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Preface

Progress in nanoscience and nanotechnology has led to the development of a new field,
nanomedicine, which is generally defined as the biomedical applications of nanoscience
and nanotechnology. Nanomedicine stands at the boundaries between physical, chemical,
biological and medical sciences, and the advances in nanomedicine have made it possible
to analyze and treat biological systems at the cell and sub-cell levels, providing revo-
lutionary approaches for the diagnosis, prevention and treatment of some fatal diseases.
For example, the US National Cancer Institute expects that nanoscience and nanotech-
nology will be harnessed for the purposes of eliminating death and suffering from cancer.
Many nanomedicine approaches are already quite close to fruition, and the US Food and
Drug Administration has started to consider the complex issues related to the approval of
nanomaterials, nanodevices and nanosystems, for human betterment.

Nanomagnetism is at the forefront of nanoscience and nanotechnology, and in the field
of nanomedicine, magnetic nanomaterials are among the most promising nanomateri-
als for clinical diagnostic and therapeutic applications. The magnetic nanomaterials used
for biomedical purposes generally include zero-dimensional nanospheres, one-dimensional
nanowires and nanotubes, and two-dimensional thin films. Magnetic nanoparticles, mainly
including nanospheres, nanowires and nanotubes, are widely used for labeling and manip-
ulating biomolecules, targeting drugs and genes, magnetic resonance imaging, as well
as hyperthermia treatment. Magnetic thin films are often used in the development of
nanosensors and nanosystems for analyzing biomolecules and diagnosing diseases.

Due to the great market potential of nanomedicine, many universities, research institu-
tions, hospitals, commercial companies and government organizations have spent a great
deal of resources in the research of magnetic nanomaterials for biomedical applications,
and amazing progress has been made in this field. Some magnetic nanoparticles and
nanosensors are already commercially available. Some medical applications of magnetic
nanoparticles and nanosensors are under clinical trials, and encouraging results have been
reported.

Despite the rapid progress in nanomedicine, we are aware of the lack of good reference
books in the field of magnetic nanomaterials and their biomedical applications. Though
there are excellent reviews, book chapters, and books dealing with one or several top-
ics in this field, a book containing a comprehensive coverage of up-to-date progress in
this field is not available. The research in this field requires the collaboration between
researchers from different disciplines, such as physics, chemistry, materials sciences, elec-
trical engineering, biology and medicine. However, such cross-disciplinary cooperation
is not easy. For example, the languages and the tools used by materials scientists are
unfamiliar to many medical experts, and vice versa. Furthermore, the ways in which
physicists and biologists, or chemists and cancer researchers, think about a biomedical
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problem may be totally different. Therefore a book, based on which the researchers with
different backgrounds can communicate, is urgently needed.

Besides, due to the lack of a reference book that can provide a broad coverage and
deep insight into this field, most research activities are based primarily on the infor-
mation scattered throughout numerous reports and journals. Furthermore, because of the
paucity of suitable textbooks, the training in this field is usually not systematic, and this
is unfavorable for the further progress in this field.

This book aims to present a comprehensive treatment of this subject. It systematically
discusses the synthesis techniques, the physical and chemical properties, and the working
principles for biomedical applications of various types of magnetic nanomaterials. We
aim to satisfy the need of a textbook for beginners and research students, and a reference
book for professionals in this field. With such a book, beginners and research students
can quickly obtain an overall picture of this field. Meanwhile, this book bridges the gaps
between researchers from different disciplines, so that they can speak the same language,
and get their ideas across to each other. The clinical doctors who are interested in this
area will also find this book valuable.

The book mainly consists of three parts. The introductory part (Chapters 1 and 2) gives
general information about magnetic nanomaterials and their biomedical applications, and
provides the physical background for understanding and exploring the biomedical appli-
cations of magnetic nanomaterials. The second part (Chapters 3 to 7) deals with various
types of magnetic nanoparticles and their biomedical applications. Chapters 3 and 4 dis-
cuss the synthesis, properties and biomedical applications of magnetic nanospheres. In
Chapter 5, a special type of magnetic nanoparticle and magnetosomes that naturally exist
in magnetotactic bacteria are discussed. Chapters 6 and 7 discuss the synthesis, properties
and biomedical applications of nanowires and nanotubes, respectively.

The third part (Chapters 8 to 10) discusses the development of biosensors, biochips,
and their biomedical applications, with emphases laid on the sensing effects of mag-
netic thin films. Chapter 8 discusses the development of magnetic biosensors widely
used in biomedical tests, mainly including magnetoresistance-based sensors, Hall-effect
sensors, sensors detecting magnetic relaxations, and sensors detecting susceptibilities of
ferrofluids. Chapter 9 mainly discusses the development of magnetic biochips based on
the magnetic biosensors discussed in Chapter 8. Chapter 10 discusses the typical biomed-
ical applications of magnetic biosensor and biochip technologies. In these applications,
magnetic biosensors and biochips are mainly used to detect the biomolecules labeled by
magnetic nanoparticles. An outlook for the biomedical applications of magnetic biosensor
and biochip technologies is made at the end of this chapter.

In this book, the interdisciplinary nature of nanomedicine is emphasized. We take bits
and pieces from the contributing disciplines and integrate them in ways that produce a
new conceptual framework. To make the book readable, the contents of the book are
systematically and logically developed from the elementary level. Each chapter presents
one of the major topics in the development of functional magnetic nanomaterials and their
biomedical applications, and contains a brief introduction to the basic physical and chem-
ical principles of the topic under discussion. Therefore, each chapter is a self-contained
unit, from which readers can readily obtain comprehensive information on this topic. To
provide an extensive treatment of each topic, we have condensed mountains of literature
into a readable account within a reasonable size. Important references have been included
for the benefit of the readers who wish to pursue further their interested topics in a greater
depth.

In preparing the book, we have tried to emphasize the fundamental concepts. Though
a considerable amount of the contents in this book is related to experimental details and
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results, we have tried to present the underlying sciences so that the readers can understand
the process of applying fundamental concepts to design experiments and obtain useful
results.

It should be indicated that, due to the rapid development of this field, and its interdis-
ciplinary nature, a truly comprehensive coverage is difficult, and some important work
in this field may have been missed. It is also difficult to always give proper credit to
those who are the originators of new concepts and the inventors of new techniques. The
summary and commentary we have written may not have grasped the essentials of the
work under discussion. We hope this book does not have too many such errors, and we
would appreciate it if readers could bring the errors they discover to our attention so that
these can be corrected in future editions.

We would like to acknowledge the contributions made by the students and staff at
the Center of Excellence for Nano/Neuro Sensors and Systems (CENNESS), University
of Arkansas, Fayetteville, including the contributions from Jose Abraham in Chapters 9
and 10.

This work is partially supported by the National Science Foundation NSF-EPSCoR
Award No. EPS-0701890.

Vijay K. Varadan
Linfeng Chen
Jining Xie
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1

Introduction

1.1 What is Nanoscience and Nanotechnology?

In the lexicology of science and technology, the prefix ‘nano’ refers to one-billionth of a
unit. For example, one nanometer (nm) is one billionth (10~%) of a meter. The nanometer
scale is the natural spatial context for molecules and their interactions. Nanoscience and
nanotechnology deal with the objects at the nanometer scale (National Science and Tech-
nology Council 1999a). The properties and functions of objects at the nanometer scale
are significantly different from those at a larger scale. Generally speaking, nanoscience
investigates the properties of materials at atomic, molecular and macromolecular scales,
while nanotechnologies deal with the design, production and application of devices and
systems by controlling their shapes and sizes at the nanometer scale (Royal Society and
Royal Academy of Engineering 2004).

Biology is one of the most active fundamental sciences, and it is also a science that is
the most visible to the public. The need for improvement in medicine for the treatment
of disease or, in a general sense, for the amelioration, correction and prevention of dys-
function in health, will never disappear (Whitesides and Wong 2006). The combination of
biology and medicine, generally referred to as ‘biomedicine’, represents a most exciting
blend of science and technology. The nanoscale provides a junction for biomedicine and
materials science and technology. This book discusses the developments in nanoscience
and nanotechnology and their applications in biomedicine.

1.1.1 Nanoscale: Where Physical and Biological Sciences Meet

As indicated in Figure 1.1, nanoscale is generally defined as the range from the size of
atoms up to 100 nanometers, and a nanomaterial is usually defined as a material whose
smallest dimension is less than 100 nanometers (Yih and Wei 2005). In a general sense,
nanomaterials include all the structures, devices and systems at nanoscale. In some cases
the size limit of a nanomaterial can be extended up to 1000 nm, and the essential point
is that a nanomaterial exhibits unique properties that are quite different from those at a
larger scale.

In Figure 1.1, a lot of biological entities are within the range of nanoscale, such as
proteins, antibodies, viruses and bacteria, and they are usually called biological nano-
materials. The special functions and properties of biological nanomaterials provide much
inspiration for the design of non-biological nanomaterials; meanwhile, due to their suit-
able sizes, non-biological nanomaterials can be used to access or manipulate biological
nanomaterials (Yih and Wei 2005). Nanomaterials with sizes smaller than 50 nm can get

Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
V. Varadan, L.F. Chen, J. Xie
© 2008 John Wiley & Sons, Ltd



2 Introduction

Nanoscale
"
1072m 10%m 107m 10°%m 10°%m 102m 107'm
p(pico) n(nano) (100n) p(micro) m(milli)  c(centi) d(deci)

I »

Angstrom (A. 0.1 nm) Viruses (10~100+nm) Red Blood Cells (10 um)  Fly (10 mm)
Atoms (0.1~0.5 nm) Antibodies (10 nm) Bacteria (100 nm~10 um) Insects (1 mm-~1cm)
Molecules (0.3~23 nm) Proteins (1~10 nm)  Hair (50 um) Human Egg (100 um)
X-rays (0.1~10 nm) UV (100 nm) Visible light (7 um) Infrared (10 um) Microwave (1 cm)

Figure 1.1 Nanoscale and typical materials whose dimension ranges are comparable to nanoscale.
(Yih and Wei 2005)

inside most cells without difficulty. When nanomaterials with sizes smaller than 20 nm
travel around the circulatory system of the body, they can move out of blood vessels.
Therefore, after special treatments, nanomaterials are widely used as targeted drug deliv-
ery vehicles, which carry chemotherapeutic agents or therapeutic genes into the desired
malignant cells while saving healthy cells. It should be noted that, in most of the techni-
cal literatures, nanomaterials are usually referred as non-biological nanomaterials, though
biological entities and biological techniques have been widely used in the design and
synthesis of non-biological nanomaterials.

The biological and physical sciences share a common interest in nanoscale, and the
integration of biology and materials at the nanoscale has the potential to revolutionize
many fields of science and technology. A vigorous trade across the borders of these areas
exists in the development of new materials and tools, and the investigation of new phe-
nomena. The advances in physical sciences offer materials useful in cell and molecular
biology, and provide tools for characterizing cells and sub-cellular components; mean-
while the progress in biology provides a window for researchers to understand the most
sophisticated functional nanostructures that have ever existed (Whitesides 2003).

1.1.2 Nanoscience

Nanoscience investigates those objects whose smallest dimensions range from several
nanometers up to 100 nanometers (Royal Society and Royal Academy of Engineering
2004; Poole and Ownes 2003). As nanoscale may be the final engineering scale people
have yet to master, nanoscience is regarded as a launch pad to a new technological era
by many scientists and engineers (National Science and Technology Council 1999a).

Due mainly to the following two reasons, nanomaterials exhibit properties that are quite
different from those of materials at large scales (Royal Society and Royal Academy of
Engineering 2004; National Science and Technology Council 1999b). First, the surface
areas of nanomaterials are much larger than those of the materials with the same mass but
in a larger form. A larger surface area usually results in more reactive chemical properties,
and also affects the mechanical or electrical properties of the materials. Second, nanomate-
rials are the natural home of quantum effects. At the nanoscale, quantum effects dominate
the behaviors of a material, affecting its optical, electrical and magnetic properties.

1.1.2.1 Quantum Effect

To study the properties of the objects in the normal-sized realm, such as cars and houses,
it is not usually necessary to use quantum mechanics, which is used by scientists to
describe the properties of materials at the atom and electron levels. However, researchers



