorption (56, 57) (see Chapters 6 and 7). For instance,
the gold nanoparticles discussed in Chapter 2 are functionalized
with oligonucleotides of more than one sequence (58) while the
bacteriophages discussed in Chapter 13 are modified with anti-
bodies as well as the hydrophobic drug, chloramphenicol (59).
Further, the nanomaterial itself is often composed of two or more
inorganic components or a combination of inorganic and organic
components in an alloy, core-shell, multishell, or dumb-bell
arrangement (60, 61). In Chapter 3, for instance, the utilized



