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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 revolutionary approaches for the diagnosis, prevention and treatment of some fatal diseases.
For example, the US National Cancer Institute expects that nanoscience and nanotechnology 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 nanomaterials 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 manipulating 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 institutions, 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 topics 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, electrical 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 information 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 applications 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 discuss 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 magnetic 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 biomedical 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 chemical 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 interdisciplinary 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 (10−9 ) 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 Technology 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 dysfunction 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 nanomaterials. The special functions and properties of biological nanomaterials provide much
inspiration for the design of non-biological nanomaterials; meanwhile, due to their suitable 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
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Nanoscale
10−12m

10−9m

p(pico)

n(nano)

Angstrom (Å. 0.1 nm)
Atoms (0.1~0.5 nm)

10−7m 10−6m
(100n)

Viruses (10 ~100+nm)

UV (100 nm)

m(milli)

Red Blood Cells (10 mm)
Bacteria (100 nm~10 mm)

Antibodies (10 nm)

Molecules (0.3~23 nm) Proteins (1~10 nm)
X-rays (0.1~10 nm)

10−3m 10−2m 10−1m

m(micro)

Hair (50 mm)

c(centi)

d(deci)

Fly (10 mm)
Insects (1 mm~1 cm)

Human Egg (100 mm)

Visible light (1 mm) Infrared (10 mm) 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 delivery 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 technical 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 phenomena. The advances in physical sciences offer materials useful in cell and molecular
biology, and provide tools for characterizing cells and sub-cellular components; meanwhile 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, nanomaterials 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

What is Nanoscience and Nanotechnology?

3

in nanoscience are developing nanoscale building blocks, such as metallic and ceramic
nanoparticles, and all-carbon nanotubes. These building blocks are hundreds of millions
of times smaller than the bricks used for building houses and the tubes used for plumbing
(National Science and Technology Council 1999a). Such nanoscale building blocks exhibit
quantum effects.
Because the size of nanomaterials is close to the de Broglie wavelength of electrons and
holes at room temperature, the states of free charge carriers in nanocrystals are quantized
(Parak et al. 2003). For spherical nanocrystals, in which free electrons and holes are
conﬁned in all three directions, the movement of charge carriers is completely determined
by quantum mechanics, and therefore the nanocrystals are often called quantum dots.
Because of the similarity between the discrete energy levels of quantum dots and the
discrete energy levels of atoms, quantum dots are often regarded as artiﬁcial atoms. Since
the energy levels are determined by the size of the nanocrystal, they can be controlled by
synthesizing nanocrystals of different diameters: the smaller a nanocrystal, the larger the
spacing between its energy levels will be.
For semiconductor nanocrystals, their band gaps are size-dependent. If nanocrystals are
excited optically, charge carriers are excited to upper energy levels. Fluorescent light will
be emitted when the excited charge carriers fall back to the ground state. By controlled
adjustment of the size during the synthesis of semiconductor nanocrystals basically all
ﬂuorescent colors in the visible region can be obtained, and there is no red-tail in the
emission spectrum (Parak et al. 2003).
1.1.2.2 Surface Galore
For a given amount of material, the surface area compared to the volume increases when
the particle size decreases, and thus the proportion of the constituent atoms at or near
the surface increases. This feature is important because a lot of reactions occur at the
surfaces of materials (National Science and Technology Council 1999a). For example,
photosynthesis happens on the inside surfaces of cells, and catalysis happens on the
surfaces of particles.
1.1.3 Nanotechnology
Nanotechnology usually refers to the capability of designing and controlling the structure
of an object in the size range of nanometers. However, different researchers may have
different opinions about what nanotechnology is, and it seems that the deﬁnitions of nanotechnology are as diverse as the applications of nanotechnology (Cao 2004; Malsch 2002;
Taniguchi 1974). Some people consider the study of microstructures of materials using
electron microscopy and the growth and characterization of thin ﬁlms as nanotechnology. Other people consider a bottom-up approach in materials synthesis and fabrication,
such as self-assembly or biomineralization to form hierarchical structures like abalone
shell, to be nanotechnology. A drug-delivery system is a nanotechnology, and organizing
molecules into functional complexes, for example a complex for delivering proteins to a
certain position in the body, is also a nanotechnology. These deﬁnitions are true for certain
speciﬁc research ﬁelds, but none of them covers the full spectrum of nanotechnology. The
many diverse deﬁnitions of nanotechnology reﬂect the fact that nanotechnology covers a
broad spectrum of research ﬁelds and requires true interdisciplinary and multidisciplinary
efforts (Cao 2004). From the various deﬁnitions of nanotechnology listed above, we ﬁnd
that the only feature common to the diverse activities characterized as ‘nanotechnology’
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is the tiny dimensions on which they operate (Royal Society and Royal Academy of
Engineering 2004).
Generally speaking, nanotechnology can be understood as a technology of design, fabrication and applications of nanomaterials and nanostructures. Nanotechnology also includes
a fundamental understanding of the physical properties and phenomena of nanomaterials and nanostructures. Study of fundamental relationships between physical properties
and phenomena and material dimensions in the nanometer scale, is also referred to as
nanoscience. To provide a more focused deﬁnition, nanotechnology deals with materials
and systems whose structures and components possess novel and signiﬁcantly improved
physical, chemical and biological characteristics due to their nanoscale sizes (Cao 2004).
Though the word nanotechnology is new, the research on nanometer scale is not new.
For example, the study of biological systems and the engineering of many materials such
as colloidal dispersions, metallic quantum dots and catalysts have been in the nanometer
regime for centuries. What is really new about nanotechnology is the combination of our
capability of observing and manipulating materials at the nanoscale and our understanding
of atomic scale interactions (Cao 2004). The invention and development of transmission
electron microscopy (TEM), scanning tunneling microscopy (STM) and other scanning
probe microscopy (SPM), such as atomic force microscopy (AFM), have opened up new
possibilities for the characterization, measurement and manipulation of nanostructures
and nanomaterials. Using these instruments, it is possible to study and manipulate the
nanostructures and nanomaterials down to the atomic level.
After introducing the deﬁnition of nanotechnology by the US National Nanotechnology
Initiative below, we discuss various nanotechnologies that often appears in the literature.
1.1.3.1 Deﬁnition by US National Nanotechnology Initiative
Though there are many different deﬁnitions for nanotechnology, most researchers follow
the deﬁnition given by the US National Nanotechnology Initiative (NNI) (Alper 2005a).
According to NNI, nanotechnology mainly involves three aspects: (i) research and technology development at the atomic, molecular or macromolecular levels; (ii) development
and applications of structures, devices and systems with novel properties and functions
due to their small and/or intermediate size; (iii) control and manipulation of materials at
the atomic scale.
Encompassing science, engineering, and technology at the nanometer scale, nanotechnology involves imaging, characterizing, modeling and manipulating materials at the
dimensions of roughly 1 to 100 nanometers. At this scale, the physical, chemical and
biological properties of materials are fundamentally different from those of individual
atoms, molecules and bulk materials (National Science and Technology Council 2004).
By exploiting these novel properties, the main purpose of research and development in
nanotechnology is to understand and create materials, devices and systems with improved
characteristics and performances.
1.1.3.2 Natural Nanotechnology
Nanotechnology occurs in nature without intervention from human beings. The magic
of natural nanotechnology encourages researchers in nanotechnology, including physicists, chemists, materials scientists, biologists, mechanical and electrical engineers and
many other specialists, to learn from nature (National Science and Technology Council
1999a). In the following paragraphs, we discuss two examples of natural nanotechnology:
chloroplast and F1 -ATPase complex.
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Figure 1.2 Basic structure of chloroplast. The nanoscale thylakoid disks arranged inside the
stacked structures are the molecular machinery which convert light and carbon dioxide into biochemical energy. (National Science and Technology Council 1999a)

Photosynthesis is a biological way of capturing solar energy. Photosynthesis occurs in
chloroplasts with nanometer and micrometer dimensions. Chloroplasts are a product of
natural evolution. As shown in Figure 1.2, a chloroplast is a result of brilliantly engineered
molecular ensembles, including light-harvesting molecules such as chlorophyll, arranged
within the cell. These ensembles harvest the light energy by converting it into the biochemical energy stored in chemical bonds, which drives the biochemical machinery in
plant cells (National Science and Technology Council 1999a).
F1 -ATPase complexes, approximately 10 nanometers across, are one of the greatest
achievements of natural nanotechnology. They enable cells to produce the required biochemical fuel. As shown in Figure 1.3, F1 -ATPase complexes are molecular motors inside
cells, and they continuously operate every time you move a muscle, or live another second. Each F1 -ATPase complex is a complex of proteins bound to the membranes of
mitochondria, the bacteria-sized battery of a cell. F1 -ATPase complexes play a crucial
role in synthesizing Adenosine triphosphate (ATP), which is the molecular fuel for cellular activity. Similar to fan motors, F1 -ATPase complexes can also make a rotary motion
(National Science and Technology Council 1999a). The mechanism of rotary motion
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Figure 1.3 Basic structure of F1 -ATPase complex. (National Science and Technology Council
1999a)
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seems to involve a sequential set of changes in conformation of the proteins driven by
ions moving across the cell membrane. Though the rotary mechanism is yet to be further
investigated, it certainly does not involve electrical current, magnetic ﬁelds or expansion
of hot gasses in a cylinder (Whitesides 2003).
Natural nanotechnology provides much inspiration for researchers in nanotechnology.
To learn from nature, it is necessary to have detailed knowledge about the basic biochemical and biophysical mechanisms at the level of the individual molecule, based on
which the naturally occurring molecular machines operate. Knowledge about the working
mechanisms of molecular machines is helpful for exploring new technological applications of the molecular machines and developing bio-mimic nanomaterials (Royal Society
and Royal Academy of Engineering 2004).
1.1.3.3 Electronic Nanotechnology
Current nanotechnology is mainly driven by the continual shrinking of devices in the
semiconductor industry and supported by the availability of characterization and manipulation techniques at the nanometer level (Cao 2004; Whitesides 2005). The continued
decrease in device dimensions has followed the well-known Moore’s law: the dimension of a device halves approximately every eighteen months. Electronic engineers have
already shown how to extend existing methods for making microelectronic devices to new
systems with wires and components whose dimensions are less than 100 nm. Scientists
are currently working on molecular and nanoscaled electronics, which are constructed
using single molecules or molecular monolayers. The continued size shrinkage of electronic circuits will sooner or later meet with the materials’ fundamental limits imposed
by thermodynamics and quantum mechanics.
1.1.3.4 Chemical Nanotechnology
For chemists, nanotechnology is not an entirely new ﬁeld, as many existing chemical
technologies employ nanoscale processes. Chemical catalysis is a typical example of
chemical nanotechnology that has existed for more than a century. Catalysts accelerate
numerous chemical transformations, such as the conversion of crude oil into gasoline and
the conversion of small organic chemicals into drugs. Similarly, enzymes in cells are
actually a kind of biological catalyst, and they organize and modulate the life chemistry
of the body. It is expected that the nanoscale understanding of catalysis will lead to better
and cleaner industrial processes.
1.1.3.5 Nanobiotechnology
Nanobiotechnology is a ﬁeld that concerns the utilization of biological systems optimized through evolution, such as cells, cellular components, nucleic acids and proteins,
to fabricate functional nanostructures and mesoscopic architectures comprised of organic
and inorganic materials (Niemeyer and Mirkin 2004). Biological molecules can be harnessed for the creation of nanostructures, and can be used to assemble nanoscale building
blocks based on the principle of molecular recognition (Parak et al. 2003). Many biological molecules, such as DNA, can bind to other molecules in a lock-and-key manner
with very high selectivity and speciﬁcity. For example, the sequences of single-stranded
oligonucleotides can be chosen so that they can bind to other partly complementary
single-stranded oligonucleotides, causing the formation of complex patterns such as twodimensional crystals or cubes.
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The instruments originally developed for synthesizing and manipulating nanoscale
materials have been reﬁned and applied in the fundamental researches of biological activities (Niemeyer and Mirkin 2004). Nanotechnology has contributed important tools to
investigate and manipulate biological nano-objects. One example is an atomic force microscope (AFM) based sensor, which detects biological molecules by binding them to a tiny
cantilever, thereby tuning its resonance frequency. Another example is the miniaturization
of a wide variety of laboratory apparatus to the size of a silicon chip. In this way the
speed and throughput of classical biochemical methods, such as gel electrophoresis and
polymerase chain reaction, can be increased (Parak et al. 2003).
1.1.3.6 Biomedical Nanotechnology
Nanomaterials and nanotechnology are widely applied in biomedicine, especially in the
areas of biomedical diagnosis, drugs and prostheses and implants (Malsch 2002). The
applications of biomedical nanotechnology generally fall into two categories: outside
the body and inside the body. For applications outside the body, biosensors and biochips
have been used to analyze blood and other biological samples. For applications inside the
body, researchers are working on targeted drugs delivery, implantation of insulin pumps
and gene therapy. In addition, great achievements have been made on the prostheses and
implants that include nanostructured materials.
1.1.3.7 Cancer Nanotechnology
Cancer is one of the leading causes of death in developed countries. Conventional treatments, including surgery, radiation, chemotherapy and biological therapies (immunotherapy) are limited by the accessibility of the tumor, the risk of operating on a vital organ,
the spread of cancer cells throughout the body and the lack of selectivity toward tumor
cells (Arruebo et al. 2007). Nanotechnology can provide a better chance of survival. Cancer nanotechnology is actually a kind of biomedical nanotechnology. As more and more
attention is paid to the diagnosis and therapy of cancers using nanotechnology, so cancer
nanotechnology becomes a special branch in nanotechnology.
Cancer nanotechnology includes varieties of materials and techniques that are used for
solving various problems. The research activities in cancer nanotechnology generally fall
into seven categories. The ﬁrst is the development of early imaging agents and diagnostic
techniques for detecting cancers at their earliest, pre-symptomatic stage. Second is the
development of techniques that can provide on-site assessments of the effects of the therapies. Third is the development of targeting devices that can bypass biological barriers and
accurately deliver therapeutic agents to the tumor sites. Fourth, the development of agents
that can be used to monitor predictive molecular changes and to prevent pre-cancerous
cells from becoming malignant ones. Fifth is the development of surveillance systems for
detecting the mutations that could trigger the cancer process and also for detecting genetic
markers indicating a predisposition to cancers. Sixth is the development of methods for
controlling cancer symptoms that badly affect quality of life. Seventh is the development
of techniques helping researchers to rapidly identify new targets for clinical treatment and
forecast possible side effects and drug resistance.
There are two major trends in cancer nanotechnology research (Alper 2005a). One
trend is the development of multi-functional nanomaterials than can be used to simultaneously image a tumor and deliver drugs to the tumor. This may be the most radical
improvement that nanotechnology can make for cancer treatment. The other trend in cancer nanotechnology is to dose a tumor with many drugs simultaneously, not just with
one drug. In this way, the drug resistance problem, which is one of the most vexing
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problems in cancer treatment, could be solved. Usually, the drug resistance of a cancer
cell is due to its ability to pump out the anti-cancer drugs once they are delivered into
the cell. However, by delivering an agent that can inhibit the pumping at the same time
as the anti-cancer drugs are delivered to cancer cells, the problem of drug resistance may
disappear.
1.1.4 Typical Approaches for Synthesis of Nanomaterials
The approaches for synthesis of nanomaterials are commonly categorized into top-down
approach, bottom-up approach and hybrid approach.
1.1.4.1 Top-down Approach
Generally speaking, the top-down approach is an extension of lithography. This approach
starts with a block of material, and reduces the starting material down to the desired shape
in nanoscale by controlled etching, elimination and layering of the material (Cao 2004).
Owing to the advancement of the semiconductor industry, the top-down approach for the
fabrication of nanomaterials is a well developed method.
One problem with the top-down approach is the imperfection of the surface structure
(Cao 2004). The conventional top-down techniques, such as lithography, may cause severe
crystallographic damage to the processed patterns, and some uncontrollable defects may
also be introduced even during the etching steps. For example, a nanowire fabricated by
lithography usually contains impurities and structural defects on the surface. As the surface
over volume ratio in nanomaterials is very large, such imperfections may signiﬁcantly
affect the physical properties and surface chemistry of the nanomaterials.
Regardless of the surface imperfections and other defects, the top-down approach is
still important for synthesizing nanomaterials. However, it should be noted that, in the
quest for miniaturization, top-down lithographic approaches for creating nanomaterials
are approaching the fundamental limitations. Even cutting-edge electron beam lithography cannot create structures smaller than 10 nm (Darling and Bader 2005). Besides,
lithographic techniques are usually expensive, and their productivities are usually low.
1.1.4.2 Bottom-up Approach
In a bottom-up approach, materials are fabricated by efﬁciently and effectively controlling
the arrangement of atoms, molecules, macromolecules or supramolecules (Luo 2005). The
bottom-up approach is driven mainly by the reduction of Gibbs free energy, so the nanomaterials thus produced are in a state closer to a thermodynamic equilibrium state. The
synthesis of large polymer molecules is a typical example of the bottom-up approach,
where individual building blocks, monomers, are assembled into a large molecule or
polymerized into bulk material. Crystal growth is another example of the bottom-up
approach, where growth species – either atoms, or ions or molecules – assemble in an
orderly fashion into the desired crystal structure on the growth surface (Cao 2004).
The concept and practice of a bottom-up approach have existed for quite a while, and
this approach plays a crucial role in the fabrication and processing of nanomaterials. The
nanostructures fabricated in the bottom-up approach usually have fewer defects, a more
homogeneous chemical composition and better short and long range ordering.
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1.1.4.3 Hybrid Approach
Though both the top-down and bottom-up approaches play important roles in the synthesis of nanomaterials, some technical problems exist with these two approaches. For
the top-down approach, the main challenge is how to accurately and efﬁciently create
structures which are becoming smaller and smaller; while for the bottom-up approach,
the main challenge is how to fabricate structures which are of sufﬁcient size and amount
to be used as materials in practical applications. The top-down and bottom-up approaches
have evolved independently. It is found that, in many cases, combining top-down and
bottom-up methods into a uniﬁed approach that transcends the limitations of both is the
optimal solution (Royal Society and Royal Academy of Engineering 2004; Darling and
Bader 2005). A thin ﬁlm device, such as a magnetic sensor, is usually developed in a
hybrid approach, since the thin ﬁlm is grown in a bottom-up approach, whereas it is
etched into the sensing circuit in a top-down approach.
1.1.5 Interdisciplinarity of Nanoscience and Nanotechnology
Nanoscience and nanotechnology are highly interdisciplinary, encompassing aspects of
physics, chemistry, biology, materials science and engineering, and medicine (Hurst et al.
2006). Due to their interdisciplinarity, nanoscience and nanotechnology have brought
about cooperation between scientists and engineers with different backgrounds to share
their expertise, instruments and techniques (Royal Society and Royal Academy of Engineering 2004). The evolutionary developments within different areas in the investigation
of materials that are becoming smaller and smaller have contributed to the rapid progress
in nanoscience and nanotechnology, and meanwhile nanoscience and nanotechnology beneﬁt not only the electronics industry, but also the chemical and space industries, as well
as medicine and health care.
In the following subsections we concentrate on the roles of three disciplines in
the research of nanoscience and nanotechnology: chemistry, physics and biology and
medicine.
1.1.5.1 Chemistry
Chemistry plays a leading role in nanotechnology, and in a sense, chemistry is the ultimate nanotechnology. The opportunities for chemistry to make important contributions to
nanoscience abound, and three promising areas include synthesis of nanomaterials, molecular mechanisms in nanobiology, and risk assessment and evaluation of safety (Whitesides
2005). Chemistry is unique in the sophistication of its ability to synthesize new forms of
matter. In making new forms of matter by joining atoms and groups of atoms together
with bonds, chemistry contributes to the invention and development of materials whose
properties depend on nanoscale structure. Meanwhile, chemistry makes unique contributions to the study of the molecular mechanisms of functional nanostructures in biology,
such as the light-harvesting apparatus of plants, ATPases, the ribosome and the structures
that package DNA, ultimately the cell. Furthermore, analyzing the risks of nanomaterials
to health and the environment requires cooperation across various disciplines, including
chemistry, physiology, molecular medicine and epidemiology.
1.1.5.2 Physics
Compared with bulk materials, materials at the nanoscale exhibit quite different properties,
and physics studies the underlying mechanisms of the changes of properties due to the
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size changes. Physicists are investigating the special mechanical, thermal, electrical and
optical properties of various types of nanomaterials, such as quantum dots and hybrid thin
ﬁlms, and most of the researches involves quantum mechanics.
Among various categories of nanomaterials, magnetic nanomaterials exhibit unique
size dependence of magnetic properties in the nanoscale, and knowledge of these properties is essential for the design and modiﬁcations of magnetic nanomaterials and for the
development their speciﬁc applications. The research on nanomagnetism, magnetism in
nanomaterials, has been among the most challenging topic in nanoscience and nanotechnology (Himpsel et al. 1998).
1.1.5.3 Biology and Medicine
It is a main trend that biomedical and physical sciences share a common interest in
nanomaterials, and the conventional borders of these areas are disappearing. The union of
biologists and physicians with engineers and materials scientists is encouraging (Ritchie
2005). As few biologists and physicians know much about engineering and materials
science, and even fewer engineers and materials scientists know much about medicine,
the potential for such a union seems boundless.
Nanofabrication can provide analytical tools for investigating biomolecules as well as
for exploring the interior structure and function of cells (National Science and Technology
Council 1999b). In return, biology is clearly having an equally signiﬁcant impact on
nanoscience and nanotechnology. Methods in biology can be used to make nanomaterials
that are difﬁcult or impossible to be fabricated by synthetic means (Taton 2003). Due
to the evolution of billions of years, organisms of all types are equipped with numerous
nanomachines, such as DNA that can be used for information-storage and chloroplasts
that capture the solar energy (Service 2002; National Research Council 1994).
Researchers in the ﬁeld of nanoscience and nanotechnology are seeking practical help
from biology. One of the most attractive features of biological systems is that an organism has the capability to produce extremely complex molecules, for example DNA and
proteins, with atomic precision. The powerful biomachinery can further arrange different
organisms into a complicated system. However, synthesized nanomaterials, for example
carbon nanotubes and metal nanoparticles, do not have similarly efﬁcient guiding mechanisms. Besides, it is very difﬁcult to handle and manipulate nanomaterials using the
traditional methods. Inspired by the discoveries in biology, researchers in the ﬁeld of
nanoscience and nanotechnology are trying to use the molecular toolbox in biology, for
the synthesis of functional nanomaterials (Service 2002).
Researchers attempt to combine the capability of assembling complex structures in
biology and the ability of developing functional devices in nanoscience and nanotechnology. Such a combination is helpful for the development of a variety of novel structures
and devices (Service 2002). Williams et al. (2002) demonstrated the bioelectronic assembly, as shown in Figure 1.4. In this example, the assembly of the carbon nanotubes into
molecular-scale electronic devices is based on the selective binding capabilities of peptide
nucleic acid (PNA). Similar to DNA, PNA consists of a series of nucleotide bases (A’s,
T’s, G’s and C’s) that selectively bind to one another. However, in a PNA, the backbone of sugar and phosphate groups in DNA is substituted with more stable links based
on peptides. Due to this substitution PNAs can endure higher temperatures and stronger
solvents, often used in chemical and biological processing, than DNAs.
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Figure 1.4 Bioelectronic assembly of a carbon nanotube. (a) Schematic drawing, and (b) micrograph. (Service 2002)

1.2 Magnets and Nanometers: Mutual Attraction
As physicists and materials scientists are becoming increasingly interested in the properties of magnetic materials on the nanometer scale, biology is beneﬁting from nanomagnets.
Magnetic nanomaterials are quite different from other nanomaterials, because the fundamental properties of magnets are deﬁned at nanometer length scales (Koltsov and Perry
2004). Nanomagnets can measure anything from just under a micron to a few nanometers
in size, and have applications that range from medical imaging and drug delivery to sensors and computing. As will be discussed in later chapters, magnetic nanomaterials are
widely used in biology and medicine.
Nanomagnetism is at the frontiers of nanoscience and nanotechnology, and magnetic
nanomaterials are among the most promising nanomaterials for clinical diagnostic and
therapeutic applications. Nanomagnetism basically involves studying how such ferromagnetic materials behave when they are geometrically restricted in at least one dimension.
One of the central topics in nanomagnetism is the superparamagnetic properties of magnetic nanomaterials; in most cases, what makes ferromagnets useful in biomedical applications is their superparamagnetic properties. More discussions about nanomagnetism can
be found in Chapter 2.

1.3 Typical Magnetic Nanomaterials
The magnetic nanomaterials used in biology and medicine generally fall into three categories: zero dimensional nanomaterials such as nanospheres; one-dimensional nanomaterials such as nanowires and nanotubes; and two-dimensional nanomaterials such as
thin ﬁlms. Usually, all the nanospheres, nanorods, nanowires and nanotubes are called
nanoparticles, among which, nanorods, nanowires and nanotubes are high aspect-ratio
nanoparticles.
In most of the biomedical applications, magnetic nanoparticles are suspended in appropriate carrier liquids, forming magnetic ﬂuids, also called ferroﬂuids. The properties of
ferroﬂuids are discussed in Chapter 2. In most of the biomedical applications, magnetic
thin ﬁlms are usually fabricated into magnetic biosensors or biochips, by etching them into
certain patterns to perform speciﬁc functions. As discussed in detail in Chapter 8, most
of the magnetic biosensors fabricated from magnetic thin ﬁlms detect the stray magnetic
ﬁelds from magnetic nanoparticles that are attached to biomolecules.
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1.3.1 Nanospheres
Among the three types of magnetic nanoparticles, magnetic nanospheres are most widely
used in biomedicine. To realize their biomedical applications, the magnetic nanospheres
should be stably suspended in the carrier liquid, and they should also carry out certain
biomedical functions. The magnetic material most often used is iron oxides, usually in the
form of magnetite (Fe3 O4 ) or maghemite (γ -Fe2 O3 ), and the carrier liquids are usually
water, kerosene or various oils.
Figure 1.5 shows the basic structures of magnetic nanospheres used for biomedical
applications. Due to their small size, the magnetic nanoparticles in carrier liquids neither
form sediment in the gravitational ﬁeld or in moderate magnetic ﬁeld gradients, nor do
they agglomerate due to magnetic dipole interaction. However, a stable suspension can
only be achieved if the particles are protected against agglomeration due to the van der
Waals interaction. Usually this protection can be achieved by two approaches (Could 2004;
Odenbach 2004). One is the electric charge stabilization. In this approach, a thin layer
of gold is coated on the surface of the nanospheres. Meanwhile, the thin gold layer can
also serve as an ideal base on which chemical or biological agents can be functionalized,
as shown in Figure 1.5(a). These molecules generate a repulsive force, preventing the
particles from coming into contact and thus suppressing the destabilizing effect of the van
der Waals interaction. In practical applications, these two approaches are often used in
combination for the majority of ferroﬂuids, since this allows the synthesis of suspensions
which are stable over years (Could 2004). Usually, iron oxide nanoparticles used in
biomedical applications are coated with gold or silica, and subsequently functionalized,
for example, with antibodies, oligonucleotides or peptide ligands.
One major trend in the research of nanospheres is the development of multi-functional
nanospheres, and one typical approach for realizing the multi-functionality is to functionalize a magnetic nanosphere with different functional groups. Figure 1.6 illustrates
a multifunctional magnetic nanosphere. The targeting ligands and delivery peptides conjugated on the nanoparticle surface are used for targeting the nanosphere to the desired
location and for delivering the drug respectively, and the sensor and reporter functional
group is for checking the effects of drug delivery.
Another approach to performing multiple functions simultaneously is to use multicomponent nanomaterials, such as core–shell, alloyed and striped nanoparticles (Hurst
et al. 2006). Researchers hope to design multicomponent nanostructures and exploit their

(a)

(b)

Figure 1.5 Two approaches for protection of nanospheres. (a) Electric charge stabilization (Could
2004); (b) organic molecule stabilization. (Odenbach 2004)

Typical Magnetic Nanomaterials

13

Sensor &
reporter
Targeting
Ligand

Coating

Delivery
Peptide
Magnetic
Nanoparticle

Figure 1.6

Illustration of a multifunctional magnetic nanosphere, modiﬁed from Could (2004)
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Figure 1.7 Conﬁgurations of three types of nanowires. (a) Single-segment nanowire; (b) twosegment nanowire; (c) multilayer nanowire. (Sun et al. 2005). Reprinted from IBM Sun, L., Hao,
Y., Chien, C.L. and Searson, P.C. (2005) Tuning the properties of magnetic nanowires, Journal of
Research and Development, 49(1), 79–102, with permission from IBM

inherent multiple functionalities for use in many novel applications. For example, in a
core–shell system, the favorable properties of the core are maintained, while the shell
functions to provide additional stabilization, passivation or chemical functionality.
1.3.2 Nanorods and Nanowires
Nanorods and nanowires are straight solid one-dimensional high aspect ratio nanomaterials. Usually, a nanowire has a higher aspect ratio than a nanorod; however there is
no strict standard by which we can differentiate a nanorod and a nanowire. A nanorod
named by some researchers may be called a nanowire by other researchers, and vice
versa. Therefore, in this book, we do not distinguish between nanorods and nanowires,
calling them both nanowires.
As shown in Figure 1.7(a), in most cases nanowires are cylindrical in shape with a
radius in the range from 5 to 500 nm, and length up to about 100 µm. The elongated
structure of nanowires may result in inherent chemical, electrical, magnetic and optical
anisotropy that can be exploited for interactions with cells and biomolecules in fundamentally new ways (Bauer et al. 2004). Although a majority of the magnetic carriers
currently used for biomedical applications are magnetic nanospheres, nanowires are an
alternative type of nanoparticles with considerable potential. Due mainly to the following
attractive properties, many efforts are being made to explore the applications of nanowires
in biomedicine (Hultgren et al. 2005).
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1.3.2.1 Biocompatibility
Biocompatibility is one of the most important considerations in the development of
biomedical applications of nanomaterials. Most of the magnetic nanowires are compatible
with living cells. They can be functionalized with biologically active molecules, and they
do not disrupt normal cell functions, such as cell proliferation and adhesion, and gene
expression (Hultgren et al. 2005).
1.3.2.2 Magnetization
Magnetic nanoparticles can be used to apply forces to biological systems. Therefore, they
can be used in the magnetic separation of biological entities, and the targeted delivery
of drugs and genes, and they can also be used to study mechanotransduction at the
cellular level (Hultgren et al. 2005). Usually, magnetic nanowires are made of solid metals,
and thus they may possess large magnetic moments per volume of material. Therefore
magnetic nanowires can be manipulated at weaker magnetic ﬁelds.
It should be noted that, due to its structural properties, the magnetization of a nanowire
is quite different from that of a nanosphere (Sun et al. 2005). The magnetization of a
sphere under an external magnetic ﬁeld is independent of the direction of the applied
magnetic ﬁeld. However, it is easier to magnetize a nanowire along its axis than perpendicular to its axis. Furthermore, when a nanowire is placed between a north pole and
a south pole, outside the nanowire, the magnetic ﬁeld lines emanating from the north
pole end at the south pole. While inside the nanowire, the magnetic ﬁeld lines are in
the direction from the north pole to the south pole, and thus in the opposite direction
of the magnetization of the material. Therefore, the magnetic ﬁeld inside the nanowire
tends to demagnetize the nanowire, and this ﬁeld is usually called the demagnetizing
ﬁeld.
1.3.2.3 Controllable Dimensions
As the geometry of nanoparticles may have biomedical effects, it is desirable to tune the
size and shape of nanoparticles to study the mechanisms of their interactions with cells.
Magnetic nanowires are often synthesized by the template method. In this method, the
diameter and length of magnetic nanowires are independently controllable. The diameter
of nanowires can be controlled in the range from nanometer to micrometer, by using
templates with different pore diameters. Meanwhile, the length of magnetic nanowires
can be controlled by using templates with different thicknesses.
1.3.2.4 Multi-segment Structure
As shown in Figures 1.7(b) and (c), different types of materials, for example, magnetic
and non-magnetic, can be selectively electrodeposited along the nanowire axis, resulting in multi-segment nanowires. By precisely modulating the composition along the axis
of a nanowire, the architecture and magnetic properties of the nanowire can be precisely controlled (Sun et al. 2005). Both single-segment and multiple-segment magnetic
nanowires have been used in biomedicine. To optimize their biomedical applications,
the magnetic properties of magnetic nanowire, for example, the Curie temperature, the
easy magnetization axis, the saturation magnetic ﬁeld, the saturate magnetization, remanent magnetization and coercivity, can be adjusted to meet special biomedical application
requirements.
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Figure 1.8 Functionalization of a nanosphere (a) and a two-segment nanowire (b). L and L
represent two different types of ligands, and R and R represent two different types of functional
groups. (Sun et al. 2005). Reprinted from IBM Sun, L., Hao, Y., Chien, C.L. and Searson, P.C.
(2005) Tuning the properties of magnetic nanowires, Journal of Research and Development, 49(1),
79–102, with permission from IBM

1.3.2.5 Multi-functionality
In biomedical applications, such as drug and gene delivery, magnetic nanowires are usually
functionalized with biologically active molecules. As shown in Figure 1.8, compared to
nanospheres, multi-functionality can be more easily realized on multi-segment nanowires
(Sun et al. 2005, Reich et al. 2003).
Based on surface coordination chemistry, using ligands that bind selectively to different
segments of a multi-component wire, spatially modulated multiple functionalization can
be realized in the wire. Figure 1.8(b) shows a two-segment nanowire functionalized with
ligands whose headgroups (L and L ) selectively bind to desired segments and whose
tail groups (R and R ) will target two different biomolecules. The control of selective
functionalization is crucial to the realization of the multi-functionality of nanowires. For
example, for a Ni-Au nanowire, based on the differences in surface chemistry of the
gold and nickel segments, different molecules can be bound to different segments of the
nanowire, so different segments can be arranged to carry out different tasks.
1.3.3 Nanotubes
The magnetic nanotubes discussed in the literature can be classiﬁed into three types.
The ﬁrst type is non-magnetic nanotubes, such as carbon nanotubes, whose inner void
is ﬁlled with magnetic nanomaterials. This type of magnetic nanotube can also be taken
as a magnetic nanowire covered with a layer of non-magnetic material. The second type
is non-magnetic nanotubes whose walls are deposited with magnetic nanomaterials. The
third type is nanotubes whose whole structure is made of magnetic materials. In this book,
we concentrate on the third type of magnetic nanotubes.
As shown in Figure 1.9(a), a magnetic nanotube is the hollow counterpart of a magnetic
nanowire. Similar to magnetic nanowires, magnetic nanotubes have high aspect ratio, and
usually have much stronger magnetization than magnetic nanospheres.
Due to their unique structural properties, nanotubes are ideal for the realization of
multifunctionality. As shown in Figure 1.9(b), as a nanotube has distinctive inner and
outer surfaces, the inner surface and the outer surface of a nanotube can be functionalized
to perform different biomedical functions. Depending on the inner diameter of a nanowire,
the inner empty space of the nanowire can be used to capture, concentrate and release
biological entities ranging in size from small molecules to large proteins. The outer surface
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(a)

Figure 1.9

(b)

The basic structure of a magnetic nanotube (a), and its multi-functionalization (b)

of a nanotube is often functionalized with environment-friendly molecules or probing
molecules to a speciﬁc target (Son et al. 2005).
Template method is often used in the synthesis of magnetic nanotubes. Using this
method, the three major structural parameters can be independently controlled. The outer
diameter of a nanotube is mainly determined by the pore diameter of the template, and
the inner diameter of a nanotube can be controlled by the concentration of the solution
and the ﬁltration speed. The length of a nanotube is mainly determined by the thickness
of the template.
1.3.4 Thin Films
Magnetic thin ﬁlms are actually sheets of magnetic material with thicknesses usually less
than one hundred nanometers. Magnetic thin ﬁlms can have single-layer, or multilayer
structures, and they can be single-crystal, polycrystalline or amorphous. One important
property of a magnetic thin ﬁlm is that its electrical resistance usually changes when
an external magnetic ﬁeld is applied, and the change of electrical resistance due to the
application of external magnetic ﬁeld is called magnetoresistance. For certain multilayer
structures composed of alternating ferromagnetic and non-magnetic layers, the resistance
of a multilayer thin ﬁlm drops dramatically as a magnetic ﬁeld is applied, and this phenomenon is called giant magnetoresistance (GMR) (Binasch et al. 1989; Baibich et al.
1988).
Figure 1.10 shows the change in room-temperature resistance R vs in-plane magnetic
ﬁeld for two polycrystalline multilayers of Fe/Cr and Co/Cu, respectively (Parkin 1995).
The resistance is measured with the current in the plane of the layers, and the magnetic
ﬁeld is applied orthogonal to the current also in the plane of the layers. The variation in
resistance is related to a change in the relative orientation of neighboring ferromagnetic Fe
or Co layers with applied magnetic ﬁeld. The resistance is higher when adjacent magnetic
layers are aligned anti-parallel to one another, as compared with parallel alignment, shown
schematically in Figure 1.10.
Since the discovery of the GMR effect in magnetic multilayer systems, many biosensors employing this effect have been developed. As shown in Figure 1.11, GMR sensors
could be employed for the detection of biomolecules that have been tagged with magnetic
nanoparticles. GMR sensors are favored over competing optical detection schemes due to
their higher sensitivity, lower background, compact size and easy integrability with existing semiconductor electronics (Li et al. 2004). GMR sensors with minimum dimensions
below 100 nm have been fabricated using electron beam lithography (Wood 2005). Such
technology has implications in many areas of biological and medical research, including
disease detection, treatment and prevention.
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Figure 1.11 Schematic view of a magnetic nanoparticle array immobilized on a magnetoresistance
sensor through DNA hybridization (modiﬁed from Li et al. 2004)

1.4 Nanomedicine and Magnetic Nanomedicine
The integration of biological and physical sciences at nanoscale has impacts in many
areas of science and technology. One area that is particularly promising is the biomedical
applications of magnetic nanomaterials.
1.4.1 Inspiration from Nature
It is well known that the most advanced nanoscale machines that have ever existed are
cells regulating and controlling biological systems, and understanding cells is one of the

18

Introduction

great unanswered questions in science (Royal Society and Royal Academy of Engineering
2004; Whitesides 2005). A cell is the smallest and most fundamental unit, from which the
rest is built. It is a system of molecules and remarkable nanoscale ‘machines’ – functional
molecular aggregates of great complexity. Understanding these molecular nanostructures
in their full, mechanistic, molecular complexity is vital to understanding the cell. Proteins
are one typical example of molecular nanostructures. They have numerous highly speciﬁc
functions, and take part in almost all the biological activities, such as sensory, metabolic,
information and molecular transport processes. However, compared to an individual cell,
a single molecule bio-nanodevice, such as a protein, only occupies about one-millionth
to one-billionth of the volume. Therefore, in the biological world, there are innumerable
biological nanoscale structures, devices and machines, which the researchers in the ﬁeld
of nanoscience and nanotechnology may be interested to investigate and emulate. The
methods emerging from this research will help us to move closer to understanding human
life and health, and thus towards nanomedicine, which has attracted a lot of attention and
has become a fast growing ﬁeld.
It should be noted that current materials used in biomedicine have only a small fraction
of the sophistication of the naturally occurring materials that they replace. In general,
synthetic materials are poor or partial replacements for naturally occurring ones. However,
synthetic materials are more satisfactory when they serve a function that does not exist
in nature. For example, delivery of a drug by erosion of a polymeric matrix in vivo;
and alteration of the relaxation time of protons in water to improve contrast in magnetic
resonance imaging (Whitesides and Wong 2006).
1.4.2 What is Nanomedicine?
Nanomedicine stands at the boundaries between the physical, the chemical and the biological sciences. It originated from the imaginative idea that robots and other related
machines at the nanometer scale could be designed, fabricated and introduced into the
human body for repairing malignant cells at the molecular level. According to its original
vision, nanomedicine is a process including the diagnosis, treatment and prevention of
diseases and traumatic injuries, and the preservation and improvement of human health,
using molecular tools and molecular knowledge of the human body (Freitas 2005).
The progress in both nanoscience and nanotechnology makes nanomedicine practical. From a technical viewpoint, nanomedicine consists of the applications of particles
and systems at the nanometer scale for the detection and treatment of diseases at the
molecular level, and it plays an essential role in eliminating suffering and death from
many fatal diseases, such as cancer (Yih and Wei 2005; National Institute of Health and
National Cancer Institute 2004). Based on nanofabrication and molecular self-assembly,
various biologically functional materials and devices, such as tissue and cellular engineering scaffolds, molecular motors and biomolecules, can be fabricated for sensor, drug
delivery and mechanical applications (Royal Society and Royal Academy of Engineering 2004).
Nanomedicine has obvious advantages (Whitesides and Wong 2006). First, nanoparticles are potentially invaluable tools for investigating cells because of their small size.
Second, as their size can be controlled, from that of large molecules to that of small
cells, the ability of nanoparticles to escape the vasculature in vivo can also be controlled.
Third, because of their small size, nanoparticles can circulate systemically in the bloodstream and thus serve in roles such as magnetic resonance enhancement, iron delivery
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for the production of red blood cells and drug delivery to improve the availability of
serum-insoluble drugs.
1.4.3 Status of Nanomedicine
Nanomedicine has developed in numerous directions, and it has been fully acknowledged
that the capability of structuring materials at the molecular scale greatly beneﬁts the
research and practice of medicine. The investigation of fundamental problems regarding
the biocompatibility of nanomaterials has been initiated both theoretically and experimentally. The complicated issues related to the future approval of nanomedical materials by the
US Food and Drug Administration are extensively discussed. It seems that preparations are
being made for our society to deploy nanomedicine for human betterment (Freitas 2005).
However, nanomedicine is a long-term expectation. Before nanomedicine can be used
in clinics, fundamental mechanisms of nanomedicine should be fully investigated, and
clinical trials and validation procedures should be strictly conducted. Though it is possible that some biological entities, such as proteins, DNA and other bio-polymers, could
be directly used for biosensor applications, nevertheless some serious issues, such as biocompatibility and robustness, may hinder the progress of these efforts. Though in many
areas, such as disease diagnosis, targeted drug delivery and molecular imaging, clinical
trials of some nanomedicine products are being made, the clinical applications of these
techniques, which require rigorous testing and validation procedures, may not be realized
in the near future (Royal Society and Royal Academy of Engineering 2004).
At all events, it should be noted that although the applications of nanomaterials in
biology and medicine are in an embryo stage, it is the great promise of nanomedicine that
has inspired researchers to extensively investigate the interfaces between nanotechnology,
biology and medicine (Satyanarayana 2005).
1.4.4 Magnetic Nanomedicine
Magnetic nanomedicine is growing rapidly, and there is already a broad range of applications including cell separation, biosensing, studies of cellular function, as well as a
variety of potential medical and therapeutic uses. The magnetic nanomaterials used in
magnetic nanomedicine can be generally classiﬁed into magnetic thin ﬁlms and magnetic
nanoparticles which include nanospheres, nanowires and nanotubes. Magnetic thin ﬁlms
are often used in the development of high sensitivity and high accuracy magnetic sensors and biochips, which are important for the detection of biological entities bound with
magnetic nanoparticles. The magnetic nanoparticles used in magnetic nanomedicine usually consist of a single magnetic species and a suitable coating to allow functionalization
with bioactive ligands. Magnetic nanoparticles have attractive advantages in biomedical
applications as discussed below (Pankhurst et al. 2003).
1.4.4.1 Easy Detection
As almost all biological entities are non-magnetic, magnetic nanoparticles in biological
systems can be easily detected and traced. One typical example is the enhancement of
the signal from magnetic resonance imaging (MRI) using magnetic nanoparticles. In this
technique, a subject is placed in a large, external magnetic ﬁeld and then exposed to a
pulse of radio waves. Changes to the spin of the protons in water molecules are measured
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after the pulse is turned off. Tiny differences in the way that protons in different tissues
behave can then be used to build up a 3D image of the subject (Koltsov and Perry 2004).
1.4.4.2 Magnetic Manipulation
Magnetic nanoparticles will rotate under an external uniform magnetic ﬁeld, and will make
translational movements under an external magnetic ﬁeld gradient. Therefore, magnetic
nanoparticles, or magnetically tagged molecules, can be manipulated by applying an external magnetic ﬁeld. This is important for transporting magnetically tagged drug molecules
to diseased sites. The magnetic manipulation of magnetic nanowires and nanotubes is
important for applying forces to biological entities, and for nanowires or nanotubes to get
into biological entities.
1.4.4.3 Energy Transfer
Magnetic nanoparticles can resonantly respond to a time-varying magnetic ﬁeld, transferring energy from the exciting magnetic ﬁeld to the nanoparticles and the tagged
biological entities. This property has been used in hyperthermia treatment of cancer tumors
(Pankhurst et al. 2003).

1.5 Typical Biomedical Applications of Functional Magnetic
Nanomaterials
The advances in nanoscience and nanotechnology result in a variety of biomedical applications for magnetic nanomaterials. Most of the biomedical applications of magnetic
nanomaterials are based on the speciﬁc characteristics of magnetic nanomaterials and the
benevolent relationships between magnetic ﬁelds and biological systems. The strength of
magnetic ﬁeld required for manipulating magnetic nanoparticles does not have harmful
effects on biological tissues, and the biotic environment does not interfere with the magnetism of magnetic particles (Could 2004). Though magnetic nanoparticles with different
compositions, sizes and shapes have been developed for biomedical applications, the
most frequently used magnetic materials are two types of iron oxide particles, maghemite
(γ -Fe2 O3 ) and magnetite (Fe3 O4 ). In some applications of magnetic nanoparticles, magnetic beads of micrometer size, consisting of magnetic nanoparticles, are used.
As shown in Figure 1.12, the biomedical applications of magnetic nanoparticles can
be generally classiﬁed into diagnosis and therapy (Pankhurst 2003; Arruebo et al. 2007).
Magnetic thin ﬁlms are often used in the development of biosensors and biochips, which
play crucial roles in magnetic diagnosis. We brieﬂy discuss below the diagnostic and therapeutic applications of magnetic nanoparticles, and the magnetic biosensors and biochips
based on magnetic thin ﬁlms. In the ﬁnal part, the trends of magnetic nanomaterials in
biomedicine are outlined.
1.5.1 Diagnostic Applications of Magnetic Nanoparticles
Magnetic nanomaterials have been widely used in the diagnosis of diseases. As diseases
can be detected at the cell or molecular level, many diseases can be diagnosed at very
early stages, much earlier than the disease symptoms appear. This is especially important
for some fatal diseases, such as cancer. We discuss below several typical examples of
diagnostic applications of magnetic nanoparticles.
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Figure 1.12 Biomedical applications of magnetic nanoparticles. (Arruebo et al. 2007)

1.5.1.1 Magnetic Separation
Separation of speciﬁc biological entities from their environments is very important in
biochemical analysis and disease diagnosis. Magnetic nanoparticles usually exhibit superparamagnetic behaviors at room temperature. They have strong magnetization under an
external magnetic ﬁeld, but do not have remanent magnetism once the magnetic ﬁeld is
moved away. This magnetic on/off switching behavior is extremely helpful for magnetic
separation (Could 2004; Pankhurst 2003).
Magnetic separation is a well-developed method and can be used as an alternative to
the conventional centrifugal separation method. A typical magnetic separation procedure
mainly consists of four steps, and iron oxide particles are often used in magnetic separation (Could 2004). In the ﬁrst step, magnetic microbeads are made by encasing iron oxide
nanoparticles in a biocompatible coating, and the surface of the microbeads is functionalized with a special biological or chemical agent that can selectively bind to the target
cells or molecules to be separated. In the second step, the functionalized microbeads are
added to the solution containing the target cells or molecules, and the target cells or
molecules are subsequently bound to the magnetic microbeads. In the third step, a permanent magnet is placed at the side of the solution, inducing a magnetic moment on the
magnetic microbeads and establishing a magnetic ﬁeld gradient which drives the magnetized microbeads to move along the ﬁeld lines. Finally, the magnetized microbeads cluster
together near the magnet, and thus the target cells or molecules bound to the magnetic
microbeads are separated.
1.5.1.2 Medical Imaging
One of the most attractive advantages of the magnetic resonance imaging (MRI) technique
is that this technique is non-invasive. The MRI technique is extensively used in diagnosing
diseases, making pre-surgical assessment and monitoring the therapy effects. A lot of
efforts are being made to enhance its resolution and contrast. One way of boosting the
MRI signal is to use contrast agents made of magnetic nanoparticles. Superparamagnetic
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iron oxide particles coated with a suitable chemically neutral material to prevent them
from reacting with body ﬂuids are often used as contrast agents. These magnetic particles
are usually injected into the bloodstream and travel to different organs depending on their
size. Therefore, by selecting particles of particular sizes, researchers can study speciﬁc
parts of the body (Koltsov and Perry 2004).
1.5.1.3 Targeted Detection
The targeted detection technique can be used for detecting extremely early signs of disease
(Could 2004; Pray 2005). Usually, a tumor with a diameter of 10 mm has more than one
hundred million tumor cells. Using the targeted detection technique, a cancer cluster
with about 10–100 cancer cells could be detected, so cancers could be diagnosed at a
very early stage of malignancy. It is expected that the targeted detection technique can
be further improved to detect individual cancer cells before the formation of a cluster.
This technique can also be used in AIDS research. To detect HIV viruses, ferromagnetic
nanoparticles are usually coated with gold, and tagged with an HIV antibody via an Au-S
covalent bond. Such nanoparticle probes could sensitively detect very small amounts of
viral particles that could not be detected by the conventional AIDS diagnosing techniques.
It should be noted that before the targeted detection technique can be used in clinics,
some practical problems should be addressed (Could 2004). For example, it should be
investigated whether a small number of malignant cells can produce signals that are strong
enough to be reliably detected by magnetic probes, whether the magnetic probes can reach
the intended targets, and whether the signal is truly caused by the particulate clustering
due to the probe–target binding.
1.5.2 Therapeutic Applications of Magnetic Nanoparticles
Using magnetic nanomaterials, therapeutic treatments could be performed at cell or molecular level, and therefore the therapy efﬁciency will be greatly improved, and the side
effects will be greatly decreased. In the following subsections, we discuss ﬁve typical
therapeutic applications of magnetic nanoparticles.
1.5.2.1 Hyperthermia Treatment
As some cancer cells are more susceptible to high temperatures than normal cells, such
cancerous cells can be treated thermally. Therefore, by increasing the temperature of the
tissue to above 42 ◦ C, the cells could be selectively destroyed. To achieve this, a dose of
magnetic nanoparticles could be injected into a region of malignant tissue, after which an
alternating magnetic ﬁeld could be applied to the magnetic nanoparticles. If the ﬁeld is sufﬁciently strong and of optimum frequency, the magnetic nanoparticles will absorb energy
and heat the surrounding tissue, affecting only the infected cells (Pankhurst et al. 2003).
However, this method still remains problematic for clinical use for several reasons
(Koltsov and Perry 2004). In hyperthermia treatments, high magnetic ﬁelds are required
for this technique to be effective. It is also difﬁcult to localize enough magnetic particles
in the cancerous region because the body’s main defense system, the reticuloendothelial
system, engulfs and removes any inert materials, so special coatings for the nanoparticles
should be used to overcome this problem. Furthermore, to ensure the nanoparticles have
a suitable Curie temperature, above which they no longer absorb energy, the size, shape
and physical properties of the magnetic nanomaterials should be optimized.
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1.5.2.2 Targeted Drug Delivery
As shown in Figure 1.13, the effectiveness of a drug is related to the drug dose over a
certain dose range, and usually this relationship changes in the higher dose range. Often,
toxicity sets in before the saturation limit is approached, and the therapeutic window with
acceptable side effects is often narrow. The task of drug targeting is to push the systemic
toxicity/side effect threshold to extremes such that the therapeutic window widens enough
to cover the dose-response space up to the limit of local (target site) saturation (Plank
et al. 2003b; Neuberger et al. 2005).
Magnetic nanoparticles can be used in targeted drug delivery. Functionalized magnetic
nanoparticles used in drug delivery may contain drugs that are expected to be released
into malignant cells and on-board sensors and actuators that control and regulate the drug
release. As shown in Figure 1.14, in a drug delivery process, the drug molecules are
bound to magnetic carriers. The process of drug localization is based on the competition
between forces exerted on the carriers by blood compartment, and magnetic forces generated from the magnet. When the magnetic forces exceed the linear blood ﬂow rates in
arteries (10 cm s−1 ) or capillaries (0.05 cm s−1 ), the magnetic carriers are retained at the
target site and maybe internalized by the endothelial cells of the target tissue. The use
of nanoparticles favors the transport through the capillary systems of organs and tissues
avoiding vessel embolism (Tartaj et al. 2003). Once the drugs/carriers are concentrated at
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Figure 1.13 Toxic side effects often restrict the possibility of exploiting the full dose-response
range of a drug up to (local) saturation levels. One objective of targeting is achieving target site
saturation levels while pushing the non-target side toxicity threshold to higher doses. In this manner,
the therapeutic window widens enough to achieve maximum local effect. Shown is a hypothetical
dose-response relationship with arbitrary toxicity and saturation levels just to illustrate the potential
of drug targeting. (Plank et al. 2003b)
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Figure 1.14 Schematic representation of the magnetically driven transport of drugs to a speciﬁc
region. A catheter is inserted into an arterial feed to the tumor and a magnetic stand is positioned
over the targeted site. (Alexiou et al. 2005)

the diseased site, the drugs are released from the carriers through modulation of magnetic
ﬁeld, enzymatic activity or changes in physiological conditions such as pH, osmolality or
temperature. The released drugs then enter into the malignant cells. The treatment efﬁcacy
can be signiﬁcantly improved by the magnetic ‘tag-drag-release’ process, and the required
doses are simultaneously reduced.
The use of magnetic nanoparticles for drug delivery has signiﬁcant advantages, such as
the ability to target speciﬁc locations in the body, the reduction of the quantity of drug
needed to attain a particular concentration in the vicinity of the target and the reduction of
the concentration of the drug at non-target sites minimizing severe side effects (Arruebo
et al. 2007). The advantages of targeted drug delivery make this method attractive for cancer treatment. Conventional chemotherapy has severe side effects as the agents used to kill
cancerous tumors also kill healthy cells. In a targeted delivery approach, the chemotherapy agents are attached to magnetic nanoparticles, and the chemotherapy agents are then
pulled towards malignant cells by a magnetic ﬁeld focused on the target tumor. After
the chemotherapy agents are aggregated around the tumor, the drug can be released
by hitting the aggregate with an RF pulse, and therefore the drug concentration in the
tumor is high, while the drug concentration at the rest of the body is relatively low
(Could 2004).
To realize effective drug delivery, special attention should be paid to the choice of
magnetic particles (Could 2004). Using a larger magnetic particle, a stronger magnetic
force against blood ﬂow can be exerted on the particle. Moreover, the particles should
be small enough to avoid the risk of clogging small capillaries, whose diameter is about
several micrometers. Magnetic nanoparticles for targeted drug delivery should also be
completely biocompatible. It has been veriﬁed that iron oxide particles are non-toxic, and
can be eventually used in the formation of blood hemoglobin. However, for gold-coated
ferromagnetic particles, the situation is somewhat complicated. The small amount of gold
may pass through the body eventually, and the iron will be metabolized. Cobalt is more
stable than iron, and so it is easier for fabrication. However, cobalt is not suitable for
in vivo applications due to its toxicity.
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Figure 1.15 Procedure of magnetofection. Gene vectors are associated with magnetic particles
coated with polyelectrolytes. Cells are cultured with the vector-magnetic particles under an external
magnetic ﬁeld. As the magnetic ﬁeld attracts the vector-magnetic particles toward the cells, almost
all the cells get in contact with vectors, and a high percentage of cells are rapidly transfected.
(Plank 2003a)

1.5.2.3 Magnetofection
With advances in molecular biology and the sequencing of the human genome, gene therapy is playing a pivotal role in the treatment of genetic diseases. Gene therapy involves the
introduction of healthy copies of mutated or absent genes into target cells so as to promote
the expression of normal protein and to restore correct cellular function (Mehier-Humbert
and Guy 2005). DNA drugs provide new hope in treating, preventing and controlling disease, almost certainly improving overall human health. Although non-viral DNA delivery
systems have great therapeutic and prophylactic potential, their clinical utility has been
limited by three major barriers (Luo 2005): inefﬁcient uptake by the cell, insufﬁcient
release of DNA within the cell and ineffective nuclear targeting and transport. As the size
of most cells is in the micrometer range, and the space inside a cell is extremely crowded,
ideal DNA delivery systems must be in the nanometer range where they interact with or
are delivered into a cell. Nanoscale science and nanotechnology provide more ﬂexibility
and precision to control the structure and composition of delivery systems, thus promising
approaches for more effective and speciﬁc non-viral DNA delivery systems (Scherer et al.
2002; Plank et al. 2003a).
The magnetofection method is inspired by the method of targeted drug delivery using
magnetic nanoparticles. Figure 1.15 illustrates the procedure of magnetofection. In this
method, gene vectors are associated with superparamagnetic nanoparticles. Under the
inﬂuence of magnetic gradient ﬁelds, the magnetic particles accumulate on the target
cells. Due to the magnetic force exerted upon gene vectors, the entire vector dose is
rapidly concentrated on the cells, and almost all the cells are in contact with a signiﬁcant
dose of gene vectors. The magnetic ﬁeld may further push the magnetic particles associated with gene vectors across the plasma membrane and into the cell, and DNA is then
released into the cytoplasm.
It should be noted that magnetofection is a method that enhances standard transfection
procedures using viral or non-viral vectors. The magnetic ﬁeld itself is ineffective unless
the DNA vectors are complicated with magnetic particles. Magnetofection is applicable
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Figure 1.16 Luciferase expression in cultured HUVEC, using Lipofectamine with or without magnetofection (MF). Numbers above the bars represent the n-fold increase achieved by magnetofection
compared to the conventional non-viral transfection technique. (Mehier-Humbert and Guy 2005)

to both viral and non-viral gene vectors, and it can be used in targeted gene delivery in
vitro as well as in vivo (Plank 2003a). Magnetofection is a simple method. This method
only requires a magnetic plate, and no expensive instruments are needed. However the
magnetic plate should be specially designed so that the heterogeneous magnetic ﬁeld
generated by the plate can satisfy three requirements. First, the magnetic ﬁeld should
effectively magnetize the magnetic nanoparticles in solution. Second, the magnetic ﬁeld
should have a very strong gradient to attract the nanoparticles. Third, the magnetic ﬁeld
should cover the whole surface of the plate (Mehier-Humbert and Guy 2005).
As shown in Figure 1.16, magnetofection allows an increase in transfection efﬁciency
by up to several hundred-fold (Mehier-Humbert and Guy 2005). In the experiment, the
cell cultures subjected to magnetofection are placed on Nd-Fe-B magnetic plates for 15
minutes. Using a gene reporter encoding for Green Fluorescent Protein (GFP), transfection
rates of about 40 % are achieved in human umbilical vein endothelial cells (HUVEC),
which are well known as being difﬁcult to transfect.
The magnetofection technique opens a novel perspective on gene delivery (Plank 2003a;
Mehier-Humbert and Guy 2005; Scherer et al. 2002). Firstly, this technique can be used
to rapidly and efﬁciently introduce nucleic acids into primary cells, and this will greatly
improve the speed and efﬁciency of many gene-related tests, such as the examination
of gene function, the identiﬁcation of nucleic acids with therapeutic potential and the
assessment of risks associated with the transfer of genetic material into cells. The high
efﬁciency of magnetofection is mainly due to the quick sedimentation of the full vector
dose on the target cells. In a magnetofection procedure, all the cells can be bound with
vector particles in several minutes, while in a conventional transfection procedure, it takes
several hours to achieve the same frequency of vector–target cell contact. Secondly, the
magnetofection technique saves material. By using this technique, very low vector doses
and extremely short incubation times are needed to achieve high transgene expression
levels. In this way, the possible toxicity to the cells due to the transfection process can
be avoided. Thirdly, it allows magnetic ﬁeld-guided targeting. The force exerted on a
magnetic particle in liquid suspension is related to the magnetic ﬂux density, the magnetic
ﬁeld gradient and the particle volume. This provides ﬂexibilities for optimizing these
parameters to achieve the best effects. Fourthly, this method greatly proﬁts from the fact
that the individual modules of a system can be optimized independently and variants can
be assembled in a combinatorial manner, thus facilitating optimization towards speciﬁc
applications. The size and surface chemistry of magnetic particles can be tailored to meet
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speciﬁc demands on physical and biological characteristics; also the linkage between
vector and magnetic particle can be designed accordingly.
There are several perspectives to the future use of magnetofection (Scherer et al.
2002). For in vitro application, magnetofection is particularly useful in the transfection/transduction of difﬁcult-to-transfect/transduce cells, and it is an ideal research tool
when the available vector dose, the process time and the sustainable costs are limited.
Magnetofection is also a very good choice for in vivo gene- and nucleic acid-based therapies which require local treatments. With a simple magnetofection set-up, gene delivery to
surgically accessible sites such as gut, stomach and vasculature can be greatly improved
and further local applications can be achieved.
1.5.2.4 Mechanical Forces on Cells
The mechanical forces on cells play a vital role in controlling the forms and functions of cells, and the processes of many diseases (Could 2004). Generally speaking,
the forces applied on biological entities generally fall into two types: pulling (tensional)
forces or twisting (torsional) forces. The tensional force often results from the magnetic
separation process, where the functionalized magnetic particles pull their attached targets along the external magnetic ﬁeld gradient. The torsional force often results from
coated ferromagnetic beads, which are ﬁrst magnetized by a strong and short magnetic
pulse, and subsequently subjected to a weak but constant magnetic ﬁeld whose direction is perpendicular to the direction of the pulsed ﬁeld. The ferromagnetic beads try
to realign along the direction of the constant magnetic ﬁeld, and the movement of the
beads results in a twisting force on the surfaces of cells associated to the beads. The
information about the stiffness and viscoelasticity of the surrounding cells could be
derived from the extent of the rotation. This procedure can be improved to study the
effects of the mechanical force inside individual cells. Many efforts have been made to
investigate how external mechanical forces are transferred across speciﬁc cell receptors and how this translates into the changes in intracellular biochemistry and gene
expression.
1.5.2.5 Detoxiﬁcation
Magnetic nanoparticles can be used in the treatment after a poison gas attack. The detoxiﬁcation of contaminated personnel and environment is based on the magnetic ‘tag and drag’
mechanism, which is often used in the targeted drug delivery (Could 2004). As shown in
Figure 1.17, in the detoxiﬁcation process, the magnetic nanoparticles, which are specially
functionalized for catching the toxin to be detoxiﬁed, are injected into the body of the
patient, and then an external magnetic ﬁeld is applied to concentrate the toxin-tagged
particles and draw them out of the patient’s body. To achieve efﬁcient detoxiﬁcation, the
magnetic moment of the magnetic particles should be high enough, so that the magnetic
particles attached with toxin molecules can be quickly concentrated and drawn out of the
body by an externally applied magnetic ﬁeld gradient.
1.5.3 Magnetic Biosensors and Biochips Based on Magnetic Thin Films
Nanotechnologies have been used in the development of high sensitivity, high accuracy
and high spatial resolution sensors. A sensor usually consists of a power supply, a sensing
action element which converts the detected property into an electrical signal and a reporting unit which transmits the sensing signal to a remote detector. Using nanotechnologies,
sensors can be made as small as possible so that they are minimally invasive. Secondly,
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Figure 1.17 Mechanism of detoxiﬁcation using magnetic nanoparticles. (Could 2004)

using nanotechnologies, the sensing element can be made to be very speciﬁc and accurate.
Along with decrease of the sensor dimension, the sensing area also decreases, making
increasing demands on sensitivity. This may require detection at the single molecule level,
which is close to the limit of the length scale in nanotechnology. Therefore, nanoscience
and nanotechnologies are expected to help the design and production of smaller, cheaper
sensors with increasing selectivity (Royal Society and Royal Academy of Engineering
2004).
Nanosensors have been widely used in various areas, for example monitoring the quality
of drinking water, detecting and tracking environmental pollution and checking food
edibility. Nanosensors can also be used to achieve individualized healthcare with greater
safety and security (Royal Society and Royal Academy of Engineering 2004).
Magnetic thin ﬁlms have been used in the development of biosensors and biochips
for biomedical applications. Most nanosensors developed from magnetic thin ﬁlms are
based on the magnetoresistance effect. The development of magnetoresistance nanosensors, along with other types of biosensors, is discussed in detail in Chapter 8. Here we
brieﬂy discuss biosensors and sensor arrays.
1.5.3.1 Biosensors
Biosensors usually detect the stray magnetic ﬁelds of magnetic nanoparticles which are
attached to biological entities (Could 2004; Han 2006; Rife et al. 2003). In a magnetoresistive biosensor detection scheme, to perform genetic screening, iron oxide nanoparticles
are functionalized, for example, with streptavidin, so that they can bind with targets containing biotinyl groups. Meanwhile, a surface is coated with biomolecular probes that can
bind with complementary target species. As shown in Figure 1.18, the target hybridizes
with the immobilized molecular probe, and links to the functionalized iron oxide magnetic
label. The stray magnetic ﬁeld of the captured magnetic nanoparticle is detected by the
magnetic sensor beneath the functionalized surface.
1.5.3.2 Sensor Arrays
The efﬁciency of bio-analysis can be greatly improved by arraying biosensors. Generally
speaking, there are two approaches to arraying biosensors. One approach is to array many
sensors with the same functionality. Using such arrays, many bio-analyses of the same
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Figure 1.18 Detection scheme of a magnetoresistive (MR) sensor. (1) Immobilized probe DNA;
(2) biotinilated target DNA; (3) biotinilated target DNA hybridizes with probe DNA; (4) magnetic
label bound to biotinilated target; (5) MR sensor detects the fringe ﬁeld from the magnetic label.
(Could 2004)

(a)

(b)

Figure 1.19 (a) Optical microscope image of a 1 µm wide spin valve sensor array and (b) scanning
electron microscope image of a 1 µm wide sensor strip (center). The dark bar in the center of image
(a) is the photoresist passivation layer. (Li et al. 2003)

type can be conducted concurrently. Figure 1.19 shows an array of 11 spin valve sensors
(Li et al. 2003).
The other approach is to array different types of sensor together, resulting in multi-sensing
chips, as shown in Figure 1.20. Using such an array, different bio-analysis on a sample
could be simultaneously conducted using the different sensors on the array (Could 2004;
Rife et al. 2003).
1.5.4 Trends of the Biomedical Applications of Magnetic Nanomaterials
Though great progress has been made in the applications of magnetic nanoparticles in
biomedicine (Pankhurst 2003), many challenges remain. To realize the full potential of
magnetic nanomaterials, researchers within different disciplines, such as physics, chemistry, materials science, electric and electronic engineering, biology and medicine, should
work together. We discuss below two main trends in the biomedical applications of magnetic nanomaterials: multi-functional nanomaterials and lab-on-a-chip devices.
1.5.4.1 Multi-functional Nanomaterials
One of the main trends in the research of magnetic nanoparticles for biomedical applications is the development of magnetic nanoparticles that can perform more than one
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Figure 1.20 Detection of two different types of targets using an array with two types of sensors.
(Rife et al. 2003). Reprinted from: Rife, J. C., Miller, M. M., Sheehan, P. E. Tamanaha, C. R.
Tondra, M. Whitman, L. J. (2003). Design and performance of GMR sensors for the detection of
magnetic microbeads in biosensors, Sensors and Actuators A, 107, 209–218, with permission from
Elsevier

function. A great deal of effort is being made to build a multi-functional nanoplatform
that can be used to create desired multi-functional nanoparticles for diagnostic and/or
therapeutic applications, as shown in Figure 1.21.
Figure 1.21(a) schematically shows a multi-functional nanoparticle for cancer therapy.
The cancer cell targeting component ensures the nanoparticle reaches the cancer cells.
The drug delivery indicator controls and reports the drug delivery. The cell death sensor reports whether the cancer cell has been killed, and the contrast agent checks the
therapeutic effects. It should be noted that there is a long way to go to develop such a
multi-functional nanoparticle, and at present it is still at an early stage (National Institute of
Health and National Cancer Institute 2004). As shown in Figure 1.21(b), a multi-functional
nanoplatform needs to be developed for the development of multi-functional nanoparticles.
Such a multi-functional nanoplatform should include targeting unit, report unit, therapeutic
unit, imaging unit and so on. Much effort needs to be made in developing such units, and
constructing the nanoplatform using these units.

(a)

(b)

Figure 1.21 Development multi-functionality of particles for nanomedicine. (a) An example
of multi-functional nanoparticle; (b) a multi-functional nanoplatform for the development of
multi-functional nanoparticles. (National Institute of Health and National Cancer Institute 2004)
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1.5.4.2 Microﬂuidics and Labs-on-chips
Many efforts have been made in the development of magnetoelectronic tools that can precisely detect and manipulate individual cells and biomolecules. The development of such
magnetoelectronic tools is based on microﬂuidics, which deal with the knowledge and
techniques for manipulating, investigating and utilizing tiny ﬂuid volumes in a controlled
way (Satyanarayana 2005). The microﬂuidic devices are usually built on microchips with
channels conducting liquid under pressure or with an applied electrical current (Alper
2005b). This technology is expected to revolutionize many ﬁelds, especially chemistry,
biology and medicine. In technical literatures, many words have been coined to describe
such microﬂuidic devices: lab-on-a-chip device, micro total analysis system (µTAS),
miniaturized analysis system, microﬂuidic system and nanoﬂuidic system. In the following
discussion, we use lab-on-a-chip and labs-on-chips.
A lab-on-a-chip device is a combination and integration of ﬂuidic, sensor and detection
elements to perform a complete sequence of chemical reactions or analyses, including
sample preparation, mixing, reaction, separation and detection. In the example shown in
Figure 1.22, microﬂuidic components with different functions are connected with each
other to form an integrated system; therefore multiple functionalities can be realized on a
single chip (Liu et al. 2004). In biomedical applications, the liquid in the channels may
contain small particles, such as proteins, DNA or even single cells, so that changes during
disease development can be monitored (Alper 2005b).
Lab-on-a-chip technology can be regarded as an interface between the nanoscale and
the macro-world. It can be used for handling nanoparticles, cells or nanobarcodes, and
for manipulating cellular machinery. However, it should be noted that the structures
in a lab-on-a-chip device are not necessarily nanostructures, and they may be in the
micrometer to even millimeter range. But, on the other hand, by integrating nanostructures, nanocoatings, nanoactuators and nano-detection and measurement tools such as
nano-electrodes and nano-optics, more and more powerful microﬂuidic platforms are
being developed.

Tissue organization

Cell selection

Cell imaging

Growth media

Stimulation

Cell lysis
Biochemical analysis

Figure 1.22 Tissue organization, culture and analysis in a lab-on-a chip device. (El-Ali et al.
2006)
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Lab-on-a-chip technology exhibits both technical and economical advantages (Niemeyer
and Mirkin 2004; Alper 2005b). First, as the surface to volume ratio of the ﬂuids in
lab-on-a-chip devices is extremely large, the surface effects dominate volume effects.
This leads to well-deﬁned ﬂow characteristics: the ﬂow is strictly laminar and turbulence
only appears in very limited regions around sharp edges, the equilibrium conditions can
be reached much faster and the capillary forces may advantageously be used for ﬂuid
transport. Meanwhile, the large surface implies a high reaction efﬁciency, as the surface areas which may be coated with catalysts or enzymes are large compared to the
reaction volume. Second, the small sample volumes involved are of enormous advantage especially for highly parallel applications, like array devices used in genomics,
proteomics and drug discovery. This fact is especially signiﬁcant when analyzes are
expensive or scarce. Furthermore, due to the small sample volumes needed, minimally
invasive methods are sufﬁcient for taking samples, for example blood or interstitial ﬂuids.
Third, lab-on-a-chip devices can be used to measure individual biomolecules, such as a
single enzyme or a single piece of DNA. Because many biology effects are related to
the behaviors of individual molecules, using this capability, we can investigate the topics that have been very difﬁcult study, especially those related to rare biochemical and
genetic events. Fourth, thousands of analyses can be performed concurrently by multiplexing individual microﬂuidic devices, or combining them in parallel. The integration
and the mass-fabrication capabilities of micro-fabrication technology make the application
of labs-on-chips economically attractive.
Lab-on-a-chip technologies show great application promise in cancer diagnosis (Satyanarayana 2005). As cancer is a very complicated fatal disease, it is necessary to identify
quickly the mutations that may predispose one to cancer, and to study how the communications between cancer cells are made to cause the disease. The less invasive procedures
and testing methods based on microﬂuidic technology can show early evidence of disease,
and can be used to understand the circumstances that foster disease. This technique can
provide genetic and proteomic information at the single-cell level which is valuable for
the diagnosis and treatment of the disease. Furthermore, by using microﬂuidic devices,
both the time and the amount of biological sample needed to conduct a large number of
tests can be greatly reduced. As shown in Figure 1.23, in a lab-on-a-chip device which is
slightly larger than a dime (with a diameter of 18 mm), thousands of experiments can be
run concurrently, and this technique can be used to deﬁne the genetic bases of diseases,
such as cancer (Balagadde et al. 2005).

(a)

(b)

Figure 1.23 (a) Optical micrograph of six microchemostats that operate in parallel on a single
chip; (b) optical micrograph of a single microchemostat and its main components. Scale bar, 2 mm.
(Balagadde et al. 2005)
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Though many problems for the design and fabrication of microﬂuidic devices have
been solved, such as on-chip preparation of samples, functional complexity, integration
level and fabrication cost (Liu et al. 2004), challenges still exist in the development of
microﬂuidic devices. First, microﬂuidics is a new ﬁeld of science and technology. When
the dimensions of a system become smaller and smaller, the system behaviors may change
greatly. More fundamental studies in ﬂuid ﬂows at the micro- and nanoscale are needed
(Alper 2005b). Second, to satisfy the requirements of complex analysis, it is necessary to
increase the integration density and the functionalities of lab-on-a-chip devices. Finally,
before lab-on-a-chip devices can be widely used, they should be developed at lower cost,
and in addition they should be portable and easy to operate.
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2
Physical Background for the
Biomedical Applications
of Functional Magnetic
Nanomaterials
2.1 Requirements for Biomedical Applications
Magnetic nanomaterials have been widely used for diagnostic and therapeutic applications.
In biomedical applications, magnetic nanoparticles are usually in the form of magnetic
beads made by embedding magnetic nanoparticles in a suitable matrix. Usually magnetic beads are tailor-made to meet the requirements for speciﬁc applications (Gijs 2004).
In the design and fabrication of magnetic beads, the biocompatibility, biodegradability and stability should be taken into full consideration, and meanwhile the shape and
size of the magnetic beads should be controlled. The physical properties of the beads,
such as the content of iron oxide, which determine the magnetic behavior of the beads,
need to be carefully designed. Meanwhile, suitable bead surface modiﬁcations on magnetic beads are needed to allow covalent bonding or simple unspeciﬁc adsorption of
biomolecules.
2.1.1 Magnetic Particles and Ferroﬂuids
The magnetic nanomaterials in most of the biomedical applications are in the form of
ferroﬂuids, which are stable dispersions of magnetic beads in an organic or aqueous carrier
medium. Ferroﬂuids are also called magnetic bead solutions or magnetic ﬂuids. In order to
obtain a stable dispersion of magnetic particles in an aqueous medium, the characteristics
of the particle surface have to be tailored to the medium. Particle-solvent interactions
and interparticle repulsions must be strong enough to overcome Van der Waals attraction
between the particles and magnetic attraction in the case of particles with a permanent
magnetic moment (Connolly and St Pierre 2001).
2.1.1.1 Magnetic Particles
Magnetic particles are magnetically responsive solid phases, and they could be nanoparticles or aggregates of nanoparticles of micro- to nanometer size. Under an external
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
V. Varadan, L.F. Chen, J. Xie
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magnetic ﬁeld, magnetic particles will rotate. To move the particles in a preferred
direction of space, an inhomogeneous magnetic ﬁeld should be used. The magnetic force
acting on such particles in a liquid suspension is proportional to the magnetization of
the particle, the magnetic ﬂux density and the magnetic ﬁeld gradient (Plank 2003a).
The most frequently used magnetic particles are ferrites, having the general composition
MFe2 O4 (with M being a bivalent metal cation such as Ni, Co, Mg or Zn and including
magnetite Fe3 O4 ) and maghemite Fe2 O3 (Halbreich et al. 1998).
Magnetic nanoparticles offer attractive advantages for their applications in biomedicine
(Pankhurst et al. 2003). First, their sizes could be controlled in the range of a few
nanometers to tens of nanometers, so they could be smaller than or comparable to a
cell (10–100 µm), a virus (20–450 nm), a protein (5–50 nm) or a gene (2 nm wide and
10–100 nm long). Therefore they can get close to, or enter a biological entity of interest. If coated with suitable biological molecules, they can interact with or bind to a
biological entity, providing a controllable means of tagging for the biological entity.
Second, magnetic nanoparticles can be manipulated by an external magnetic ﬁeld gradient. In combination with the intrinsic penetrability of magnetic ﬁelds into human
tissue, this ‘action at a distance’ opens up many applications involving the transport
and immobilization of magnetic nanoparticles, or of magnetically tagged biological entities. Therefore, they can be used to deliver a package, such as an anticancer drug, to a
targeted region of the body, such as a tumor. Third, magnetic nanoparticles can resonantly
respond to a time-varying magnetic ﬁeld, transferring energy from the exciting ﬁeld to the
nanoparticles and therefore the nanoparticles can heat up. Therefore, magnetic nanoparticles can be used as hyperthermia agents, delivering toxic amounts of thermal energy
to targeted bodies such as tumors; or as chemotherapy and radiotherapy enhancement
agents.
In the development of magnetic nanoparticles, three aspects should be taken into consideration (Parak et al. 2003). First, magnetic nanoparticles should be crystalline, and
each particle consist of only one domain. Second, the size distribution of the nanoparticles should be as narrow as possible. Third, all the magnetic nanoparticles in a particular
sample should have a unique and uniform shape. Besides spherical nanoparticles which
are most widely used, nanoparticles with more complex geometries, such as nanowires
and nanotubes, are also often used.
2.1.1.2 Ferroﬂuids
In most of the biomedical applications of magnetic nanoparticles, they are dispersed in a
suitable liquid, and stabilized in a way that prevents agglomeration, forming a colloidal
solutions. Ferroﬂuids were initially produced by grinding large particles in suitable organic
solvents und sieving, while now most of the ferroﬂuids are prepared chemically.
To obtain a stable ferroﬂuid in physiological media at neutral pH and appropriate
ionic strength, the particle surface should be functionalized. Usually these particles are
coated with dextran, albumin or synthetic polymers such as methacrylates and organosilanes, and the effector, usually an antibody, is attached to the particle through a covalent
bond to the coating Polymer. The stability of the coating determines the stability of the
effector-particle complex (Halbreich et al. 1998).
2.1.2 Biocompatibility and Chemical Stability
The above discussion indicates that the magnetic nanomaterials in biomedical applications
are usually in the form of ferroﬂuids. Usually ferroﬂuids are water colloids of magnetic

Fundamentals of Nanomagnetism

39

nanomaterials. The ferroﬂuids and the magnetic nanomaterials in the ferroﬂuids should be
biocompatible and chemically stable. To achieve this, the size of the magnetic nanomaterials should be suitably chosen, and the surfaces of the magnetic nanoparticles should be
functionalized to ensure that magnetic nanoparticles can be stably suspended in the ﬂuids
and can be chemically stable so that they are biocompatible.
2.1.3 Magnetic Properties
One of the key points in biomedical applications is the remote control or manipulation
of biological entities or drugs. Usually this is realized using external magnetic ﬁelds.
Therefore the magnetic properties of the magnetic nanoparticles attached to biological
entities or drugs are very important. Usually magnetic nanomaterials have superparamegnetic properties. Detailed discussion on the magnetic properties of magnetic nanomaterials
can be found in the second section of this chapter.
2.1.4 Physical Properties
To realize the manipulation of ferroﬂuids and perform desired biomedical functions, the
physical properties of ferroﬂuids and magnetic nanoparticles should satisfy special requirements. The typical physical properties of ferroﬂuids which play important roles in the
biomedical applications mainly include viscosity and magnetic relaxation. In some
biomedical applications, especially in cases where magnetic nanoparticles are used as tools
to apply mechanical forces on biological entities, we should also consider the mechanical
properties of the magnetic nanomaterials. As shown in Figure 2.1, magnetic nanowires
may penetrate the cell membranes, and get inside the cells, for drug or gene delivery, or
cell separations. In these cases, the magnetic nanowires should have sufﬁcient mechanical
strength.

2.2 Fundamentals of Nanomagnetism
Nanomagnetism have been under intensive investigation for decades (Darling and Bader
2005; Himpsel et al. 1998). In this section, we aim to outline the fundamental magnetic
properties of magnetic nanomaterials and discuss the theoretical frameworks for analyzing
these properties. We lay our emphasis on the fundamentals of nanomagnetism related to
their biomedical applications and we will concentrate on the magnetism of magnetic

10 µm
(a)

10 µm
(b)

Figure 2.1 Optical images of trypsinized 3T3 cells penetrated by nanowires. (a) a cell (average
diameter 15 µm) with 22-µm nanowire. (b) a cell (average diameter 23 µm) with 22 µm nanowire.
(Hultgren et al. 2004)
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nanospheres. Special attention will be paid to nanospheres with strict spherical structures,
and the effects of shape variations, such as triangular, square and pentagonal, on the
magnetic properties can be found in Cowburn (2000). The magnetic properties of magnetic
nanowires, magnetic nanotubes and magnetic thin ﬁlms are discussed in Chapters 6, 7
and 8 respectively.
2.2.1 Basic Concepts of Nanomagnetism
Before introducing the basic concepts of nanomagnetization, we give some explanations
about magnetic units, as the mix of units in technical literatures may confuse or mislead
readers with different backgrounds. In discussing the engineering applications of magnetic materials, SI units are usually used. However, in more fundamental research, cgs
units are often used. In the cgs unit system, magnetization, M, is measured in emu/cm3
(electromagnetic units), magnetic ﬁeld strength, H , is measured in Oersted (Oe), and the
permeability of vacuum is taken as one. The relationship between magnetic induction (B),
magnetic ﬁeld strength (H) and magnetization (M) is given by B = H + 4πM, with B
in gauss. Scholten (1995) provides a convenient overview of the various magnetic unit
conventions.
2.2.1.1 Classiﬁcation of Nanostructure Morphologies
The nanostructure morphology of magnetic nanomaterials can be classiﬁed according to
the relationship between nanostructure and magnetic properties. Here we discuss a classiﬁcation method, which emphasizes the physical mechanisms responsible for the behavior
of magnetic nanomaterials (Leslie-Pelecky and Rieke 1996). As shown in Figure 2.2,
there are four general classiﬁcations of magnetic nanostructured materials ranging from
non-interacting particles (type A) in which the magnetization is determined strictly by
size effects, to ﬁne-grained nanostructures, in which interactions dominate the magnetic properties. At one extreme, denoted type A, are the systems consisting of isolated

A

B

C

D

Figure 2.2 Classiﬁcation of nanostructure morphologies. In a type A material, the inter-particle
spacing is large enough to approximate the particles as non-interacting. Ferroﬂuids, in which magnetic particles are surrounded by a surfactant preventing interactions, are a subgroup of Type A
materials. Type B materials are ultra-ﬁne particles with a core–shell morphology. Type C nanocomposites are composed of small magnetic particles embedded in a chemically dissimilar matrix. The
matrix may or may not be magnetoactive. Type D materials consist of small crystallites dispersed
in a non-crystalline matrix. In such a nanostructure, the nanoparticles may be in a distinct phase
from that of the matrix, while in an ideal case, both the nanoparticles and the matrix are made of
the same material. (Leslie-Pelecky and Rieke 1996)
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particles with nanoscale diameters. The magnetic properties of these non-interacting
systems can be derived strictly from the reduced size of the components, and there
is no contribution from interparticle interactions. At the other extreme, denoted type
D, are bulk materials with nanoscale structure. In a bulk material, a signiﬁcant fraction of the volume (up to 50 %) is composed of grain boundaries and interfaces, and
the interactions between the nanoparticles dominate the magnetic properties of a bulk
material. The length scale of the interactions is critically dependent on the characteristics of the interphase, and may span many grains. As the magnetic properties of type
D bulk materials are dominated by the interactions and grain boundaries, the magnetic
behavior of these materials cannot be predicted simply by applying theories for polycrystalline materials with reduced length scales. In most cases, the magnetic behavior
of a magnetic nanomaterial is a result of contributions from both interaction and size
effects. Type B and type C are two typical intermediate forms. Type B particles are
ultra-ﬁne particles with a core–shell morphology. The presence of a shell can help prevent particle-particle interactions, but the interactions between the core and the shell
may affect the overall magnetic performance of the material. In some cases, the shells
themselves can be magnetic. Type C nanocomposite materials consist of two chemically
dissimilar materials: magnetic particles distributed throughout a matrix. The magnetic
interactions between the magnetic particles are mainly determined by the volume fraction of the magnetic particles and the character of the matrix (Leslie-Pelecky and Rieke
1996).
2.2.1.2 Fundamental Magnetic Lengths
One of the fundamental motivations for the investigation of magnetic nanomaterials is
the impressive change of magnetic properties that occurs when the critical length governing some phenomenon is comparable to the size of the nanoparticle. Changes in the
magnetization of a material occur via activation over an energy barrier, and each physical
mechanism responsible for an energy barrier has an associated length scale. The fundamental magnetic lengths for magnetic materials mainly include the crystalline anisotropy
length, lK , the applied ﬁeld length, lH , and the magnetostatic length, lS , as deﬁned below
(Leslie-Pelecky and Rieke 1996):

J /K

lH = 2J /HMS

lS = J /2πM2S
lK =

(2.1)
(2.2)
(2.3)

where K is the anisotropy constant of a bulk material due to the dominant anisotropy,
and J is the exchange within a grain. If there is more than one type of barrier, the
magnetic properties of the magnetic material are dominated by the shortest characteristic
length. The fundamental magnetic lengths for most magnetic materials are on the order of
1–100 nm. For example, at 1000 Oe and room temperature, nickel has lengths lS ≈ 8 nm,
lK ≈ 45 nm and lH ≈ 19 nm.
2.2.1.3 Hysteresis Loops
Most of the magnetic properties of a material can be derived from its hysteresis loop
(Leslie-Pelecky and Rieke 1996). Figure 2.3 schematically illustrates a magnetization vs
ﬁeld (M–H) hysteresis loop. When the external magnetic ﬁeld is sufﬁciently large, all the
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M

Remanent
Magnetization, Mr

Saturation
Magnetization, Ms

Coercivity, Hc

H

Figure 2.3 A typical magnetization vs ﬁeld (M–H) hysteresis loop of a ferromagnetic material.
Several important parameters are shown: saturation magnetization Ms , remanent magnetization Mr ,
and coercivity Hc . (Leslie-Pelecky and Rieke 1996)

spins within a magnetic material align with the applied magnetic ﬁeld. In this state,
the magnetization of the material achieves its maximum value, and this value is called
the saturation magnetization, Ms . When the external magnetic ﬁeld becomes weaker, the
spins in the material cease to be aligned with the external magnetic ﬁeld, so the total
magnetization of the material decreases. For a ferromagnetic material, when the external
magnetic ﬁeld decreases to zero, the material still has a residual magnetic moment, and
the value of the magnetization at zero ﬁeld is called the remanent magnetization, Mr . The
remanence ratio is deﬁned as the ratio of the remanent magnetization to the saturation
magnetization, Mr /Ms , which varies from 0 to 1. To bring the material back to zero magnetization, a magnetic ﬁeld in the negative direction should be applied, and the magnitude
of the ﬁeld is called the coercive ﬁeld, Hc . The re-orientation and growth of spontaneously
magnetized domains within a magnetic material depends on both microstructural features
such as vacancies, impurities or grain boundaries, and intrinsic features such as magnetocrystalline anisotropy as well as the shape and size of the particle. In most cases,
the hysteresis loop of a magnetic material should be experimentally measured using, for
example, a vibrating sample magnetometer (VSM) or superconducting quantum interference device SQUID magnetometer, and it is not possible to predict a priori what the
hysteresis loop will look like.
Materials with different magnetic properties have different shapes of hysteresis loops.
Figure 2.4 shows a schematic diagram of a blood vessel into which some magnetic
nanoparticles have been injected, and the magnetic properties of both the injected particles and the ambient biomolecules in the blood stream (Pankhurst et al. 2003). Generally
speaking, the blood vessel and the biomaterials in the blood vessel are either diamagnetic or paramagnetic, while the injected magnetic particles are either ferromagnetic or
superparamagnetic, depending on their sizes.
When a magnetic ﬁeld of strength H is applied to a magnetic material, the individual
atomic moments in the material contribute to the overall magnetic induction B of the
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Figure 2.4 A hypothetical situation in which ferromagnetic particles with a range of sizes from
nanometer up to micron scale are injected into a blood vessel. The magnetic responses associated
with different classes of magnetic material are illustrated by their corresponding M–H curves. The
biomaterials in the blood vessel are diamagnetic (DM) or paramagnetic (PM). Depending on their
sizes, the injected particles can be ferromagnetic (FM) or superparamagnetic (SPM). Ferromagnetic
materials can be multi-domain (- - - - in FM diagram) or single-domain (
in FM diagram).
(Pankhurst et al. 2003)

material:
B = µ0 (H + M)

(2.4)

where µ0 is the permeability of free space, and the magnetization M = m/V is the
magnetic moment per unit volume, where m is the magnetic moment on a volume V of
the material.
Broadly, all materials can be regarded as magnetic materials because all the materials
respond to magnetic ﬁelds to some extent. However, they are usually classiﬁed based
on their volumetric magnetic susceptibility, χ, describing the relationship between the
magnetic ﬁeld H and the magnetization M induced in a material by the magnetic ﬁeld:
M = χH

(2.5)

In the SI unit system, χ is dimensionless, while both M and H are expressed in Am−1 .
Most materials display little magnetism, and these are classiﬁed either as paramagnets or
diamagnets. The χ value for paramagnets is usually in the range of 10−6 to 10−1 , while
the χ value for diamagnets is usually in the range −10−6 to −10−3 . Negative χ value
of diamagnets indicates that in such materials, the magnetization M and the magnetic
ﬁeld H are in opposite directions. However, some materials exhibit ordered magnetic
states, and they are usually classiﬁed as ferromagnets, ferrimagnets and antiferromagnets.
The preﬁxes of these names refer to the nature of the coupling interactions between the
electrons within the material (Pankhurst et al. 2003). Such couplings may lead to large
spontaneous magnetizations, and this is the reason why ordered magnetic materials usually
have much larger χ values than paramagnetic or diamagnetic materials.
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It should be noted that the susceptibility in ordered materials also depends on applied
magnetic ﬁeld H. This magnetic ﬁeld gives rise to the characteristic sigmoidal shape
of the M–H curve, with M approaching a saturation value at high magnetic ﬁeld. In
ferromagnetic and ferrimagnetic materials, hysteresis loops can be observed, as shown
in Figure 2.3. The shape of a hysteresis loop is partly determined by the particle size.
A particle in the order of micron size or more usually has a multi-domain structure.
As it is easy to make the domain walls move, the hysteresis loop of such particles is
narrow. In a smaller particle, the single-domain structure leads to a broad hysteresis
loop. When particle size become even smaller, in the order of tens of nanometers or less,
superparamagnetism can be found. The magnetic moment of a superparamagnetic particle
as a whole is free to ﬂuctuate in response to thermal energy, while the individual atomic
moments maintain their ordered state relative to each other. As shown in Figure 2.4, the
M–H curve of a superparamagnetic particle is anhysteretic, but still sigmoidal (Pankhurst
et al. 2003).
2.2.1.4 Magnetic Anisotropy
Most materials contain some type of anisotropy affecting their magnetization behaviors. The magnetic anisotropy of a material can be modeled as uniaxial in character and
represented by (Leslie-Pelecky and Rieke 1996):
E = KV sin2 θ

(2.6)

where K is the effective uniaxial anisotropy energy per unit volume, θ is the angle between
the moment and the easy axis, and V is the particle volume. In the following, we discuss
two general types of magnetic anisotropy: bulk anisotropy and surface anisotropy.
(1) Bulk Anisotropy
The most common types of anisotropy include crystal anisotropy, shape anisotropy, stress
anisotropy, externally induced anisotropy and exchange anisotropy (Leslie-Pelecky and
Rieke 1996). The two typical anisotropies in nanostructured materials are crystalline
anisotropy and shape anisotropy.
Arising from spin-orbit coupling, magnetocrystalline anisotropy is speciﬁc to a given
material and independent of particle shape. Magnetocrystalline anisotropy energetically
favors alignment of the magnetization along a speciﬁc crystallographic direction, and
this direction is called the easy axis of the material. The magnetocrystalline anisotropy
properties of typical ferromagnetic materials are listed in Table 2.1. As the coercivity is
proportional to the anisotropy constant, high-anisotropy materials are attractive candidates
for high-coercivity applications (Leslie-Pelecky and Rieke 1996).

Table 2.1 Magnetocrystalline anisotropy of typical
ferromagnetic materials at room temperature
Material

Easy axis

Magnitude at room temperature
(erg/cm3 )

Hcp Co
cubic Fe
cubic Ni

c axis
<100>
<111>

7 × 106
8 × 105
5 × 104
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Due to averaging over all orientations, a polycrystalline specimen with no preferred
grain orientation does not have net crystal anisotropy. However, a nonspherical polycrystalline sample possesses shape anisotropy (Leslie-Pelecky and Rieke 1996). For example,
it is easier to magnetize a cylindrical sample along its long axis than along its short
axes. Samples with symmetric shapes, such as a sphere, have no net shape anisotropy.
Shape anisotropy causes large coercive forces. An increase of the aspect ratio from 1.1
to 1.5 in single-domain iron particles with easy axis aligned along the ﬁeld quadruples
the coercivity, and a further increase in the aspect ratio to 5 produces another doubling
of the coercivity.
Besides crystalline anisotropy and shape anisotropy, there are other types of bulk
anisotropies, such as stress anisotropy and exchange anisotropy (Leslie-Pelecky and Rieke
1996). Stress anisotropy is caused by external or internal stresses due to rapid cooling,
application of external pressure, etc., and may also be induced by annealing in a magnetic
ﬁeld, plastic deformation or ion beam irradiation. Exchange anisotropy occurs when a ferromagnetic material is in close proximity to an antiferromagnetic material or ferromagnetic
material. Magnetic coupling at the interface of the two materials can create a preferential
direction in the ferromagnetic phase, which takes the form of a unidirectional anisotropy.
This type of anisotropy is often observed in type B particles shown in Figure 2.2, when
an antiferromagnetic or ferrimagnetic oxide forms around a ferromagnetic core.
(2) Surface Anisotropy
Usually the anisotropy of ﬁne metallic and oxide particles increases as the size decreases,
and the increase of anisotropy is mainly due to the contribution of surface anisotropy.
Surface anisotropy has a crystal-ﬁeld nature which comes from the symmetry breaking
at the boundaries of the particle. The structural relaxation yielding the contraction of
surface layers and the existence of some degree of atomic disorder and vacancies induce
local crystal ﬁelds with predominant axial character normal to the surface, which may
produce easy-axis or easy-plane anisotropies (Batlle and Labarta 2002). The axis of the
local crystal ﬁeld, n̂, can be evaluated from the dipole moment of the nearest-neighbor
atomic positions with respect to the position of a given surface atom as:
n̂i ∝

nn


(Pj − Pi )

(2.7)

j

where Pi is the position of the ith atom and the sum extends to the nearest neighbors
of this atom. Because some of the neighbors at the surface are missing, n̂i is not zero
and directed approximately normal to the surface. The effect of these local ﬁelds can
be modeled by adding to the Hamiltonian a term in the form of KS2ς , where Sς is the
component of the spin along a vector normal to the surface, and K < 0 corresponds to
the easy-axis case and K>0 to the easy plane one (Batlle and Labarta 2002). If |K| is
comparable to the ferromagnetic exchange energies, we can obtain spin conﬁgurations
similar to those shown in Figure 2.5. Such conﬁgurations are due to the competition
between surface anisotropy and ferromagnetic alignment. Generally speaking, the surface
anisotropy makes the surface layer of a particle magnetically harder than the core of the
particle.
The existence of boundaries also causes lattice deformations at the surface, and thus
results in strains at the surface. Through magnetostriction effects, such strains induce an
additional surface anisotropy (Batlle and Labarta 2002). Usually thin ﬁlms exhibit strong
strain anisotropy because stresses always exist at the interface between substrate and ﬁlm
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(a)

(b)

Figure 2.5 Surface spin arrangement of a ferromagnetic particle with a surface anisotropy of the
form KS2ς . Case (a) corresponds to K < 0 (radial) and case (b) corresponds to K>0 (tangential).
(Batlle and Labarta 2002)

due to lattice mismatch. But the strain energy for most of the nanoparticles is weak, and
so the contribution of the strain energy could be neglected, especially for free particles.
It should be noted that as surface anisotropy is normal to surface, the surface anisotropy
of a spherical particle would be averaged to zero based on symmetry arguments.
In analyzing the anisotropy of magnetic nanomaterials, it is necessary to include the
contributions from both the core and the surface. The core contributes the bulk anisotropy,
and the surface contributes the surface anisotropy. Usually an effective anisotropy energy
per unit volume, Keff , is used. For a spherical particle the Keff is give by (Batlle and
Labarta 2002):
Keff = Kb +

6
KS
d

(2.8)

where Kb is the bulk anisotropy energy per unit volume, Ks is the surface density of
anisotropy energy and d is the diameter of the particle.
2.2.1.5 Single-domain Particles
A domain is a group of spins whose magnetic moments are in the same direction, and
in the magnetization procedure, they act cooperatively. In a bulk material, domains are
separated by domain walls, which have a characteristic width and energy associated with
their formation and existence. The movement of domain walls is a primary means of
reversing magnetization and a major source of energy dissipation.
Figure 2.6 schematically shows the relationship between the coercivity in particle systems and particle sizes (Leslie-Pelecky and Rieke 1996). In a large particle, energetic
considerations favor the formation of domain walls, forming a multi-domain structure.
The magnetization of such a particle is realized through the nucleation and motion of
these walls. As the particle size decreases toward a critical particle diameter, Dc , the formation of domain walls becomes energetically unfavorable. So there is no domain wall
in such a particle, and this particle is called a single-domain particle. For a single-domain
particle, the magnetization procedure is realized through the coherent rotation of spins.
The particles with size close to Dc usually have large coercivities. As the particle size is
much smaller than Dc , the spins in this particle are affected by thermal ﬂuctuations, and
such a single-domain particle is usually called a superparamagnetic particle, which will
be discussed in Section 2.2.2.
Frenkel and Dorfman (1930) theoretically predicted the existence of single-domain
particles. The Dc values for some typical magnetic materials of spherical shape are listed
in Table 2.2. It should be noted that particles with signiﬁcant shape anisotropy usually have
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single domain
multidomain

Hc
Superparamagnetic

Dc

D

Figure 2.6 The relationship between the coercivity in ultraﬁne particle systems and particle sizes.
(Leslie-Pelecky and Rieke 1996)

Table 2.2 Critical single-domain sizes, Dc , for spherical particles
with no shape anisotropy. Adapted from Leslie-Pelecky, D.L. and
Rieke, R.D. (1996) Magnetic Properties of Nanostructured Materials.
Chemistry of Materials, 8(8), 1770–83.
Material

Dc (nm)

Co
Fe
Ni
Fe3 O4
γ -Fe2 O3

70
14
55
128
166

a larger effective critical single-domain diameter than corresponding spherical particles
(Leslie-Pelecky and Rieke 1996).
2.2.1.6 Time Dependence of Magnetization
The time dependence of magnetization of a material is important for its engineering applications and for investigating the fundamental mechanisms of magnetism. The variation
of magnetization with time of a magnetic material can be described by:
dM(t)
M(t) − M(t = ∞)
=−
dt
τ

(2.9)

where M(t = ∞) is the magnetization at the equilibrium state, and τ is a characteristic
relaxation time given by:


E
1
(2.10)
exp
τ =
f0
kT
For a uniaxial anisotropy, the energy barrier, E, is equal to the product of the anisotropy
constant and the volume. In most cases, f0 is often taken as a constant of value
109 s−1 . As the behavior of τ is dominated by the exponential argument, the accurate value of f0 is usually not necessary. However, the particle size greatly affects the
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relaxation time. If we choose typical values f0 = 109 s−1 , K = 106 erg/cm3 , and
T = 300 K, the relaxation time of a particle with diameter of 11.4 nm is 0.1 s, while
the relaxation time of a particle with diameter of 14.6 nm is 108 s (Leslie-Pelecky and
Rieke 1996).
If all components of a system have the same relaxation time, Equation (2.9) offers the
simplest solution. However this assumption is not applicable to real systems because of
the distribution of energy barriers in real systems. The energy barrier distribution may
be related to the variations of a lot of parameters, such as particle sizes, anisotropies or
compositional inhomogeneity, and the distribution of energy barriers causes a distribution
of relaxation times. If the distribution of energy barriers is constant, the magnetization
decays logarithmically (Leslie-Pelecky and Rieke 1996):
M(t) = M(t = 0) − S ln(t)

(2.11)

where the magnetic viscosity, S, is related to the energy barrier distribution. If the distribution of energy barriers is constant, deviations from the ln(t) behavior can be observed.
To keep Equation (2.11) applicable, the magnetic viscosity, S, should be accordingly
modiﬁed (Leslie-Pelecky and Rieke 1996).
2.2.2 Superparamagnetism
Neel (1949) theoretically demonstrated that Hc approaches zero when particles become
very small because the thermal ﬂuctuations of very small particles prevent the existence
of a stable magnetization. This is a typical phenomenon of superparamagnetism. There
are two experimental criteria for superparamagnetism (Bean and Jacobs 1956). First,
the magnetization curve exhibits no hysteresis, and second the magnetization curves at
different temperatures must superpose in a plot of M vs H/T. Figure 2.7 shows the
magnetization curves of iron amalgam on H/T bases. Measurements were made at 77 K
and 200 K respectively, and the magnetization curves at 77 K and 200 K superpose each
other. The imperfect H/T superposition may be due to a broad distribution of particle sizes,
changes in the spontaneous magnetization of the particle as a function of temperature or
anisotropy effects.
The basic mechanism of superparamagnetism is based on the relaxation time τ of the
net magnetization of a magnetic particle (Brown 1963):


E
τ = τ0 exp
(2.12)
kB T
where E is the energy barrier to moment reversal, and kB T is the thermal energy. For
non-interacting particles the pre-exponential factor τ0 is in the order of 10−10 –10−12 s
and only weakly dependent on temperature. The energy barrier has several origins,
including both intrinsic and extrinsic effects such as the magnetocrystalline and shape
anisotropies, respectively (Pankhurst et al. 2003). However, in the simplest cases, it is
given by E = KV, where K is the anisotropy energy density and V is the particle volume.
For small particles, E is comparable to kB T at room temperature, so superparamagnetism
is important for small particles.
It should be noted that, for a given material, the observation of superparamagnetism is
dependent not only on temperature, but also on the measurement time τm of the experimental technique used (Pankhurst et al. 2003). As shown in Figure 2.8, if τ  τm , the
ﬂipping is fast relative to the experimental time window and the particles appear to be

49

MAGNETIZATION M
ARBITRARY UNTIS

Fundamentals of Nanomagnetism

20
15
10
5
H/T (Oe/deg)

30

20

10

10

20

30

5
77° K
200° K

10
15
20

Figure 2.7 Magnetization curves on H/T bases, as a demonstration of the superparamegnetism of
iron amalgam. (Bean and Jacobs 1956)

(a)

(b)

Figure 2.8 Observation of superparamagnetism. The circles depict three magnetic nanoparticles,
and the arrows represent the net magnetization direction in these particles. In case (a), at temperatures well below the measurement-technique-dependent blocking temperature TB of the particles,
or for relaxation times τ (the time between moment reversals) much longer than the characteristic
measurement time τm , the net moments are quasi-static. In case (b), at temperatures well above
TB , or for τ much shorter than τm , the moment reversals are so rapid that in zero external ﬁeld the
time-averaged net moment on the particles is zero. (Pankhurst et al. 2003)

paramagnetic; while if τ  τm , the ﬂipping is slow, and such a state is called a blocked
state. In a block state, the quasi-static properties of the material can be observed. The
blocking temperature TB can be obtained by assuming τ = τm . In typical experiments, the
measurement time τm can range from the slow timescale of 102 s for DC magnetization,
and medium timescale of 10−1 –10−5 s for AC susceptibility, through to the fast timescale
of 10−7 –10−9 s for 57Fe Mossbauer spectroscopy.
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2.2.3 Nanoparticle Assemblies
In nanoparticle assemblies, the interactions between the particles should be taken into
consideration. Stoner-Wohlfarth theory and Holz-Scherer theory are well-acknowledged
theories addressing magnetic nanoparticle assemblies.
2.2.3.1 Stoner-Wohlfarth Theory
Stoner-Wohlfarth theory describes the behavior of an assembly of single-domain, noninteracting particles with uniaxial anisotropy (Stoner and Wohlfarth 1948). This theory
analyzes how different types of anisotropies affect the magnetic properties, including the
coercivity and remanence, of ﬁne particles. One important conclusion about the remanence
behavior can be derived from the Stoner-Wohlfarth theory (Wohlfarth 1958):


M DCD (H )
M I RM (H )
= 1−2
M(∞)
M(∞)

(2.13)

where M DCD is the DC demagnetization remanence, M IRM is the isothermal remanent
magnetization, and M(∞) = M DCD (H = ∞) = M IRM (H = ∞).
As most of real materials could not strictly satisfy the non-interacting assumption
required by Equation (2.13), the deviation from Equation (2.13) can be used to investigate
the interactions between the particles in real materials. Kelly et al. (1989) suggested the
difference term, M(H), deﬁned by:
M(H ) =



M DCD (H )
M I RM (H )
− 1−2
M(∞)
M(∞)

(2.14)

Positive values of M(H) indicate the presence of stabilizing (ferromagnetic) interactions, while negative values indicate demagnetizing interactions (Leslie-Pelecky and
Rieke 1996). Equation (2.14) is applicable to strongly interacting systems.
2.2.3.2 Holz-Scherer Theory
Holz and Scherer (1994) developed a micromagnetic theory that can explicitly analyze
the behavior of the type D nanostructures in Figure 2.2. Using the micromagnetic lengths
given by Equations (2.1) and (2.3), Holz-Scherer theory assumes that crystallographic
correlations in the space of the nanocrystals are on the order of the nanocrystallite size,
dNC . Under the condition lK  dNC  lS , crystal anisotropy plays no role in the magnetic
properties, and the magnetic properties are dominated by the magnetostatic and exchange
energies. Table 2.3 compares the magnetic lengths of the three elemental ferromagnets
and a rare-earth alloy, and these parameters are calculated by using Equations (2.1) and
(2.3). Table 2.3 indicates that the ratios of the anisotropy to magnetostatic lengths for
Ni and Fe are larger than those for Co and SmCo5 , so this theory has more chance of
applying to Ni and Fe than to Co or SmCo5 (Leslie-Pelecky and Rieke 1996).
2.2.4 Colloidal Magnetic Nanoparticles
Various types of magnetic complex ﬂuids have been artiﬁcially prepared for different
purposes. Depending on the dimensions of the magnetic particles, these ﬂuids can be
magnetic ﬂuids (ferroﬂuids), magneto-rheological suspensions or other complex ﬂuids
between ferroﬂuids and magneto-rheological suspensions. The ferromagnetic particles in
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Table 2.3 Magnetic lengths for ferromagnetic materials.
Adapted from Leslie-Pelecky, D.L. and Rieke, R.D. (1996)
Magnetic Properties of Nanostructured Materials. Chemistry of
Materials, 8(8), 1770–83.
Material

lK / lS

Fe
Ni
Co
SmCo5

7.1
6.0
2.0
1.4

ferroﬂuids, usually magnetic ferrite, have a diameter of about 10 nm, and are often covered
with a surfactant layer, forming a core–shell structure. The colloid stability is ensured
by the shell layer together with thermal agitation. The ferroﬂuids exhibit a very small
magneto-rheological effect. The ferromagnetic particles in magneto-rheological ﬂuids are
usually made of iron, and their diameters are about a few micrometers (Popa et al. 2005).
Magnetic ﬂuids have been widely used in biological applications, and their magnetic
properties and micro-structural characteristics should be carefully investigated. In the
following subsections, we discuss the magnetic properties of core–shell nanoparticles
and the micro-structural characterization of magnetic suspensions.
2.2.4.1 Core–shell Nanoparticles
Generally speaking, a core–shell nanoparticle consists of a magnetic core encapsulated
in a protective shell that is usually biocompatible. The applications of magnetic nanoparticles can be signiﬁcantly extended by the introduction of core–shell structure (Darling
and Bader 2005). There are two general approaches for the development of core–shell
structures. With the ﬁrst approach, the core is magnetic while the shell is nonmagnetic;
and using the second approach, the core and the shell are made of magnetic materials of
different hardness.
A magnetic core–shell nanoparticle using the ﬁrst approach can be formed by surrounding the core by an oxide shell which is a natural result of exposure to environmental
oxygen. Such core–shell nanoparticles can also be synthesized chemically through tuning the dimensions of both layers and the interface between them. In such a system,
the core material is ferromagnetic while the shell is antiferromagnetic, such as colloidal
Co/CoO and CoNi/(CoNi)O. As shown in Figure 2.9(a), a shifted hysteresis loop can be
observed due to the exchange anisotropy caused by the interfacial couplings. This effect
has been used to control the magnetization of devices, such as a spin valve sensor, via
the giant magnetoresistance effect. Though the exchange bias was discovered a long time
ago (Meiklejohn and Bean 1957), the microscopic mechanisms of exchange bias are yet
to be fully understood.
Most of the functionalized magnetic nanoparticles used in biomedical applications are
developed in this approach. Biomedical applications require rigorous surface functionalizations to make the particles invisible to the reticulo-endothelial system of the body, and
to prevent aggregation that would inhibit the transport of particles through the body. By
coating a magnetic core with a thin layer of gold, ligands with various functionalities
can be introduced through Au-thiol chemistry, meanwhile maintaining the magnetic utility of the core. Much progress has been made in using iron oxide nanoparticles capped
with dextran, polyethylene glycol, polyethylene oxide and other brush polymer coatings
(Darling and Bader 2005).
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(a)

(b)

Figure 2.9 (a) M–H hysteresis loops of an exchange bias system. The center of the loop is
shifted to the side after ﬁeld cooling from above the Neel temperature due to coupling between
antiferromagnetic and ferromagnetic layers; (b) M–H hysteresis loops of an exchange spring system.
Coupling of the soft and hard ferromagnets leads to an enhanced energy product with both large
coercivity and large magnetization. (Darling and Bader 2005)

Using the other approach, one ferromagnetic material is grown onto another ferromagnetic material. Figure 2.9(b) shows a core–shell structure consisting of a soft ferromagnetic core covered by a hard ferromagnetic shell. Due to the magnetic exchange coupling
between the core and the shell, such a system combines a large coercive ﬁeld and large
magnetization. In such a system, the interphase coupling between the soft and hard ferromagnetic materials can be tuned (Zeng et al. 2004a; 2004b; 2002), and extremely strong
permanent magnets can be achieved by optimizing the interphase coupling (Darling and
Bader 2005).
Though there are many problems to be addressed for single-component and basic
core–shell systems, and many applications could be developed based on single-component
and basic core–shell systems, researchers are becoming interested in the synthesis and
characterization of ‘onion’ particles, which are composed of many layers (Darling and
Bader 2005). The properties of multi-layer core–shell particles could be further tailored
to meet special application requirements.
2.2.4.2 Micro-structural Characterization of Magnetic Suspensions
The micro-structural properties of magnetic suspensions can described by peak (P) curves,
the ﬁrst derivative (relative to the magnetic ﬁeld strength) of the magnetization curves
relative to the saturation magnetization. By numerical derivation of the hysteresis
curves, P curves can provide knowledge about the microstructure of the magnetic particles
in a complex ﬂuid (Popa et al. 2005).
Figure 2.10 shows the M–H hysteresis curves of three different magnetic suspensions.
Some information about the microstructure of the suspensions can be obtained using the
ﬁrst derivative of the magnetization relative to the magnetic ﬁeld strength H. The deﬁnition
of the PX value (in m/kA) of the hysteresis curve at the point X (having coordinates HX
and MX ) is given by (Popa et al. 2005):
PX =

d(MX /MS )
dHX

(2.15)

where Ms is the saturate magnetization.
Figure 2.11 shows three P curves corresponding to three M–H hysteresis curves shown
in Figure 2.10. The diameters of the magnetic particles in the three magnetic suspensions

Fundamentals of Nanomagnetism

53

20

1

15

M (kA/m)

10

2
(30·) 3

5
0
−5
−10
−15
−20

−600

−300

0
H (kA /m)

300

600

Figure 2.10 Hysteresis curves for three different magnetic suspensions. The saturation magnetizations for the three magnetic suspensions are Ms1 = 15.6 kA/m; Ms2 = 15.9 kA/m; and Ms3 =
0.38 kA/m. For visibility M3 was multiplied by a factor of 30. (Popa et al. 2005)
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Figure 2.11 (a) P curves for the ferroﬂuids from Figure 2.10; (b) enlargement of P curves in the
low ﬁeld region. (Popa et al. 2005)

are about 10.5, 8.5 and less than 5 nm respectively. Figure 2.11 indicates that the height of
the P curves for small magnetic particles is greater than that for large magnetic particles,
and the spread of the P curves for large magnetic particles is wider than that for small
magnetic particles. Among various parameters derived from the P curves, the amplitude
of the P value at the point H = 0, denoted by P(0), is an important characteristic parameter
describing the micro-structural properties of a magnetic suspension (Popa et al. 2005).
P values are related to the microstructure through a previous calibration. With a previous
calibration of P curves using spherical particles, the information about the presence,
dimension, modiﬁcation or orientation of the magnetic particles can be obtained. From
Equation (2.15), we can ﬁnd that P values are the same whether the volume magnetization
or the mass magnetization are used. Further, the use of P curves has additional advantages
(Popa et al. 2005). P values do not depend on the accuracy of sample mass or volume
measurement, the accuracy of the magnetometer y-axis calibration and the accuracy of the
saturation magnetization (Ms ) measurement. Using P curves, the living biological material
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could be investigated without extracting a sample. By placing a branch of a plant between
the poles of the magnetometer and gently vibrating this branch, the P curves for the plant
branch could be extracted.
2.2.5 Heating Mechanisms for Hyperthermia
From open M–H curves due to hysteresis as shown in Figure 2.3, we ﬁnd that external
energy is required to overcome the barrier to domain wall motion imposed by the intrinsic
anisotropy and microstructural impurities and grain boundaries in the material (Pankhurst
et al. 2003). This energy is related to the area enclosed by the hysteresis loop, and in
the magnetization procedure, it is delivered by the externally applied magnetic ﬁeld. If a
time-varying magnetic ﬁeld is continuously applied to a ferromagnetic or ferrimagnetic
material, there is a constant ﬂow of energy into that material, and this energy will be
transferred into thermal energy. This is the physical basis of hyperthermia treatments. A
similar argument about energy transfer can be made for superparamagnetic materials. For
superparamagnetic materials, external energy is required to coherently align the particle
moments to achieve the saturated state. In the following subsections, we discuss the heat
generating mechanisms associated with the two types of magnetic materials used for
hyperthermia treatments: ferromagnetic or ferrimagnetic single-domain or multi-domain
particles, and superparamagnetic (SPM) particles.
2.2.5.1 Ferromagnetic or Ferrimagnetic (FM) Particles
When FM particles are exposed to a time-varying magnetic ﬁeld, the amount of heat
generated per unit volume is determined by the area of the hysteresis loop multiplied by
the frequency (Pankhurst et al. 2003):

PFM = µ0 f HdM
(2.16)
It should be noted that other possible mechanisms for magnetically induced heating such
as eddy current heating and ferromagnetic resonances are ignored in Equation (2.16). The
magnetic particles in hyperthermia treatment are much too small and the AC ﬁeld frequencies much too low for the generation of any substantial eddy currents. For these magnetic
particles, their ferromagnetic resonance effects, which are discussed in Section 2.3, can
only be observed at frequencies much higher than the frequencies generally considered
appropriate for hyperthermia treatments.
For FM particles much larger than the SPM size limit, the integral in Equation (2.16)
does not have implicit frequency dependence, therefore PFM can be determined from the
hysteresis loops obtained by quasi-static measurements using a VSM or SQUID magnetometer (Pankhurst et al. 2003).
In principle, sufﬁcient hysteresis heating of the FM particles could be obtained by
using strongly anisotropic magnets such as Nd-Fe-B or Sm-Co. However, in practical
hyperthermia treatments, fully saturated loops cannot be used because of the constraints on
the amplitude of magnetic ﬁeld that can be used. In these cases, minor (unsaturated) loops
are used, producing heat at reduced levels (Pankhurst et al. 2003). According to Equation
(2.16), it can be seen that the maximum realizable PFM should involve a rectangular
hysteresis loop. Such a hysteresis loop could only be achieved with an ensemble of
uniaxial particles perfectly aligned with H, but it is very difﬁcult to achieve such a
conﬁguration in vivo. For most cases, FM particles are randomly aligned, and in this
case, the most heating that can be expected is around 25 % of the ideal maximum.
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2.2.5.2 Superparamagnetic Particles
For hyperthermia treatments, superparamagnetic nanoparticles are suspended in water or a
hydrocarbon ﬂuid, resulting in ferroﬂuids. When the magnetic ﬁeld applied to a ferroﬂuid
is removed, the magnetization of the ferroﬂuid relaxes back to zero due to the ambient
thermal energy of its environment. Two mechanisms are responsible for this relaxation:
Brownian rotation which is the physical rotation of the particles themselves within the
ﬂuid, and Neel relaxation which is the rotation of the atomic magnetic moments within
the particle. There is a relaxation time corresponding to each of these processes. The
Brownian relaxation time τB is mainly determined by the hydrodynamic properties of
the ﬂuid; while the Neel relaxation time τN depends on the magnetic anisotropy energy
of the superparamagnetic particles relative to the thermal energy (Pankhurst et al. 2003).
Both of the relaxation times τB and τN depend on particle size. While, for a given size,
the Brownian relaxation usually occurs at a lower frequency than the Neel relaxation. The
magnetic relaxation will be discussed in details in Section 2.3.
The heating of superparamagnetic particles by AC magnetic ﬁelds can be analyzed
using the Debye model originally developed to describe the dielectric dispersion in polar
ﬂuids. Due to the ﬁnite rate of change of M in a ferroﬂuid, magnetic moment M will
lag behind H . For small ﬁeld amplitudes, the response of a ferroﬂuid to an AC ﬁeld can
be described by its complex susceptibility χ = χ  + iχ  . The real part χ  corresponds
to energy storage, while the imaginary part χ  corresponds to energy dissipation which
generates heat (Pankhurst et al. 2003):
PSPM = µ0 πf χ  H 2

(2.17)

where f is the frequency of the applied AC magnetic ﬁeld. Equation (2.17) means that if
M lags H, there is a positive conversion of magnetic energy into internal energy.
2.2.5.3 Speciﬁc Absorption Rate
The heat generation from magnetic particles is usually described in terms of the speciﬁc
absorption rate (SAR) in the unit of Wg−1 , and the values of PFM and PSPM can be
obtained by multiplying the SAR by the density of the particles. This parameter can
be used to compare the efﬁcacies of magnetic particles with different sizes (Pankhurst
et al. 2003). It should be noted that as the saturation of most real FM materials requires
applied ﬁeld strengths of ca 100 kAm−1 or more, due to the operational constraint of
ca 15 kAm−1 in hyperthermia treatments, only minor hysteresis loops can be utilized,
resulting in low SARs. However, superparamagnetic materials can generate useful heating
at lower magnetic ﬁeld strengths.

2.3 Magnetic Relaxation of Ferroﬂuids
The complex susceptibility, χ(ω) = χ  (ω) − iχ  (ω), of magnetic ﬂuids is crucial for
understanding the dynamic behavior of these colloidal suspensions. From the frequency
dependence of complex susceptibility, various relaxation mechanisms, both Brownian and
Neel, as well as ferromagnetic resonance, can be identiﬁed and investigated, and meanwhile the macroscopic and microscopic properties of the ﬂuids can also be determined,
including the mean particle radius, the mean value of anisotropy ﬁeld, the gyromagnetic
constant, γ , and the damping constant, α (Fannin 2002; Chung et al. 2005).
This dynamical susceptibility of a magnetic ﬂuid depends on the relaxation mechanisms
and the corresponding relaxation times. There are two distinct mechanisms by which
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the magnetization of ferroﬂuids may relax after an applied ﬁeld has been removed: the
physical rotation of the particles within the ﬂuid, and the rotation of the magnetic moments
within the particles (Chung et al. 2005; Fannin 2002). The ﬁrst mechanism is called
Brownian relaxation with relaxation time τB and the second is called Neel relaxation with
relaxation time τN (Brown 1963). The relaxation times τB and τN depend on the particle
diameter differently. Moreover, under the application of an external DC magnetic ﬁeld, a
magnetic ﬂuid will exhibit ferromagnetic resonance.
2.3.1 Debye Theory
The theory developed by Debye for analyzing the dielectric dispersion in dipolar ﬂuids
can be used to understand the frequency dependence of the complex susceptibility of
magnetic ﬂuids. Debye’s theory is applicable for spherical magnetic particles when the
dipole-dipole interaction energy, U, is smaller than the thermal energy kT. According
to Debye’s theory, the frequency dependence of complex susceptibility χ(ω) can be
described by (Fannin 2002):
χ(ω) = χ∞ +

χ0 − χ∞
1 + iωτ

(2.18)

1
2πfmax

(2.19)

where the relaxation time τ is given by:
τ =

1
ωmax

=

fmax is the frequency where χ  (ω) reaches its maximum value, χ0 is the static susceptibility value, and χ∞ is susceptibility value at very high frequency.
Figure 2.12 shows the frequency dependence of complex susceptibility according to
Debye’s theory. We ﬁnd that χ  (ω) falls monotonically with the increase of frequency,
and that the maximum possible value of the absorption component, χ  (ω), is equal to
half that of the χ  (ω) component (Fannin 2002).
2.3.2 Magnetic Relaxations of Magnetic Fluids
For magnetic nanoparticles in ﬂuids, if the diameter of the magnetic core Dc is sufﬁciently small, and the double shell thickness of the nonmagnetic shell Ds is sufﬁciently
large, the magnetic interactions between the particles can be neglected, independent of
their concentration in the ﬂuid. The magnetic susceptibility depends on the orientation
of the external magnetic ﬁeld with respect to the particle anisotropy axis, and the overall magnetic susceptibility consists of longitudinal (χ ) and transverse susceptibility (χ⊥ )
components. For a ﬂuid with the particle anisotropy axes randomly distributed, the overall
susceptibility is given by (Chung et al. 2005; Fannin 2002):
χ(ω) =


1
χ (ω) + 2χ⊥ (ω)
3

(2.20)

As the characteristic relaxation time for transverse relaxation is about 0.1 ns, if the
susceptibility is measured in a frequency range of about 10–104 Hz, χ⊥ (ω) can be taken
as a purely real quantity. Therefore, for ω/2π < 10 kHz, we have:
Imχ(ω) =

1
1
ωτ
Imχ (ω) = χ (0)
3
3
1 + (ωτ )2

(2.21)
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Figure 2.12 Debye plot of χ  (ω) and χ  (ω) against ωτ . (Fannin 2002). Reproduced by permission
of Springer Science and Business Media

where the effective longitudinal relaxation time τ// is given by (Chung et al. 2005; Fannin
2002):
τ// =

τN τB
τN + τB

(2.22)

The Brownian relaxation time is given by:
τB =

3ηV
kB T

(2.23)

where η is the viscosity of liquid, and V is the particle effective hydrodynamic volume
(V>Vm due to a surfactant layer coating) (Chung et al. 2005).
Depending strongly on the relative energy barrier (a = E/kB T), the longitudinal relaxation time can vary from several ns to several years. For uniaxial, uniform particles, the
energy barrier is E = K1 Vm , where K1 is the uniaxial anisotropy constant and Vm is
the magnetic particle volume. For a large energy barrier (a>2) and zero magnetic ﬁeld,
the Neel relaxation time can be expressed as (Brown 1963):
τN =

1 1/2
π τD a −3/2 exp(a)
2

(2.24)

where the free diffusion time τD is given by:
τD =

MS Vm
2αγ kB T

(2.25)

where α is the damping constant and γ is the gyromagnetic ratio. For a small energy
barrier (a  1) and intermediate energy barrier (a ∼ 1), some approximations for the
function τN /τD = F(a) can be used (Chung et al. 2005).
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In a real magnetic ﬂuid, magnetic nanoparticles have a size distribution. Therefore we
need to introduce particle diameter distribution functions for the magnetic core P(Dc )
and the nonmagnetic shell P(Ds ), or the total (hydrodynamic) diameter P(D) with D =
Dc + Ds , and the effective susceptibility is an integral over the particle size distribution
(Chung et al. 2005):
Imχ(ω) =

1
χ̂0
3

∞

∞

dDc
0

0

dDP (Dc )P (D)Dc6 ×

ωτ (Dc , D)
1 + [ωτ (Dc , D)]2

(2.26)

where:
χ̂0 =

nMS2 (π/6)2
3kB T

(2.27)

here n is the particle concentration per unit volume, and the effective relaxation time is
given by:
τ (Dc, D) =

τN−1 (Dc )τB−1 (D)

τN−1 (Dc ) + τB−1 (D)

(2.28)

The absorption susceptibility Im χ(ω) in Equation (2.26) for distributed core diameters has two maximum values. Usually the maximum value at the low frequency is
mainly due to the Brown relaxation, while the maximum value at the high frequency is
mainly due to the Neel relaxation (Chung et al. 2005). The particle core diameter Dc
and the total diameter D can be estimated from the following relationship (Kotitz et al.
1995):
ωm1 τB (D) = 1, ωm2 τN (Dc ) = 1

(2.29)

where ωm1 , ωm2 are the frequencies of the low-frequency and high-frequency maximum
values of the absorption susceptibility Im χ(ω), respectively.
Figure 2.13(a) shows the calculated dynamical susceptibility for magnetite (Fe3 O4 )
particles with the log-normal particle size distribution P(Dc ). Figure 2.13(b) shows the
dependence of the low-frequency peak position ωm1 on the particle shell diameter Ds .
The positions of both the low-frequency peak and the high-frequency peak depend on
the width of the size distribution, and the peak positions can change over one order of
magnitude by changing the size distribution. Meanwhile, it should be noted that, even
for a very broad size distribution, the peak positions still strongly depend on the shell
diameter as shown in Figure 2.13(b).
2.3.3 Ferromagnetic Resonances
In the GHz frequency range, the character of the susceptibility dispersion changes from
relaxation to resonance. The component χ⊥ (ω) in Equation (2.20) is associated with
resonance. Due to the resonance, the value of χ  (ω) has a change in sign at the angular
frequency, ωres , given by (Fannin 2002):
ωres = γ HA
where γ is the gyromagnetic constant, and HA is the value of the anisotropy ﬁeld.

(2.30)
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Figure 2.13 (a) Im χ (ω) as a function of frequency calculated for different size dispersions σc
for the magnetic core of magnetite nanoparticles. Parameters for the calculation are Ms = 480 G,
K1 = 5 × 104 erg/cm3 , T = 300 K, α = 0.01, η = 0.01 erg s/cm3 , Dm
c = 10 nm, and Ds = 40 nm
(σs = 0). (b) The dependence of the low-frequency peak position of Im χ (ω) on the shell diameter
Ds . Except for Ds , the parameters are the same as those in (a). The solid line corresponds to
σc = 0.6, the dashed line corresponds to σc = 0.5. The dotted line is for the case without any size
dispersion. (Chung et al. 2005)

The resonant component of the susceptibility, χ⊥ (ω), may be described by (Coffey
et al. 1993):
χ⊥ (ω) = χ⊥ (0)

1 + iωτ2 + 
(1 + iωτ2 )(1 + iω⊥ ) + 

(2.31)

where χ⊥ (0) is the static transverse susceptibility, and the concepts of τ⊥ ,  and τ2 are
deﬁned in (Coffey et al. 1993). By combining Equations (2.20) and (2.31), the overall
frequency-dependent susceptibility can be obtained (Fannin 2002):
χ(ω) = χ  (ω) − iχ  (ω) =

χ (0)
1
1 + iωτ2 + 
+ 2χ⊥ (0)
3 1 + iωτ
(1 + iωτ2 )(1 + ωτ⊥eff ) + 
(2.32)

It should be noted that in Equation (2.32), τ⊥ is replaced by τ⊥eff = τ⊥ τB /(τ⊥ + τB ) to
include the effects of Brownian relaxation.
Figure 2.14 shows the susceptibility spectra for a 760 G suspension of magnetite in
isopar M subjected to a polarizing ﬁeld in the range 0–100 kAm−1 (Fannin 2002), obtained
by means of the transmission line technique (Chen et al. 2004). It can be seen that for
the unpolarized case, resonance occurs at a frequency fres = 1.6 GHz, while the maximum χ  (ω) of the loss-peak occurs at a frequency fmax = 1.0 GHz. When the polarizing
ﬁeld, H, is increased to 100 kAm−1 , fres and fmax increase 5.0 GHz and 4.7 GHz, respectively.
Figure 2.15 shows the relationship between the resonant frequency fres and the polarizing ﬁeld H. According to the relationship ωres = 2πfres = γ (H+H A ), the mean value
of the anisotropy ﬁeld H A can be determined from the intercept of the plot. Based on the
value of H A, the mean value of anisotropy constant, K, and bulk, Ms, can be obtained.
Further, the magneto-mechanical ratio, γ , can be found from the slope of the plot (Fannin
2002).
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Figure 2.14 Spectra of χ  (ω) and χ  (ω) over the frequency range 50 MHz to 18 GHz for 17
values of polarizing ﬁeld in the range 0–100 kA/m. (Fannin 2002). Reproduced by permission of
Springer Science and Business Media

Figure 2.15 The relationship between fres and H (Fannin 2002). Reproduced by permission of
Springer Science and Business Media

The value of damping constant α can be estimated by ﬁtting the susceptibility measurement data to theoretical susceptibility proﬁles based on Equation (2.32), as shown in
Figure 2.16. Based on the damping constant α and the other macroscopic and microscopic
properties of the particles, the ‘magnetic viscosity’, am = Ms /6αγ , and the exponential
prefatory, τ0 = Ms /2αγ K, of Neel’s expression for τN can be obtained (Fannin 2002).
2.3.4 Characterization of the Electromagnetic Responses of Ferroﬂuids
The characterization of the electromagnetic responses of ferroﬂuids is very important
for the study of the relaxation mechanism of ferroﬂuids. Various methods have been
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Figure 2.16 Fitting of the measurement results of χ  (ω) and χ  (ω) to Equation (2.32), for unpolarized plot in Figure 2.14. (Fannin 2002). Reproduced by permission of Springer Science and
Business Media

developed for this purpose. Generally speaking, these methods should cover a wide
frequency range, so that both the Brownian and Neel relaxations can be studied. However, practically, the methods used in the study of ferroﬂuids can be generally classiﬁed
into low-frequency methods and high-frequency methods. Usually the working frequency
range of a low-frequency method is below 50 MHz, and a low-frequency method is mainly
for Brownian relaxation. While the working frequency range of a high-frequency method
is usually from 50 MHz to 20 GHz, and a high-frequency method is mainly for Neel
relaxation and ferromagnetic resonance.
In the following section we discuss a typical low-frequency method and a typical
high-frequency method. It should be noted that most of the methods for the characterization of complex susceptibility χ of ferroﬂuids measure the relative complex permeability
µr , and the complex susceptibility is obtained from the following relationship:
µr = µr − iµr = 1 + χ = 1 + χ  − iχ 

(2.33)

In this section, we will also discuss a method for the study of the Faraday effect of
ferroﬂuids, and introduce magnetorelaxometry of ferroﬂuids.
2.3.4.1 Toroidal Method
The complex relative permeability of a ﬂuid, µr (ω), at a particular frequency, ω/2π, can
be derived from the increase of impedance, Z(ω), of a toroidal coil when it is ﬁlled with
the ﬂuid. This method requires a considerable quantity of ﬂuid, and usually ferroﬂuids
are difﬁcult and costly to prepare in large amounts. Fannin et al. (1986) developed a
technique which can be used to measure complex susceptibility of samples with volumes
not greater than 30 µl .
As shown in Figure 2.17, the test cell consists of a slot of length λ1 cut in a toroid
with rectangular cross-section A and mean magnetic length λ2 . The toroid is made of a
material with very high permeability µr = µr − iµr . Due to the existence of the slot, the
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Figure 2.17 Toroidal test cell for susceptibility measurement. (Fannin et al. 1986)

effective permeability µeff of the toroid becomes
µeff = µr / (1 + γ µr /µ1 )

(2.34)

where γ = λ1 /λ2 . Equation (2.34) is based on several assumptions: there is no leakage
ﬂux, the magnetic ﬂux density is uniform over the cross-section, and there is no the
fringing effect near the slot.
The impedance, Z(ω), across the N turns wound on the toroid, is given by:
Z(ω) = Rw + iωµeff L0

(2.35)

where Rw is the resistance of the winding, and:
L0 = µ0 N 2 A/λ2 (1 + γ )
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Figure 2.18 Frequency dependence of the susceptibility of cobalt ferrite dispersed in toluene.
(Fannin et al. 1986)
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When the slot is empty, its impedance is given by:
Ze = Rw + iωµr L0 /(1 + γ µr )

(2.37)

When it is ﬁlled with a magnetic ﬂuid, the impedance of the toroid becomes:
Zf = Rw + iωµr L0 /(1 + γ µr /µ1 )

(2.38)

The complex permeability of the ﬂuid ﬁlled in the slot can be derived from Equations
(2.37) and (2.38):
µ1 = −

(Ze − Rw )(Zf − Rw )
(Zf − Rw )(iωL0 + Rw − Ze ) − (Ze − Rw )iωL0

(2.39)

Therefore the values of χ1 and χ1 can be obtained from the measurements of Ze , Zf
and Rw based on Equations (2.39) and (2.33). Figure 2.18 shows the susceptibility spectra
of cobalt ferrite dispersed in toluene measured using this method. This method is suitable
for low-frequency measurements.
2.3.4.2 Short-circuited Coaxial Line Method
Many methods have been developed for the characterization of ferroﬂuids at high frequencies (Chen et al. 2004; Usanov et al. 2001; Hrianca and Malaescu 1995). We concentrate
below on the short-circuited coaxial line method based on the transmission line theory
(Fannin et al. 1995).
As shown in Figure 2.19, the input impedance of a transmission line at a distance x
from a terminating load, ZR , is given by:
Zin =

Vin
VR cosh(γ x) + Z0 IR sinh(γ x)
=
Iin
IR cosh(γ x) + (VR /Z0 ) sinh(γ x)

(2.40)

where Z0 is the characteristic impedance of the transmission line, and γ = α + iβ is
the propagation constant with α the attenuation coefﬁcient, β = 2π/λ the phase change
coefﬁcient, and λ the operating wavelength in the line.
If the transmission line has a very low loss (α ≈ 0), Equation (2.40) becomes:
Zin = Z0

ZR + iZ0 tan(βx)
Z0 + iZR tan(βx)

I in

(2.41)

IR

+

+
Vin

Z 0,g

ZR

VR
−

−
x
x=0

Figure 2.19

The equivalent circuit of a transmission line terminated in a load impedance ZR
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Figure 2.20 (a) The model of a coaxial transmission line terminated in a toroidal sample with a
short circuit; (b) the model of a short-circuited toroidal sample

If the load is a short circuit, i.e. ZR = 0, Equation (2.41) can be written as:
Zin = iZ0 tan(βx)

(2.42)

Consider a short-circuited, air-ﬁlled coaxial transmission line, terminated with a toroidal
sample of material with thickness d, as shown in Figure 2.20(a). The characteristic
impedance of the air-ﬁlled line is Z0 , and its propagation constant is γ . As shown in
Figure 2.20(b), the shorted sample-ﬁlled section in Figure 2.20(a) can be modeled as
a shorted transmission line with input impedance ZR , characteristic impedance Z1 and
propagation constant γ1 . In this case, the general equation, Equation (2.40), should be
used because the line cannot be assumed to be lossless.
As the line is shorted, the input impedance, ZR , is given by:
ZR = Z1 tanh(γ1 d)

(2.43)

The intrinsic impedance Z of a medium with absolute values of complex permeability,
µ1 , can be written as:
Z = iωµ1 /γ

(2.44)

And the characteristic impedance, Z1 , of a coaxial line containing such a medium as its
dielectric is:
 
b
1
Z1 =
Z ln
(2.45)
2π
a
where b is the radius of the outer conductor and a is the radius of the inner conductor of
the coaxial line. By combining Equations (2.43), (2.44) and (2.45), we have:
ZR = A

iωµ1
tanh(γ1 d)
γ1

(2.46)

 
1
b
ln
2π
a

(2.47)

with
A=

If the sample depth is much less than the wavelength of electromagnetic radiation
in the sample medium (γ1 d  1), we can assume that tanh(γ1 d) ≈ γ1 d. In this case,
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Figure 2.21 A normalized plot of χ  (ω) and χ  (ω) against f (Hz) for sample (i) magnetite in
isopar M, and sample (ii) cobalt in toluene. (Fannin et al. 1995)

Equation (2.46) becomes:
ZR = iAωµ1 d

(2.48)

By substituting Equation (2.48) for ZR in Equation (2.41), we have:
Zin = Z0

iAωµ1 d + iZ0 tan(βx)
Z0 − Aωµ1 d tan(βx)

(2.49)

Equation (2.49) can be re-written in terms of the permeability of the sample, µ1 :
µ1 = Z0

Zin − iZ0 tan(βx)
.
iAωdZ0 + Zin Aωd tan(βx)

(2.50)

By eliminating the constant factor A, which is determined by the dimensions of the coaxial
line as indicated in Equation (2.47), we can get:
µr = µr − iµr =

(Zin /Z0 ) − i tan(βx)
µ1
λ
·
=
µ0
2πd (Zin /Z0 ) tan(βx) + i

(2.51)

Therefore, the relative complex permeability, and thus the complex susceptibility, can be
obtained from the impedance measurements of the short-circuited line.
Figure 2.21 shows typical measurement results obtained using this method (Fannin
et al. 1995). For both samples, the χ  (ω) component does not change up to a frequency
of about 400 MHz, while the corresponding χ  (ω) component decreases at this frequency
range. This is mainly due to the contribution of the relaxational Neel components to the
susceptibility. When the frequency is higher than 400 MHz, a relaxation to resonance
transition occurs with the χ  (ω) components becoming negative at approximately 1.7 and
3.6 GHz respectively.
It should be noted that this method is based on the assumption that the sample depth is
much less than the wavelength of the electromagnetic radiation in the sample medium. To
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obtain more accurate results, or measure samples at higher frequency ranges, one needs
to use the transmission/reﬂection methods, or modiﬁed reﬂection methods (Chen et al.
2004). In a transmission/reﬂection method, the ﬂuid under test is placed in a transmission
line; from the transmission and reﬂection coefﬁcients of the segment of the transmission
line ﬁlled with the ﬂuid, both complex permittivity and complex permeability of the
sample can be obtained. One typical modiﬁed reﬂection method which is useful for
characterization of ﬂuids is a two-thickness reﬂection method. In this method, two complex
reﬂection coefﬁcients from two shorted samples with different lengths are measured, and
the complex permittivity and complex permeability of the samples are calculated from
the two measured complex reﬂection coefﬁcients.
2.3.4.3 Faraday Effect in Magnetic Fluids

DC Coil

Magnetic
fluid

AC Coil

To microwave detector

Electromagnetic wave H11
from microwave generator

Metallic
waveguide

The Faraday effect could be used to study the structure and properties of magnetic colloids.
Maiorov (2002) has developed a method for observing the Faraday effect in magnetic
ﬂuids in the GHz frequency range. The effect is observed when a microwave in mode
H11 propagates in the circular waveguide with a magnetic ﬂuid, and a DC magnetic ﬁeld
is applied along the waveguide.
Figure 2.22 schematically shows the experimental set-up (Maiorov 2002). A circular
metallic waveguide with 23 mm diameter passes through the electric coil system which
provides the external magnetic ﬁeld, and the magnetic ﬂuid sample in a dielectric container
is placed inside the circular waveguide. A DC coil provides a DC magnetic ﬁeld for
magnetization of the sample, while an AC coil provides a weak alternating magnetic ﬁeld
with a frequency of about 100 Hz for modulation of the polarization, which is essential
for angular sensitivity of the microwave detector head. A standard microwave generator
operating at 10 GHz provides an electromagnetic wave for the circuit waveguide, and the
H11 mode is established in the waveguide. The polarization of the electromagnetic wave
at the outlet of the waveguide is measured using a rotating detector head.
Figure 2.23 shows the angular shift of the polarization plane of the incident wave as a
function of the applied magnetic ﬁeld. The two magnetic ﬂuid samples in this experiment
are 200 mm long. Magnetic ﬂuids consist of magnetite core nanoparticles suspended in
tetradecane, and oleic acid is used as a surfactant. The diameter of magnetic particles d
in magnetic ﬂuids is the same for both samples, and the difference of magnetic saturation

Figure 2.22 Measurement of Faraday effects of magnetic ﬂuids. (Maiorov 2002)
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Faraday rotation curves for the magnetite colloids in tetradecane. (Maiorov 2002)

Ms for these samples is approximately 3. Figure 2.23 shows slight hysteresis, which may
be related to the relaxation of the sample at the changing magnetic ﬁeld. It seems that the
time given for a relaxation, several seconds for each step, is too short for the magnetic
particles to achieve their equilibrium states.
2.3.4.4 Magnetorelaxometry of Ferroﬂuids
Most of the methods for the detection of labeled substances, such as ﬂuorescence or
enzymatic reactions, usually require additional separation and cleaning steps to eliminate
the unbound labels. Magnetorelaxometry (MRX) allows the discrimination of the signals
from the bound and unbound magnetic nanoparticles used to label substances, without
further separation and cleaning steps. MRX is the measurement of the relaxation of
magnetic nanoparticles (MNPs) after the magnetizing ﬁeld Hmag is switched off. The
relaxation of these magnetic nanoparticles may be Brownian relaxation or Neel relaxation.
For movable particles, both the Brownian relaxation and Neel relaxation exist, while for
immovable particles, only Neel relaxation can be observed. As shown in Figure 2.24,
because of the different relaxation times, it is possible to distinguish between the signals
of movable and immovable particles (Warzemann et al. 1999).
Magnetorelaxometry can be used for the detection of biomolecules using different
approaches. If the MNPs with a suitable core size are immobilized by binding to a speciﬁc biomolecule, they exhibit Neel relaxation, but the unbound MNPs exhibit Brownian
relaxation. Therefore the bound and unbound MNPs can be distinguished by their different relaxation times, as indicated in Figure 2.24. If the MNP marker binds to a mobile
biomolecule in suspension, its hydrodynamic volume will be increased, resulting in an
increased Brownian relaxation time. Depending on whether it exceeds the corresponding
Neel time constant or not, MNPs bound to biomolecules can either be distinguished from
unbound ones by their increased Brownian relaxation time or by the change of Brownian
to Neel relaxation (Ludwig 2004).
Magnetorelaxometry is mainly performed with superconducting quantum interference
devices (SQUIDS), the most sensitive magnetic ﬁeld sensors with magnetic ﬁeld noise
values of the order of one fT/Hz1/2 . To suppress the disturbances from remote sources
an unshielded measurement environment, hardware gradiometer systems, is often used
(Schambach et al. 1999). In a measurement set-up, shown in Figure 2.25, the sample is
magnetized in the x-direction, whereas the planar ∂BZ /∂x SQUID gradiometer is located
above it in the x-y plane. If the contributions by parasitic areas are neglected, the magnetizing ﬁeld does not penetrate the pick up areas of the SQUID antenna, and thus does
not couple ﬂux into the gradiometer antenna.
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Figure 2.24 Relaxation times of Brownian and Neel relaxation vs MNP core diameter. In the calculations a shell thickness of 15 nm, K = 20 kJ/m3 and T = 300 K are assumed. For core diameters
below about 15 nm Neel relaxation dominates independent of whether Brownian rotation is suppressed or not. For a core diameter of 20 nm (indicated by circles) the MNP relaxes via Brownian
rotation if it is mobile and via Neel relaxation if it is immobilized. (Ludwig 2004)
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Figure 2.25 Principle sketch of magnetorelaxometry based on SQUID gradiometer. (Warzemann
et al. 1999)

In a relaxation measurement, the sample is exposed to a magnetic ﬁeld Hmag for a
deﬁned time tmag , and then the ﬁeld is switched off. After a small delay time the SQUID
gradiometer measures a time-dependent gradient signal ∂BZ /∂x caused by the sample
magnetization. Figure 2.26 shows a typical relaxation signal (∂Bz /∂x)(t) of a sample of
dried ferroﬂuid, and only pure Neel relaxation can be observed. In the measurement, the
sample was located 16 mm beneath the SQUID and was magnetized with a ﬁeld of 1 mT
for 1 s.
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Figure 2.26 Measured (dotted curve) and ﬁtted (full curve) MRX signal (∂Bz /∂x)(t) of a sample
with dried ferroﬂuid containing 3 × 10−8 mol (1.7 µg) iron. (Warzemann et al. 1999)
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Figure 2.27 The origin of a ﬁeld dependent increase of viscosity in a ferroﬂuid. (Odenbach 2004)

2.4 Magnetorheology of Ferroﬂuids
2.4.1 Effects of Magnetic Field on Ferroﬂuid Viscosity
It is well known that the viscous behavior of a ferroﬂuid will be changed under the
inﬂuence of a magnetic ﬁeld, and the effects of the magnetic ﬁeld on the viscosity of a
ferroﬂuid are dependent on the relative angle between the magnetic ﬁeld direction and
the vorticity of the ﬂow (Odenbach 2004). As shown in Figure 2.27, in a ferroﬂuid ﬂow,
the rotation axis of the magnetic particles is aligned with the vorticity of the ﬂow. If a
magnetic ﬁeld is applied to the ferroﬂuid ﬂow, the magnetic moments of the particles will
tend to align with the magnetic ﬁeld direction. If the magnetic moments of the magnetic
particles are ﬁxed inside the particles, the rotation caused by the viscous friction will lead
to a disalignment of the magnetic moments of the magnetic particles and the externally
applied magnetic ﬁeld. The magnetic torque resulted from this disalignment counteracts
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(a)
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Figure 2.28 Magnetic circuits for rheometry study. (a) Parallel plate geometry; (b) cylindrical
Couette geometry. (Bossis 2002)

the mechanic torque due to the shear ﬂow. Therefore the free rotation of the particles
will be hindered and, macroscopically, the viscosity of the ﬂuid will be increased. If the
magnetic ﬁeld and the vorticity of the ﬂuid are in the same direction, the rotation of
the particle will not cause a disalignment of magnetic moment and ﬁeld direction, and
thus no magnetic torque will counteract the free rotation of the particles. In this case, the
viscosity of the ﬂuid will not be affected by the magnetic ﬁeld.
2.4.1.1 Ferroﬂuid Viscosity in Absence of Magnetic Field
The viscosity of a ﬂuid is related to the temperature in the ﬂuid, interactions between
particles, the concentration, shape and dimension of the particles, and viscosity of the
carrier liquid. As the relationships between the viscosity and these aspects are quite
complicated, there is no general formula for the viscosity of suspensions, in particular for
magnetic ﬂuids. However, many approximate models have been proposed, each of which
is based on speciﬁc considerations and therefore with limited applicability (Vekas et al.
2000). In the following, we discuss several typical models often used in the analysis of
the viscosity of ferroﬂuids in the absence of a magnetic ﬁeld.
For isotropic diluted suspensions with non-interacting spherically shaped particles, the
viscosity is given by Einstein’s relationship (Vekas et al. 2000):
η = η0 (1 + 2.5h )

(2.52)

where η0 is the viscosity of the carrier liquid, 2.5 is the shape factor for spherical particles,
and h = p is the hydrodynamic volume fraction.  is the volume fraction of dispersed
particles and p a proportionality factor between  and h , which could be a ﬁt parameter.
Vand’s model considers the hydrodynamical interactions and the collisions between
particles, but the Brownian motion is neglected (Vand 1948). This model can be used for
a large range of volume fractions. According to Vand’s model, the viscosity is given by:
η = η0 exp

k1 h + r2 (k2 − k1 )2h
1 − Qh

(2.53)

where Q = 0.609 is a constant related to the hydrodynamical interactions, k1 = 2.5 is
the shape factor for isolated spherical particles, k2 = 3.175 is the shape factor for the
ensemble of two colliding particles, and r2 = 4 is a time constant for binary collisions.
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Another well-known model is Krieger-Dougherty’s model, which is valid for a large
range of volume fractions (Barnes et al. 1989). According to this model, the viscosity is
given by:


h [η]x
η = η0 1 −
x

(2.54)

where x is the maximum packing fraction, and usually it refers to the fraction at which
η becomes inﬁnity, and [η] is the so-called intrinsic viscosity, and actually it is the shape
factor of particles; for example, for spherical particles, it equals 2.5.
2.4.1.2 Ferroﬂuid Viscosity in Presence of Magnetic Field
When a magnetic ﬁeld is applied to a magnetic ﬂuid, its rheological properties will be
changed. For a diluted ferroﬂuid where there is no interaction between particles, the
Brownian rotation of the particles during the ﬂow is hindered by the magnetic ﬁeld, so
its effective viscosity is increased. For a Couette ﬂow, the viscosity of the ﬂuid is given
by (Vekas et al. 2000):
3 ξ − tanh ξ
η(H ) = η(0) 1 + h
sin2 β
2 ξ + tanh ξ

(2.55)

where η(0) is the ferroﬂuid viscosity at zero ﬁeld, and β is the angle between the vorticity and the magnetic ﬁeld. It should be noted that Equation (2.55) is based on two
assumptions: the particles are identical, and the magnetization has a Langevin behavior:
ML = Ms L(ξ )

(2.56)

where Ms is the saturate magnetization and L(ξ ) = cothξ − 1/ξ is the Langevin function. The Langevin parameter ξ is given by ξ = µ0 mH/(kB T) where µ0 is the magnetic
permeability of vacuum, m is the magnetic moment of a particle, H is the applied ﬁeld,
kB is Boltzmann’s constant and T is the absolute temperature.
For magnetic ﬂuids with high volume fractions, the situations are much more complicated than that for a diluted ferroﬂuid. The interactions between the magnetic particles and
especially the cluster formation greatly increase the viscosity. The severe aggregation of
magnetic particles may make the behaviors of the magnetic ﬂuids non-Newtonian (Vekas
et al. 2000).
2.4.2 Rheometers for the Study of Magnetorheology Fluids
With some modiﬁcations, conventional rheometers can be used to study the effect of a
magnetic ﬁeld on the rheology of magnetorheology ﬂuids. Figure 2.28 shows two typical
arrangements for the study of the rheology of magnetorheology ﬂuids (Bossis 2002). In
Figure 2.28(a), the ﬁeld is parallel to the axis of rotation and the polar pieces have the
same axis of symmetry. In Figure 2.28(b), the geometry is a cylindrical Couette cell and
the ﬁeld is perpendicular to the lines of ﬂow everywhere. In this case, the radial ﬁeld is
not constant throughout the gap. The magnetic ﬁeld on the inner wall of the yoke can be
25 % higher than the magnetic ﬁeld on the outer wall. This will attract the particles on
the inner wall, and so the apparent viscosity of the ﬂuid will be decreased. Moreover, to
avoid the magnetic saturation of the central iron rod, which may introduce serious end
effects, the height of the cylinder must be less than its radius (Bossis 2002).
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Figure 2.29 Experimental set-up for measurement of magneto-viscosity with capillary viscosimeter. (1) Capillary; (2) magnetic pole; (3) cylinder; (4) input port; (5) output port. (Vekas et al.
2000)

Vekas et al. (2000) proposed another method for the study of magnetoviscosity. As
shown in Figure 2.29, an Ubbelohde capillary viscosimeter is placed between the planeparallel pole pieces of an electromagnet, which produce a uniform magnetic ﬁeld at the
place where the capillary is placed. The viscosimeter is concentrically ﬁxed inside the
cylinder, so that the magnetic ﬁeld is perpendicular to the ﬂow direction. The thermostabilization of the ferroﬂuid is achieved using a thermostat with liquid circuit. The liquid
enters at the bottom input port of the support cylinder and goes out at the top output
ports. The kinematic viscosity v is measured. The shear viscosity is given by η = vρ,
where the mass density ρ was measured with the aid of a picnometer. The use of the
Ubbelohde capillary viscosimeter has the advantages of easy adaptability of the device to
magnetorheological measurements and simple ﬂow geometry.
Figure 2.30 shows an example of magnetorheological measurement results using the
set-up shown in Figure 2.29. At low ﬁelds the increase in viscosity was not obvious. At
0.04 T, a strong increase in viscosity was observed and each new measurement gave a
higher viscosity. This shows that the stability of the magnetic liquid was lost and the
aggregate formation continued at constant magnetic ﬁeld. The viscosity further increased
at higher ﬁelds, but at about 0.07 T, the viscosity decreased after successive measurements at constant ﬁeld. Further on, the viscosity decreased even with the increase in the
magnetic ﬁeld. The decrease of viscosity may be related to structural transitions, in particular phase separation, occurring due to the drop-like condensation of primary aggregates
under the action of the ﬁeld, followed by the sedimentation of the largest aggregates.
Therefore, the liquid which arises in the capillary is less and less concentrated (Vekas
et al. 2000).

2.5 Manipulation of Magnetic Particles in Fluids
Manipulation of magnetic particles in ﬂuids is crucial for the biomedical applications of
magnetic particles, such as magnetic separation and drug delivery. In the following, we
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Figure 2.30 Successive measurements of the effective viscosity versus magnetic ﬂux density. The
sample is prepared by the chemical coprecipitation method, and its carrier liquid is transformer oil
(TR30). Magnetite particles are stabilized with technical grade oleic acid (TOA). TOA contains
about 70 % oleic acid, while the remaining 30 % consists of saturated or nonsaturated acids with
shorter molecules. (Vekas et al. 2000)

discuss the general magnetic properties of magnetic particles often used in biomedical
applications, then analyze the forces on magnetic particles by external magnetic ﬁelds,
and after that, we discuss the basic requirements about the forces on magnetic particles
for their biomedical applications.
2.5.1 Magnetic Nanoparticles and Microparticles
Both magnetic nanoparticles and microparticles are used in biomedical applications. As
shown in Figure 2.31(a), a typical magnetic nanoparticle consists of a magnetic core
with diameter φ, covered by a non-magnetic shell for selectively binding the target
biological entities, for example a speciﬁc cell, protein or DNA sequence. The magnetization curve shown in Figure 2.31(b) indicates that an ensemble of such superparamagnetic particles is hysteresis-free. So the magnetic interaction between magnetic
nanoparticles can be easily switched on and off, and this characteristic is important for
their biomedical applications (Gijs 2004). For example, the biological entities tagged by
superparamagnetic particles can be concentrated or removed from a matrix by applying an external magnetic ﬁeld, but they quickly decompose after the ﬁeld is removed,
as shown in Figure 2.31(c). Magnetic nanoparticles have additional advantages. Magnetic nanoparticles cause the minimum disturbance to the tagged biological entities, and
magnetic nanoparticles have a large surface-to-volume ratio for chemical binding (Gijs
2004).
Magnetic microparticles usually have diameters in the range of 0.5 to 5 µm. As shown
in Figure 2.32(a), there are two types of magnetic microparticles. One type of magnetic
microparticles has a single magnetic core, while the other type has a core composed of
multiple nanoparticles embedded in a non-magnetic matrix, and there are more or less
magnetic interactions between the nanoparticles in the core. As shown in Figure 2.32(b),
magnetic microparticles usually have a multi-domain structure and their M–H curves
exhibit hysteresis. After the magnetization ﬁeld is removed, magnetic microparticles have
a remnant magnetization Mrem , which results in the clustering of magnetic particles, as
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Figure 2.31 (a) A spherical nanoparticle consisting of a magnetic core with diameter φ and a
non-magnetic shell. (b) M–H curve of an ensemble of magnetic nanoparticles. (c) A magnetic
nanoparticle superstructure in the presence of a magnetic ﬁeld H. After the ﬁeld is removed, the
superstructure decomposes into single particles. (Gijs 2004). Reproduced by permission of Springer
Science and Business Media
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Figure 2.32 (a) A spherical magnetic microparticle with a single internal magnetic core or consisting of multiple nanometer-sized cores of diameter φ; (b) hysteresis loop of an ensemble of
ferromagnetic particles; (c) microparticle superstructure in the presence of a magnetic ﬁeld H.
After the ﬁeld is removed, the particles keep a remnant moment and the superstructure does not
decompose. (Gijs 2004). Reproduced by permission of Springer-Verlag

shown in Figure 2.32(c). Therefore, when magnetic microparticles are exposed to an
external magnetic ﬁeld, they acquire a magnetic dipole moment and coalesce. Due to the
interaction between the magnetic dipoles, the magnetic microparticles will form a supraparticle structure, consisting of chain-like columnar structures along the ﬁeld direction.
A lot of parameters affect the shape of the supraparticle structure, such as the particle
concentration and the applied magnetic ﬁeld (Gijs 2004).
2.5.2 Forces on Magnetic Particles by Magnetic Fields
The manipulation of magnetic particles by external magnetic ﬁelds is required by most of
the biomedical applications. To manipulate magnetic particles, it is important to recognize
that a magnetic ﬁeld gradient is required to exert a translation force; while a uniform ﬁeld
gives rise to a torque, but no translational action (Pankhurst 2003).
The magnetic force acting on a point-like magnetic dipole m is given by:
Fm = (m · ∇)B

(2.57)

From a geometrical view, this force is the differentiation of magnetic inductance B
with respect to the direction of magnetic dipole m. For example, if m = (0, 0, mz ) then
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m · ∇ = mz (∂/∂z). In this case, if there is a ﬁeld gradient in B in the z-direction, a
force will be applied on the dipole. For a magnetic particle suspended in water, the
total moment on the particle is given by m = Vm M, where Vm is the volume of the
particle and M is its volumetric magnetization. The volumetric magnetization is given
by M = χH, where χ = χm − χw is the effective susceptibility of the magnetic
particle relative to the water (Pankhurst 2003). In the case of a dilute suspension of
particles in pure water, we can assume that B = µ0 H. Therefore, Equation (2.57) can be
rewritten as:
Fm =

Vm χ
(B · ∇)B
µ0

(2.58)

If there are no time-varying electric ﬁelds or currents in the medium, we have the
Maxwell equation ∇ × B = 0, based on which we obtain the following mathematical
identity:
∇(B · B) = 2B × (∇ × B) + 2(B · ∇)B = 2(B · ∇)B
By combining Equations (2.58) and (2.59), we obtain (Pankhurst 2003):

 2

1
B
Fm = Vm χ∇
B · H = Vm χ∇
2
2µ0

(2.59)

(2.60)

Equation (2.60) indicates that the magnetic force on a magnetic particle is related to the
differential of the magnetostatic ﬁeld energy density, (1/2)B · H. If χ>0, the magnetic
force will be in the direction of the steepest ascent of the energy density scalar ﬁeld.
It is the basis for many biomedical applications of magnetic particles, such as magnetic
separation and drug delivery (Pankhurst 2003).
2.5.3 Mechanism of Magnetic Manipulation
In many biomedical applications, the magnetically labeled biological entities are separated
from a liquid solution by passing the ﬂuid through a region where there is a magnetic
ﬁeld gradient that can produce a magnetic force to immobilize the biological entities. For
in vivo applications, the magnetically labeled biological entities are transported through
the blood ﬂow and locally retained to a destination under the application of external
magnetic ﬁelds. To achieve effective manipulation, the magnetic force given by Equation
(2.60) should overcome the hydrodynamic drag force acting on the biological entities in
the ﬂowing solution, as given by:
Fd = 6πηRm v

(2.61)

where η is the viscosity of the medium surrounding the biological entity, for example
blood, Rm is the radius of the biological entity and v = vm − vw is the difference in
velocities of the biological entity and the blood.
For most biomedical applications, the effects of the buoyancy force on the motion of
biological entities can be neglected (Pankhurst 2003). Therefore, by equating the hydrodynamic drag and magnetic forces, we obtain the velocity of the biological entity relative
to the carrier ﬂuid:
∇v =

ξ
R 2 χ
∇(B 2 )
∇(B 2 ) = m
µ0
9µ0 η

(2.62)
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where ξ is the magnetophoretic mobility of the particle, which describes how manipulable
a particle is. Generally speaking, due to their larger size, magnetic microspheres have
much larger magnetophoretic mobility than nanoparticles. (Pankhurst 2003).
In most cases, permanent magnets, rather than coils, are used to perform magnetic
manipulation (Gijs 2004). Typically, a permanent magnet has a magnetic induction Bm =
0.5–1 T and a ﬁeld gradient ∇B ≈ Bm /w, where w is the geometrical dimension of the
permanent magnet. The magnetic ﬁeld generated by a current-fed coil is much smaller: a
ﬂat millimeter-size coil with ten windings and a current of 0.5–1 A generates a magnetic
induction of 1–10 mT, at least 100 times smaller than the permanent magnet, and the
gradient is also a factor of 100 times lower. Therefore, the force given by Equation (2.60)
is a factor of 104 larger when using a permanent magnet rather than a coil.

2.6 Interactions Between Biological Nanomaterials
and Functionalized Magnetic Nanoparticles
Magnetic nanoparticles have been widely used in biomedicine. With the development of
nanotechnology, it possible to produce, characterize and speciﬁcally tailor the functional
properties of magnetic nanoparticles for biomedical applications (Berry 2005). The further
improvement of biomedical applications of magnetic nanomaterials requires a multidisciplinary approach involving expertise from many different ﬁelds, including drug delivery,
polymer chemistry, physics, biochemistry, engineering and so on (Labhasetwar 2005;
Spatz 2004). It is becoming more and more important to study the interactions between
biological nanomaterials and functionalized magnetic nanoparticles.
As discussed earlier, most magnetic particles for biomedical applications comprise of a
magnetite Fe3 O4 , or maghemite γ -Fe2 O3 core, covered with a biocompatible shell. Iron
oxide nanoparticles are stable and not toxic, and the use of iron oxide nanoparticles has
the additional advantage that the body can process excess iron. In the human body, iron
is stored primarily in the core of the iron storage protein ferritin. The iron contained in
endosomes and lysosomes is metabolized into elemental iron and oxygen by hydrolytic
enzymes. Iron homeostasis is well controlled by adsorption, excretion and storage. Following the administration of iron nanoparticles, iron in the body can be processed. But it
must be kept in mind that, though iron is important for almost all living tissues, it has a
rather limited bioavailability, and in some situations it can also be toxic to cells (Berry
2005).
In biomedical applications, magnetic nanoparticles may be injected intravenously, and
transported by the blood circulation, and they can also be injected directly into the general
area where the treatment is desired. Whichever approach is used, aggregation of the
magnetic particles should be avoided. Actually, magnetic nanoparticles diffuse through
the intercellular space in the body. For example, with the aid of blood pressure gradients,
ferritin particles with a diameter of 9 nm can diffuse rapidly through intercellular spaces.
Generally speaking, nanoparticles with about 5–20 nm diameter should be ideal for most
of the therapies (Berry 2005).
Despite their various purposes, the effectiveness of biomedical applications is controlled
by cell–particle interaction, which results in either particle attachment to the cell membrane or particle uptake into the cell body, as shown in Figure 2.33. These two responses
determine the success of a particular application, and many efforts have been made to
exploit and enhance these cell–particle interactions (Berry 2005). In the following section,
we discuss the role of materials chemistry in cell–particle interactions, followed by targeting to cell receptors and targeted cell uptake. In the ﬁnal part, the interactions between
magnetic nanoparticles and living cell membranes will be discussed.
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Figure 2.33 Cell–particle interaction depends on particle attachment to the cell membrane and
possible subsequent uptake into the cell body. (a) Scanning electron micrograph (SEM) images
illustrating insulin-derivatised nanoparticle attachment onto a ﬁbroblast cell membrane; (b) SEM
evidence of F-actin protrusions in speciﬁc areas on the cell membrane indicative of endocytosis
(arrows), in response to albumin-derivatised nanoparticles; (c) transmission electron micrograph of
identical particles located in a vesicle. (Berry 2005)
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Figure 2.34 Possible interaction of RGD-derivatised magnetic nanoparticles with transmembrane
integrin receptors, highlighting the range of subsequent cell responses. (Berry 2005)

2.6.1 Surface Coating
Due to the progress in biotechnology and materials science, magnetic colloids have been
widely used in biomedical applications. The colloidal stability not only depends on particle
size, but also on the charge and surface chemistry, which provide steric and coulombic
repulsions (Berry 2005). If they can successfully avoid the immune system, magnetic
particles can get close to, and interact with, the interested biological entities, due to their
controllable sizes.
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Magnetic nanoparticles are physiologically well tolerated (Berry 2005). After magnetic
nanoparticles are injected into the bloodstream, they are coated by the components in the
bloodstream, such as plasma proteins. Such an opsonisation process makes the particles
recognizable by the reticulo-endothelial system (RES), the body’s major defense system.
The RES is a diffuse system of specialized phagocytic cells, associated with the connective tissue framework of the liver, spleen and lymph nodes. The macrophages of the
liver, spleen and circulation, play an important role in removing the opsonised particles.
Therefore, the surfaces of the magnetic nanoparticles for biomedical applications should
be modiﬁed to ensure that they are biocompatible and stable to the RES.
Generally speaking, hydrophobic particles are quickly coated with plasma components
after injection and thus rapidly removed from the circulation, while hydrophilic particles
can resist this coating process and will stay in the circulation for a longer time. Therefore,
to evade the RES, the particles should be sterically stabilized with a layer of hydrophilic
polymer chains. The most common coatings are derivatives of dextran, polyethylene
glycol, polyethylene oxide, poloxamers and polyoxamines. However, it should be noted
that, though great progress has been made, it is still impossible to completely evade the
RES by coating these nanoparticles (Berry 2005).
2.6.2 Targeting to Cell Receptors
By conjugating nanoparticles with functional groups that permit speciﬁc recognition of
cell types, nanoparticles can be targeted to a speciﬁc tissue or cell type in the body. This
has been used in active targeting, which is based on the use of ligands that can bind to a
cell surface receptor. A wide variety of ligands have been used to target various types of
cell surface biomarkers, such as antibodies, peptides, polysaccharides and drugs (Berry
2005).
This approach can be used for magnetic drug delivery systems. For example, magnetic
particles have been used to target cytotoxic drugs to sarcoma tumors implanted in rat
tails. In this experiment, the magnetic particles were conjugated with starch and anionic
phosphate groups, so that cationic binding to the positively charged amino sugars of
epirubicin could be achieved. Human trials, for example, intravenous infusion of the
chemically bound drug, have also been undertaken. During infusion, a magnetic ﬁeld
was built up as close to the tumor as possible. However, several problems need to be
solved before this technique could be successfully used in humans, such as poor targeting
in deep tissue, and poor retention of the particles after the external magnetic ﬁeld is
removed (Berry 2005).
Cell adhesion sequences are a class of cell surface targeting molecules under intense
research. Cells in the body reside in a three-dimensional environment termed the extracellular matrix (ECM). Cells attach to the ECM through transmembrane receptors that
recognize and bind to particular amino acid sequences from the proteins in the ECM.
Among various sequences that have been investigated, the RGD amino acid sequence
(Arg-Gly-Asp) which is a recognized adhesion motif located in ECM proteins such as
ﬁbronectin, is most studied. As shown in Figure 2.34, improvement on the use of such
sequences may enhance cell targeting and adhesion to speciﬁc receptors, and also cell
behavior via activation of speciﬁc signaling cascades (Berry 2005).
Many efforts have been made to capitalize on particle attachment to membrane receptors (Berry 2005). A magnetic ﬁeld could be used to mechanically stimulate cells by
applying a twisting motion to the attached magnetic particles (Cartmell et al. 2003), and
many cell functions, such as cell growth, proliferation, protein synthesis and gene expression, can be regulated by mechanical forces (Eastwood et al. 1998; Zhu et al. 2000). In
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Figure 2.35 (a) The involvement of clathrin in pit formation; (b) a ﬂuorescence image representing
clathrin localization in a ﬁbroblast after 30 minutes incubation with dextran-derivatised magnetic
nanoparticles. (Berry 2005)

addition, magnetic twisting cytometry (MTC) has been developed to study the mechanical
properties of a cell by applying a torque to the magnetic particle that is tightly bound to
the cell surface (Mijailovich et al. 2002). This work is based on the fact that the external
mechanical forces are transmitted across the cell membrane to the cytoskeleton by transmembrane receptors, such as integrins (Ingber 1997; Chen and Ingber 1999). By using
MTC techniques, researchers can make baseline measurements of cell deformability, for
example in terms of stiffness, creep response and elastic modulus (Bausch et al. 1999).
2.6.3 Targeted Cell Uptake
One main requirement of some biomedical applications of magnetic nanoparticles, such
as MRI, hyperthermia treatment and gene therapy, is that the cells efﬁciently capture the
particles. In most cases, particles are captured through endocytosis, a procedure consisting
of several main steps including membrane invaginations, clathrin-coated pit formation,
coated pit sequestration, detachment of the newly formed vesicle via action of the small
GTPase dynamic and ﬁnally movement of this new endocytic compartment away from
the plasma membrane into the cytosol (Berry 2005). Figure 2.35 schematically shows
the process of pit formation. Researchers are trying to understand the complex protein
machinery involved in the vesicle formation during endocytosis, and how it interconnects
functionally with the cortical cytoskeleton underlying the plasma membrane. The work in
this ﬁeld will be helpful for the optimization of cell loading with magnetic nanoparticles.
DNA transfection delivery represents an exciting development in medical treatment;
however this method currently suffers from poor efﬁcacy. The low efﬁciency of DNA
delivery from outside the cell to inside the nucleus is a natural consequence of its multistep
process, involving traveling across the cell membrane, through the cell body, and entering
the nucleus. The true beneﬁts of gene therapy cannot be realized until the current gene
delivery systems are improved or new vectors are developed. The main obstacle in the ﬁeld
is the inefﬁcient delivery of genes because of short in vivo half-life, lack of cell-speciﬁc
targeting and particularly low transfection efﬁciencies (Berry 2005).
Many efforts have been made to increase the efﬁciency of DNA delivery (Berry 2005).
Cell-penetrating peptides, deﬁned as peptides with a maximum of 30 amino acids that
are able to translocate across cell membranes in a non-endocytic fashion are used for
this purpose (Lundberg and Langel 2003). Using these peptides, the cellular delivery of
conjugated molecules such as nucleic acids, full-length proteins and nanoparticles, can
be realized. The attachment of a cell-penetrating peptide, HIV-1 tat peptide, to dextran
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cross-linked iron oxide nanoparticles may increase the particle uptake into lymphocytes
over 100-fold (Allport and Weissleder 2001; Wunderbaldinger et al. 2001).
2.6.4 Interactions Between Magnetic Nanoparticles and Cell Membranes
The above discussions indicate that the cell membranes play an important role in the
interactions between magnetic nanoparticles and cells. Two approaches have been used to
study the interaction between magnetic nanoparticles and cell membranes. One approach
is to use phospholipid bilayers to mimic cellular membrane, and with the other approach,
living cell membranes are used.
2.6.4.1 Phospholipid Bilayers
Physical model systems using phospholipid bilayers mimicking a cellular membrane have
been used to study the interactions between magnetic nanoparticles and cell membranes
(Fabre et al. 1990; Hare et al. 1995; Spoliansky et al. 2000). The magnetic nanoparticles
adsorbed on the membranes can rotate in the presence of a magnetic ﬁeld, resulting in a
distortion of the membrane structure. A change in birefrigence can be determined using a
polarizing microscope (Fabre et al. 1990) or a polarized He–Ne laser (Spoliansky et al.
2000), whereas X-ray scattering is used to measure the layer separation and the rotation
angle of the layer molecules due to the magnetic ﬁeld (Hare et al. 1995).
2.6.4.2 Living Cell Membranes
A study of living cells is needed to determine the effectiveness of the biomedical applications of magnetic nanoparticles. Koh et al. (2005) studied the cellular membranes of
living cells, Escherichia coli (E. coli ), instead of artiﬁcial phospholipid bilayers or membranes of lipids extracted from the cells. E. coli cells belong to gram negative bacteria,
which have an outer membrane as well as a plasma membrane.

(a)

(b)

Figure 2.36 Transmission electron microscope images showing that E. coli have contacts with
the SiO2 /γ -Fe2 O3 particles. Arrows point out contacting parts between the cells and the magnetic
particles. (a) An E. coli cell surrounded by the magnetic particles. (b) A magnetic particle in contact
with the E. coli membrane. (Koh et al. 2005)
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Figure 2.36 shows two TEM images of E. coli interacting with magnetic particles. In the
experiments, E. coli cells are grown in the absence and presence of SiO2 /γ -Fe2 O3 composite particles, respectively. Magnetic ﬁelds up to 423 mT were applied on the cells, to
observe the effect of the magnetic particles and the magnetic ﬁeld strengths. In situ X-ray
scattering from continuous cultures gave signiﬁcant differences, depending on whether or
not the magnetic particles were included in the cell cultures. X-ray scattering results from
−1
continuous cultures of E. coli showed two peaks, a sharp peak at q = 0.528 Å and a dif−1
fuse one at q = 0.612 Å . When magnetic particles were added and the applied magnetic
ﬁeld strength was increased from 227 to 298 mT, even to 362 mT, the sharp peak was
shifted to the smaller side of q, while the diffuse peak did not change. A critical magnetic
ﬁeld strength was found at 362 mT, where the sharp peak disappeared (Koh et al. 2005).
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3
Magnetic Nanoparticles
3.1 Introduction
Investigations on magnetic nanoscaled materials have continued for several decades. The
multidisciplinary studies on magnetic nanoparticles and other nanostructure combine a
broad range of synthesis and characterization techniques from physics, chemistry and
materials science and engineering. The aims of these studies are to understand the synthesis mechanisms, provide information about both the structural and magnetic properties
of the magnetic nanomaterials and explore their potential applications which will be beneﬁcial to our daily lives eventually. Magnetic materials have been widely used as the
recording media. As the grain size of advanced magnetic recording media is shrinking to
nanodimensions, their magnetic properties depend strongly upon the size of their nanocrystals. Superparamagnetic properties result at the smallest sized nanocrystals. Hence, the
study of nanoscale magnetic domains is not only scientiﬁcally fundamental but also technically necessary.
In this chapter, the basics of nanomagnetics will ﬁrst be presented followed by a review
on the synthesis and functionalization of magnetic nanoparticles. Generally speaking,
nanoparticles can be classiﬁed into nanospheres, nanowires and nanotubes. The magnetic
nanoparticles discussed in this chapter and Chapter 4 are mainly magnetic nanospheres.
The properties and biomedical applications of magnetic nanowires and nanotubes are
discussed in Chapter 6 and Chapter 7, respectively.

3.2 Basics of Nanomagnetics
3.2.1 Classiﬁcation of Magnetic Nanoparticles
A classiﬁcation of nanostructured magnetic morphologies was desirable because of the
correlation between nanostructure and magnetic properties. Among many schemes proposed by various researchers, we have chosen here the following classiﬁcation, which was
designed to emphasize the magnetic behavior-related physical mechanisms (Leslie-Pelecky
and Rieke 1996). The classiﬁcation is illustrated in Figure 3.1. Type A is denoted for
systems consisting isolated particles with nanoscale diameters. Since the interparticle
interactions can be ignored for these systems, their unique magnetic properties are completely attributable to the isolated components with their reduced sizes. Another type,
type D, is assigned to bulk materials with nanoscale structure. This type is featured
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V. Varadan, L.F. Chen, J. Xie
 2008 John Wiley & Sons, Ltd
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Figure 3.1 Schematic presentation of different types of magnetic nanostructured materials.
(Leslie-Pelecky and Rieke 1996)

by a signiﬁcant fraction (up to 50 %) of the sample volume composed of grain boundaries and interfaces. Compared with type A systems, the interparticle interactions cannot
be ignored and the bulk magnetic properties for type D are indeed dominated by the
interactions. It is believed that the length scale of the interactions can span up to many
grains and is critically related to the interphase characteristics. Because of the existence
of the interactions and grain boundaries, the magnetic behaviors of type D nanostructures
cannot be predicted theoretically simply by considering only the polycrystalline materials
with reduced length scales. Other than type A and type D, intermediate forms such as
core–shell nanoparticles (type B) and nanoparticle-based nanocomposites (type C) are
classiﬁed, as shown in Figure 3.1. In type B, the shells on magnetic nanoparticles, which
may not be magnetic themselves, are usually used to reduce interparticle interactions. For
type C systems, the magnetic properties of nanocomposites are determined by the faction
of magnetic nanoparticles as well as the characteristics of the matrix material.
3.2.2 Single-domain Particles
Single-domain and multidomain are important for ultraﬁne magnetic particles. Domain
walls have a characteristic width and energy associated with their formation and existence. They separate domains – groups of spins all pointing in the same direction and
acting cooperatively. Reversing magnetization is primarily achieved by the motion of
domain walls. Figure 3.2 illustrates the dependence of coercivity on particle size by an
experimental investigation. Multidomain is the case for large particles in which domain
walls form energy-favorably. As the particle size decreases below a critical diameter, Dc ,
single-domain particles form where the formation of domain walls becomes energetically
unfavorable. Thus, magnetization reversal cannot be obtained readily leading to larger
coercivities because of the lack of nucleation and motion of the domain walls. If the
particle size continues to decrease, the spins are increasingly inﬂuenced by thermal ﬂuctuations and this phenomenon is called superparamagnetism. The estimated single-domain
diameter for some materials in the shape of spherical particles is listed in Table 3.1.
3.2.3 Superparamagnetism
It has been shown theoretically that, for very small magnetic particles, as the thermal
ﬂuctuation can prevent the existence of a stable magnetization, coercivity Hc approaches
zero. This superparamagnetism has two experimental criteria which are no hysteresis
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Single domain
multidomain

Hc
Superparamagnetic

D

Dc

Figure 3.2 Qualitative illustration of the coercivity behavior in the function of particle sizes in
ultraﬁne particle systems. Adapted from Leslie-Pelecky, D.L. and Rieke, R.D. (1996). Magnetic
Properties of Nanostructured Materials, Chemistry of Materials, 8(8), 1770–83
Table 3.1 Estimated values of single-domain sizes for spherical
nanoparticles without shape anisotropy. Reproduced by permission of
American Chemical Society. Adapted from Leslie-Pelecky, D.L. and Rieke,
R.D. (1996). Magnetic Properties of Nanostructured Materials, Chemistry of
Materials, 8(8), 1770–83.
Material
Co
Fe
Ni

D crit (nm)

material

D crit (nm)

70
14
55

Fe3 O4
γ -Fe2 O3

128
166

for the magnetization curve and overlapping of the magnetization curves at different
temperatures. Possible reasons for imperfect superposition could be anisotropy effects,
a wide distribution of particle sizes, and changes of spontaneous particle magnetization
with temperatures. The width and mean particle size of superparamagnetic particles can
be obtained by determining the magnetization as a function of ﬁeld. It is necessary to
point out that this method can only be used for weakly interacting systems where the
interparticle interactions are not considered.

3.3 Synthesis Techniques
Since nanoparticles/nanocrystals often exhibit novel electrical, chemical, magnetic and
optical properties, which are unique compared with those of their bulk counterparts,
extensive efforts have been made to develop uniform nanometer sized particles for both
technological and fundamental scientiﬁc importance. For instance, magnetic nanoparticles/nanocrystals with 2–20 nm dimensions can be used in multi-terabit in high density
magnetic storage devices (Hyeon 2003). These ultraﬁne magnetic nanoparticles also have
broad applications in magnetic ferroﬂuids, contrast enhancement in magnetic resonance
imaging (MRI), highly active catalysts, magnetic refrigeration systems, magnetic carriers for drug targeting, hyperthermia treatment, etc. Here we will focus on colloidal
chemical synthesis. Efforts have been made to synthesize different types of magnetic
nanoparticles/nanocrystals using colloidal chemical synthetic approaches. Generally, in
a colloidal system, separated nanoparticles with ultra-ﬁne dimensions are stabilized by
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adding surfactant reagents resulting in a uniform suspension in an aqueous or organic
solvent. Magnetic colloidal systems consist of magnetic nanoparticles/nanocrystals. As
mentioned above, these colloidal systems are examples of type A, where contributions
from interparticle interactions are negligible and their unique magnetic behaviors are
attributed to their reduced size. The surfactant coating plays an important role in colloidal
systems to prevent magnetic nanoparticles clustering owing to steric repulsion. At the
same time, assisted by surfactant molecules, reactive species can be added or removed
during the synthesis of magnetic nanoparticles. In addition, these surfactant-attached magnetic nanoparticles can be suspended in various aqueous or organic solvents uniformly
and powder forms can be obtained again by removing the solvent.
3.3.1 Chemical Methods
Chemical methods, with their straightforward nature, have been widely used to prepare
nanostructured materials. An obvious merit of chemical methods is their potential for
large-scale production of high pure nanoparticles/nanocrystals. Different particle dimensions, ranging from micrometers to nanometers, can be achieved by careful control of the
competition between nucleation and growth during the chemical synthesis.
Several synthetic procedures have been reported for synthesizing monodisperse nanoparticles. Generally, all the chemical methods of dispersing monodisperse particles share the
same growth process which is a sudden burst of nucleation process followed by slow
growth in a controlled manner. Compared with conventional wet-synthetic methods using
ionic precursors in water or another polar solvent, the hot-injection solvothermal method
represents a promising technique, in which neutral organometallic precursors are used in a
coordinating alkyl solution with a high boiling point (Donegá et al. 2005). In a typical hot
injection synthetic procedure, as shown in Figure 3.3, the rapid injection of the reagents
(often organometallic compounds) into a hot solution with surfactants causes a simultaneous formation of many nuclei (Hyeon 2003). Alternatively, the synthesis can be achieved
by adding reducing agents to solutions containing metal salts at a high temperature. In
another synthesis procedure, chemical precursors can be stirred at room temperature followed by slow heating in a controlled manner to generate nuclei. Then, reactive species are
added for particle growth. High temperature Oswalt ripening is generally used to increase
particle size, where smaller nanocrystals dissolve and precipitate on nanoparticles with

Injection of
Reagents
at high temperature

Hot
surfactant Aging
solution

Sizeselection
process

Surfactant

Figure 3.3 Schematic presentation of synthesis procedures of monodisperse magnetic nanoparticles by the injection of precursors into a solution containing surfactants at high temperature followed
by a post treatment process such as aging and a size control process. (Hyeon 2003)
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larger sizes. The nanoparticles’ growth can be stopped by promptly dropping the temperature. These synthetic procedures usually produce nanoparticles with a narrow particle size
distribution (σ ∼10 %). Controlling the size dimension of synthetic nanoparticles is always
desirable. Systematically optimizing the reaction conditions including reaction temperature, reaction time, different surfactants, and reagent concentrations has been demonstrated
to control the particle sizes. In general, larger particles are obtained with a longer reaction time and higher reaction temperature. This can be explained as a longer reaction time
results in a generation of more monomeric species, and a higher reaction temperature leads
to an increased rate of reaction. Also, it is possible to further narrow the particle size distribution below σ = 5 % by additional size-selection processes, such as adding a relatively
poor solvent to deposit the particles in larger diameters. It is true that, when adding a poor
solvent to a suspension of nanoparticles with various dimensions, bigger particles aggregate and precipitate ﬁrst due to the strong van der Waals attraction among them. Centrifugation is always the method used for precipitate separation. The size selection process can
be repeated for the precipitate nanoparticles which will lead to narrower size distribution.
Another synthesis technique is the so-called reverse micelle method for nanoparticle
synthesis. It was discovered that reverse micelles can serve as templates for nanoparticle
formation. Usually, the micelles were obtained by adding surfactants, which is critical for
the shape of the formed nanoparticle. For instance, in the case of champagne cork-shaped
surfactants (branched hydrocarbon chains and small polar heads) reverse micelles with
spherical shapes are formed. As illustrated in Figure 3.4, the inner core is created by the
head groups and the chains form the outer surface (Pileni 2003). This spherical reverse
micelle is also termed a water-in-oil droplet. In contrast to normal micelles, the dimension
of reverse micelles increases linearly with the amount of water added to the system,
hence the diameter of the synthetic nanoparticles can be controlled. More interestingly,
spherical reverse micelles can be used as variably sized nanoreactors. Experiments have
revealed that two reverse micelles will exchange their water content and reform into two
distinct micelles when they meet. Chemical reactions in nanoreactors can be achieved by
dissolving two reagents, A and B, in two micellar solutions. When mixing two solutions,
A and B are in contact and react because of the exchange process occurring in the reverse
micelles system. Since this synthesis technique is rather general, a broad range of spherical
nanomaterials, including semiconductors, metals, oxides and alloys can be prepared. In
particular, this method is ideal for the synthesis of some alloy nanoparticles which cannot
be produced by other synthesis methods. Another merit of this reverse micelles method
is its high purity. It was noted that pure metal nanocrystals without any detectable oxide
could be obtained by using reverse micelles as nanoreactors.

Water

Figure 3.4 Schematic of generalized synthesis of nanoparticles in aqueous solutions by a reverse
micelles method. (Pileni 2003)
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3.3.2 Biological Methods
Since nanomaterials have comparable dimensions to biological aggregates, bio-related
synthesis methods have been explored for novel nanoparticle synthesis. In biological
methods, synthesis and assembly of crystalline inorganic materials can be regulated
by biological organisms under environmentally benign conditions and desired chemical
compositions and phases can be achieved. For example, the nucleation of semiconducting nanoparticles can be initiated in the presence of viruses expressing material-speciﬁc
peptides. Other examples are the use of porous protein crystals, manipulation of bacteria to produce oxide nanoparticles and selection of metal-speciﬁc polypeptides from
combinatorial libraries (Reiss et al. 2004).
In biological methods, biological entities usually serve as templates for nanoparticle
formation. In all cases, the biological entities were used not only to encapsulate the
nanoparticles, but to strictly regulate the dimension of the crystals. To prepare magnetic nanoparticles, ferritin can be used which consists of 24 nearly identical subunits.
Self-assembly of ferritin will form a spherical cage with a 7.5–8.0 nm-diameter cavity,
which can be used for the biological storage of iron in the form of ferrihydrite, an iron
(III) oxy-hydroxide. The protein cage is able to withstand relatively high temperatures for
biological systems (up to 65 ◦ C) and various pH values (∼4.0–9.0) for certain periods
of time. Therefore this protein template is quite strong and will not cause any signiﬁcant
disruption of the quaternary structure.
A protein, named ‘Apoferritin’, has been used as a generic reaction container for the
synthesis of a variety of materials, such as iron and manganese oxides (Mayes et al.
2003). Apoferritin proteins can be prepared by demineralizing native ferritin (lyophilized

Iron reduction, removal
(a)

Metal ion addition, reduction
(b)

Annealing
(c)

Figure 3.5 Schematic diagram of the synthesis of nanomagnets by a biological method; (a) reduction of amorphous ferrihydrite followed by removal from ferritin proteins to form apoferritin;
(b) reconstitution of Co and Pt ions, and chemical reduction to form a full metal alloy core;
(c) annealing to form the L1 phase encased in a carbonized matrix. (Mayes et al. 2003)
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horse spleen ferritin) through reductive dissolution. Apart from regular magnetic nanoparticles, this protein has also been used for the production of superparamagnetic magnetite
and semiconducting cadmium sulphide nanoparticles. A good example of using apoferritin
protein for nanoparticle synthesis is Co–Pt nanoparticle dispersion. The synthesis includes
a coordination of metal ions within the cavity of the protein, followed by their chemical
reduction, as illustrated in Figure 3.5 (Mayes et al. 2003). This two-step synthesis process
needs to be repeated multiple times so that nanoparticles continually grow and ﬁll the
cavity of proteins resulting in a high yield. Then nanoparticles inside the protein cavity
can be obtained from the dispersion by ﬁltration and L1 phase nanoparticles formed after
thermal annealing.

3.4 Synthesis of Magnetic Nanoparticles
Nanoscaled magnetic particles have been used in ferroﬂuids, refrigeration systems, etc., and
their potential applications are storage devices, medical imaging, catalysis, etc (Morales
et al. 1999). In view of the property characterization and application exploration, synthesis of various high pure magnetic nanoparticles is highly desirable. Here we will discuss
representative synthesis of a number of magnetic nanoparticles.
3.4.1 Synthesis of Magnetic Monometallic Nanoparticles
The magnetic properties of the magnetic nanoparticles are determined not only by particle
size but also the precise crystal structure and the presence of defects. Transition metals,
such as Ni, Fe and Co, have strong magnetic properties. Though magnetic monometallic nanoparticles are preferred, their applications are mainly hindered by their difﬁcult
processing. For transition metal nanoparticles, stable colloids are extremely difﬁcult to
obtain because of their strong magnetic interactions which result in uncontrolled agglomeration of the particles. Thus, the size-selection process, which is necessary for many
applications, cannot be performed readily. In addition, magnetic monometallic nanoparticles are air sensitive and their handling is complicated. In this regard, use of the metal
oxide nanoparticles with weaker magnetic properties has been prompted in many applications. To overcome the problem, magnetic monometallic nanoparticles coated with a thin
protective layer have been investigated for certain applications.
It has been documented that cobalt nanocrystals possess extraordinary structural, electronic, magnetic and catalytic characteristics which are size-dependent. In particular, the
magnetization relaxation time of Co nanoparticles is exponentially dependent on their
volume. Intensive studies have revealed their application in magnetic storage (Puntes
et al. 2001). Because of their high surface tension and high electron afﬁnity owing to the
partially ﬁlled d-band, the strong van der Waals interactions among polarizable metallic nanoparticles, and interactions among magnetic dipoles, isolating Co nanoparticles is
difﬁcult. Fortunately, several research groups have made major progress and isolated Co
nanoparticles have been achieved.
Sun’s group reported their synthesis of monodisperse cobalt nanoparticles with the
capability of precisely controlling the nanocrystal diameter ranging from 2 to 11 nm
and size distribution (σ < 7 % std. dev.) (1999). They also prepared ordered thin ﬁlms
(superlattices, colloidal crystals) from these monodisperse cobalt nanocrystals. To prevent
unnecessary oxidation and irreversible aggregation, cobalt nanocrystals are sheathed with
a robust organic ligand shell. The phase of the prepared Co nanocrystals was studied
and was found to be different from two known stable forms, face-centered-cubic (fcc)
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and hexagonal-close-packed (hcp), of bulk elemental cobalt. In practice, a combination of
hcp and fcc structures is observed for many bulk cobalt materials due to the low energy
stacking faults. In solution-based chemical synthesis, since the reaction is not thermodynamically controlled, metastable crystal phases of nanocrystals can be obtained. This
is exactly the reason why the synthesized Co nanocrystals have an unusual symmetry
structure, which is different from hcp and fcc structures. This novel form of cobalt is
similar to the β phase of Mn, and has been designated as the epsilon phase of cobalt
ε-Co. Compared with hcp phase, ε-Co displays a lower magnetocrystalline anisotropy.
Transformation of ε-Co to hcp phase can be realized by thermal annealing at 300 ◦ C.
Experimental measurements also proved that ε-Co nanocrystals are soft magnetic materials with low coercivity. Their low coercivities, coupled with their reduced magnetic
dipole interaction, offer several practical beneﬁts for applications.
Sun’s Co nanocrystal synthesis was conducted using standard airless synthesis processes
and commercially available chemical reagents. First, tetrahydrofuren (THF) superhydride
(LiBEt3 H) solution was mixed with dioctylether and evaporating THF under vacuum. The
obtained dioctylether solution of superhydride was injected into a hot CoCl2 dioctylether
solution (200 ◦ C) with oleic acid (octadec-9-ene-1-carboxylic acid, CH3 (CH2 )7 CH =
CH(CH2 )7 COOH) and trialkylphosphine (PR3 , R = n-C4 H9 , or n-C8 H17 ). Reaction started
and reduction led to a simultaneous formation of numerous Co nuclei. As the reaction
was last at 200 ◦ C, Co nuclei grew into nanometer-sized, single crystalline Co particles. The dimension of the nanocrystals can be controlled by a careful selection of the
alkylphosphines used in the reaction. It was found that short chain alkylphosphines (e.g.,
tributylphosphine) resulted in large particles due to a faster growth, while addition of
longer chain alkylphosphines (e.g., trioctylphosphine) produce smaller Co nanocrystals
due to the slower particle growth. For example, bulky P(C8 H17 )3 produces particles ranging 2–6 nm and less bulky P(C4 H9 )3 led to larger particles (7–11 nm). At the end of
the reaction, quenching was performed to stop the growth of the particles and organically stabilized cobalt nanocrystals were obtained. To get monodisperse nanocrystals, the
as-prepared cobalt nanocrystals were dispersed in a solvent (e.g. aliphatic, aromatic or
chlorinated solvents) and can be precipitated by short chain alcohols. This is because the
attractive forces between particles are strongly dependent on their sizes, and the addition
of an alcohol induces aggregation of the large particles before the small ones precipitate. By carefully controlling the reaction and performing size-selective precipitation, Co
nanocrystals of extremely narrow size distributions (σ < 7 %) in diameter were isolated
(Sun and Murray 1999). Figure 3.6a and 3.6b show TEM images of the synthesized Co
nanocrystals after separation procedures. It is obvious that cobalt nanocrystals with a
mean diameter of 6 and 9 nm are nearly monodisperse and the organic ligand shell helps
each crystal separate from its neighbor. Hysteresis measurements at 5 K was performed
on a ε-Co superlattice sample on silicon nitride before and after annealing at 300 ◦ C, as
shown in Figure 3.6(c–e). The change of its coercivity indicates a phase transformation
occurring during the annealing.
Alivisatos’ research group has also reported their synthesis of cobalt nanocrystals by
injection of an organometallic reagent into a surfactant solution at high temperature with
an inert gas protection (Puntes et al. 2001). Figure 3.7a shows a TEM image of synthesized spherical iron nanoparticles with diameters of 2 nm. To prevent the agglomeration
of particles as well as passivate them against oxidation, a dense-packed monolayer of
coordinating ligand was coated on the nanoparticles. The surfactant served to control the
shape and dimension of the nanoparticles, which grew from many small metal nuclei
instantly formed during the hot injection. Meanwhile, the surface tension of the nanoparticles could be lowered through charge transfer, hence modiﬁed growth was achieved.
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Figure 3.6 TEM image of as-prepared Co nanoparticles with (a) 6 nm and (b) 9 nm in diameter
by superhydride reduction. A comparison of the magnetization curves of Co nanoparticles from (c)
9 nm ε-Co nanoparticles, (d) hcp cobalt nanoparticles, and (e) fcc+hcp Co nanoparticles measured
at 5 K. (Sun and Murray 1999)

1000

−221

Counts

800
−310

600
400

−311
−330

200

1800′′
(a)

0
40

50

60

70

2θ
(b)

Figure 3.7 (a) TEM image of prepared Co nanoparticles (scale bar: 100 nm); (b) XRD pattern of
the Co nanoparticles conﬁrming a ε-Co crystal structure. (Puntes et al. 2001)

The experimental results indicated that the ratio of surfactant to precursor determined
the size of the synthesized nanoparticles. A mixture of trioctylphosphine oxide (TOPO)
and oleic acid was found to be the best surfactant which effectively regulates the growth
rates of different planes to form cobalt rods. TOPO plays several roles in cobalt crystal
growth. First, TOPO is able to enhance the atom exchange process between nanoparticles,
which is necessary for both kinetic control and dimension distribution. Secondly, TOPO
helps the decomposition of Co nanoparticles to form monomeric species. In addition, the
concentration of TOPO is directly proportional to the length of the nanorods grown in the
synthesis. The use of oleic acid was also necessary for the growth of cobalt nanocrystals
with narrow distribution of particle sizes and shapes. Similarly to Sun’s work mentioned
above, the cobalt nanocrystals synthesized by this method showed complex cubic primitive
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Figure 3.8 (a) TEM image of spherical iron nanoparticles with 2 nm diameter; (b) curves of
normalized magnetization by mass as the temperature changes for synthesized nanoparticles and
nanorods. (Park et al. 2000)

structure, ε-Co, which is the favorable crystalline structure in nanoparticles synthesized
by a wet chemical method. The X-ray diffraction pattern of cobalt nanocrystals is shown
in Figure 3.7b. An average diameter of 7.3 nm for nanoparticles can be estimated from
the XRD peaks by Scherrer’s formula. Both high-resolution TEM and dark-ﬁeld TEM
conﬁrmed the defect-free single crystalline phase of cobalt nanoparticles.
The hot injection method has also been used for iron nanoparticle synthesis. Park et al.
prepared iron nanospheres via a thermal decomposition of Fe(CO)5 , an organometallic
precursor, in the presence of a particular surfactant (2000). In their synthesis, trioctylphosphine oxide (TOPO) was also used as the surfactant. 0.2 ml Fe(CO)5 was mixed with 5.0 g
TOPO at 340 ◦ C under an argon protection followed by aging for 30 minutes at 320 ◦ C. The
synthesis temperature, 340 ◦ C, is higher than the decomposition temperature of Fe(CO)5 ,
so that a complete decomposition can be achieved and metallic iron atoms can form as
nucleis for nanoparticle growth. Black precipitation was observed when the reaction mixture was added into acetone for the quenching purpose. After ﬁltering and washing, the
resulting powders consisting of spherical nanocrystals were able to be dispersed uniformly
in pyridine resulting in a clear homogeneous solution. Figure 3.8a is a transmission electron
micrograph image showing nanoparticles with uniform diameter (around 2 nm) packing
closely. Unlike the single-crystalline phase of cobalt nanoparticles, the as-prepared iron
nanoparticles are amorphous according to the electron diffraction pattern obtained from
TEM operation. Interestingly, it was noticed that the shape of nanoparticles can be tuned
by adjusting the surfactant used in the synthesis. For example, by using didodecyldimethylammonium bromide (DDAB) as the surfactant, nanorods can be prepared, induced by an
irreversible and strong binding between the surfactant molecules and the central part of the
growing nanocrystals. During the fusion process for nanoparticles, since the central regions
were occupied by DDAB, the nanospheres would only bind on the edge. Consequently, a
catenated structure was generated and unidirectional nanorods formed. A superconducting
quantum interference device (SQUID) was used to measure the magnetic properties of iron
nanoparticles, both spherical particles (2 nm in diameter) and nanorods (2 nm × 11 nm).
The results are shown in Figure 3.8b. Figure 3.8b also shows the temperature-dependent
magnetization in an applied magnetic ﬁeld of 100 Oe at temperatures ranging from 5 to
300 K using ﬁeld-cooling (FC) procedures and zero-ﬁeld cooling (ZFC).
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3.4.2 Synthesis of Magnetic Alloy Nanoparticles
Other than magnetic monometallic nanoparticles, magnetic alloy nanoparticles have also
attracted lots of interests. A good example is FePt. Owing to its rather high uniaxial
magnetocrystalline anisotropy (Ku ∼
= 7 × 106 J/m3 ) coupled with its excellent chemical
inertness, FePt is the material used as the permanent magnet in versatile applications. It is
believed that FePt nanoparticles may be valuable in ultrahigh-density magnetic recording
applications in the future because their large anisotropy constant and nanoscale dimension
provide a high magnetic stability for individual particles.
A number of research groups have reported their syntheses of magnetic alloy nanoparticles
by chemical methods. To synthesize FePt nanoparticles, Sun et al. used a diol or polyalcohol
(e.g. ethylene glycol or glycerol) to reduce metal salts. This method is named the ‘polyol
process’ (Sun et al. 2000). In a typical synthesis, two reactions including the reduction of
Pt(acac)2 (acac = acetylacetonate, CH3COCHCOCH3 ) and the decomposition of Fe(CO)5 at
high temperature were initiated simultaneously by oleic acid and oleyl amine, a combination
of surfactants. At high reaction temperature, Pt metals from Pt(acac)2 and Fe metals from
Fe(CO)5 reacted and monodisperse FePt nanoparticles formed. The composition of alloy
nanoparticles can be tailored readily by adjusting the molar ratio of precursor reagents, the
iron carbonyl and the platinum salt. Fe48 Pt52 particles were obtained by setting the molar
ratio of Fe(CO)5 to Pt(acac)2 as 3:2, while Fe52 Pt48 and Fe70 Pt30 nanoparticles were yielded
with 2:1 and 4:1 molar ratios, respectively. The strategy of tuning the particle size is to
add more reagents to enlarge the existing seeds, by which nanoparticles with an average
diameter of 3 to 10 nm can be prepared. Due to the surfactants used in the preparation,
colloids with isolated monodisperse FePt are quite stable and oxidation is avoided for FePt
nanoparticles protected by the surfactant layer. To prepare a sample for TEM observation, a
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Figure 3.9 (a) TEM image of 3-dimensional assembly made from as-synthesized Fe50 Pt50
nanoparticles with 6 nm diameter. The TEM sample was prepared by dropping a hexane/octane
suspension onto a silica-coated copper TEM grid; (b) coercivities of Fe50 Pt50 nanoparticles in
function of annealing temperature and Pt concentration, measured by a SQUID on 4 nm Fe52 Pt48
nanoparticles. (Sun et al. 2000)
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drop of the FePt colloid was spread on a copper TEM grid followed by a slow evaporation of
the carrier solvent. TEM observation revealed a three-dimensional (3D) superlattice which
is composed of monodisperse FePt nanoparticles with σ ≤ 5 % in diameter. As shown
in a TEM image, Figure 3.9a, monodisperse Fe50 Pt50 particles (about 6 nm in diameter)
are assembled in a hexagonal densely packed 3D array. The surfactants, which are oleyl
amine and oleic acid, serve as the capping groups and maintain a nearest neighbor spacing about 4 nm between nanoparticles. This interparticle distance can be adjusted by using
shorter-chain capping groups, instead of long-chain ones. Magnetic property measurement
of 4 nm FePt particles was conducted on a superconducting quantum interference device.
The results indicated that the as-prepared nanoparticle assemblies were superparamagnetic
with a coercivity about 0 Oe at room temperature. Magnetic studies measured in a 10 Oe
magnetic ﬁeld at 5–400 K with the standard zero-ﬁeld cooling and ﬁeld cooling procedures
suggested temperature-dependence of the magnetization. It was revealed that the superparamagnetic behavior of FePt nanoparticles has a blocking temperature around 20–30 K.
This low blocking temperature may be caused by the low magnetocrystalline anisotropy of
the fcc structure. High anisotropy fct phase FePt nanoparticles can be prepared by thermal
annealing, after which they are transformed into room temperature nanoscale ferromagnets.
In order to tailor the coercivity of these ferromagnets, several synthesis parameters need to
be adjusted carefully, such as the annealing temperature, nanoparticle dimension and the
elemental composition of FePt alloys. Figure 3.9b shows the dependence of coercivity on
the annealing temperature and the elemental composition. No signiﬁcant difference appears
between out-of-plane and in-plane coercivities and hysteresis characteristics, which are
attributed to the random orientation of individual FePt nanocrystals’ easy axis. Additionally,
the measurement by superconducting quantum interference device (SQUID) magnetometry
indicated the largest coercivity for Fex Pt1−x when x varied from about 0.52 to 0.60.
Synthesis of Co48 Pt52 and Fe50 Pd50 nanoparticles has been demonstrated by Chen et al.
(2002a). Co48 Pt52 nanoparticles were prepared by simultaneous chemical reactions of platinum acetylacetonate and cobalt tricarbonyl nitrosyl. In a typical synthesis, 0.50 mmol
platinum acetylacetonate, Pt(acac)2 , and 1.5 mmol 1,2-hexadecanediol were dissolved
completely in 20 ml dioctyl ether under nitrogen protection at 100 ◦ C. Then, 1.0 mmol
Co(CO)3 NO, 0.50 mmol oleic acid and 0.50 mmol oleylamine were added to the solution
in a three-necked bottle. The mixture was reﬂuxed for 30 minutes at the boiling point of
dioctyl ether, which is 286 ◦ C. After cooling to room temperature, 20 ml ethanol was added
to the resulting black dispersion and initiated a precipitation of nanoparticles. The last step
was to isolate nanoparticles by centrifuging and washing with ethanol. Similarly, Fe50 Pd50
nanoparticles were prepared by the simultaneous chemical reactions of palladium acetylacetonate and iron pentacarbonyl. To prepare FePd nanoparticles, 0.50 mmol palladium
acetylacetonate and 1.5 mmol 1,2-hexadecanediol were dissolved in 20 ml of dioctylether
under N2 protection followed by an addition of 0.75 mmol iron pentacarbonyl, 0.50 mmol
oleic acid and 0.50 mmol oleylamine. The mixture was heated to 286 ◦ C and reﬂuxed
for 30 minutes. The same precipitation and separation processes were applied to obtain
FePd nanoparticles. The TEM images of as-prepared Co48 Pt52 and Fe50 Pd50 nanoparticles
are shown in Figure 3.10a and 3.10b, respectively. From the TEM images, the average
diameters of Co48 Pt52 and Fe50 Pd50 nanoparticles can be estimated to be 7 nm and 11 nm,
respectively. Both nanoparticles can be dispersed in hydrocarbon solvents. Magnetic characterization revealed that the as-prepared Co48 Pt52 nanoparticles were superparamagnetic,
while the as-prepared Fe50 Pd50 nanoparticles exhibited ferromagnetic properties.
By using a similar synthesis strategy, Fex Coy Pt100−x−y alloy nanoparticles can be prepared (Chen and Nikles 2002b). Basically, the synthesis process includes simultaneous
reductions of both cobalt acetylacetonate and platinum acetylacetonate, as well as the
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Figure 3.10 Typical TEM images of (a) synthesized Co48 Pt52 nanoparticles and (b) synthesized
Fe50 Pd50 nanoparticles. (Chen and Nikles 2002a)

decomposition of iron pentacarbonyl at high temperature. The elemental composition can
be adjusted by the molar ratio of precursor reagents added to the reaction. In a typical
reaction process, a solution of 0.5 mmol platinum acetylacetonate and 0.1 mmol cobalt
acetylacetonate in 10 ml octylether was heated to 100 ◦ C under nitrogen protection. Then
solution of 1.5 mmol 1,2-hexadecanediol in 10 ml dioctylether was added. Surfactants,
including 0.5 mmol oleylamine, 0.5 mmol oleic acid, and 1 mmol iron pentacarbonyl,
were added to the resulting purple solution by a syringe. After reﬂuxing for 30 minutes, a
black dispersion was obtained and 40 ml ethanol was used to precipitate the nanoparticles
followed by centrifuge and washing processes. The as-prepared nanoparticles are easy
to disperse in hexane and octane. To prepare the sample for TEM observation, the dispersion was spread onto a carbon coated copper grid followed by a slow evaporation of
the solvent. TEM images of the thin and thick ﬁlms consisting of Fe49 Co7 Pt44 nanoparticles are shown in Figure 3.11a and 3.11b, respectively. Hexagonal arrays are displayed
in both images. It seems the nanoparticles in the thin ﬁlm formed a honeycomb array
(AB stacking), while an ABC close-packed structure formed in the thick ﬁlm. The electron diffraction pattern of the nanoparticles, shown as the inset of Figure 3.11b, clearly
conﬁrms the highly ordered crystalline phase for the nanoparticles. Fe49 Co7 Pt44 nanoparticles have an average diameter of 3.5 nm and a very narrow size distribution. To measure

(a)

(b)

Figure 3.11 TEM images of (a) a thin ﬁlm formed by Fe49 Co7 Pt44 nanoparticles; (b) a thick
ﬁlm assembled from Fe49 Co7 Pt44 nanoparticles. The inset shows the electron diffraction pattern
conﬁrming the single crystallinity. (Chen and Nikles 2002b)
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Figure 3.12 TEM images of FePt nanoparticles synthesized by using engineered viral templates;
(a) low resolution image; (b) high-resolution image; (c) hysteresis loops of nanoparticles measured
by a SQUID at 300 K (solid line) and 5 K (dashed line). (Reiss et al. 2004)

their magnetic hysteresis curves, a Princeton Micromag 2900 alternating gradient magnetometer using a 18 kOe saturating ﬁeld was used. The as-prepared nanoparticles exhibit
superparamagnetic characteristics. When treated at a high temperature (∼550–700 ◦ C),
Fe49 Co7 Pt44 nanoparticles transform to the tetragonal phase (L10 ) with higher coercivity,
hence ferromagnetic nanoparticles can be obtained.
Another interesting synthetic strategy to prepare the technologically important magnetic
material FePt is to use a type of peptides. This biological-related synthesis utilizes the biological interactions between peptides to control the nucleation of nanoparticles (Reiss et al.
2004). In a typical synthesis, a mixture was ﬁrst prepared with 1 ml of engineered phage
(gP8, 1012 phage/ml), 1 ml of 0.075 M FeCl2 and 1 ml of 0.025 M H2 PtCl6 . The gP8 proteins were used because they can be modiﬁed to express fusion proteins, which have been
shown in the synthesis of II-VI semiconducting nanoparticles. This mixture was then vortexed for 10 minutes followed by an addition of 1 ml 0.1 M NaBH4 as a reducing reagent.
Low-resolution and high-resolution transmission electron microscope (TEM) images of
FePt nanoparticles prepared by using gP8 engineered phage as templates are shown in
Figure 3.12a and 3.12b, respectively. An average diameter of 4.0 ± 0.6 nm can be estimated for the as-prepared FePt nanoparticles. The hysteresis curves for FePt nanoparticles
were obtained from a superconducting quantum interference device. Figure 3.12c shows
two curves measured at 5 K and 300 K, from which coercivities of 1350 and 200 Oe were
estimated, respectively. The difference is believed to come from the existence of some
high anisotropy FePt nanoparticles. The hysteresis loops also indicate particular L10 phase
for as-prepared FePt nanoparticles. Compared with wet chemical methods, this biological
strategy has several advantages. For instance, wet chemical methods usually require high
temperature and inert atmosphere, whereas the biological synthesis may be conducted
under ambient temperature, pressure and atmosphere. In addition, the biological synthesis
of magnetic nanoparticles is generally easy due to the characteristics of proteins used as
the template, hence it is cost-effective.
3.4.3 Synthesis of Magnetic Oxide Nanoparticles
Transition metal oxides are an important member of the family of inorganic solids. They
exhibit many extraordinary physical properties, such as superconducting, ferroelectric,
magnetic, ionic conducting and electrical conducting characteristics (Hyeon 2003). Meanwhile, these fascinating oxides have a variety of structures with attractive phenomena.
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Thus, transition metal oxide nanomaterials have been explored and implemented in many
technological ﬁelds, particularly for magnetic applications. Magnetic oxide nanoparticles,
e.g. ferrites, have been widely used in ferroﬂuids and employed as magnetic storage
media for many years. For most practical applications, monodisperse magnetic oxide
nanoparticles are desirable. Prompted by this demand, synthesis of various monodisperse
magnetic oxide nanoparticles has been achieved. Here synthesis of iron oxide and spinel
ferrite will be reviewed.
γ -Fe2 O3 micro-sized particles have been studied. It was documented that the magnetic
behaviors of γ -Fe2 O3 particles were affected by the degree of order in the distribution
of cation vacancies. In the case of γ -Fe2 O3 nanoparticles, a similar phenomenon was
observed only for γ -Fe2 O3 nanoparticles of diameter larger than 20 nm suggesting that
the canting effects do not inﬂuence the atom moments in the interior of the ultraﬁne
nanoparticle. It has been proposed by many researchers that, for nanoparticles around the
frontier of 10 nm in diameter, the reduction in saturation magnetization may be attributed
to the cationic disorder together with a magnetically disordered surface layer around the
nanoparticles (Morales et al. 1999). The particle size distribution, shape distribution and
magnetic interactions between nanoparticles should also be counted.
Alivisatos’s group reported a general nonhydrolytic single-precursor approach to synthesize various dispersible transition metal oxide nanocrystals. In this technique, the
molecular precursors were metal Cupferron complexes Mx Cupx (M: metal ion; Cup:
N -nitrosophenylhydroxylamine, C6 H5 N(NO)O-), with the metal ion coordinated with the
Cup ligand via the oxygen atoms in a bidentate manner (Rockenberger et al. 1999). In
a typical synthesis, 0.3 M FeCup3 in octylamine was heated to 60 ◦ C and underwent
evacuation and argon gas purging to get rid of oxygen and water. Meanwhile, 7 g of trioctylamine was also treated similarly at 100 ◦ C, and then heated to 300 ◦ C under vigorous
magnetic stirring with argon protection. 4 ml of pretreated FeCup3 stock solution was
injected rapidly into the trioctylamine and reaction started and lasted for 30 minutes at
225 ◦ C. During the reaction, the metal Cupferron complex decomposed and the solution’s
color changed from colorless to dark brown. After cooling down to room temperature, a
precipitate consisting of nanocrystals was obtained. A clear and stable nanocrystal dispersion can be prepared by adding organic solvents (e.g. toluene, CHCl3 , etc.). Again
this dispersion will undergo reprecipitation when methanol is added. Figure 3.13 is a
low-resolution TEM image of an extended monolayer of as-prepared nanocrystals forming during the slow evaporation of solvent during the TEM sample preparation. The iron
oxide nanocrystals have a narrow diameter distribution (6–7 nm) and they are separated
from each other by the surfactant layers on their shells. A high- resolution TEM image
(Figure 3.13, top left) reveals the crystalline phase of the nanoparticle. From the two
observed lattice plane distances (4.77 and 4.11 Å) coupled with the angle between the
crossed fringes (∼50 ◦ ) one can ascertain that the as-prepared nanoparticles are tetragonal
γ -Fe2 O3 with an ordered superlattice of cation vacancies.
Hyeon et al. reported two different approaches to synthesize highly crystalline and
monodisperse γ -Fe2 O3 nanocrystallites (2001). The ﬁrst synthetic strategy was to prepare
monodisperse iron nanoparticles followed by further oxidation to iron oxide. The iron
nanocrystals were synthesized by the decomposition of iron pentacarbonyl (Fe(CO)5 )
with a surfactant, oleic acid, at 100 ◦ C. Then trimethylamine oxide was used as a mild
oxidant to oxidize iron nanoparticles and monodisperse γ -Fe2 O3 nanocrystallites were
formed. In the second synthesis process, iron pentacarbonyl (Fe(CO)5 ) was added into
a solution of oleic acid and trimethylamine oxide, and iron oxide nanocrystals were
obtained directly. Although experimental results conﬁrmed that both synthetic approaches
generated monodisperse oxide nanoparticles without a subsequent size-selection step, the
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Figure 3.13 Low-resolution TEM image of a monolayer assembled from γ -Fe2 O3 nanocrystals
(10.0 ± 1.5 nm). Top left: high-resolution TEM image of an individual nanocrystal. Top right:
electron diffraction pattern of the high-resolution TEM image. (Rockenberger et al. 1999)

ﬁrst method provided a better control of the nanoparticle sizes and a better reproducibility.
γ -Fe2 O3 nanoparticles with different dimensions can be obtained by adjusting the reaction
parameters. For example, γ -Fe2 O3 nanocrystallites with an average diameter of 4 and 7 nm
were obtained when the molar ratio of Fe(CO)5 and oleic acid were set as 1:1 and 1:2 at
the starting point, respectively.
Figure 3.14a is a TEM image showing the hexagonal arrangement of monodisperse
γ -Fe2 O3 nanoparticles with 11 nm diameter in a closed packed way. The high resolution transmission electron micrograph shown in the inset not only demonstrates the
uniformity of the nanoparticle size but also reveals the highly crystalline nature of the
γ -Fe2 O3 nanoparticles. The temperature-dependent magnetization of γ -Fe2 O3 nanoparticles was measured by using a superconducting quantum interference device following
the zero-ﬁeld cooling (ZFC) and ﬁeld cooling (FC) procedures in an applied magnetic
ﬁeld of 100 Oe at 5–300 K. Figure 3.14b illustrates the relation between temperature and
magnetization of 4, 13 and 16 nm γ -Fe2 O3 nanocrystals. From the plots, it is obvious
that the magnetizations reduce at certain temperatures for all samples. These temperatures,
called blocking temperatures, were found to be around 23, 185 and 290 K for the γ -Fe2 O3
nanocrystals of 4, 13 and 16 nm in diameters, respectively.
Besides γ -Fe2 O3 , hematite, α-Fe2 O3 , is another common iron oxide. Hematite is the
most stable iron oxide under ambient conditions. Because of its magnetic properties and
chemical stability, hematite is of scientiﬁc and technological importance. Regarding the
hematite crystals, a rhombohedrally centered hexagonal structure of corundum-type is
well documented. The crystalline structure of hematite is featured by a close-packed
oxygen lattice where Fe3+ ions occupy two thirds of the octahedral sites. In α-Fe2 O3 the
magnetic moments of the two sublattices do not cancel each other completely hence a
small magnetic moment in the direction of the basal plane is left. This characteristic is
called parasitic or canted magnetism (Raming et al. 2002). For α-Fe2 O3 nanoparticles with
small dimension, they change from multidomain to single-domain. When the dimension is
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Figure 3.14 (a) TEM image of a two-dimensional assembly consisting of γ -Fe2 O3 nanocrystals
11 nm in diameter arranged hexagonally. The inset shows a high-resolution image; (b) plot of the
temperature-dependent magnetization of γ -Fe2 O3 nanocrystallites with 4 (triangles), 13 (squares),
and 16 nm (circles) in diameter measured with zero-ﬁeld cooling at the applied magnetic ﬁeld of
100 Oe. (Hyeon et al. 2001)

further decreased, superparamagnetic behavior is displayed. In this situation, the magnetic
moment in the domain is ﬂuctuated by thermal agitation randomly.
Since the unusual magnetic behavior of α-Fe2 O3 is dependent upon the sizes and shapes
of α-Fe2 O3 particles, developing new routes for the synthesis of α-Fe2 O3 nanocrystals
with controlled sizes and shapes is sought for both investigation of their unusual magnetic
behaviors and practical applications. However, so far only limited success on controllable synthesis has been achieved. Cao et al. reported a new reaction route to prepare
rice- and cube-shaped single crystalline α-Fe2 O3 nanostructures via a reaction between
Fe(NO3 )3 · 9H2 O and NH3 · H2 O in ethylene glycol (EG) at 200 and 280 ◦ C, respectively
(2006). In their synthesis, two solutions were ﬁrst made. One was Fe(NO3 )3 · 9H2 O aqueous solution, and the other NH3 · H2 O in ethylene glycol. Under stirring, the latter solution
was added dropwise into the former solution. After 30 minutes, the mixture was transferred into a high-pressure vessel which was then heated to a high temperature. It was
found that reactions occurring at 200 ◦ C and 280 ◦ C led to rice- and cube-shaped α-Fe2 O3
nanoparticles, respectively. The ﬁnal step was a carefully washing with deionized water
and ethanol to remove the residual contaminants. A typical TEM image of monodisperse rice-shaped α-Fe2 O3 with well-deﬁned facets is shown in Figure 3.15(a). The
rice-shaped α-Fe2 O3 nanocrystals have average dimensions of 84.9 nm and 41.2 nm along
their major and minor axes, respectively. Cube-shaped single-crystalline α-Fe2 O3 nanoparticles were obtained when the reaction temperature was raised from 200 ◦ C to 280 ◦ C while
other reaction conditions were kept identical. As shown in Figure 3.15b, the as-prepared
α-Fe2 O3 nanoparticles have an average dimension about 67 nm and have smooth surfaces.
It was found that the dimension of cube-shaped α-Fe2 O3 nanocrystals can be adjusted by
changing the molecularity of the reaction and the reaction time. Figure 3.15c shows

102

Magnetic Nanoparticles

(a)

(b)

(c)

Figure 3.15 TEM images of hematite α –Fe2 O3 nanoparticles with different shapes (a) rice-shape;
(b) cube-shape (∼67 nm); (c) cube-shape (∼86 nm). (Cao et al. 2006)

α-Fe2 O3 nanocrystals with an average 86 nm dimension which were prepared in a 10-hour
reaction. Considering the reaction mechanism, α-Fe2 O3 particles form via a two-step
phase transformation, which can be described by: Fe(NO3 )3 + 3NH3 · H2 O → Fe(OH)3
+ 3NH4 NO3 , followed by Fe(OH)3 + β-FeOOH → α-Fe2 O3 (phase transformation).
Magnetic characterization of α-Fe2 O3 nanoparticles was carried out on a vibrating
sample magnetometer (VSM, LakeShore 7307) at room temperature. The hysteresis feature was observed indicating a weakly ferromagnetic property for as-prepared α-Fe2 O3
nanoparticles at room temperature. In the measured hysteresis loops (M–H), no saturation
was observed even at the maximum applied magnetic ﬁeld. Further, cube-shaped α-Fe2 O3
nanocrystals have higher values of remanent magnetization (Mr ), squareness (Mr /Ms ) and
coercivity (Hc ) than those of rice-shaped α-Fe2 O3 nanoparticles.
Another type of iron oxide, magnetite (Fe3 O4 ), is of great importance due to its unique
structure and strong magnetic properties. A magnetite crystal is a cubic inverse spinel
structure where oxygen atoms form an fcc closed packing and Fe cations occupy interstitial tetrahedral sites and octahedral sites. Magnetite is known as an important class
of half-metallic materials because the electrons can hop between Fe2+ and Fe3+ ions
in the octahedral sites at room temperature. Magnetite nanoparticles can be dispersed in
either organic solvents or water, resulting in oil- or water-based suspensions, so-called
ferroﬂuids. Ferroﬂuids have been widely used in industry including rotary shaft sealing,
oscillation damping and position sensing, etc. Recently, magnetite nanoparticles have been
applied in various biomedical applications such as targeted drug delivery, hypothermia,
cancer therapy and magnetic resonance imaging, etc. One of the great advantages of using
magnetite nanoparticles is that they can be manipulated by an external magnetic ﬁeld so
that a noninvasive technique for biomedical diagnostic or therapeutic purposes can be
achieved. Detailed information on the biomedical applications of magnetic nanoparticles
will be presented in Chapter 4.
For all technological and biomedical applications superparamagnetic nanoparticles with
sizes smaller than 20 nm and a narrow size distribution are required. For this reason,
the synthesis of magnetite nanoparticles with controlled size/shape and uniform physical/chemical properties is needed.
A widely used technique for magnetite nanoparticle synthesis is the high-temperature
(∼265 ◦ C) reaction of Fe(acac)3 , iron (III) acetylacetonate, in phenyl ether with alcohol, oleic acid and oleylamine (Sun and Zeng 2002). This approach is able to produce
monodisperse magnetite nanoparticles, as illustrated in Figure 3.16a. The dimension of
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Figure 3.16 (a) Scheme of the synthesis process of magnetite nanocrystals; (b) low resolution
TEM image of assembly of magnetite nanoparticles; (c) high-resolution TEM image of an individual
nanoparticle. (Sun and Zeng 2002). Reprinted with permission from the Journal of the American
Chemical Society, Sun. S and Zeng. H 124, 8204-8205. Copyright 2002 American Chemical Society

nanoparticles can be controlled. Large monodisperse magnetite nanoparticles (up to 20 nm
in diameter) can be synthesized by simply using the smaller nanoparticles as the seeds for
further particle growth. Figure 3.16b is a typical TEM image showing an arrangement of
16 nm Fe3 O4 nanoparticles. The as-prepared nanoparticles have a narrow size distribution,
hence no subsequent size-selection process is required after the synthesis. The HRTEM
image, shown in Figure 3.16c, reveals the atomic lattice fringes in an individual nanoparticle clearly indicating the single crystalline phase. The as-prepared magnetite nanoparticles
can be dispersed into nonpolar solvent readily. And this seed-mediated growth method
has the potential for mass production by scale up processes.
For large-scale synthesis of monodisperse nanocrystals, Park et al. reported a method
using non-toxic and inexpensive metal salts as the reaction precursors (2004). This
synthesis approach is very general and is capable of producing many transition metal
oxides. Figure 3.17a depicts the overall procedure of synthesis. By using this method,
monodisperse magnetite nanoparticles can be obtained. An obvious merit of this synthetic technique is its easy control of particle size by adjusting the synthesis conditions
and there is no need for any additional size-selection process. Moreover, this technique
offers other advantages over conventional methods such as the potential of ultra-large
scale nanocrystal production, low cost of precursors, environmentally friendly synthesis due to the nontoxic reagents, etc. In a typical synthesis of monodisperse magnetite
nanocrystals, 40 mmol iron-oleate complex was ﬁrst prepared and a solution of oleic
acid in 1-octadecene (5.7 g oleic acid in 200 g 1-octadecene) was added. The resulting
mixture was heated to 320 ◦ C at a ramping rate of 3.3 ◦ C per minute and a severe reaction took place with a color change to brownish black. The reaction was kept for 30
minutes followed by a cooling process to room temperature. Next, 500 ml ethyl alcohol
was added to initiate the precipitation of the magnetite nanoparticles. After centrifugation, washing and drying processes, about 40 g of magnetite nanocrystals (average 16 nm
in diameter) could be obtained with a yield over 95 %. A number of organic solvents
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Figure 3.17 (a) Schematic diagram of the synthesis of monodisperse nanocrystals in ultra-large
scale; (b) plot of the magnetization of magnetite nanocrystals vs temperatures measured after
zero-ﬁeld cooling (ZFC) using a ﬁeld of 100 Oe. (Park et al. 2004)

such as toluene and hexane could be used to redisperse the as-prepared nanocrystals
easily. To characterize the synthesized magnetite nanocrystals, a superconducting quantum interference device magnetometer (Quantum Design, MPMS5XL) was used and the
temperature-dependent magnetization was measured with an applied magnetic ﬁeld of
100 Oe at 5–380 K. The measurement results revealed a superparamagnetic behavior at
high temperatures, as shown in Figure 3.17b. It was also found that, for 5 nm nanocrystals, the blocking temperature TB is about 40 K, where the zero-ﬁeld cooled magnetization
starts to decrease and deviate from the ﬁeld-cooled magnetization. Larger nanocrystals
have higher block temperatures.
Another type of important magnetic oxide nanoparticles are so-called spinel ferrites,
MFe2 O4 (M = Mn, Co, Ni, Cu, Zn, Mg or Cd, etc.) which have been widely used
for electronic applications over the past several decades. These materials, MFe2 O4 , or
MO · Fe2 O3 , have a cubic spinel structure where oxygen forms an fcc close packing, and
M2+ occupy either tetrahedral or octahedral interstitial sites. Compared with iron oxide
spinel ferrites provide ﬂexibility to control both crystal structures and magnetic properties by choosing different non-iron metals in spinel ferrites and controlling their molar
concentrations. Hence, it is possible to obtain great tenability in chemical composition
and bonding through the variation of chemistry at the atomic level. Due in part to this

Synthesis of Magnetic Nanoparticles

105

versatility, magnetic spinel ferrite nanoparticles with excellent and controllable superparamagnetic properties have attracted much interest and have the potential for many
applications such as information storage, electronic devices, drug delivery, and medical
diagnostics, etc. For example, MnFe2 O4 is one of the most common spinel ferrites and
its nanoparticles have found applications in MRI technology when they are used as the
contrast enhancement agents.
Synthesis of MnFe2 O4 nanoparticles has been developed recently by Liu et al. via a
reverse micelles technique with a surfactant, sodium dodecylbenzenesulfonate (NaDBS)
[CH3 (CH2 )11 (C6 H4 )SO3 ] Na (2000). In their synthesis, Mn(NO3 )2 and Fe(NO3 )3 were
used as the precursor reagents. First 5 mmol of Mn(NO3 )2 and 10 mmol of Fe(NO3 )3
were ﬁrst dissolved in 25 ml water completely, and 25 ml 0.4 M NaDBS aqueous solution
was added into the metal salt solution. Then excess toluene was added to the resulting
solution with rigorous stirring to form clear water-in-toluene reverse micelles. After stirring overnight, 40 ml 1.0 M sodium hydroxide aqueous solution was dropped into the
reverse micelles and colloids were formed with stirring for an additional two hours. To
separate the synthesized nanocrystals, the colloid was heated to evaporate most water
and toluene followed by washing with water and ethanol to remove excess surfactant.
The key reaction parameter is the volume ratio of water and toluene, which determines the dimension of spinel ferrite nanoparticles. Experimental results showed that
a ratio of 5/100 (water/toluene) resulted in nanoparticles with an average diameter of
8 nm. TEM micrograph of the MnFe2 O4 nanoparticles is shown in Figure 3.18a (Liu
et al. 2000). The synthesized nanoparticles have a narrow dimension distribution with
an average diameter of 7.7 ± 0.7 nm. Figure 3.18b plots the temperature dependence
of magnetization and remanent magnetization decay (thermal remanent magnetization)
of the MnFe2 O4 nanoparticles, which was measured by a SQUID magnetometer (Quantum Design MPMS-5S). In the temperature-dependent magnetization measurement, the
MnFe2 O4 nanoparticles were cooled to 5 K under a zero magnetic ﬁeld. When the temperature reached 5 K, a magnetic ﬁeld of 100 G was applied. Then the temperature was
raised with continuous magnetization measurements. As illustrated in the ZFC line in
Figure 3.18b, the magnetization of nanoparticles increases with the temperature at the
beginning. At 150 K, the magnetization reaches a maximum value and begins to drop as
the temperature increases further.
To investigate the temperature dependence of remanent magnetization decay, the
MnFe2 O4 nanoparticles were ﬁrst cooled to 5 K under a magnetic ﬁeld of 100 G. Then,
the magnetic ﬁeld was switched off and the remanent magnetization was recorded as the
temperature was raised up to 350 K. The measured result is shown in Figure 3.18c. It is
obvious from the plot that the remanent magnetization decreases rapidly with increasing
temperature at the initial period. The remanent value saturates and approaches zero at
around 150 K. The hysteresis loops of nanoparticles were measured at different temperatures. Figure 3.18c displays the hysteresis feature of nanoparticles at 20 K with a coercivity
about 190 G. It was noticed that the hysteresis feature of MnFe2 O4 nanoparticles disappeared at measuring temperatures above 150 K. The hysteresis loop of nanoparticles
measured at 400 K reveals direction changes in unison of the magnetization with the
direction reversal of the applied magnetic ﬁeld.
As mentioned above, magnetic MFe2 O4 nanoparticles have been used widely not
only as ferroﬂuids but also as promising candidates for biomedical applications such
as molecular tagging, imaging and separation. Depending on speciﬁc M2+ , the densely
packed nanocrystals of MFe2 O4 -based materials can exhibit high magnetic permeability and electrical resistivity or half-metallicity, and may be a potential candidate for
future high-performance electromagnetic and spintronic devices (Sun et al. 2003a). Sun’s
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Figure 3.18 (a) Low resolution TEM image of prepared MnFe2 O4 nanoparticles with a
high-resolution image shown in the inset; (b) plots of temperature-dependent remanent magnetization decay for MnFe2 O4 nanoparticles of ∼8 nm in diameter cooled under a magnetic ﬁeld
of 100 G (TRM), and temperature-dependent magnetization under a magnetic ﬁeld of 100 G for
zero-ﬁeld-cooled MnFe2 O4 nanoparticles of ∼8 nm in diameter (ZFC); (c) hysteresis loops of the
MnFe2 O4 nanoparticles with a diameter of ∼8 nm measured at 20 K and 400 K. (Liu et al. 2000)

research group applied their organic phase process, which was used to prepare monodisperse Fe3 O4 nanoparticles through the reaction of Fe(acac)3 and a long-chain alcohol,
to synthesize MFe2 O4 nanoparticles (with M = Co, Ni, Mn, Mg, etc.). In this convenient organic phase process, different metal acetylacetonate precursors, Co(acac)2 and
Mn(acac)2 , were added to the mixture of Fe(acac)3 and 1,2-hexadecanediol, and produced
CoFe2 O4 and MnFe2 O4 nanoparticles, respectively. A typical process involves a reaction
between metal acetylacetonate with 1,2-hexadecanediol, oleic acid and oleylamine at high
temperature (up to 305 ◦ C). The as-prepared monodisperse MFe2 O4 nanoparticles have a
tunable dimension ranging from 3 to 20 nm in diameter, which can be tailored by varying
the reaction temperature or changing the metal precursors. Also, larger sized nanoparticles can be obtained by using the smaller nanocrystals as the seeds for further crystal
growth. There are two advantages of this synthesis technique: there is no need for a
low-yield fractionation procedure to achieve the desired size distribution and it is easy to
scale up production for large quantities. The as-prepared nanoparticles are hydrophobic
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Figure 3.19 Bright ﬁeld TEM images of (a) CoFe2 O4 nanoparticles 14 nm in diameter and (b)
MnFe2 O4 nanoparticles 14 nm in diameter made from seed-mediated growth and deposited from
their hexane dispersion on amorphous carbon-coated copper grid; (c) magnetization curves of the
assembly made from CoFe2 O4 nanoparticle 16 nm in diameter measured at (A) 10 K and (B) 300 K.
(Sun et al. 2003a). Reprinted with permission from the Journal of the American Chemical Society,
Sun. S and Zeng. H 124, 8204-8205. Copyright 2002 American Chemical Society

inherently, hence they can be dispersed in nonpolar or weakly polar hydrocarbon solvents
(e.g. hexane, toluene, etc). However, hydrophilic nanoparticles can be obtained by using
a bipolar surfactant, such as tetramethylammonium 11-aminoundecanoate, thus aqueous
nanoparticle dispersions can be easily prepared.
Figure 3.19a shows a TEM image of 14 nm CoFe2 O4 nanoparticles made from the
seed-mediated growth. It is obvious from the image that monodisperse nanoparticles have
a very narrow diameter distribution. Similar monodisperse properties were observed for
14 nm MnFe2 O4 nanoparticles, as shown in Figure 3.19b. Magnetic measurements of
16 nm CoFe2 O4 nanoparticles revealed ferromagnetic characteristics at temperatures up
to 300 K, illustrated in Figure 3.19c. The coercivity of the nanoparticle assembly is about
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400 Oe. However, at 10 K, its coercivity changes to 20 kOe which is much larger than
that of 16 nm Fe3 O4 nanoparticles (around 450 Oe at 10 K). This coercivity difference
indicates a great increase of the magnetic anisotropy for CoFe2 O4 nanoparticles when Co
cations are incorporated into the Fe-O matrix. On the contrary, the incorporation of Mn
cations in the Fe-O matrix reduces the magnetic anisotropy of MnFe2 O4 nanoparticles
when compared with Fe3 O4 nanoparticles of the same size. Measurements showed a
coercivity of only 140 Oe for 14 nm MnFe2 O4 nanoparticles at 10 K.
3.4.4 Synthesis of Magnetic Core–shell Nanoparticles
Interest in magnetic core–shell nanoparticles has been stimulated due to the drawbacks
of uncovered magnetic nanoparticles, such as agglomeration, being highly reactive, etc.
Nanostructure magnetic materials exhibit unique properties and have been expected to
be used in data storage technology and biomedical systems. However, pure magnetic
particles may not be very useful in practical applications. For instance, they are likely to
form a large aggregation and their magnetic properties change readily. Most importantly,
they can undergo rapid biodegradation when they are directly exposed to the biological
system (Wang et al. 2005).
The ability to synthesize and assemble monodisperse core–shell nanoparticles is important for exploring the unique properties of nanoscale core, shell, or their combinations in
technological applications. A good example is the assembly of gold nanoparticles on SiO2
cores, which has been demonstrated to be a very effective approach to obtain core–shell
SiO2 /Au nanoparticles (Westcott et al. 1998). Similarly, iron oxide/gold-core/shell nanoparticles have been synthesized by a deposition of gold onto Fe2 O3 or partially oxidized
Fe3 O4 nanoparticles (9 nm) in an aqueous solution via hydroxylamine seeding to synthesize ∼60 nm-sized particles (Lyon et al. 2004). It was reported that gold coated magnetic
core–shell nanoparticles exhibited enhanced chemical stability because the gold layer protects the core from possible oxidation and corrosion. Moreover, with the help of the gold
layer, core–shell nanoparticles possess better biocompatibility and afﬁnity via amine/thiol
functional groups. Synthesis of gold coated iron core–shell (Cho et al. 2005) and gold
(silver)-coated magnetite (Mikhaylova et al. 2004) nanoparticles have also been reported
by suing the reverse micelles method. Caruntu et al. prepared gold coated Fe3 O4 nanoparticles by attaching 2–3 nm-sized gold nanoparticles via 3-aminopropyl triethylsilane onto
10 nm-sized Fe3 O4 nanoparticles (Caruntu et al. 2005).
It is true that thin ﬁlms of magnetic nanoparticles have been technologically interesting for a long time. For this reason, efforts have been made to prepare thin ﬁlms of
magnetic nanoparticles. Thin ﬁlms of polymer-FePt nanoparticles and arrays have been
deposited on Si substrates via a polymer-mediated assembly method (Sun et al. 2003b).
Another example is thin ﬁlm assemblies of magnetic nanoparticles prepared by an evaporation method together with the applied magnetic ﬁeld parallel to a substrate (e.g. HOPG)
(Pileni et al. 2004). To improve the stability and tenability of thin ﬁlms consisting of magnetic nanoparticles, core–shell nanostructures are attractive. These magnetic core–shell
nanoparticles are helpful for exploring the electronic, magnetic, catalytic, sensing and
chemical or biological properties of the nanocomposite materials and are expected to ﬁnd
various applications (Wang et al. 2005a). In this section, syntheses of several representative core–shell magnetic nanoparticles are reviewed.
The ﬁrst type is Fe3 O4 @Au nanoparticles. In Wang’s synthesis, Fe3 O4 nanoparticles
were prepared by an initial synthesis and used as seeds for a subsequent reduction of
Au(OOCCH3 )3 on the surface of magnetic nanoparticles (2005a). First, 2 mmol Fe(acac)3
was dissolved in a mixture of 20 ml phenyl ether, 2 ml oleic acid (∼6 mmol) and 2 ml
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Figure 3.20 Schematic illustration of the synthesis processes and involved chemistry Fe3 O4 and
Fe3 O4 @Au nanoparticles preparation. TEM images are also shown. (Wang et al. 2005a)

oleylamine (∼4 mmol) by vigorous stirring under a protection of argon. Then 10 mmol
of 1,2-Hexadecanediol was added and the solution was heated to 210 ◦ C followed by
reﬂuxing at the same temperature for 2 hours. After cooling down to room temperature,
the synthesized 0.33 mmol Fe3 O4 nanoparticles were dispersed in 10 ml phenyl ether and
2.2 mmol Au(OOCCH3 )3 , 12 mmol 1,2-hexadecanediol, 1.5 mmol oleic acid, and 6 mmol
oleylamine were added. The mixture was heated to 180–190 ◦ C under vigorous stirring
and argon protection. After reaction for 1.5 hours, the mixture was cooled down and
ethanol was added to precipitate a dark purple material which was separated by centrifuging. The synthesis processes of the Fe3 O4 and Fe3 O4 @Au nanoparticles and involved
chemistry are illustrated in Figure 3.20. As shown in the bottom left of Figure 3.20, the
average size of the Fe3 O4 @Au was 6.6 ± 0.4 nm from the TEM image. The inset image
reveals around 0.7 nm gold coating on Fe3 O4 nanoparticles. The interparticle spacing is
expected to be the capping monolayer, oleylamine and oleic acid, which helps nanoparticles to be isolated individually and uniformly. The magnetic properties were measured by
SQUID. Compared with Fe3 O4 nanoparticles, Fe3 O4 @Au core–shell nanoparticles display a decrease in magnetization and blocking temperature and an increase in coercivity.
This can be explained by the decreased coupling of the magnetic moments induced by
the increased interparticle spacing by shells (Wang et al. 2005).
Another promising shell material used in magnetic core–shell nanoparticles is silica
(SiO2 ). This type of core–shell system consists of anisotropic magnetic cores and isotropic
silica spheres. The use of silica shell provides several unique characteristics such as
hydrophilic behavior, biocompatibility in biological systems, and high suspension stability
in various solvents. These properties make the magnetic core–shell nanoparticles an ideal
candidate in targeted drug delivery systems. With the help of an external magnetic ﬁeld,
a large amount of drug loaded on microspheres can be transferred to the speciﬁc tissue
with a small amount of magnetic core–shell colloid. The synthesis of crystallized spinel
ferrite (ZnMnFe2 O4 ) nanoparticles through the hydrothermal method has been reported.
The synthesis reaction can be described as:
ZnCl2 + MnCl2 + FeCl3 + NaOH → ZnMnFe2 O4

(3.1)
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A typical synthesis starts from preparation of a 0.025 M ZnCl2 , 0.02 M MnCl2 · 4H2 O,
and 0.1 M FeCl3 · 6H2 O aqueous solution (Wang et al. 2005). With stirring, the mixture was loaded into a Teﬂon-lined stainless autoclave. Then sodium hydroxide solution,
prepared by dissolving 0.88 g NaOH in 5 ml water, was slowly dropped into the autoclave to initiate precipitation. The hydrothermal reaction was kept at 180 ◦ C for 12 hours.
The ZnMnFe2 O4 nanoparticles were washed and collected by using a permanent magnet.
TEM observation showed the as-prepared nanoparticles have a narrow size distribution
with an average diameter of 10 nm. The second synthesis step involves silica coating on
the as-prepared ZnMnFe2 O4 nanoparticle surface by a hydrolysis of TEOS.
Figure 3.21a is an SEM micrograph of the SiO2 @ZnMnFe2 O4 core–shell nanoparticles showing monodisperse spheres with a uniform dimension. From the TEM image,
Figure 3.21b, the magnetic cores can be easily seen as dark spots inside spherical SiO2
shells. The magnetic properties of synthesized SiO2 @ZnMnFe2 O4 core–shell nanoparticles were characterized by using a vibrating sample magnetometer (VSM) at room
temperature. Curve A and curve B in Figure 3.21c are hysteresis loops for ZnMnFe2 O4
nanoparticles and SiO2 @ZnMnFe2 O4 core–shell nanoparticles, respectively. It is obvious
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Figure 3.21 (a) SEM image of silica coated ZnMnFe2 O4 nanoparticles; (b) TEM image showing
the core–shell structure; (c) magnetic hysteresis loops of (A) ZnMnFe2 O4 nanoparticles without
silica coating and (B) silica coated ZnMnFe2 O4 nanoparticles. (Wang et al. 2005)
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that both uncoated nanoparticles and core–shell nanoparticles exhibit ferromagnetic properties, which are attributed to the well-crystallized spinel ferrite cores. Also, the
measurement indicated that the core–shell nanoparticles have lower saturation magnetization (Ms ), remnant magnetization (Mr ) and saturation magnetic ﬁelds than those
of uncoated ZnMnFe2 O4 nanoparticles. However their coercivities (Hc ) were nearly the
same. Considering the possible reasons for the differences of magnetic parameters between
coated and uncoated nanoparticles, it is believed that the core–shell nanoparticles have
a lower magnetic content than uncoated nanoparticles. Since the magnetic behaviors of
core–shell nanoparticles are completely dependent upon the core materials, the magnetization is reduced due to the existence of a nonmagnetic silica component in core–shell
nanoparticles. Additionally, the uniformity or magnitude of magnetization of core–shell
nanoparticles can be affected by the silica coating layer due to quenching of the surface
moments.
Magnetite coated iron core–shell nanoparticles have been developed. Sun’s research
group reported an improved but simple, one-pot reaction that gives monodisperse Fe3 O4 @Fe
nanoparticles (Peng et al. 2006). It was found that Fe nanoparticles in hexane dispersion
were easily oxidized and agglomerated when exposed to air. Uncontrolled oxidation of
iron nanoparticles usually gives amorphous iron oxide layers, which are not able to protect
against further oxidation or agglomeration. On the contrary, well-crystalline iron oxide
shells can provide effective and robust protection. With coated crystalline Fe3 O4 shells, iron
nanoparticles are more efﬁciently stable and functionalization can be achieved readily on the
oxide surface. Consequently, stable Fe nanoparticle dispersion in phosphate-buffered saline
(PBS) can be obtained. Sun’s research group developed an efﬁcient approach to prepare
monodisperse core–shell Fe nanoparticles by decomposition of Fe(CO)5 in octadecene
(ODE) at 180 ◦ C.
As shown in Figure 3.22a and 3.22b, the core–shell nanoparticles are monodisperse
with a very narrow size distribution (σ <7 %). The average dimension of cores and shells
are 4 nm and 2.5 nm, respectively. The magnetic characterization results are shown in
Figure 3.22(c), which was obtained from measurements on the core–shell nanoparticles
precipitated from hexane dispersion. Line A in the ﬁgure indicates a superparamagnetic property with a saturation moment of about 66.7 emu/g, which corresponds to
102.6 emu/g [Fe] ([Fe] = Fe + Fe3 O4 ). This value is slightly lower than that calculated
for 2.5 nm@4 nm Fe3 O4 @Fe nanoparticles based on the relative weight percentage of
Fe (7.86 g/cm3 , 218 emu/g) and Fe3 O4 (5.18 g/cm3 , 80 emu/g), which is 123.5 emu/g [Fe].
Since the experimental value is close to the calculated value for 3.5 nm@3 nm Fe3 O4 @Fe
nanoparticles (99.4 emu/g [Fe]), this discrepancy can be explained by a further oxidation
occurring for the core–shell nanoparticles. To test the stability of the magnetic core–shell
nanoparticles, as-synthesized 2.5 nm@4 nm Fe3 O4 @Fe nanoparticles dispersion was used
to measure its magnetic moment drops as exposed to air at room temperature. As shown
in line B, the magnetic moment drops quickly during the ﬁrst 4 hours, stabilizes between
4 and 14 hours, and then drops to the value which is close to that of Fe3 O4 nanoparticles.
The plateau in both plots is probably caused by agglomeration occurring in the dispersions. To make the core–shell nanoparticles stable, a crystalline Fe3 O4 shell was prepared
by controlled oxidation using (CH3 )3 NO, an oxygen transferring agent. 5–nm@2.5–nm
Fe3 O4 @Fe nanoparticles treated by this controlled oxidation show much better stability
than untreated core–shell nanoparticles, as shown by line C. Slower moment dropping
was observed while no agglomeration was detected over 14 hours. The results clearly
show that the crystalline Fe3 O4 shell provides a good protection to the Fe core and offers
better nanoparticle dispersion.
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Figure 3.22 (a) TEM image of 4 nm/2.5 nm Fe/Fe3 O4 nanoparticles with a high-resolution TEM
image (shown in the inset); (b) TEM image of self-assembled Fe/Fe3 O4 nanoparticle superlattice; (c)
results from magnetic characterizations of Fe/Fe3 O4 nanoparticles (A) hysteresis loop measured at
room temperature; (B) magnetic moment drop of 4 nm/2.5 nm Fe/Fe3 O4 nanoparticles; (C) magnetic
moment drop of 2.5 nm/5 nm Fe/Fe3 O4 nanoparticle dispersions versus exposure time to air at room
temperature. (Peng et al. 2006)

Another representative example of magnetic core–shell nanoparticles is Cocore Ptshell
nanoalloys (Park and Cheon 2001). The synthesis process includes a redox transmetalation reaction, which is depicted in Figure 3.23a. In the ﬁrst step, Co nanoparticles were
prepared from the thermolysis of Co2 (CO)8 in toluene solution by reﬂuxing for 8 hours.
After adding ethanol, Co nanoparticles were precipitated and separated by centrifuging.
Unlike Fe nanoparticles, Co nanoparticles are stable in air. To cover Co nanoparticles
with Pt shell, Co nanoparticle colloids and Pt(hfac)2 were reﬂuxed in a nonane solution containing a stabilizer (e.g. C12 H25 NC). The obtained Cocore Ptshell nanoparticles are
moderately monodisperse (σ <10 %) without any additional size-selection process.
The TEM image reveals an average diameter of 6.27 nm (σ = 0.58 nm) for as-prepared
nanoparticles, as shown in Figure 3.23b. High-resolution TEM observation indicated a
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Figure 3.23 (a) Schematic depiction of the synthetic process of core–shell nanoalloys by transmetalation reaction; (b) low resolution and high-resolution TEM images of 6.27 nm (σ = 0.58)
Cocore Ptshell nanoalloys; (c) measured hysteresis loop of as-prepared Cocore Ptshell nanoalloys. (Park
and Cheon 2001)

smoother and homogeneous surface of the Cocore Ptshell particles, which is different from
other types of core–shell nanoparticles with uneven outer particles attached to the surface.
Figure 3.23b reveals the lattice image of a nanoparticle shell. The lattice distance was estimated to be 2.27 ± 0.03 Å, which corresponds to the Pt(111) lattice parameter (2.265 Å).
EDAX spectrum also conﬁrmed the existence of the Pt element on the nanoparticles with
a stoichiometry of Co0.45 Pt0.55 . According to a simple close packing model simulation,
a Cocore Ptshell nanoalloy is composed of a Co core with 4.75 nm diameter and a Pt shell
with 1.82 nm thickness. It was expected that, by adjusting the amount of Pt precursor, the
thickness of Pt shell could be controlled. Figure 3.23c is the hysteresis loop of Cocore Ptshell
nanoalloys measured by a SQUID magnetometer. A coercivity of 330 Oe was obtained
for nanoparticles at 5 K. The measurement results suggest that the Cocore Ptshell nanoalloys
exhibit very similar magnetic properties to those of Co nanoparticles and Pt shells do not
affect signiﬁcantly the magnetic properties of Cocore Ptshell nanoalloys.

3.5 Bio-inspired Magnetic Nanoparticles
Biomimetic approaches, stimulated by a detailed understanding of biomineralization,
have been envisioned for controlled synthesis of new materials with speciﬁc crystal
morphology, phase and orientation. Generally, well-deﬁned protein architectures or macromolecular templates are utilized in a bio-inspired approach to synthesize novel materials.
The evolved molecular interactions are believed to play an important role for material
formation.
Nanomaterials exhibit emergent magnetic, catalytic, electrical properties which could
ﬁnd versatile applications in the near future. Synthesis of nanomaterials in a controlled
manner has been a challenge for several decades. So far, a number of physical and
chemical techniques have been developed for nanomaterial synthesis. However, there is
still an increasing demand for a novel synthesis technique which offers better control for
nanomaterial formation. A promising approach is the bio-inspired synthesis, which uses
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biomacromolecules as templates for directed fabrication of nanomaterials. For instance,
symmetric protein cage architectures can be used as constrained reaction environments to
synthesize or encapsulate inorganic and organic nanomaterials. Phage-display techniques
are able to identify peptides sequences speciﬁcally towards particular inorganic materials
with unique crystal faces.
It is not surprising that the bio-inspired technique has been also utilized to synthesize magnetic nanoparticles. For this purpose, ferritin, a Fe-storage protein, can be used
to grow CoPt nanoparticles which can convert to ordered L10 phase nanocrystals by
annealing. Via the same technique, large 2D magnetic arrays can be obtained. This
biomimetic approach makes protein engineering possible by controlling the directed evolution and screening of combinatorial peptide sequences with speciﬁc afﬁnity toward
inorganic materials.
CoPt nanoparticles with L10 phase have been synthesized successfully via a bio-inspired
approach by Klem et al. (Klem et al. 2005). In their synthesis, the template was a
protein-cage architecture of the small heat-shock protein, so-called MjHsp. It was obtained
from the hyperthermophilic archeaon, Methanococcus jannaschii . Small peptide sequences
(KTHEIHSPLLHK), obtained from screening a M13 bacteriophage library, have the capability of binding to the L10 phase of CoPt. The peptide sequence was incorporated into
the template, resulting in a highly versatile cage-like structure with interior and exterior
surfaces. Its exterior diameter is about 12 nm. Via chemical or generic modiﬁcation, the
surface properties can be tailored. Figure 3.24a depicts the protein assembly of MjHsp.
For a 16.5 kDa MjHsp subunit, there are 147 amino acids which can be modiﬁed through
site-directed mutagenesis or chemical modiﬁcation. Importantly, there are large pores
(around 3 nm) located at the three-fold axes. Molecules are able to access the interior of
the protein cage through these pores. It is necessary to mention that this protein assembly has a relative high stability and it can stand up to 70 ◦ C in a pH range of 5 11.
In the bio-inspired synthesis of CoPt nanoparticles, the assembled protein cage served
as size-constrained reaction vessels while the precursors, CoII and PtII , entered the cage
and were reduced by excess NaBH4 at pH 8 and 65 ◦ C for 10 minutes. A TEM image
of as-prepared CoPt nanoparticles is shown in Figure 3.24b. The average diameter of
nanoparticles is about 6.5 ± 1.3 nm. The inset image shows an electro diffraction pattern
indicating a crystalline phase for the protein-encapsulated material.

(a)

(b)

Figure 3.24 (a) Ribbon diagram of Methanococcus jannaschii MiHsp showing the threefold channel of the assembled protein cage; (b) TEM image of CoPt-mineralized Cp Hsp with the electron
diffraction pattern shown in the inset. (Klem et al. 2005)
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Bacteria have also been used for nanoparticle synthesis. This bacteria-assisted biomineralization for magnetite synthesis can be classiﬁed into two categories, biologically
controlled mineralization and biologically induced mineralization. The ﬁrst technique can
be traced back to 1975 when magnetic crystals formed from bacteria were discovered
inside the cell (Blakemore 1975). This magnetite, termed magnetosomes, attaches to the
cell membrane and allows the bacteria to orient along the magnetic ﬁeld. However, the
low ratio of magnetite nanocrystals to biomass is a major drawback of this approach. In
the second synthesis approach, biologically induced mineralization, the necessary chemical situation can be created by the bacteria so that magnetite precipitation occurs on
the outer surface of the cell membrane. A couple of thermophilic bacteria such as thermoanerobacter and thermoanerobium have shown their capability of reducing Fe3+ ions
as part of their respiration processes.
Yeary et al. reported their successful microbial synthesis of the magnetite (2005). The
bacteria was TOR-39 and a basal medium was used which was mixed from NaHCO3 ,
CaCl · 2H2 O, NH4 Cl, MgCl · 6H2 O, NaCl, HEPES (hydroxyethylpiperazine-N’-2-ethanesulfonic acid), yeast extract, 0.1 % resazurin, trace mineral solution, and vitamin solution in proper concentration. The medium was prepared under nitrogen protection and
the pH value was between 8.0 and 8.2. The precursor for magnetite production is amorphous Fe3+ oxyhydroxides (akaganeite), which was prepared by mixing 10 M NaOH
solution and 0.4 M FeCl3 · 6H2 O solution with rapid stirring. It was noticed that no
extra reducing reagents were introduced in either medium or precursor solution. During the nanoparticle formation, the bacteria itself serves as a reducing agent. After
reaction, amorphous iron hydroxide suspension was made from the precipitates. Then
incubation was performed with the inoculation of sterile glucose, inoculums of bacteria, MOPS and nonsterile amorphous Fe3+ oxyhydroxide at 65 ◦ C for 14 days. The ﬁnal
product was dried in a freeze dryer. To check the morphology of as-prepared nanoparticles, biomagnetite samples were prepared following Zhang’s mounting procedure (Zhang
1998). Figure 3.25 is a typical TEM image showing a bacteria cell with dark spots of
magnetite particles and needle-like Fe3+ oxyhydroxide. Nanoparticle agglomeration was
also observed.

Figure 3.25 TEM image of a TOR bacterium with magnetite nanoparticles, shown as the black
spots, and the needle-shaped material of Fe(III) oxyhydroxide. (Yeary et al. 2005)
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3.6 Functionalization of Magnetic Nanoparticles
Functionalization of nanomaterials is an effective approach to modify their surface properties. For certain applications, it is essential to tune the surface characteristics of nanomaterials. Similarly, for magnetic nanoparticles, functionalization has been used, particularly
for bioapplications. Surface modiﬁcation of magnetic nanoparticles with organic molecules
is an effective functionalization approach. Magnetic nanoparticles modiﬁed with organic
molecules have been widely used for biomedical and biotechnological applications, such
as cell separation, drug delivery, hyperthermia, automated DNA extraction, gene targeting, magnetic resonance imaging, etc. Biofunctionalization of magnetic nanoparticles
with biological entities is an alternative functionalization approach which displays unique
characteristics. Biofunctionalized magnetic nanoparticles have unique interaction between
biological entities, and assisted by biological recognition elements attached to their surface
magnetic nanoparticles can access the target speciﬁcally. For example, magnetic nanoparticles coated with antibodies can be used for sensitive immunoassays. Also, magnetic
nanoparticles modiﬁed with single-stranded DNA can be used to identify organisms and
analyze single-nucleotide polymorphism due to DNA hybridization capability. This type
of speciﬁc bindings offers several advantages in biomolecule detection over conventional
radioactive, electrochemical, optical and other techniques (Nidumolu et al. 2006). However, surface modiﬁcation chemistries of magnetic nanoparticles are left far behind their
synthesis achievements. Therefore, effective biofunctionalization of magnetic nanoparticles is required for their utility in various biological applications (Hong et al. 2005). In
this section, several techniques of functionalizing magnetic nanoparticles with organic
molecules and biological entities will be reviewed.
3.6.1 Functionalization with Organic Molecules
Organic molecules including chemically functional groups and polymer chains can be
linked to magnetic nanoparticles by bindings.
Covalent bonding is a widely used functionalization technique. Wang and his team
reported their synthesis of the molecularly-mediated assembly of Fe3 O4 and Fe3 O4 @Au
nanoparticles via interparticle covalent or hydrogen bonding linkages (2005b). Their technique took advantage of the gold shells on Fe3 O4 cores, which can bind to the thiolate
groups speciﬁcally. In the synthesis process, 1,9-nonanedithiol (NDT) and mercaptoundecanoic acid (MUA) were used in an initial thiolate–oleylamine exchange reaction. The
cross-linking was made by using dithiol as a linker (A) via the alkyl chain or using
carboxylic acid functionalized thiol as a linker (B) via hydrogen bonding. Figure 3.26
illustrates the functionalization process.
Biofunctionalized core–shell iron oxide nanoparticles with ﬂuorescent dyes can be used
to enhance the contrast of magnetic resonance imaging, optical imaging and magneticrelated cancer therapy (Levy et al. 2002). These core–shell magnetic nanoparticles, named
nanoclinics, are composed of Fe2 O3 nanoparticles covered by a thin shell of silica
and ﬂuorescent dyes. The multistep chemistry involved in the synthesis is depicted in
Figure 3.27. Luteinizing hormone-releasing hormone (LH-RH), serving as a biotargeting
group, was attached to the surface of nanoparticles by functionalization. In a representative functionalization, COOH-coated nanoclinics were dispersed in anhydrous DMF by
sonication. Then LH-RH and BOP (benzotriazolyl-N-oxytrisdimethylaminophos-phonium
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Figure 3.26 A schematic illustration of the functionalization of the Fe3 O4 @Au nanoparticles.
The functionalization involves a thiolate–oleylamine exchange reaction followed by cross-linking
via linkers A or B for Fe3 O4 @Au nanoparticles assembly (Fe3 O4 core: dark circle, Au shell: gray
circle, oleylamine monolayer: thin gray zigzag lines). (Wang et al. 2005b)
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Figure 3.27 Schematic diagram of the synthetic protocol for Fe2 O3 nanoparticle functionalization
(Levy et al. 2002)

hexaﬂuorophosphate) were added to the dispersion and sonicated for 5 hours for coupling
of the peptide hormone analogue. In the next step, the proper amount of DIPEA (N,
N-diisopropyl-ethylamine) was added dropwise to neutralize the reactive groups on the
surface of the nanoclinics. After washing and centrifugation, the biofunctionalized nanoclinics were obtained which can be used for targeting of the receptor-speciﬁc cells and
preferential destruction of cancer cells and tissues by an external DC magnetic ﬁeld.
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Functionalization of magnetic FePt nanoparticles by PEGylation has been demonstrated
by Hong et al. coworkers (2005). The synthesized mixed-monolayer-functionalized FePt
nanoparticles possessed enhanced stability and improved versatility. It is well documented that poly(ethylene glycol) (PEG) and PEGylated materials are biocompatible. Thus
colloidal nanoparticles, including Au, CdSe, CdSe/ZnS and iron oxide, have reduced cytotoxicity and nonspeciﬁc protein binding after PEGylation. The PEGylation reagents are
PEGylated thiol and dopamine ligands. After functionalization, thiol ligands are attached
to the surface of FePt nanoparticles and they are exchangeable. Owing to this property,
a large number of different functional ligands, ranging from small chemical functional
groups to complicated biomacromolecules, are able to be incorporated into the nanoparticle surface. Assisted by the functional ligands, hybrid inorganic-organic materials could
be realized for numerous bioapplications.
The PEGylation of FePt nanoparticles is depicted in Figure 3.28 (Hong et al. 2005).
Use of PEG (2) did not lead to water-soluble nanoparticles, indicating that it is not an
effective functionalization agent. This is probably because of the low coverage of the
nanoparticle by the neural PEG thiol ligand (2). On the other hand, the combination of
ammonium-terminated (3) and carboxylate-terminated (4) PEG-thiols is a better choice
which generated well functionalized water-soluble FePt nanoparticles. It is believed that
the much better water solubility of functionalized nanoparticles is attributed to the charge
at the ligand chain end while the degree of functionalization does not change much. To
further improve the stability of the nanoparticle solution, dopamine, a 1,2-enediol, was
found to bind to the FePt nanoparticle strongly. Therefore, an ideal functionalization was
performed by using a thiol-dopamine mixed-monolayer system. After functionalization,
thiols cap the Pt atoms while dopamine ligands are on the surface of Fe sites. As the
result, stable nanoparticle aqueous solutions and nanoparticles in biologically relevant
media (e.g. PBS, cell culture medium, etc) were achieved.
As mentioned above, the most impressive application of magnetic nanoparticles is
probably their targeted drug delivery. For this purpose, the magnetic labeling of drugs
can be transported to the destination under the guidance of an external magnetic ﬁeld

Figure 3.28 Schematic illustration of PEGylation of FePt nanoparticles. Thiol and dopamine ligands 1–4 were used for FePt nanoparticle functionalization and resulted in nanoparticles MNP1–3.
The average molecular weight of mPEG was around 550 (i.e., n ≈ 11). (Hong et al. 2005)
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Figure 3.29 Schematic diagram of the Lay-by-Lay process to synthesize magnetic luminescent
nanocomposites. (Hong et al. 2004)

followed by an effective targeted cell-speciﬁc drug release. This noninvasive technique is
ideal for therapeutic purposes.
Magnetic luminescent nanocomposites have been developed by a layer-by-layer assembly synthesis. These magnetic nanomaterials, consisting of magnetic nanoparticles, semiconductor quantum dots and polyelectrolyte, could be used for luminescent tagging
applications in biomedicine and biotechnology (Hong et al. 2004). The attachment of
quantum dots and polyelectrolyte modiﬁes the surface properties of magnetic nanoparticles, hence it is also a type of surface functionalization. Figure 3.29 is a schematic illustration of the layer-by-layer process to synthesize magnetic luminescent nanocomposites. In
the ﬁrst step, a primer of three polyelectrolyte layers was deposited by alternative adsorption of PAH (poly(allylamine hydrochloride)) and PSS (poly(sodium 4-styrenesulfonate))
on negatively charged Fe3 O4 nanoparticles. Each polyelectrolyte adsorption was kept for
20 minutes. Between two adsorption processes, it is necessary to remove excess polyelectrolyte by separation/washing/redispersion cycles. The second step is the CdTe quantum
dots coating by adding negatively charged CdTe quantum dots to treated Fe3 O4 suspension obtained from step 1. This coating step lasted overnight and the excess quantum
dots were removed. Step 1 and step 2 were repeated to prepare functionalized magnetic
nanoparticles with the desired number of CdTe quantum dots/polyelectrolyte layers. The
synthesized magnetic luminescent nanoparticles could be used in biolabeling, bioseparation, diagnostics and immunoassay, etc.
Bertorelle et al. reported their preparation and characterization of new magnetic ﬂuorescent nanoparticles (γ -Fe2 O3 ) and demonstrated their success in using them to label living
cells (2006). The as-prepared functionalized magnetic nanoparticles are bifunctional and
each particle consists of a magnetic oxide core (γ -Fe2 O3 ) covered by a dimercaptosuccinic acid (DMSA) ligand and a covalently bonded ﬂuorescent dye. As discussed above,
the efﬁciency of cell internalization is determined substantially by the surface properties
of the nanoparticles. Both ﬂuorescence microscopy and magnetophoresis demonstrated the
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Figure 3.30 Schematic illustration of the functionalization process to prepare ﬂuorescent magnetic
nanoparticles. (Bertorelle et al. 2006)

bifunctional magnetic nanoparticles having a high afﬁnity for cells. Figure 3.30 depicts
the synthesis process, which is based on the strong interaction between dimercaptosuccinic acid (DMSA) and the positively charged surface of γ -Fe2 O3 particles. DMSA has
multiple carboxyl and thiol functional groups. It seems DMSA uses part of functional
groups to attach the nanoparticles. The unbounded thiol and carboxyl groups are used
for subsequent coupling and maintenance of surface charge, respectively. It was found
that the coupling of DMSA/magnetic nanoparticles and DMAS/ﬂuorescent dye could take
place simultaneously. During the synthesis, the molar ratio of DMSA/Fe was kept at about
10 %. There are two ﬂuorescent dyes, rhodamine B and a ﬂuorescein derivative, which
could be used as the coupling process to magnetic nanoparticles. Experiments indicated
that mole ratios of 25 % and 20 % dye/DMSA resulted in maximum coupling rates for
rhodamine B and ﬂuorescein, respectively.
In a typical synthesis, 17 mg rhodamine B, 7 mg EDC (1-ethyl-3-(3-dimethylamino
propyl)), and 4 mg cystamine were mixed to prepare aqueous solution with pH 7. Then,
1.25 ml acidic ferroﬂuid and 25 mg DMSA were added under stirring until a ﬂocculate
formed due to the growth of magnetic nanoparticles. The next step included a nanoparticle
collection and a proper treatment. An external magnetite was applied on the supernatant to
separate the magnetic material, which was washed and suspended in water under the alkaline medium. Hydrochloride acid was used to balance the pH value and the nanoparticles
started to precipitate again with an addition of sodium chloride. Under the external magnetic ﬁeld, nanoparticles precipitate completely resulting in a colorless supernatant. The
ﬁnal product was a dispersion of functionalized nanoparticles in Hepes buffer solution.
The electrostatic interactions between anionic bifunctional nanoparticles and cell membranes provide a stable suspension which is an efﬁcient candidate for magnetic ﬂuorescent
labeling for various cells, such as lymphocytes, stem cells, etc.
One of the common bioapplications of magnetic nanoparticles is bioseparation. Metalchelate afﬁnity chromatography (MCAC) is the most frequently used protocol for protein
separations. Compared with conventional magnetic microparticles (e.g. resins, beads),
magnetic nanoparticles offer several advantages in MCAC. Nanoparticles are able to move
faster and enter into cells more easily due to their nanometer dimension. Also, they have a
higher binding rate due to their high surface area and excellent solubilities. Additionally,
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Figure 3.31 (a) Schematic illustration of selective binding of the surface-modiﬁed magnetic
nanoparticles to histidine-tagged proteins in a cell lysate (I: 6xHis tagged protein; II: other proteins;
III: cell debris; IV: colloid contaminants); (b) synthesis process to prepare the FePt-NTA agents.
(Xu et al. 2004)

their aggregation can be controlled by applying an external magnetic ﬁeld so that they can
be anchored onto a support for biological usage. The details of mechanism and technology
of magnetic bioseparation will be addressed in the next chapter. Functionalization of
magnetic nanoparticles can be used to enhance the bioseparation process. Xu’s research
group reported their functionalization of magnetic FePt nanoparticles with nitrilotriacetic
acid (NTA) (2004). They also demonstrated these NTA-modiﬁed magnetic nanoparticles’
potential of separating, transporting and anchoring proteins.
The magnetic nanoparticles used in the functionalization and bioseparation are less
than 10 nm in diameter. By functionalization with NTA, a simple procedure can be
achieved to separate pure proteins from a mixture of lysed cells within a short time
(∼10 mins). Figure 3.31a shows the surface-modiﬁed magnetic nanoparticles selectively
bind to histidine-tagged proteins (6xHis tagged proteins). Extremely low concentration
(about 0.5 pM) of proteins can be separated by this technique. Experiments also gave
a binding capacity value which is about 2–3 mg protein per 1 mg NTA-modiﬁed FePt
nanoparticles. Unlike microbead-based MCAC featured by nonspeciﬁc bindings, this
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NTA-modiﬁed FePt nanoparticles-based MCAC provides completely speciﬁc bindings.
Another merit of this approach is its capability of handling recombinant proteins because
proteins can be anchored reversibly on a support under a magnetic ﬁeld. A typical
functionalization process to synthesize NTA-modiﬁed FePt nanoparticles is illustrated
in Figure 3.31b. This synthesis included four steps. In the ﬁrst step, the thiol groups of
mercaptoalkanoic acids 2 were protected with acetyl chloride and their carboxylic groups
were activated with N -hydroxysuccinimide. Intermediate agent 3 was created. The second
step involved a reaction between 3 and Nα , Nα -bis(caboxymethyl) lysine 4. And after
deprotecting the thiol groups, 5 formed. In the third step, FePt nanoparticles were added to
5 under vigorous stirring, by which 5 was linked to FePt nanoparticles with Pt-S and Fe-S
bonds. The resulting water soluble product was 6. The ﬁnal step was a reaction between
6 and excess NiCl2 · 6H2 O followed by separation from the Ni2+ solution and washing
by Tris buffer. The ﬁnal product 1 is ready for speciﬁc protein binding in bioseparation,
as illustrated in Figure 3.31a.
3.6.2 Functionalization with Biological Entities
Biofunctionalization can be deﬁned as a surface modiﬁcation technique which attaches biological entities to synthetic materials. To biofunctionalize magnetic nanoparticles, a number
of biological entities can be used, such as proteins, ligands, antibodies, enzymes, etc.
Biofunctionalized magnetic nanoparticles consisting of a speciﬁc ligand coating on the
outer surface can be used to isolate cells, cell organelles, nucleic acids, proteins, etc.
Fluorescent-magnetic-biotargeting trifunctional nanoparticles, prepared by covalent coupling of hydrazide-containing biofunctional nanoparticles with IgG, avidin and biotin,
can be used in visual sorting, apoptotic cell manipulation, and other biomedical applications (Wang et al. 2005). In the synthesis of trifunctional magnetic nanoparticles, sodium
meta-periodate was ﬁrst used to oxidize goat anti-rabbit IgG so that active aldehydes were
created in the Fc fragment of IgG. The oxidation took place in an amber vial at room
temperature under constant shaking. After the reaction was kept for half an hour, the mixture was introduced into a desalting column to remove unreacted sodium meta-periodate.
Then, a suspension of hydrazide-containing bifunctional nanoparticles embedded with
orange-red quantum dots was prepared by sonication and mixed with the oxidized antibody. The mixture was incubated for at least 6 hours at room temperature under constant
shaking. Fluorescent-magnetic biotargeting trifunctional IgG-nanoparticles were obtained
after washing with PBS. The synthesis process is schemed in Figure 3.32. For biosensing applications, magnetic nanoparticles possess several advantages over microparticles in
detecting biological molecules. They have a higher magnetization density, and they are
able to form much more stable suspensions. Also, they have less tendency to settle in
microﬂuidics with faster velocities in solution. For the purpose of sensing, the recognition
and speciﬁc capture of biological entities on the magnetic nanoparticle surface are critical
for numerous bioanalytical applications in bio- and immunosensor diagnostic devices. The
immobilization of biorecognition molecules (e.g. nucleic acids, proteins and other ligands)
on magnetic nanoparticles offers modiﬁed surface properties and this biofunctionalization
plays an important role in the development of such devices.
Magnetic nanoparticles can be functionalized with bioactive enzymes for versatile applications such as biosensors, biofuel cells, etc. Functionalization of magnetic nanoparticles
with glucose oxidase has been demonstrated (Kousassi et al. 2005). This functionalization
was realized by covalent bonding of glucose oxidase to magnetite nanoparticles by direct
linkage via thiophene acetylation or carbodiimide activation. Figure 3.33 is a schematic
of the functionalization procedure, which was adopted from the approach of immobilizing
Candida rugosa lipase on the γ -Fe2 O3 . In a typical experiment, 5 g 11-bromoundecanoic
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124

Magnetic Nanoparticles

acid was dissolved in 15 ml ethanol and 1.5 g Fe3 O4 was added. By heating to a high temperature by microwave, reaction occurred in the mixture resulting in a covalent linkage
between 11-bromoundecanoic acid and magnetite nanoparticles. In the subsequent functionalization step, 7 ml 2-thiophene thiolate was added to the resulting mixture containing
covalently linked magnetite nanoparticles and again microwave heating was applied. In
this step, functionalization of nanoparticles occurred through nucleophilic substitution
with 2-thiophene thiolate. The next experimental step included washing with ethanol and
reﬂuxing with 4 ml acetic anhydride and 34.6 ml iodine for 1 hour. To attach glucose
oxidase to nanoparticles, 2 ml GOx solution with 1000 units/ml in concentration was sonicated with 50 mg functionalized magnetic nanoparticles at 15 ◦ C for 3 hours. The covalent
bonding formed between the acetylated particles and the enzyme via C=N bond. The ﬁnal
step was magnetic separation of the supernatant which included unbounded enzymes and
the bounded enzymes on magnetite nanoparticles exhibit bioactivities.
An interesting type of functionalization of magnetic nanoparticles with proteins involves
a couple of biotin and stretavidin. It has been well documented that the biotin and streptavidin couple not only has a high binding afﬁnity (Ka = 1015 M−1 ) but also exhibit high
speciﬁcity, hence it ﬁnds potential bioconjugation applications. The binding mechanism
for the biotin and stretavidin couple lies in four biotin binding sites positioned in pairs
on a stretavidin’s opposite domains, which can serve as a bridge between the immobilized biotinylated moiety and target nanoparticles. In the case of magnetite nanoparticles,
proteins can be functionalized through their cabodiimide-activated carboxylic groups
reacting with the surface amine residues on nanoparticles. Various chemistries have
been developed to functionalize surfaces for immobilization of speciﬁc biomolecules.
Several forms of biotin that can be immobilized to surfaces have been commercially
available.
Nidumolu and his team reported their synthesis of streptavidin-functionalized magnetic
nanoparticles and investigation of their binding to biotinylated SAMs on gold and glass for
biological recognition applications (2006). The schematic of magnetic nanoparticle-based
functionalization of gold and glass surfaces is illustrated in Figure 3.34a. The whole
process can be divided into three steps. In the ﬁrst step, ferrous and ferric salts were
coprecipitated in ammonium hydroxide to produce magnetite nanoparticles, which were
then functionalized with the protein with FIFC-labeled streptavidin using a standard carboiimide activation. The second step involved functionalization of gold and glass surfaces
with biotin SAMs. This was done by applying biotin-HPDP, reduced with butylphosphine,
directly on gold coated glass slides. In the third step of speciﬁcally binding the functionalized nanoparticles to the biotinylated gold surfaces, 10 µL of the nanoparticle suspension
was spotted onto the biotinylated surface for nanoparticle immobilization and kept in the
dark for 1 hour followed by rinsing with HPLC-grade water and drying under nitrogen.
To prevent nonspeciﬁc adsorption, the prepared glass slides were incubated in a 1 %
solution of bovine serum albumin. After washing with deionized water and ethanol, the
slides were checked by a transmission electron microscope. The TEM image of magnetite nanoparticles is shown in Figure 3.34(b). An average diameter of the nanoparticles
can be estimated to be 9.8 ± 4.6 nm. TEM observation also revealed aggregation of
nanoparticles which was most likely induced by the lack of surfactant in the nanoparticle
synthesis and treatment. Sufﬁcient amount of surfactant is believed to produce monodisperse nanoparticle suspensions. To conﬁrm streptavidin attachment, FTIR analysis was
performed. FTIR spectra of unfunctionalized and functionalized magnetite nanoparticles
deposited onto gold slides were compared, as shown in Figure 3.34c. It can be seen from
the spectra that characteristic peaks shifted or changed after the functionalization step.
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Figure 3.34 (a) Scheme description of functionalization of biotinylated gold or glass surfaces with
streptavidin-modiﬁed magnetic nanoparticles; (b) TEM image of streptavidin-modiﬁed nanoparticles
(scale bar: 10 nm); (c) FTIR spectra of streptavidin, unfunctionalized and functionalized magnetite
nanoparticles on gold slides. (Nidumolu et al. 2006)

Before functionalization, magnetic nanoparticles show 3384 and 3167 cm−1 peaks indicating the presence of the N-H stretch of a primary amine, while the 1604 cm−1 peak is
detected due to the N-H bend. For streptavidin-conjugated nanoparticles, a broad peak
between 3300 and 3500 cm−1 for the N-H stretch and at 1448 cm−1 for the N-H bend
were observed which is attributed to the secondary amines. For comparison purposes,
the spectrum of streptavidin is shown in Figure 3.34c as well. The peak at 3178 cm−1 is
a signature peak for asymmetric CH2 stretching, which can be detected for streptavidin
and streptavidin-functionalized nanoparticles. On the contrary, this peak did not show up
in the unfunctionalized nanoparticle. Thus, the comparison of FTIR spectra conﬁrms the
magnetic nanoparticles functionalization with streptavidin.
Functionalized magnetic nanoparticles have been demonstrated to detect bimolecular
interaction between biotin and streptavidin (Osaka et al. 2006). A schematic illustration
of biotin-streptavidin reaction on magnetic nanoparticles is shown in Figure 3.35. The
magnetic particles, about 200 nm in diameter, were modiﬁed by a silane-coupling agent,
3-aminopropyltriethoxysilane (APS) in toluene. It is the amine groups of APS that could
be used for biological molecule bonding with magnetic nanoparticles. In the case of
biotin, a cross-linking reaction of sulfo-LC-LC-biotin can occur and ensure a covalent
bonding between biotin and the attached magnetic particle. The chemical structure of
this covalent bonding is depicted in Figure 3.35. When an excess amount of streptavidin
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Figure 3.35 Schematic illustration of a streptavidin-modiﬁed magnetic nanoparticle. The particle
is bound by a highly speciﬁc binding between biotin and streptavidin. (Osaka et al. 2006)

was added to the reaction mixture of biotin attached magnetic nanoparticles, the speciﬁc biotin-streptavidin bonding offered the capability of detection by biofunctionalized
magnetic nanoparticles.

3.7 Future Prospects
Both the unique properties and potentially versatile applications have stimulated worldwide research efforts on magnetic nanoparticles for the past several decades. In addition
to the existing applications in ultrahigh-density magnetic storage, magnetic nanoparticles
have been demonstrated for attractive biomedical or biological applications, such as target
drug delivery, hyperthermia, MRI contrast enhancement, bioseparation, etc. For these
emerging bioapplications, there are two basic requisites for magnetic nanoparticles which
are their controlled shape, size and crystallinity as well as their surface characteristics.
Considerable and impressive progress has been made in the controlled synthesis of
various monodisperse magnetic nanoparticles with diameter less than 20 nm. However,
there is still enough room left to either search for novel synthesis techniques or improve
the current available synthesis with control. From a synthetic point of view, research
efforts towards several directions are required. First, new synthesis approaches are needed
for magnetic nanoparticles which cannot be produced or are extremely difﬁcult to produce by known techniques. Secondly, a universal synthetic strategy is ideal to synthesize a number of monodisperse magnetic nanoparticles without additional size-selection
processes. Importantly, large-scale production needs to be realized by a simple process at low cost. Thirdly, investigation on the magnetic nanoparticle formation and
dispersion is necessary for better control synthesis on shape, size and crystallinity of
nanoparticles.
Another important research aspect for magnetic nanoparticles is the scientiﬁc investigation on the relationship between their magnetisms and crystallinities and even individual
atoms or small clusters. Correlation between nanoscale understanding and macroscopic
measurements is essential.
Regarding the surface modiﬁcation, functionalization of magnetic nanoparticles plays
a crucial role for nanoparticle stabilization and various applications. For many practical usages, magnetic nanoparticles need to be dispersed in liquids (aqueous or organic
solutions). To obtain better uniformity, preparation of monodisperse magnetic nanoparticles with controllable surface properties is a must. Thus, functionalization of magnetic
nanoparticles with both organic molecules and biological entities has been well accepted
as an effective approach to tailor their surfaces. Unfortunately, only a few functionalization techniques have been developed up to now. In order to precisely control the
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interaction between magnetic nanoparticles and biomolecules, more chemistry about either
non-covalent bindings or covalent linkages needs to be developed. With such information,
magnetic nanoparticles would be able to be modiﬁed speciﬁcally and utilized in desired
bioapplications accordingly.
To achieve the above goals, multidisciplinary collaboration, in the ﬁeld of chemistry,
physics, materials science and engineering, bioengineering, etc, is undoubtedly necessary
(Leslie-Pelecky and Rieke 1996). It is expected that the contributions from members of
different research communities will greatly advance our ability to understand, control and
fully take advantage of magnetic nanoparticles.
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4
Biomedical Applications
of Magnetic Nanoparticles
4.1 Introduction
Nanotechnology, dealing with nanoscale objects, has been developed at three major levels:
nanomaterials, nanodevices and nanosystems. At present, the nanomaterials level is the
most advanced of the three. Nanomaterials are of great importance both in scientiﬁc investigations and commercial applications due to their size-dependent physical and chemical
properties. Nanomaterials with various shapes have been developed successfully. Common morphologies are quantum dots, nanoparticles/nanocrystals, nanowires, nanorods,
nanotubes, etc. It is desirable to have a full range within the nanomaterial family because
many applications demand particular nanomaterials with special structures.
Magnetic nanoparticles, being a sub-family of nanomaterials, exhibit unique magnetic
properties in addition to other speciﬁc characteristics. Their remarkable new phenomena include superparamagnetism, high saturation ﬁeld, high ﬁeld irreversibility, extra
anisotropy, and temperature-depended hysteresis, etc. Research investigation has revealed
that the ﬁnite size and surface effects of magnetic nanoparticles determine their magnetic
behavior. For instance, a single magnetic domain forms when the size of a ferromagnetic
nanoparticle is less than 15 nm. In other words, an ultraﬁne ferromagnetic nanoparticle
displays a state of uniform magnetization under any ﬁeld. Thus, at temperatures above
the blocking temperature, these nanoparticles show identical magnetization behavior to
atomic paramagnets (superparamagnetism) with an extremely large magnetic moment and
large susceptibilities.
Magnetic nanoparticles have found many successful industrial applications, such as
magnetic recording media for data storage, magnetic seals in motors, magnetic inks, etc.
There are special requirements for each industrial application. For data storage applications, magnetic nanoparticles should possess a temperature-stable magnetic state which
is also switchable to represent bits of information. Currently, magnetic nanoparticles are
expected to lead to commercial exploration. Many potential applications in various ﬁelds
have been expected by taking advantage of magnetic nanoparticles. Recently, tremendous
research efforts have been stimulated on the usage of magnetic nanoparticles in the ﬁeld
of biomedical and biological applications.
Understanding of biological processes and hence developing biomedical means have
been continuously pursued. These aims are one of strong driving forces behind the development of nanotechnology. The interests on magnetic nanoparticles for bioapplications
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
V. Varadan, L.F. Chen, J. Xie
 2008 John Wiley & Sons, Ltd
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comes from their comparable dimensions to biological entities coupled with their unique
magnetic behaviors. Though common living organisms are composed of cells of about
10 µm size, the cell components are much smaller and generally in the nanosize dimension. Examples are viruses (20–450 nm), proteins (5–50 nm) and genes (2 nm wide and
10–100 nm long). Synthetic magnetic nanoparticles have controllable dimensions and
just a few nanometer-diameter nanoparticles can be synthesized by carefully designing
experimental procedures and controlling experimental conditions. With such a nanoscale
dimension, it would be possible for magnetic nanoparticles to get close to a biological
entity of interest. Moreover, the interaction between magnetic nanoparticles and biological
entities can be adjusted by coating nanoparticles with biological molecules, called biofunctionalization. This offers a controllable means of ‘tagging’ or addressing the binding
at nanoscale. The comparable dimensions and magnetic properties of magnetic nanoparticles have prompted the idea of using them as very small probes to spy on the biological
processes at the cellular scale without introducing too much interference (Salata 2004).
Actually, optical and magnetic effects have been treated as the most suitable approaches
for biological applications owing to their non-invasive behavior.
In view of the magnetic properties of magnetic nanoparticles, they can be manipulated by an external magnetic ﬁeld gradient, which is described by Coulomb’s law.
Magnetic nanoparticles are able to transport into human tissues due to the intrinsic penetrability of magnetic ﬁelds into human bodies. This ‘action at a distance’ opens up
many potential bioapplications including transportation of magnetically tagged biological
entities, targeted drug delivery, etc. Another important property of magnetic nanoparticles is their resonant response related to a time-varying magnetic ﬁeld (Pankhurst et al.
2003). Hence energy transfer from the exciting ﬁeld to the magnetic nanoparticles can
be realized. In this way, toxic amounts of thermal energy are able to be delivered via
magnetic nanoparticles to the targeted tumors resulting in malignant cell destruction. This
process is named hyperthermia, which will be addressed in detail in this chapter. In
addition to the site-speciﬁc drug delivery and hyperthermic treatment, magnetic nanoparticles have found other versatile bioapplications such as magnetic bioseparation, contrast
enhancement of magnetic resonance imaging, gene therapy, enzyme immobilization, magnetic manipulation of cell membranes, immunoassays, magnetic biosensing, etc. (Sun
et al. 2005). Each application depends upon the relationship between the external magnetic ﬁeld and the biological system. Magnetic ﬁelds with proper ﬁeld strength are not
deleterious to either biological tissues or biotic environments. In a given bioapplication, magnetic nanoparticles are usually injected intravenously into the human body
and are transported to the targeted region via blood circulation for biomedical diagnostic or treatment. An alternative means is using magnetic nanoparticle suspension
for injection (Berry and Curtis 2003). It has been well accepted that a desirable magnetic medium should not contain nanoparticle aggregation, which will block its own
spread. For this reason, a stable, uniform magnetic nanoparticle dispersion in either an
aqueous or organic solvent at neutral pH and physiological salinity is required. The
stability of this magnetic colloidal suspension depends on two parameters: an ultrasmall dimension and surface chemistry. The particle size should be sufﬁciently small
to avoid precipitation due to gravitation forces while the charge and surface groups
should create both steric and coulombic repulsions which stabilize the colloidal suspensions.
As discussed in Chapter 3, the magnetic properties of magnetic nanoparticles are determined by their elemental compositions, crystallinitys, shapes and dimensions. Various
magnetic nanoparticles have been developed. Therefore, the selection of proper magnetic nanoparticles with the desired properties is the ﬁrst but crucial step for certain
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bioapplications. For example, ferromagnetic nanoparticles (e.g. Fe nanoparticles) have a
large magnetic moment and they can be the best material candidate in magnetic biosensors because they not only produce a better signal but respond to an applied magnetic
ﬁeld readily. On the other hand, iron oxide nanoparticles with superparamagnetic behavior do an excellent job when used to enhance the signals in magnetic resonance imaging
examinations. With the help of iron oxide nanoparticles a sharpened image with detailed
information can be achieved because of the change of behavior of nearby biomolecules by
introduced nanoparticles (Bystrzejewski et al. 2005). For many biomedical applications,
magnetic nanoparticles presenting superparamagnetic behavior (no remanence along with
a rapidly changing magnetic state) at room temperature are desirable. Biomedical applications are commonly divided into two major categories: in vivo and in vitro applications.
Consequently, additional restrictions apply on various magnetic nanoparticles for in vivo
or in vitro biomedical applications.
It is rather simple for in vitro applications of magnetic nanoparticles. The size restriction
as well as biocompatibility/toxicity are not so critical for in vitro applications, when compared with in vivo ones. Therefore, superparamagnetic composites containing submicron
diamagnetic matrixes and superparamagnetic nanocrystals can be used. Composites with
long sedimentation times in the absence of a magnetic ﬁeld are also acceptable. It was
noticed that functionalities may be provided readily for the superparamagnetic composites
because of the diamagnetic matrixes (Tartaj et al. 2003).
On the other hand, severe restrictions must be applied for magnetic nanoparticles for
in vivo biomedical applications. First of all, it is a requisite that the magnetic components
should be biocompatible without any toxicity for the biosystems of interest. This is predominantly determined by the nature of the material (e.g. iron, nickel, cobalt, metal alloy,
etc). For instance, cobalt and nickel are highly magnetic materials. However, both of them
are rarely used due to their toxic properties and susceptibility to oxidation. Currently, the
most commonly employed magnetic nanoparticles in biomedical applications are iron
oxides including magnetite (Fe3 O4 ), maghemite (γ -Fe2 O3 ) and hematite (α-Fe2 O3 ). The
second requirement for magnetic nanoparticles is their particle sizes. Ultraﬁne nanoparticles (usually smaller than 100 nm in diameter) have high effective surface area, thus
they can be attached to ligand easily. Also the lower sedimentation rate leads to a high
stability for colloidal suspensions, and the tissular diffusion can be improved by using
nanoparticles in nanometer dimensions. After injection, nanoparticles would be able to
remain in the circulation and pass through the capillary systems to reach the targeted
organs and tissues without any vessel embolism. Further, the magnetic dipole–dipole
interaction among magnetic nanoparticles can be substantially reduced. The third requisite for magnetic nanoparticles is their biocompatible polymer coating which may be
done during or after the nanoparticle synthesis. There are several functions of the coating
layers: 1) they will prohibit agglomeration of nanoparticles; 2) they prevent structural or
elemental changes; 3) unnecessary biodegradation can be stopped; 4) the polymer layer
offers a covalent binding or adsorption attachment of drugs to the nanoparticle surface.
In summary, for in vivo biomedical applications, magnetic nanoparticles must be made
of a non-toxic and non-immunogenic material with ultrasmall particle sizes and high
magnetization.
It is no doubt that interdisciplinary research collaboration is badly needed for clinical
and biological applications of magnetic nanoparticles (Berry and Curtis 2003). Research
ﬁelds involved include chemistry, materials science, cell engineering, clinical tests and
other related scientiﬁc efforts. In this chapter, an overview of the biomedical applications
of magnetic nanoparticles will be presented.
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4.2 Diagnostic Applications
The diagnostic applications of magnetic nanoparticles are processes to detect malignant tissues or pathogenic bioaggregates by using magnetic nanoparticles. Common applications
include enhancement of magnetic resonant imaging, magnetic labeling, magnetic separation and puriﬁcation, spatially resolved magnetorelaxometry, biological assay system,
magnetic nanosensors, etc.
4.2.1 Enhancement of Magnetic Resonance Imaging
In life science, an emerging technology, molecular imaging, has been playing a substantial
role in both scientiﬁc investigation and practical bioapplications. Molecular imaging is the
technology that helps us to understand diseases and search for the appropriate treatments.
Since most disease processes have a molecular basis, molecular imaging with sufﬁcient
image resolution and image contrast at the molecular level is much needed for better
diagnostic differentiations, early disease detection and objective therapy monitoring with
imaging biomarkers (Cassidy and Radda 2005). There is a number of molecular imaging
techniques available ranging from ultrasonic to gamma ray and X-ray frequencies in
the electromagnetic spectrum. Molecular imaging operates at the interface between life
science and physical science, and images are obtained by facilitating interaction with
a biological entity at a molecular level. Thus, both the life and physical sciences are
required to develop and implement a molecular imaging technique due to its diverse
nature. Among them, optical imaging, nuclear imaging and magnetic resonance imaging
(MRI) are the most widely used molecular imaging techniques. Magnetic nanoparticles
are able to enhance the image contrast in MRI, which has attracted enormous attention.
To better investigate the functions of magnetic nanoparticles as a contrast agent in MRI,
it is necessary to ﬁrst understand the working mechanism and physical principles in MRI.
As far as the imaging mechanism of MRI is concerned, the technology is based on the
detection of nuclear spin in molecules. When a strong static magnetic ﬁeld is applied,
spinning nuclei precess at the Larmor frequency. Two different energy states form corresponding to spin-up and spin-down orientation. There are more spinning nuclei in the
lower energy state than in the other one. Activated by the oscillating radio frequency (RF)
magnetic ﬁeld, some spinning nuclei jump from the lower energy state to the higher one.
Eventually, spins at the higher energy state will return to their original state with a RF
emission at the Larmor frequency. The RF signal can be detected by using a RF coil and
it is related to the energy difference between the two energy states.
4.2.1.1 Physical Principles
Large numbers of protons exists in biological tissue, and an exceedingly small magnetic
moment exhibits for a single proton. MRI relies on the resulting measurable effect in the
presence of large external magnetic ﬁelds. In the case of a water molecule, about 6.6 ×
1019 protons are available in every cubic millimeter of water. When a steady state ﬁeld
of B 0 of 1 T is applied, the magnetization effect is extremely small such that possibly
only three of every million proton moments m can be aligned parallel to B 0 . However,
an effective signal of 2 × 1014 proton moments is observable for one cubic millimeter of
water (Pankhurst et al. 2003).
Figure 4.1 illustrates a magnetic resonance for a large ensemble of protons with net
magnetic moment m in the presence of an external magnetic ﬁeld B 0 . By applying a
time-varying magnetic ﬁeld perpendicular to the existing ﬁeld B 0 , the moment signal can
be captured with resonant absorption and tuned to the Larmor precession of the protons

Diagnostic Applications

133

B0

B0
m
m

signal
amplitude

(a)

(b)
mxy

time
(c)

signal
amplitude

mz

time
(d)

Figure 4.1 Schematic illustration of magnetic resonance for a large ensemble of protons with net
magnetic moment m when an external magnetic ﬁeld B 0 is applied; (a) net moment precesses
around B 0 at the Larmor frequency, ω0 ; (b) a second external ﬁeld (oscillating at ω0 ), with its
direction perpendicular to B 0 , is applied. Although this second ﬁeld is much weaker than B 0 ,
it induces the moment precession into the plane perpendicular to B 0 ; (c) and (d ) the in-plane
(c) and longitudinal (d ) moment amplitudes relax back to their initial values as the oscillating
ﬁeld is removed at time zero. Pankhurst, Q.A., Connolly, J., Jones, S.K. and Dobson, J. (2003).
Applications of magnetic nanoparticles in biomedicine, Journal of Physics D: Applied Physics, 36,
R167–R181. Reproduced with permission of the Institute of Physics

(frequency: f = ω0 /2π = γ B 0 /2π). For hydrogen protons, the gyromagnetic ratio γ =
2.67 × 108 rad s−1 T−1 , and if the ﬁeld B 0 = 1 T, the Larmor precession frequency is
calculated to be 42.57 MHz. To enhance the signal, resonantly tuned detection coils are
usually applied in a pulsed sequence, which results in coherent response deriving and
a relaxation process via induced currents in coils. The quality factor of signal can be
enhanced up to 100 times by using these resonantly tuned detection coils.
If the steady state magnetic ﬁeld B 0 is applied parallelly to the z -axis the relaxation
signals can be described as:


t
mz = m 1 − e − T 1
(4.1)
and
t

mx,y = msin(ω0 t + ϕ)e− T 2

(4.2)

where ϕ is a phase constant, and T 1 , T 2 are the longitudinal (or spin–lattice) and
transverse (or spin–spin) relaxation times, respectively. The longitudinal relaxation is
a measure of the dipolar coupling between the proton moments and the surroundings
because it reﬂects a loss of heat energy. The rapid transverse relaxation is driven by the
loss of phase coherence caused by the magnetic interactions of the precessing protons.
Meanwhile, T2 in Equation (4.2) can be replaced by a shorter relaxation time, T2 ∗ when
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the local inhomogeneities in the applied longitudinal ﬁeld are considered:
1
1
B0
=
+γ
T2∗
T2
2

(4.3)

where B 0 is the ﬁeld variation induced by either the homogeneity distortions of the
applied ﬁeld, or variations in the magnetic susceptibility of the system.
4.2.1.2 MRI Contrast Enhancement Studies
The reason for using magnetic nanoparticles in MRI is to shorten both T1 and T2 ∗ so
that the image contrast can be enhanced. Iron oxide nanoparticles have been tested for
contrast enhancement in MRI. SPM nanoparticles are commercially available products,
and ‘Feridex I. V.’ was marked by Advanced Magnetics Inc. which is widely used for
the organ-speciﬁc targeting of liver lesions. As shown in Figure 4.2, SPM particles are
magnetically saturated in the common magnetic ﬁelds applied in MRI, and they are able
to create a substantial locally perturbing dipolar ﬁeld, and hence successfully decrease the
value of T 1 and T 2 ∗ . To further improve biocompatibility, iron oxide-based SPM nanoparticles are always coated by a polymer layer such as Dextran, which can be excreted via
the liver after treatment. In MRI, biofunctionalized magnetic nanoparticles are selectively
taken up by the reticuloendothelial system, which serves as a network to remove foreign
substances from the blood circulation system. It was found that magnetic nanoparticles
with diameter less than 10 nm had a longer half-life than those of 30 nm in diameter or
larger in the blood stream. Larger nanoparticles are recognized by liver and spleen, while
smaller ones are collected by the reticuloendothelial system in healthy tissues throughout the body. It is the differential uptake of magnetic nanoparticles by different tissues
that determines the MRI contrast. For tumor cells, the relaxation times are not changed
by introducing contrast agent (magnetic nanoparticles) due to the absence of an effective reticuloendothelial system in the tumor. Therefore, identiﬁcation of malignant lymph
nodes, liver tumors and brain tumors by comparing the image contrast can be readily
achieved in the presence of magnetic nanoparticles in MRI. It has been also noticed that
iron oxide nanoparticles have the capability of being encapsulated into target-speciﬁc
agents. Branched polymer coating on the surface of nanoparticles can be used to carry
DNA into the cell nucleus, which enables the intracellular interaction between magnetic

(a)

(b)

Figure 4.2 Comparison of the relaxation times for (a) magnetic particle-tagged cells having a T2 ∗
relaxation time (b) untagged cells having a longer T2 ∗ relaxation time. Pankhurst, Q.A., Connolly, J.,
Jones, S.K. and Dobson, J. (2003). Applications of magnetic nanoparticles in biomedicine, Journal
of Physics D: Applied Physics, 36, R167–R181. Reproduced with permission of the Institute of
Physics
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nanoparticles and stem cells. These bindings enhance the performance of magnetic
nanoparticles in MRI contrast enhancement. Another type of common contrast agents
used in MRI is PM gadolinium ion complexes.
As discussed above, magnetic resonance imaging is one of the most powerful medical
tools for diagnostic purposes owing to its noninvasive process, high spatial resolution
and multidimensional tomographic capabilities. However, this technique suffers from
low-signal sensitivity. To overcome the weakness of current MRI techniques, signal
enhancers need to be used. The signal-enhancing capabilities of magnetic nanoparticles/nanocrystals have been demonstrated. Magnetite (Fe3 O4 ), as a member of clinically
benign iron oxide-based nanoparticles, has been widely explored for signal-enhancing
purposes. Jun et al. demonstrated the use of magnetite (Fe3 O4 ) nanoparticles as the signal
enhancer in MRI (2005).
In their work, magnetite nanoparticles were prepared by a well-developed chemical
method, in which Fe(acac)3 (acac = acetylacetonate) decomposes in a hot organic solvent followed by nanocrystal growth and precipitation. The as-prepared nanocrystals are
highly crystalline and stoichiometric magnetite. By controlling the synthesis conditions,
the size of nanocrystals can be controlled from 4 to 12 nm with high monodispersities
(σ < 5 %). Figure 4.3a shows TEM images of magnetite nanocrystals with 4, 6, 9 and
12 nm, respectively. Experiments indicated that the magnetism and induced MRI signals
were closed related with the dimension of nanocrystals used as the signal enhancer. Uniform magnetic suspensions for different average dimensions were prepared at an identical
concentration of 1 µM. When a magnetic ﬁeld of 1.5 T was applied, the spin–spin relaxation time (T2 ) weighted spin-echo MRI of water soluble iron oxide (WSIO) nanocrystals
showed the MRI images changing from white to black via gray colors as the dimension
of magnetic nanocrystals increased from 4 to 12 nm. This grayscale color change can
be clearly seen from Figure 4.3b. Color-coded images based on T2 values are shown
in Figure 4.3c. The result conﬁrmed that the T2 -weighted MRI signal intensity continuously decreases as the size of nanocrystal increases. The general trend of size-dependent
MRI signal is illustrated in Figure 4.3d. The magnetic properties of nanocrystals were
measured by a superconducting quantum interference device (SQUID) magnetometer,
as shown in Figure 4.3e. Larger mass magnetization values for bigger nanocrystals
result in darker MRI images (low T2 values) because the spin–spin relaxation process of protons in surrounding water molecules is facilitated by the magnetic spins of
nanocrystals.
In addition to the in vitro MRI imaging with magnetic nanoparticles serving as the
contrast enhancer, in vivo MRI is expected. The in vivo MRI offers active and extra functions for various cell trafﬁcking, cancer diagnosis and gene expression, etc. However this
biomedical application has been very limited until now. Researchers have been realizing
the importance of magnetic nanoparticle-based in vivo MRI applications and research
efforts have been made. Huh et al. utilized a well-deﬁned magnetic nanoparticle-based
probe system for in vivo diagnosis of cancer (Huh et al. 2005). The magnetic nanocrystals
are characterized by small size, strong magnetism, biocompatibility and active functions for receptors. In their experiments, MRI probes were prepared by conjugation of a
cancer-targeting antibody, Herceptin, to magnetic nanocrystals. By using this novel MRI
probe, in vivo monitoring of human cancer cells which were implanted into live mice
was demonstrated successful. By further conjugating ﬂuorescent dye-labeled antibodies
to these magnetic nanocrystal MRI probes, in vitro, ex vivo and in vivo MRI can be realized. And this new technology could ﬁnd potential applications in an advanced multimodal
detection system.
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Figure 4.3 Effect of the nanosize of WSIO nanocrystals on magnetism and corresponding magnetic resonance signals; (a) TEM images of magnetite Fe3 O4 nanocrystals of 4 to 6, 9 and 12 nm
in diameter; (b) size-dependent T2 -weighted MR images of WSIO nanocrystals in aqueous solution
at an applied ﬁeld of 1.5 T; (c) size-dependent colors of WSIO nanocrystals in color-coded MR
images based on T2 values; (d) plot of T2 value depending upon the size of WSIO nanocrystals;
(e) comparison of the magnetization curves of WSIO nanocrystals with different sizes measured
by a SQUID magnetometer. (Jun et al. 2005)

4.2.2 Magnetic Labeling
Generally, magnetic labeling is employed by using ﬂuorescent-labeled magnetic nanoparticles in both in vitro and in vivo imaging. The combination of nanoscale dimensions,
superparamagnetic properties and ﬂuorescence for these bifunctional nanoparticles has
prompted their use in medical imaging which combines ﬂuorescent imaging techniques
and the MRI approach. Both methods are of great importance in diagnostic and therapeutic applications because cellular monitoring provides valuable information for subsequent
cell-based therapy. The advantage of the MRI technique is well known: it offers anatomically sensitive deep tissue imaging. Optical ﬂuorescent techniques, both ex vivo by
classical ﬂuorescence microscopy and in vivo by ﬁbered confocal ﬂuorescent microscopy,
have high spatial resolution in cellular imaging and molecular event quantiﬁcation. There
are several ways of utilizing the bifunctional nanoparticles. For instance, labeling cells
with nanoparticles can be done in vitro followed by an in vivo transplantation. Then cell
migration throughout the body can be monitored by in vivo imaging. Another approach
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is to use drug carrier-conjugated magnetic nanoparticles for target guidance to speciﬁc
sites.
Magnetic ﬂuorescent nanoparticles can be used to label living cells. In Bertorelle’s
work, bifunctional nanoparticles consist of magnetic oxide cores covered with a layer
of dimercaptosuccinic acid (DMSA) ligand and a ﬂuorescent dye covalently bonded on
the surface (2006). Both ﬂuorescence microscopy and magnetophoresis demonstrated that
the bifunctional nanoparticles had a high cell afﬁnity. When the association of magnetic
nanoparticles with cells was investigated by ﬂuorescence microscopy, both membranous
ﬂuorescence and intracellular vesicular ﬂuorescence were observed indicating two types
of magnetic labeling: nanoparticle adsorption on cell membranes and nanoparticle internalization inside cells. The localization patterns also conﬁrmed that, in the internalization
process, nanoparticles resided inside endosomes, submicrometric vesicles of the endocytotic pathway. More interestingly, it was found that the external magnetic ﬁeld could be
applied to manipulate the movement of magnetically labeled endosomes so that they could
penetrate inside the cells and form in the cell cytoplasm along the direction of applied
ﬁeld. Additionally, the magnetophoresis measurements gave a critical cellular magnetic
load which exhibited a potential of this new type of magneto-ﬂuorescent nanoagent for
medical use.
In their cell labeling process, the culture medium was a mixture of DMEM, 10 % inactivated fetal bovine serum, 50 units/ml penicillin, 40 mg/ml streptomycin, and 0.3 mg/ml
L-glutamine. Human cervical cancer cells (HeLa) with a mean cell diameter of
14.6 ± 0.8 µm was selected as the model cell system. A Leica DMIRB microscope with
a 63× oil-immersion lens and digital camera was used to obtain ﬂuorescence images.
For ﬂuorescence microscopy, the cell growth took place on glass coverslips for two days
followed by incubation with rhodamine iron nanoparticles suspension (5 mM in concentration) at 4 ◦ C for one hour. Three samples were prepared and their cell labeling was
compared. The ﬁrst sample, obtained by immediate ﬁxation with 3 % paraformaldehyde
in phosphate-buffered saline (PBS) after incubation, was used to study membrane localization. The second sample underwent a 2-h chase at 37 ◦ C in RPMI culture medium
and three washes with RPMI followed by a ﬁxation under a uniform ﬁeld with 3 %
paraformaldehyde in PBS. The purposes of this process were to restore the internalization
pathway and access the magnetic properties. To prepare the third sample, incubation and
chase processes were conducted on cells followed by the ﬁxation submitted to a uniform
magnetic ﬁeld (B = 80 × 103 A/m). Investigation was made on the interaction between
hybrid nanoparticles and cells in culture to probe the magnetic labeling capacity of ﬂuorescent magnetic nanoparticles. To prevent the dynamic internalization process, cells
were cultured at 4 ◦ C, at which temperature only interactions between nanoparticles and
cells need to be considered. Figure 4.4 shows ﬂuorescent images of cells after labeling
and culture. It is obvious from Figure 4.4a that the whole membrane was labeled as a
result of binding of ﬂuorescent nanoparticles on the cell membrane. Figure 4.4b shows
the ﬂuorescent pattern of the cells when heated to 37 ◦ C. Since the internalization pathway was restored, nanoparticles were chased to the cell interior via small vesicles and
further conﬁned inside endosomes. The ﬂuorescent spots in the cell cytoplasm can be
observed in Figure 4.4b. Thus, the ﬂuorescent microscopy conﬁrmed the capability of
direct imaging and localization in living cells for magnetic nanoparticles attached with
a ﬂuorescent dye. As far as the cell afﬁnity is concerned, DMSA coated nanoparticles
exhibit a high electrostatic afﬁnity due to their tiny volume and negative surface charge.
Consequently, a massive capture of nanoparticles (up to 107 nanoparticles per cell) can
be obtained on cell membranes. The mechanism for cells to ingest extracellular materials
is the endocytotic pathway. When magnetic nanoparticles are involved, the ﬁrst step of
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Figure 4.4 Fluorescence microscopy and transmission electron microscopy images showing the
localization patterns of magnetic nanoparticles in living cells. The top images are ﬂuorescence
images and the center images are transmission electron microscopy images of the same cells while
the bottom ones are overlays of both images, with the red color for ﬂuorescence signal. (a) For the
ﬁrst sample, ﬂuorescence appears on the cell membrane; (b) for the second sample, the ﬂuorescence
is visible in small, localized spots inside the cells; (c) for the third sample, chains of magnetic
ﬂuorescent endosomes inside the cell can be seen. (Bertorelle et al. 2006)

the endocytotic pathway is the internalization of nanoparticles within vesicles initiated by
the membrane adsorption. And the next step is the delivery of nanoparticles to membrane
organelles or endosomes with larger dimension (about 0.6 µm in diameter). Bertorelle’s
study visualized the membrane adsorption and nanoparticle residence within endosomes,
which are the ﬁrst and ﬁnal steps of the endocytotic pathway, respectively. For the third
sample, cell ﬁxation was subjected to a uniform ﬁeld to assess the magnetic properties of
the ﬂuorescent endosomes. As shown in Figure 4.4c, magnetic nanoparticles are enclosed
in the endosomes. Under a magnetic ﬁeld, a magnetic moment was conferred on these
biological vesicles and the endosomes could act as small magnets. As a result, small
chains formed in the cell cytoplasm caused by the dipole–dipole interactions. Obviously,
the formation of chains demonstrated the association of both ﬂuorescence and magnetic
properties within the endosomes, and the bifunctional endosomes provided new biological
tools to track the dynamics of endocytotic vesicles under magnetic ﬁelds.
Magnetically labeled cells have been demonstrated by iron oxide nanoparticles attachment, which can be imaged in vivo via MRI. Oca-Cossio and his team implemented
this technology in insulin secreting cells (Oca-Cossio et al. 2004). It had to be established whether the existence of nanoparticles in the cytoplasm of the cells has any side
effect on the insulin secretion. They used monocrystalline iron oxide nanoparticles to
label mose insulinoma βTC3 and βTC-tet cells and investigated the effectiveness and
consequence. After exposed to 0.02 mg/ml nanoparticle suspension for one day, internalization of magnetic nanoparticles in both cells was observed. At the same time, cell
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viability and apoptosis were maintained during the cell culture in the presence of magnetic
nanoparticles. Furthermore, it was found that the magnetic labeling of insulin cells did
not affect substantially the metabolic and secretory activities of the cells. With the help of
magnetic nanoparticles, MRI images of labeled cells showed better contrast than shamtreated cells.
4.2.3 Spatially Resolved Magnetorelaxometry
Spatially resolved magnetorelaxometry is a novel technique to detect magnetic labeled
biological entities by measuring the relaxation of their magnetization when the magnetizing ﬁeld is removed. Similar to the applications discussed above, this technique also
deals with magnetic labeling of biomolecules. Research investigation has demonstrated
the feasibility of detecting and locating of immobilized magnetic nanoparticles in vivo.
More and more interests in spatially resolved magnetorelaxometry have been attracted,
especially in medical diagnostics, with respect to the developing technology in diseases
at molecular level.
Magnetic nanoparticles are stable and biocompatible, hence they can be introduced
into the living system. Magnetorelaxometry can be applied for opaque media or tissues,
which is not possible for optical techniques. It is true that the relaxation of magnetic
nanoparticles after alignment under a magnetic ﬁeld pulse depends upon their dimensions
as well as their immobilization. In magnetorelaxometry, magnetic nanoparticles bound
to target biological entities have different relaxation times and relaxation behavior from
unbound nanoparticles.
A system containing a single channel second order SQUID gradiometer as the magnetic
sensor was developed to detect the relaxing magnetization of magnetic nanoparticles in
objects (Romanus et al. 2002). Investigation by using this system aimed to demonstrate
the potential use of the magnetic relaxation measurements in spatially-resolved determining the distribution of magnetic nanoparticles, which were injected into living beings. In
order to determine the spatial distribution of the relaxation signals from magnetic nanoparticles at various locations, an adjustable sample holder which can be moved to positions
of interest was designed and it was controlled by an automated measurement system.
Figure 4.5a depicts the developed measurement system. In a typical measurement, biofunctionalized magnetic nanoparticles were ﬁrst synthesized by a carboxydextran coating
process and uniform aqueous dispersion of these particles (concentration ∼20 mmol/kg)
was prepared. Then, this magnetic colloidal suspension was injected into the tail vein
of C57Bl/6 mice followed by an in vivo measurement of the magnetic relaxation signal.
A strong magnetic relaxation signal (∼35 pT) was detected 15 minutes after injection.
Figure 4.5b shows the strongest magnetic relaxation signal in the ventral region of the
mice, suggestive of an enrichment of magnetic nanoparticles in that region. In addition
to this strong signal, a weak relaxation signal (less than 5 pT) was also detected in the
tail vein area. Further investigation even conﬁrmed the strong relaxation signals coming
from liver and spleen, which is in accordance with the well-accepted accumulation of
magnetic nanoparticles by the phagocytes in both organs. For the purpose of comparison,
control measurements were carried out without magnetic nanoparticles, and no magnetic
relaxation signal was detected. It should be mentioned that the above measurements were
obtained in a regular laboratory environment. Interference signals coming from the surroundings caused disturbance to the measurement. To overcome this problem, a magnetic
shielding could be used. Another method is the implementation of different procedures
in data acquisition and data evaluation.

140

Biomedical Applications of Magnetic Nanoparticles

system control unit
SQUID
electronics
He dewar
(4.2K)

SQUID sensor
(gradiometer)

data acquisition

data filtering
data analysis

Helmholtz coils
control unit
z
y

Helmholtz coils
x
adjustable
sample holder
(a)

positioning system
control unit

3

y [cm]

2
1
0

−1
−2
−3
−6

−4

−2

0
x [cm]

2

4

6

(b)

Figure 4.5 (a) Schematic illustration of the measurement set-up for in vivo measuring of the
relaxation of magnetic nanoparticles; (b) photograph showing magnetic nanoparticle relaxation
signals for an anesthetized mouse placed on the sample holder. (Romanus et al. 2002)

Magnetic Relaxation Immuno Assay (MARIA) is another example of magnetorelaxometry using magnetic nanoparticles as markers for the speciﬁc analysis of biomolecules
(Ludwig et al. 2006). Superparamagnetic nanoparticles are used as markers in MARIA.
Target biomolecules need to be labeled and then immobilized with magnetic nanoparticles. This immobilization is to suppress Brownian relaxation. Meanwhile, unimmobilized
magnetic nanoparticles will undergo Brownian relaxation. When the magnetic ﬁeld used
to align their magnetic moments is removed, immobilized magnetic nanoparticles exhibit
much faster Néel relaxation than unimmobilized ones. Thus, it is possible to separate
the bound and unbound magnetic markers by their different relaxation behavior. Obvious
merits of MARIA are its lack of need for washout of unbound markers and its capability
of observing opaque media including blood. Research efforts have aimed to develop a
new MARIA process to analyze viruses and bacteria in solution without immobilization
(Ludwig et al. 2004).

Diagnostic Applications

141

4.2.4 Magnetic Separation and Puriﬁcation
In modern biology or biomedicine, separation of particular biological entities (e.g. DNA,
proteins, ions, molecules, etc.) from their native environment is often required for both
scientiﬁc investigation and practical uses. Magnetically labeled biological entities exhibit
magnetic properties so that they can be separated by applying an external magnetic ﬁeld.
Due to this reason, magnetic separation and puriﬁcation have been widely used to prepare
concentrated biosamples in biomedical applications.
A typical magnetic separation usually contains two steps: labeling desired biological
entities with magnetic materials and separating magnetically tagged entities via a magnetic
separation device. The ﬁrst step is exactly the same as the magnetic labeling discussed
in the previous subsection. To ensure an effective labeling, functionalization needs to be
performed to deposit biocompatible molecules on magnetic nanoparticles. The organic
coating not only provides a link between the particles and target biological entities, but
improves the colloidal stability. In the case of iron oxide, common coating materials
include polyvinyl alcohol (PVA), phosopholipids, dextran, etc. A highly effective method
of labelling cells is via antibody/antigen bonding due to its speciﬁc binding characteristics.
By this technique, various biological entities (e.g. cancer cells, bacteria, red blood cells,
Golgi vesicles, etc) have been demonstrated binding to immunospeciﬁc agents – coated
magnetic nanoparticles. Similarly, magnetic microparticles can also be used for larger
entities when incorporated in a polymer binder. In the second step of magnetic separation,
when the mixture passes through a magnetic ﬁeld, magnetic labeled targeted materials
immobilize because of the force due to the magnetic ﬁeld gradient and separate from the
native solution.
The basis for the magnetic separation as well as drug delivery lies in the magnetic force
applied on the magnetically labeled biomaterials. The relationship between the magnetic
force Fm and the differential of the magnetostatic ﬁeld energy can be described as:
Fm = Vm χ∇(1/2B · H )

(4.4)

where 1/2B · H is the magnetostatic ﬁeld energy density. It is the magnetic ﬁeld gradient
that causes the force to immobilize the tagged materials. When the ﬂuid mixture passes
through the magnetic region, the hydrodynamic drag force acting on the nanoparticles
needs to be overcome by the magnetic force. The hydrodynamic force can be presented as:
Fd = 6πηRm v

(4.5)

where η is the medium viscosity (e.g. water), R m is the radius of the magnetic particle,
and v is the relative velocity of the cell to that of the medium. It should be pointed
out that the buoyancy force, caused by the density difference of cells and medium can
be neglected in biology and biomedical applications. From Equations (4.4) and (4.5), the
velocity of the nanoparticles relative to the carrier ﬂuid v can be expressed as:
v =

2
Rm
χ
ξ
∇(B 2 ) or v =
∇(B 2 )
9µ0 η
µ0

(4.6)

where ξ is called ‘magnetophoretic mobility’, a parameter indicating how easy it is to
manipulate the magnetic nanoparticle. For magnetic microparticles with high magnetophoretic mobility, the time requested for sufﬁcient separation is short. On the contrary,
magnetic nanoparticle-involved magnetic separation requires a longer time. However,
using nanoparticles will reduce their potential interference with further tests on the separated biomolecules.
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(a)

(b)

Figure 4.6 Schematic of two standard methods for magnetic separation. (a) A magnet is placed
close to the container wall of a solution containing magnetically tagged (•) and unwanted (◦)
biomaterials. Due to the magnetic force exerted the tagged particles are attracted by the magnet
and agglomerate while the unwanted biomaterials can be removed with the supernatant solution; (b)
a solution containing tagged and unwanted biomaterials ﬂows continuously through a region with
strong magnetic ﬁeld gradient which can be provided by packing the column with steel wool. Thus
the tagged particles can be attracted. Afterwards, the tagged particles can be collected after removing
the ﬁeld followed by ﬂushing through with water. Pankhurst, Q.A., Connolly, J., Jones, S.K. and
Dobson, J. (2003). Applications of magnetic nanoparticles in biomedicine, Journal of Physics D:
Applied Physics, 36, R167–R181. Reproduced with permission of the Institute of Physics

Due to the magnetic properties of magnetic-labeled biomolecules, magnetic separation
may be achieved by simply using a permanent magnet to aggregate magnetic entities on
the wall of a test tube followed by removal of the supernatant. This simple process is
illustrated in Figure 4.6a. However, this method is suffering from its low separation efﬁciency because of the slow accumulation rates. Thus better magnetic separation is needed.
As discussed above, the magnetic force exerted on a magnetic object is proportional to
the gradient of the applied magnetic ﬁeld, as described by Equation 4.4. A common
method of achieving high separation efﬁciency is to use a magnetizable matrix of wire
or beads to apply a strong magnetic ﬁeld on a ﬂow column through which magnetically
tagged ﬂuid is pumped. The type of separator design is able to generate high magnetic
ﬁeld gradient and capture the magnetic biological entities efﬁciently as they ﬂow with
their carrier medium. Figure 4.6b depicts the schematic of this process. In spite of its
faster separation, this method, however, has some problems caused by the settling and
adsorption of magnetic materials on the matrix. To overcome this problem, an alternative separation design was developed, as shown in Figure 4.7. In this design, a magnetic
gradient is created radially outwards from the center of the ﬂow column by a quadrupolar arrangement. So obstruction will not take place during the separation. Additionally,
biological entities with different magnetophoretic mobilities can be fractioned to achieve
‘ﬂuid ﬂow fractionation’ by adjusting the magnitude of the ﬁeld gradient. In a typical
separation process, the applied magnetic ﬁeld is moved up the column while the ﬂuid
is kept static. Consequently, the particles can be moved up by the magnetic force and
collected by a permanent magnet. The bottom section of ﬂuid is then subjected to repeat
separation processes with different magnetic strengths.
Magnetic separation can be used with optical sensing to perform ‘magnetic enzyme
linked immunosorbent assays’. Immuno-assays, combined with ﬂuorescent enzymes, are
able to detect cells labeled by the enzymes. In contrast to a conventional means in which
the target cells need to bind to a solid matrix, magnetic-assisted immunosorbent assays
utilize magnetic microspheres as the surface for cell immobilization. Importantly, magnetic separation is typically used to increase the concentration of the target materials.
Recently, magnetic nanoparticles have been employed in this assay application. The use
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(a)

(b)

Figure 4.7 Schematic illustration of a rapid throughput method for magnetic separation. In
this method, a solution containing magnetically tagged (•) and unwanted (◦) biomaterials ﬂows
through an annular column placed within a set of magnets arranged in quadrature. (a) Longitudinal cross-section view of the annular column showing the ﬂow of the solution; (b) transverse
cross-section view of the four magnets with the resulting magnetic ﬁeld lines. Under the magnetic
force due to the magnetic ﬁeld gradient, the tagged particles are attracted to the column walls,
where they are held until the ﬁeld is removed. The held tagged biomolecules can be recovered by
ﬂushing the column with water. To avoid complications coming from the near-zero ﬁeld gradients
the central core of the column is made of non-magnetic material. Pankhurst, Q.A., Connolly, J.,
Jones, S.K. and Dobson, J. (2003). Applications of magnetic nanoparticles in biomedicine, Journal
of Physics D: Applied Physics, 36, R167–R181. Reproduced with permission of the Institute of
Physics

of nanoparticles improves the magnetic separation efﬁciency because their high mobility
results in a short reaction time and more immobilized reagent. Furthermore, magnetic
separation offers an effective way to localize labeled cells at certain locations, which is
of great help for cell detection and number counting by optical scanning.
As an example, magnetic luminescent nanocomposites have been demonstrated in
magnetic separation (Hong et al. 2004). These bifunctional nanocomposite nanoparticles
consist of Fe3 O4 magnetic cores with deposited CdTe quantum dots (QDs)/polyelectrolyte
(PE) multilayers via a layer-by-layer (LbL) assembly approach. The magnetic cores have
an average diameter of 8.5 nm. It was noticed that the combination of magnetic and luminescent properties is essential for magnetic separation or bioassays. Since each magnetic
composite nanoparticle possesses a remnant magnetic ﬁeld, it will act as a dipole magnet
at nanoscale, thus aggregations and precipitation of the nanoparticles can be caused by
applying an external magnetic ﬁeld. The digital images in Figure 4.8 show a reversible
process of magnetic separation and dispersion of these magnetic luminescent composite
nanoparticles. As shown in Figure 4.8a, without an external magnetic ﬁeld, the magnetic luminescent nanoparticles can be dispersed uniformly and the suspension exhibits
an orange color under a UV radiation. In the presence of a magnetic ﬁeld, magnetic luminescent nanoparticles aggregated on the wall of the test tube, where a permanent magnet
was placed. Figure 4.8b clearly shows an orange agglomeration and a clear suspension
due to the magnetic separation. This aggregation and suspension process was reversible
and a site-speciﬁc transport of magnetic luminescent nanoparticles was expected in bioapplications.
Magnetic separation has also been used for DNA/RNA separation. In disease diagnostics, gene proﬁling and gene expression, separation and collection of target DNA/mRNA
with base mismatches from a complex matrix is highly crucial. It has been well documented that genetic mutations coming from a single base mismatch in DNA sequences is
the reason for most cancers. Separation and collection of the trace amount of mismatched
gene products are desirable for both biomedical studies and biotechnology development.
Zhao et al. reported their development of a genomagnetic nanocapturer (GMNC) using
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(a)

(b)

Figure 4.8 Digital pictures of the magnetic luminescent nanocomposites under UV irradiation (a)
without an external magnetic ﬁeld and (b) in presence of an external magnetic ﬁeld. The strength of
the applied magnetic ﬁeld by a magnet was 1000 G. An aggregation process was observed indicated
by a color change from orange to transparent when an external magnetic ﬁeld was applied. The
aggregations could disappear rapidly as the magnetic ﬁeld was removed. (Hong et al. 2004)

magnetic nanoparticles functionalized with molecular beacons (2003). In their work,
molecular beacons were used owing to their high sequence selectivity and excellent detection sensitivity, while magnetic nanoparticles provided an effective way for bioseparation.
After functionalization of magnetic nanoparticles with molecular beacons, an effective
GMNC was developed where magnetic nanoparticles act as carriers and molecular beacons serve as recognition probes for target gene sequences. Figure 4.9a illustrates the
mechanism of GMNC discrimination, separation and base-mismatched DNA sequence
collection. The structure of GMNC is illustrated in Figure 4.9b. There is a thin silica
layer between magnetic cores and molecular beacons which serves as a biocompatible
interface. With this silica layer, the magnetic nanoparticles can be readily functionalized
with biomolecules. The layer was deposited by a base-catalyzed hydrolysis and polymerization reaction of TEOS in a well-developed sol-gel process. Figure 4.9c is a TEM image
indicating the existence of a thin silica shell. The developed GMNC was demonstrated
for gene separation. In the experiments, DNA/mRNA strands with a single base difference can be separated and collected from perfectly matched DNA strands by applying a
magnetic ﬁeld under controlled temperatures. Separation and collection of mRNA strands
from both cultured cells and prepared complex matrix (cell lysates, tissue samples) was
also achieved by using the same GMNC. Experiments suggested that the amounts of the
recognition probes (molecular beacons) immobilized on the nanoparticle surface inﬂuenced the separation efﬁciency. And the separation capability of GMNC was completely
determined by the magnetic properties of the magnetic cores. Therefore, in both synthesis
and application of GMNC, care needs to be taken to tailor the immobilization of probes
and the magnetic characteristics. With the help of the intrinsic ﬂuorescent property of
molecular beacons in GMNC, it is possible to observe and monitor the gene separation
and collection processes in situ.
4.2.5 Biological Assay System
A biological assay system is widely used for biomaterial detection. Analyses of DNA,
protein and other biotargets can be realized by using an array-based bioassay for advanced
medical care and environmental measurements. Presently, biological immunoassay, taking
advantage of speciﬁc antigen/antibody bonding, has dominated in both research investigation and practical diagnostics. For a regular biological assay system, the key aspect
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Figure 4.9 (a) Schematic illustration of the working principle of the genomagnetic nanocapturer for magnetic separation and collection of gene products with a one-base difference in DNA
sequence; (b) schematic representation of a genomagnetic nanocapturer (1: magnetic nanoparticle, 2: silica layer, 3: biotin-avidin linkage, 4: molecular beacon DNA probe); (c) TEM image of
a silica-coated magnetic nanoparticle showing the core–shell nanostructure. The diameter of the
overall nanoparticle is about 28 nm. (Zhao et al. 2003)

is to obtain detectable signals from the antigen/antibody bonding. Currently, common
microarray detection methods are ﬂuorescence and chemiluminescence technologies due
to their high sensitivities and versatile capabilities. However, both methods suffer from
low signal intensity owing to photo-degradation. Among a number of approaches to
improve sensitivity, molecular labeling is promising. Magnetic nanoparticles have exhibited extraordinary labeling capabilities in bioapplications. Also, magnetic detection could
be an ideal means for bioassays. Recently, using a combination of magnetic nanoparticles
and a patterned substrate covered with a self-assembled monolayer provides a promising technique for magnetic detection of biomolecular interactions (Osaka et al. 2006).
In a magnetic immunoassay, magnetic nanoparticles attach to antibodies and serve as
a biomarker to give magnetic signal after antibody/antigen coupling. Usually, the magnetic signals including remanence, relaxation and susceptibility can be detected via a
superconducting quantum interference device (SQUID).
Again, superparamagnetic nanoparticles with diameters of a few tens of nanometers are
ideal magnetic biomarkers in this application. The magnetic properties of superparamagnetic nanoparticles are degraded by thermal interference and their degradation is affected
by their dimension signiﬁcantly. For this reason, monodisperse magnetic nanoparticles are
desirable. Practically, magnetic nanoparticles have a size distribution, thus both thermal
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Figure 4.10 Schematic representation of magnetic immunoassay. The detecting antibody is
labeled with a magnetic marker made of a magnetic nanoparticle a few tens of nanometers in
diameter. The binding interaction between an antigen and its speciﬁc antibody can be detected by
measuring the magnetic ﬁeld of the marker by a SQUID. Reproduced from: Enpuku, K., Inoue, K.
and Soejima, K. (2005). Properties of magnetic nanoparticles for magnetic immunoassays utilizing
a superconducting quantum interference device, IEICE Transactions on Electronics, vol. E88-C, no.
2, Feb. 2005, pp. 158–167

noise and size distribution of particles need to be taken into account. Since the magnetic
signal comes from the magnetic nanoparticles, their magnetic properties are expected
to generate a large magnetic signal which is required for a high performance magnetic
immunoassay with high sensitivities.
Figure 4.10 illustrates the basic conﬁguration and mechanism for a magnetic immunoassay system (Enpuku et al. 2005). Detecting antibodies are ﬁrst labeled by polymer
protected superparamagnetic nanoparticles (Fe2 O3 or Fe3 O4 nanoparticles). Meanwhile,
antigen binds speciﬁcally to capturing antibody attached on a substrate. Then reaction between antigens and detecting antibodies provides a robust bonding. The markers
attached to the substrate generate a magnetic ﬁeld, which can be detected by a SQUID
system.
Detection of biomolecules on a self-assembled monolayer formed on magnetic nanoparticles and detection of biomolecular interaction between biotin and streptavidin using
magnetic nanoparticle have been demonstrated (Osaka et al. 2006). In both experiments,
biomolecules are detected via magnetic particles by measuring their magnetism. The utility of magnetic nanoparticles has several advantages: 1) magnetic nanoparticles are stable
for storage and through the whole measurement; 2) apparatus needed is simple and inexpensive; 3) magnetic nanoparticles are low cost; 4) washing procedure can be done simply
by using a permanent magnet.
Self-assembled monolayers (SAMs) can serve as a template for implementing biological
recognition with high accuracy. Prompted by this idea, a novel method was developed
for biological assay which combines magnetic nanoparticles and a silicon substrate with
a self-assembly monolayer. Monomolecular layers are able to provide an ideal model
to probe the molecular interaction at liquid–solid interfaces. A detection system using
speciﬁc biomolecular interaction between biotin and streptavidin is shown in Figure 4.11a.
Magnetite nanoparticles (Fe3 O4 ) 200 nm in diameter were functionalized with streptavidin.
To do so, magnetic nanoparticles were ﬁrst modiﬁed by APS in toluene and the amine
groups from APS were used to bind biological molecules. Biotin was able to attach to the
magnetic nanoparticle surface via a cross-linking reaction between sulfo-LC-LC-biotin
and the surface amine groups. Then, streptavidin can bind to magnetic labeled biotin
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Figure 4.11 (a) Schematic illustration of biotin-streptavidin interaction on self-assembly
monolayer-modiﬁed substrate. Biotin is attached to the substrate after APS patterning. Then
streptavidin-attached magnetic nanoparticles are injected into a channel on a glass plate. The
nanoparticles are bound by a speciﬁc binding between biotin and streptavidin; (b) schematic representation of the surface patterned with different monolayers. (Osaka et al. 2006)

speciﬁcally. When used for patterned monolayers in bioassays, substrates were patterned
by APS followed by attachment with biotin. Streptavidin-modiﬁed magnetic nanoparticles
were introduced and bound to patterned biotin on the substrate. Figure 4.11b illustrates
the surface patterned with different monolayers.
Perez et al. reported the application of magnetic nanoparticles in a biological assay system capable of detecting low levels of viral particles in serum (2003). It was postulated
that the multivalent interactions between virus and magnetic nanoparticles could lead to
a highly sensitive assay. In their demonstration, herpes simplex virus (HSV) and adenovirus (ADV), which are relevant to human pathology as viral vectors in gene therapy,
were used. Experiments started from dextran coating of superparamagnetic iron oxide
nanoparticles. Then, anti-adenovirus 5 (ADV-5) or anti-herpes simplex virus 1 (HSV-1)
antibodies were attached via Protein G coupling to the surface of dextran-modiﬁed magnetic nanoparticles, as shown in Figure 4.12a. Cross-link between the amino groups from
the antibodies and the amino groups from the nanoparticles was initiated by a bifunctional
linker, suberic acid bis(N -hydroxysuccinimide ester) (DSS). After this step, the overall
diameter of nanoparticles was about 46 nm. Experiments showed that the detectable magnetic changes could be used to detect viral particles in biological media (cell lysates or
serum) at low concentrations directly. Without any puriﬁcation or ampliﬁcation processes,
the detectable lower limit could be 5 viral particles in 10 µl serum in biological samples.
Figure 4.12b depicts the detectable range of this magnetic biological assay system. Using
a higher magnetic ﬁeld strength may further lower the detectable lower limit for sensing.
4.2.6 Biosensors
Tremendous research efforts have been stimulated by the rising demand for biosensors
with high sensitivity, high reliability, fast response and excellent selectivity for decades.
With the capability of detecting trace amounts of biomolecules in real time, biosensors
have found versatile applications in the ﬁeld of environmental control, hazard material

148

Biomedical Applications of Magnetic Nanoparticles

Virus

(a)
Viral-Induced Nanoassembly

Magnetic Viral Nanosensor
60
50

δT2 (msec)

40
30
20
10
0

0

50

100

150

200

250

300

Viral Particles
(b)

Figure 4.12 (a) Schematic diagram of viral-induced nanoassembly of magnetic nanoparticles;
(b) plot of the dependence of water T2 in anti-HSV-1 magnetic nanosensors on the amount of viral
particles. The magnetic ﬁeld was 1.5 T at 60 MHz and the sample size was set as 100 µl. (Perez
et al. 2003)

detection, pharmaceutics and clinical diagnostics. A common biosensor works as a biospeciﬁc surface interacting with a particular analyte, and generating detectable signals, such
as electrochemical, optical, piezoelectrical and thermal responses. Currently, amperometric biosensors, detecting current signals coming from electrochemical redox reactions
on electrodes, are extensively investigated in biosensor research, and widely used in
commercial devices, mainly due to their superior properties, such as low cost, simple
detection tools and procedures, broad detection range and high accuracy.
A regular amperometric biosensor consists of single enzyme hence it is able to detect
a single speciﬁc analyte which undergoes a redox reaction giving an electrical signal. In
many circumstances, it is desirable to detect multiple analytes (substrates) in biological
media. For example, to detect two substrates in a mixture, two corresponding enzymes
need to be immobilized to respective redox reactions. However, there is always a problem when the detecting substrates are oxidized at close oxidation potentials, since the
detected current signal is the sum of two bioelectrocatalyzed transformations occurring
concurrently. An effective approach to solve this problem is to use switching biocatalyst
systems. In a dual biosensing system, when one enzyme is switched to ‘off’ state, the
detected current signal comes completely from the redox reaction on the other enzyme
which is ‘on’. Therefore, searching controllable bioelectrocatalysis is required for dual or
even multiple biosensing purposes.
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The novel concept of using magnetic nanoparticles in biosensors, stemming from the
magnetic control of bioelectrocatalysis, was developed by Hirsch et al. (2000). Dual
biosensing of two analytes, glucose and lactate, by magneto-controlled bioelectrocatalysis has been demonstrated (Katz et al. 2002a). As enzymes are usually used as the
redox center in amperometric biosensors, the ﬁrst step in magneto-controlled bioelectrocatalysis is to bond redox modiﬁer to magnetic nanoparticles (Perez et al 2004). For
this purpose, both covalent bonding and physically adsorption can be used. A commonly used chemical process for chemical bonding is to immobilize 1,4-naphthoquinones
on the electrode surface functionalized with amino groups. In this chemical reaction,
amino-quinone derivatives, formed from the nucleophilic addition of amino groups to
quinones, exhibit negatively shifted redox potentials due to the electron-donating characteristics from the amino groups. A similar approach applies for chemical binding
of redox enzyme to magnetic nanoparticles. Figure 4.13 is the schematic of the synthesis of covalent linked redox-active units to functionalized magnetic nanoparticles
(Katz et al. 2002b). In this synthesis, magnetic nanoparticles were ﬁrst functionalized
with [3-(2-aminoethyl)aminopropyl]-trimethoxysilane to attach amino groups. After treating the functionalized nanoparticles with 2,3-dichloro-1,4-naphthoquinone (1), magnetic
nanoparticles were further attached with 2-amino-3-chloro-1,4-naphthoquinone groups
(see Figure 4.13A). Similarly, reacted with carboxylic acids, carboxylic-acid-functionalized
redox-active magnetic nanoparticles can be obtained via carbodiimide coupling. A number of carboxylic acids were tested, such as pyrroloquinoline quinine (2, PQQ), hemecontaining undecapeptide, microperoxidase-11 (3, MP-11), N -(ferrocenylmethyl) amino-
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Figure 4.13 Schematic of the synthesis process to prepare relay-functionalized magnetic particles by the covalently binding redox-active units to magnetic particles functionalized with
[3-(2-aminoethyl)aminopropyl]siloxane ﬁlm. A) Binding of 2,3-dichloro-1,4-naphthoquinone to the
functionalized magnetic nanoparticles; B) carbodiimide coupling of electron-relay carboxylic derivatives to the amino groups on the siloxane layer. (Katz et al. 2002b). Reproduced by permission of
Wiley-VCH
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Figure 4.14 Schematic illustration of the processes of magneto-switched electron transfer and
electrocatalyzed transformation assisted by redox-active units linked to magnetic nanoparticles.
(Katz et al. 2002b). Reproduced by permission of Wiley-VCH

hexanoic acid (4), and N -methyl-N ’-(dodecanoic acid)-4,4’-bipyridinium (5), as shown
in Figure 4.13B. The obtained active redox unit-attached magnetic particles can be
magneto-switching when used in amperometric biosensors. As depicted in Figure 4.14,
by manipulating an external permanent magnet, the electron transfer for signal detection
can be switched between ‘on’ and ‘off’. When the magnet is placed under the gold electrode, the magnetic redox unit will be attracted towards the electrode, and their contact will
ensure the transfer of electrons generated from the redox reaction. As the magnet is placed
above the electrode, the magnetic redox unit will be raised up. Consequently, the electron
transfer is blocked showing ‘off’ state. Besides the magnetic attraction of the magnetic
redox units to the electrode, the rotation of the magnetic nanoparticles on the electrode
by an external rotating magnet is also important. With this rotation, redox-functionalized
magnetic nanoparticles can be treated as rotating micro-electrodes. In this case, rather
than diffusion, convection of the substrate to the microelectrodes will dominate in the
bioelectrocatalytic process resulting in an enhanced amperometric response.
Figure 4.15 shows the glucose sensing by rotating ferrocene functionalized magnetic
particles. Here ferrocene is used as a mediator for electron relay purposes. Glucose reacts
with glucose oxidase, the enzyme, and releases an electron to ferrocene. As the magnet
is placed under the electrode, electrons can be collected by electrical contact of ferrocene

Figure 4.15 Schematic illustration of the bioelectrocatalytic oxidation of glucose in the presence
of glucose oxidase (GOx) and ferrocene-functionalized magnetic particles. The oxidation process
was enhanced with a circular rotation of the particles by rotating the external magnet beneath. (Katz
et al. 2004)
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Figure 4.16 Schematic illustration of magneto-switched bioelectrocatalytic oxidation of lactate
with lactate dehydrogenase (LDH) and PQQ-NAD+ -functionalized magnetic nanoparticles. The
electron transfer can be controlled by an external magnet applied below the substrate. (Katz et al.
2002b). Reproduced by permission of Wiley-VCH

with the electrode. The detected current signal is proportional to the concentration of
glucose in medium. By introducing the rotating magnet, the interaction between glucose,
glucose oxidase, ferrocene and nanoparticles is convection-controlled. Therefore, ampliﬁed amperometric analysis is achieved. Further, the resulting detectable currents should
be related to the rotation speed of the magnet as Icat ∝ ω1/2 .
In lactate sensing, NAD+ -dependent redox enzymes are commonly used. An important
step in redox reactions is the electrochemical regeneration of NAD(P)+ by the oxidation of
NAD(P)H. Among various available redox mediators, PQQ (2) is an effective catalyst for
this process. Magneto-switchable bioelectrocatalyzed oxidation of lactate is schematically
depicted in Figure 4.16. NAD+ -dependent enzyme lactate dehydrogenase (LDH) plays
the same role as the glucose oxidase (GOx) in glucose sensing. Magnetite nanoparticles
were functionalized by PQQ and amino-NAD+ (6). The resulting functionalized magnetic
nanoparticles serve as the mediator in electrochemical reactions occurring on the electrode. It is likely that the bioelectrocatalytic transformation of lactate can be regulated by
adjusting the place of the magnet. For instance, ‘on’ state can be obtained when placing
the magnet under the electrode. In this case, magnetic nanoparticles are attracted to the
electrode, and the electrochemical regeneration of NAD+ takes place via the electrochemical oxidation of PQQH2 to PQQ followed by further oxidation of NADH to NAD+ . When
functionalized magnetic nanoparticles are retracted from the electrode, both the bioelectrocatalyzed oxidation of lactate and electrochemical regeneration of NAD+ are prohibited.
As the magnetic labeled enzyme systems have exhibited switchable biocatalysis, it
is possible to develop a biosensing system capable of detecting multiple substrates by
manipulating an external magnetic ﬁeld. In a magneto-controlled dual biosensing system
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Figure 4.17 Schematic illustration of the working principle for magneto-controlled dual biosensing of glucose and lactate. The system consists of glucose oxidase (GOx), lactate dehydrogenase
(LDH), PQQ-NAD+ functionalized magnetic particles, and an Au-electrode coated with a monolayer of ferrocene units. (Katz et al. 2002b). Reproduced by permission of Wiley-VCH

for glucose and lactate, the magnetic attraction or retraction of magnetic-attached enzymes
or mediators enables two redox tranformations occurring separately. Speciﬁc analysis of
glucose and lactate in the presence of glucose oxidase (GOx) and lactate hydrogenase
(LDH), respectively, is illustrated in Figure 4.17. A ferrocene monolayer was ﬁrst coated
on the gold electrode surface, which served as the mediator for the activation of GOx
towards oxidation of glucose. Meanwhile, magnetite nanoparticles functionalized with
PQQ-NAD+ acted as the catalyst-cofactor and activated LDH for the bioelectrocatalyzed
oxidation of lactate. Cyclic voltammogrametry analysis indicated that two quasi-reversible
redox peaks occurred at E0 = −0.13 V and 0.32 V, which corresponds to the potentials
to active PQQ-NAD+ and ferrocene, respectively. Interestingly, the potential applied on
the system varied with the position of the magnet. When magnetic nanoparticles were
attracted to the electrode, the applied potential ranged from −0.13 to 0.32 V, which is
sufﬁciently positive to oxidize the PQQ units, but not positive enough for the redox
potential of ferrocene. Thus selective oxidation of lactate was achieved. On the other
hand, both oxidations of glucose and lactate occurred when the magnetic nanoparticles
were retracted from the electrode because the applied potential was higher than 0.32 V.
Subtracting the current due to the oxidation of lactate from the current derived from
the latter case, the current signal coming from the glucose can be obtained. This work
successfully demonstrated the feasibility of using magneto-switchable bioelectrocatalysis
for multisensor devices for selectively detecting different substrates in a mixture. Potential
future applications using this concept are expected.

4.3 Therapeutic Applications
4.3.1 Drug and Gene Target Delivery
Controlled drug delivery is of great importance for therapeutic applications, such as cancer
treatment. Various materials have been investigated as the drug carrier to bring drugs,
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genes and proteins to target speciﬁc areas in the living body. Figure 4.18 provides a chart
showing the candidate moieties at different dimension scales for this purpose (Arruebo
et al. 2007). Common materials include dendrimers, micelles, emulsions, nanoparticles,
liposomes, etc. In a typical drug delivery process, drugs are loaded in biocompatible
carry materials, transferred to bodies and released in control for cancer therapy and the
treatment of other ailments.
Nanomaterials have been considered as a candidate of nanosized drug delivery systems
for many years mainly due to their excellent biocompatibility, subcellular size and targeting action. Various nanostructured materials have shown capability for drug delivery. The
potential of magnetic nanoparticles for drug delivery applications stems from their inherent
magnetic properties coupled with other common properties shared with other nanomaterials. Their unique magnetic properties include superparamagnetism, high saturation
magnetization and high magnetic susceptibility. Also, chemical and biofunctionalization
techniques have been developed to improve both the stability and the biocompatibility
of magnetic nanoparticles. Researchers can select suitable coating materials on magnetic
nanoparticles for particular drugs and certain targets. The most attractive characteristic of
using magnetic nanoparticles in drug delivery is their capability of controlled delivery to a
speciﬁc area by applying an external magnetic ﬁeld. Selectively delivering drug molecules
to the diseased site while not increasing its level in the healthy tissues of the organism is
always desirable in drug delivery for cancer treatment (Zhou et al. 2005).
In cancer treatment, magnetically controlled drug targeting is based on binding anticancer drugs with ferroﬂuid and desorbing from the ferroﬂuid after reaching the area of
interest by means of an external magnetic ﬁeld (Lübbe et al. 2001). In this process, local
effects occur including irradiation from immobilized therapeutic radionuclide or hyperthermia from the magnetic nanoparticles themselves. In regard to control release, the
simplest method is the natural diffusion of immobilized drugs from the carriers (magnetic
nanoparticles). Since this method cannot be well controlled, other techniques have been
employed. Better control release can be triggered by changing the physiological conditions
such as temperature, pH value, osmolality, etc.
The major limitation of magnetic drug delivery systems is that the external magnetic ﬁeld should be lowered to a certain level, higher than which living bodies cannot
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withstand. However, a magnetic ﬁeld at this level may not generate magnetic gradient high
enough to control the targeted movement of nanoparticles or trigger the drug desorption
because the magnetic gradient decreases with the distance. This problem can be alleviated
by locating an internal magnet near the target by minimally invasive surgery. Another
problem which may occur in magnetic drug delivery is the possible agglomeration of
magnetic nanoparticles, especially after the removal of the applied magnetic ﬁeld, due
to their high surface energy (Arruebo et al. 2007). Further, smaller nanoparticles possess
weaker magnetic force. Thus, the ultrasmall dimension of nanoparticles, which is required
for superparamagnetism, may lead to difﬁcult control of their movement or location in the
presence of a relatively strong drag force from the blood ﬂow. Consequently, magnetic
drug delivery is more effectively controlled in blood ﬂows with lower velocities.
To better understand the whole process of magnetic drug delivery, it would be helpful
to discuss the basic physical principles and other related issues before giving several
examples.
Chemotherapies have been conventionally used for cancer treatments. In these therapies, drugs are administered with a general systematic distribution. In addition to the
effective treatment for the cancer tumor, deleterious side effects also take place when the
drug attacks normal, healthy cells. Magnetic targeted drug delivery is then expected to
reduce the unnecessary side effect and improve the efﬁciency by controlled localized delivery. Figure 4.19 depicts a hypothetical magnetic drug delivery system. In magnetically
targeted therapy, a cytotoxic drug is immobilized with biocompatible magnetic nanoparticles forming a drug/carrier complex. Then this biocompatible ferroﬂuid is injected into
the circulatory system of a patient. After the magnetic drug/carrier complex enters the
bloodstream, a magnet is applied outside of the body generating a magnetic ﬁeld gradient
to capture magnetic carriers ﬂowing in the circulatory system and concentrate the complex in the vicinity of the target area within the body. After the targeted tumor cells are
encompassed with drug/carrier complexes, release of the drug is initiated in a controlled
manner and the drug is taken up by the cells. After treatment, magnetic nanoparticles will
be enriched and metabolized in organs, such as the spleen and liver.
Similar to magnetic separation, the physical principles underlying magnetic drug delivery involve the magnetic force exerted on magnetic nanoparticles by a magnetic ﬁeld

Figure 4.19 Schematic diagram of a hypothetical magnetic drug delivery system. A magnet is
placed outside the body and the generated magnetic ﬁeld gradient might capture magnetic carriers
ﬂowing in the circulatory system to the targeted area. Pankhurst, Q.A., Connolly, J., Jones, S.K.
and Dobson, J. (2003). Applications of magnetic nanoparticles in biomedicine, Journal of Physics
D: Applied Physics, 36, R167–R181. Reproduced with permission of the Institute of Physics

Therapeutic Applications

155

gradient. Besides the physical parameters such as the magnetic ﬁeld strength, gradient and
volumetric and magnetic properties of nanoparticles, both hydrodynamic and physiological
parameters inﬂuence the magnetic therapy. The former includes blood ﬂow velocity,
ferroﬂuid concentration, infusion route and circulation time, while the latter includes
distance from the ﬁeld source, strength and reversibility of the drug/carrier complexes,
and tumor volume, etc. Investigation revealed an effective magnetic ﬂux density for comer
magnetic carriers of 0.2 T with ﬁeld gradients of about 8 Tm−1 for femoral arteries and
stronger than 100 Tm−1 for carotid arteries. This clearly demonstrated that more effective
drug delivery can be obtained in slower blood ﬂows and the area closer to the magnetic
source. Mathematical models have been developed to simulate the 2D nanoparticle trajectories in various ﬁeld/nanoparticle conﬁgurations. Modiﬁed hydrodynamic parameters for
nanoparticles were suggested from this simulation since the movement of nanoparticles
is no longer governed by Stoke’s law near the walls.
So far, many magnetic materials have been demonstrated as the carrier in magnetic drug
delivery. Optimizing the existing available magnetic materials and searching for novel
magnetic materials are concurrently under research. In regard to the structural conﬁgurations, there are two common types, which are magnetic cores covered with biocompatible
coatings and biocompatible porous polymers with embedded magnetic nanoparticles. The
former has attracted more attention due to its simpler preparation and better controlled
properties. A representative core–shell structure of a functionalized magnetic carrier is
illustrated in Figure 4.20. Ferrite cores (magnetite, Fe3 O4 , or maghemite, γ -Fe2 O3 ) are
coated with biocompatible silica or polymer such as PVA or dextran. The coating plays
a dual function: protection of magnetic cores from unnecessary chemical changes and
providing functionalization potentials. Via these functional groups, cytotoxic drugs can
be coupled to magnetic nanoparticles. Also, chemical functional groups, biotin, avidin,
target antibodies and other biomolecules can be linked for multifunctionalization purposes. Recent research efforts have been continued into alternative magnetic cores (e.g.
iron, cobalt, nickel, yttrium aluminum iron garnet, etc). For instance, cobalt/silica carriers
have found applications in eye surgery to repair detached retinas.
It was Widder and and his team who demonstrated magnetic drug delivery for the ﬁrst
time (Widder et al. 1983). In their experiments, they injected magnetically carried target

Figure 4.20 Schematic illustration of a functionalized core–shell magnetic nanoparticle for targeted drug delivery. This nanostructured material consists of a ferrite core, a shell of silica, SiO2 ,
and functional groups attached to the shell layer. Pankhurst, Q.A., Connolly, J., Jones, S.K. and
Dobson, J. (2003). Applications of magnetic nanoparticles in biomedicine, Journal of Physics D:
Applied Physics, 36, R167–R181. Reproduced with permission of the Institute of Physics
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cytotoxic drugs, doxorubicin, to sarcoma tumors implanted in rat tails and demonstrated
the remission of the sarcomas. However, no remission was observed for drugs administered at ten times the dose but without the magnetic carrier. This pioneering work showed
promise in the use of magnetic drug delivery for highly efﬁcient cancer therapy. Since
then, a number of research groups have reported their work using swine, rabbits, and
rats for in vivo testing. Lübbe et al. conducted a Phase I clinical trial on ferroﬂuid for
14 patients and reported their success on directing ferroﬂuid to target sarcomas without obvious organ toxicity (Lübbe et al. 1996). Kubo et al. implanted magnets at solid
osteosarcoma sites in hamsters and used magnetic liposomes to deliver cytotoxic drugs
(Kubo et al. 2000). It was found that the magnetic drug delivery was able to deliver four
times the level of drugs provided by non-magnetic delivery. Meanwhile, signiﬁcantly
improved anti-tumor activity and minimized side effects were observed. A hybrid vector using HVJ-E (hemagglutinating virus of Japan-envelop) and magnetic nanoparticles
was developed to achieve enhanced transfection efﬁciency (Morishita et al. 2005). This
novel vector was able to transfer plasmid DNA, oligonucleotide and proteins into cells
rapidly by cell fusion. It is believed that the application of a magnetic force induces a
rapid attachment of HVJ-E and cells, thus resulting in higher transfection efﬁciency. Both
in vitro and in vivo studies were conducted to demonstrate the enhanced efﬁciency of
the HVJ-E system with modiﬁed magnetic nanoparticles. A model of the functionalized
graphite-encapsulated magnetic nanoparticles for drug delivery was proposed, as shown
in Figure 4.21 (Bystrzejewski et al. 2005). The magnetic core material is FeNdB. The
carboxyl groups on the nanoparticles’ surface can directly linked to targeting ligands,
drugs peptides, antibodies and receptors via covalent bonding. In a drug delivery process,
the drug-functionalized magnetic nanoparticles can be directed along a magnetic ﬁeld
gradient to transfect the appropriate cells and recognize the target ligand.
Magnetic hollow silica nanospheres, composed of a coating of Fe3 O4 magnetic nanoparticles and silica (∼10 nm) on nanosized spherical calcium carbonate (CaCO3 ) surfaces,
have been demonstrated in magnetic drug delivery (Zhou et al. 2005). Electron microscope
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Figure 4.21 A schematic model of the multi-functionalized graphite-encapsulated FeNdB
nanocrystal. (Bystrzejewski et al. 2005)
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Figure 4.22 (a) MRI image of tumorous hind limb after i.a. application of ferroﬂuids; (b) MRI
image of tumorous hind limb after i.v. application of ferroﬂuids. The area with a dotted circle
indicates the tumor region. ‘f’ indicates the head of the femur. (Alexiou et al. 2002)

observations indicated that a calcium carbonate nanosphere was coated with a thin silica ﬁlm embedded with magnetic nanoparticles. The superparamagnetic nanospheres were
immersed in ibuprofen solution and UV measurements revealed a 12wt % of drug loading.
When embedded inside the silica thin ﬁlm, magnetic nanoparticles are stable and can
maintain their magnetic function readily during biocycling. Therefore, these drug-loaded
magnetic nanospheres are expected to be an ideal carrier candidate in nanomedicine.
Alexiou et al. reported their testing of drug bound ferroﬂuid in cancer treatment for
rabbits (2002). Mitoxantrone bound ferroﬂuid (FF-MTX) was injected into tumor bearing rabbits (VX2 squamous cell carcinoma). After applying an external magnetic ﬁeld
of 1.7 T onto the tumor area for one hour, complete tumor remissions were observed
without any obvious side effects such as leucocytopenia, alopecia and gastrointestinal
disorders, etc. To study the distribution of the magnetic nanoparticles, they were labeled
with iodine and histological investigations and MR imaging were performed. Figure 4.22a
and 4.22b shows the left hind limb (implantation site) of two rabbits 6 hours after receiving intra-arterial and intravenous 50 % FF-MTX, respectively. In both images, the area ‘f’
is located at the head of the femur, and it appears to be hypodense. From Figure 4.22a, a
tumor is shown at the medial portion of the hind limb, as indicated by the dotted circle.
Conversely, intravenous FFMTX only shows a very discrete signal extinction, as can be
seen from Figure 4.22b. The experimental results suggested this type of mitroxantrone
bound ferroﬂuids to be a promising delivery system for anticancer agents (e.g. radionuclids, cancer-speciﬁc antibodies, anti-angiogenetic factors and genes, etc.) with strong and
speciﬁc therapeutic efﬁcacy.
The same research group also investigated the distribution of the chemotherapeutic
agent bound magnetic carriers in vivo (Alexiou et al. 2005). Again, they used VX2
tumor-bearing rabbits for treatment with mitoxantrone bound magnetic nanoparticles.
After incubating with ferroﬂuid-containing medium under an external magnetic ﬁeld for
one hour at room temperature, the structure of HeLa-cells and nanoparticle distribution
were observed by transmission electron microscopy. Figure 4.23 presents TEM images
showing ferroﬂuid (black spots) with a HeLa-cell. It was observed that the ferroﬂuids were
disseminated throughout the intracellular space. Further, it was also found that ferroﬂuids
were not taken up by the HeLa-cells after incubation at 4 ◦ C.
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Figure 4.23 (a) Transmission electron microscopic image of a HeLa-cell after ferroﬂuid incubation under an applied external magnetic ﬁeld (0.4 T). The visible black spots in the peripheral
area (frame) and disseminated in the intracellular space (marked with arrows) are the administered
ferroﬂuid; (b) magniﬁed TEM image of the frame showing the presence of ferroﬂuids in the peripheral area of a HeLa-cell (marked with arrows); (c) TEM image showing the presence of magnetic
nanoparticles in the intracellular space. Single particles (marked with arrows) might be surrounded
by starch polymers which are not visible by electromicroscopic observation. (Alexiou et al. 2005)

A special magnetic drug delivery for cancer treatment, named radionuclide delivery, was
developed and tested in vitro and in vivo in 1995 (Pankhurst et al. 2003). Different from
cytotoxic drug/magnetic carrier complex systems, this drug delivery does not require drug
release and the therapeutic agent remains attached to the magnetic carrier throughout the
whole treatment. So there is no need for tumor cells to take up the agent. The effectiveness
of the radionuclide occurs when it is targeted to a region of interest and the surrounding
tumor tissues are affected by radiation. To test this delivery system in vitro and in vivo,
a β-emitter (Y-90) was coupled to a magnetic carrier, and radiation concentrated to
the desired tumor area. From the tests, the magnetic radionuclide delivery exhibited a
signiﬁcantly higher radioactivity at the tumor area than using the same complex without
applying a magnetic ﬁeld. Following this study, Häfeli and his team demonstrated the use
of both yttrium-90 and rhenium-188 bounded magnetic carriers for cancer treatment in
both animal and cell culture studies (Häfeli et al. 2001).
Magnetic nanogels labeled with radiation isotope can be used as targeted radiopharmaceutical carriers for cancer treatment. To prepare magnetic nanogels attached with amino
groups, superparamagnetic Fe3 O4 nanoparticles were added to an emulsion-free aqueous system and underwent further Hoffmann elimination. This photochemical method
produced poly(acrylamide-vinyl amine) magnetic nanogels with a narrow size distribution (25–180 nm in center diameter). The as-prepared magnetic nanogels with core–shell
structure exhibit high dispersibility and stability, which offer potential radiopharmaceutical
carriers for cancer therapy. In radiotherapy of cancers, one of the most effective radioisotopes is L-histidine labeled with Re. During the loading process, magnetic nanogels with
average diameter of 78 nm and a polydispersity index of 0.217 were linked with Re
labeled L-histidine in the presence of glutaraldehyde in aqueous solution at room temperature (Sun et al. 2005). It was found that, under optimized reaction conditions, the Re
labeling efﬁciency of histidine-immobilized magnetic nanogels was around 97 %. When
the immobilization process occurred at 37 ◦ C over 2 days in calf serum, over 83 % of
radioactivity was retained. For comparison, magnetic nanogel labeling in the absence of
histidine under the same conditions showed only 21 % of radioactivity. Therefore this
type of radiation isotope-labeled magnetic nanogels with amino groups could be an ideal
targeted radiopharmaceutical carrier against cancers.

Therapeutic Applications

159

Extensive investigation on magnetic drug delivery has prompted investigations on magnetic carriers for gene therapy. It is likely that magnetic carriers’ surfaces are coated
with a viral vector with therapeutic genes and transported to the target area by applying
a magnetic ﬁeld. Then the virus contacts with the tissue while gene transfection and
expression start. Extracellular barriers cause short contact time of complexes and hinder
the uptake of the complex. Gersting and his team evaluated the feasibility of magnetofection, a technique based on the principle of magnetic drug delivery (2004). A
comparison was made of this technique with conventional nonviral gene transfer methods
such as lipofection and polyfection. Their gene transfection was performed on permanent (16HBE14o-) and primary airway epithelial cells (porcine and human), and native
porcine airway epithelium. Luciferase reporter gene expression, ﬂuorescence and electron
microscopy were used to examine the transfection efﬁciency and the morphology change,
respectively. It was shown that the magnetofections sedimented and enriched at the cell
surface quickly after applying a magnetic ﬁeld. For both permanent and primary airway
epithelial cells, their transfection efﬁciencies were enhanced. Based on the experimental results, magnetofection offers a potential method for gene transfection, and has the
potential to be used for in vivo applications due to the very fast speed of the process.
As demonstrated in the examples discussed above, there are several major advantages
of using magnetic nanoparticles in drug delivery. First, drug bound magnetic nanoparticles can penetrate through small capillaries and be taken up by cells. Secondly, the
movement of drug loaded magnetic nanoparticles can be readily controlled by an external
magnetic ﬁeld. Hence, accumulation of efﬁcient drugs at the target sites can be achieved.
Thirdly, biocompatible magnetic core–shell nanoparticles allow sustained drug release
over a period of time. Fourthly, after being injected into bodies, the drug uptake process can be visualized by MRI (Arruebo et al. 2007). Finally, unlike searching for new
molecules, magnetic drug delivery involves low-cost research, which reduces the cost
of drug loaded product. Despite many merits, there are some problems associated with
magnetic drug delivery. For instance, magnetic carriers themselves are not biodegradable
and may cause some toxic response over a long period. Additionally, the accumulation of
the magnetic carriers may cause a tough embolization of the blood vessels in the treated
area. Further, when applying this technique to human bodies, a magnetic ﬁeld with a safe
strength may not be effective due to the large distance between the target site and the
magnet. Pre-clinical and experimental investigations have been carried out to overcome
these limitations and improve the efﬁciency of magnetic drug delivery at a safe level.
4.3.2 Hyperthermia Treatment
Another major use of magnetic nanoparticles in therapeutic treatment is hyperthermia
treatment for cancers. Gilchrist et al. did the experimental investigations for the ﬁrst
time when they heated various tissue samples with γ -Fe2 O3 of 20–100 nm in diameter
by a 1.2 MHz magnetic ﬁeld (Gilchrist et al. 1957). Since then, studies have shown
the feasibility of using the hyperthermic effect generated from magnetic nanoparticles
by applying a high-frequency AC magnetic ﬁeld as an alternate therapeutic approach for
cancer treatment. Brieﬂy speaking, the hyperthermic effect is generated from the relaxation
of magnetic energy of the magnetic nanoparticles which is able to destroy tumor cells
effectively (Levy et al. 2002).
Hyperthermia is a common cancer therapy in which certain organs or tissues are heated
preferentially to temperatures between 41 ◦ C and 46 ◦ C. Artiﬁcially induced hyperthermia has been designed to heat malignant cells without destroying the surrounding
healthy tissue. When heated to a higher temperature (∼56 ◦ C), coagulation or
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carbonization may occur. This ‘thermo-ablation’ induces a completely different biological
response and hence is not considered as hyperthermia. A classical hyperthermia not only
causes almost reversible damage to cells and tissues, but also enhances radiation injury
of tumor cells (Jordan et al. 1999). For modern clinical hyperthermia trials, moderate
temperatures (42–43 ◦ C) are normally selected to optimize the thermal homogeneity in
the target area. It is true that the heating effect will change the dose-dependent behavior
of treated cells. However, the exact mechanism of thermal dose-response in hyperthermia
is still unknown. There are great difﬁculties in identifying the individual cell as the target for hyperthermia. Instead, hyperthermia affects most biomolecules including proteins
and receptor molecules. On the other hand, DNA damage by irradiation has been well
understood due to the highly speciﬁc interaction.
As far as the underlying physics of the heating effect in hyperthermia is concerned,
magnetic heating via magnetic nanoparticles essentially is determined by their sizes and
magnetic properties (Mornet et al. 2004). Magnetic nanoparticles can be divided into two
major categories: multi-domain and single-domain nanoparticles, which possess different
heating effects. Multi-domain nanoparticles usually have larger dimensions and contain
several sub-domains with deﬁnite magnetization direction for each. When they are exposed
to a magnetic ﬁeld, a phenomenon called ‘domain wall displacements’ occurs. This is
featured by growth of the domain with magnetization direction along the magnetic ﬁeld
axis and shrinkage of the other. Figure 4.24a depicts this irreversible phenomenon. It can
be seen that the magnetization curves for increasing and decreasing magnetic ﬁeld do not
coincide, and the area within the hysteresis loop represents the heating energy, named
‘hysteresis loss’, due to the AC magnetic ﬁeld. For single-domain nanoparticles, since
there is no domain wall, no hysteresis loss occurs leading to no heating. When exposed
to an external AC magnetic ﬁeld, rotation of magnetic moments from superparamagnetic
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Figure 4.24 (a) Typical hysteresis loop of a multi-domain magnetic nanomaterial; (b) schematic
of Neel rotation of magnetization in a static magnetic nanoparticle (the nanoparticle does not rotate);
(c) Brown rotation of a magnetic nanoparticle (the nanoparticle rotates as a whole). (Mornet et al.
2004)
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nanoparticles is assisted by the supplied energy which overcomes the energy barrier.
Then these nanoparticles undergo Néel relaxation in which their moments relax to their
equilibrium orientation. Simultaneously, heat is generated during this relaxation by thermal
dissipation. Figure 4.24b illustrates the Néel relaxation. The Néel relaxation time tN is
related to the temperature, and can be described as:
KV

tN = t0 e kT

(4.7)

where t0 ≈ 10−9 s, T is the temperature and k is the Boltzmann constant. The frequency
vN for maximal heating via Néel relaxation corresponds to the frequency of the maximum
imaginary component of the complex magnetic susceptibility χ  (v), and it can be obtained
from the equation 2πvN tN = 1. For both multi- and single-domain nanoparticles, rotational
Brownian motion in a carrier also generates heat. This rotation is caused by the torque
exerted on the magnetic moment by the AC magnetic ﬁeld, as shown in Figure 4.24c.
The Brown relaxation time tB is described as:
tB =

3ηvB
kT

(4.8)

where η is the viscosity of the carrier. vB is the frequency for maximal heating via Brown
rotation, corresponding to the hydrodynamic volume of the particle, and it is given by the
equation 2πvB tB = 1.
As discussed above, ferrimagnetic or ferromagnetic nanoparticles (multi-domain and
single-domain) generate magnetically induced heating under a AC magnetic ﬁeld. To
quantitate this heating, a formula is used:
PF M = µ0 f

H dm

(4.9)

which indicates the amount of heat generated per unit volume is related to the product
of the frequency multiplied by the area of the hysteresis loop. In this case, eddy currents
and resonance effects are ignored. For magnetic nanoparticles, PFM can be determined
from quasi-static measurements of the hysteresis loop by using a vibrating sample magnetometer (VSM) or superconducting quantum interference device (SQUID). Usually,
speciﬁc absorption rate (SAR) in units of Wg−1 is used to quote the heat generation from
magnetic nanoparticles. The heat generated per unit volume can be obtained by multiplying the SAR value by the density of the nanoparticles. It has been well documented
that the orientation and magnetized domains of magnetic nanoparticles are dependent on
their intrinsic features (elemental composition, crystallinity, magneto anisotropy, shape,
dimension, etc.) and microstructural features (impurities, grain boundaries, vacancies,
etc.). Generally, strongly anisotropic magnets such as Nd-Fe-B or Sm-Co exhibit substantial hysteresis heating. Since it is not possible to use fully saturated loops due to the
constraints on the amplitude of H, maximum PFM can only be obtained with a rectangular
hysteresis loop. However, this is almost impossible to achieve in vivo because only an
ensemble of uniaxial particles with perfect alignment with H could give the rectangular
loop. For this reason, it is reasonable to estimate around 25 % of the maximum value for
randomly aligned nanoparticles.
In magnetic hyperthermia treatment, after heat conducts into the area with diseased
tissues, the surrounding temperature can be maintained above the therapeutic threshold
of 42 ◦ C for about half an hour to destroy the cancer. It is of great importance for hyperthermia to minimize the heat effect on healthy cells. Assisted by magnetic nanoparticles,
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Figure 4.25 Animal trial data of hyperthermia treatments on rabbits. Preferential heating of tumor
cells using intra-vascularly infused ferromagnetic microparticles was conﬁrmed. () tumor edge,
() tumor centre, () normal liver 1–2 cm from tumor, (×) alternative lobe, and (♦) core body
temperature. Pankhurst, Q.A., Connolly, J., Jones, S.K. and Dobson, J. (2003). Applications of
magnetic nanoparticles in biomedicine, Journal of Physics D: Applied Physics, 36, R167–R181.
Reproduced with permission of the Institute of Physics

it is possible to heat the speciﬁc area while unacceptable coincidental heating of healthy
tissue is avoided. Figure 4.25 shows a preferential heating of tumor cells in hyperthermia
treatments in rabbits using intra-vascularly infused ferromagnetic microspheres (Pankhurst
et al. 2003). Likewise, ferromagnetic nanoparticles are able to ensure a similar localized
heating as well.
Although the hyperthermia treatment for cancer has been demonstrated with therapeutic
efﬁcacy in animal models, however, there have been no report of successful hyperthermia treatment for human patients. The major reasons are the necessities of an adequate
amount of magnetic nanoparticles and sufﬁciently high magnetic ﬁeld which are not safe
for human treatments. To date, laboratory research efforts on hyperthermia treatment for
animals have all used magnetic ﬁeld conditions which are not clinically acceptable. In most
instances, hyperthermia treatments with a reduced amount of magnetic nanoparticles and
reduced ﬁeld strength or frequency cannot be effective due to the reduction of heat generated. Simulations suggest a sufﬁcient level with heat deposition rate of 100 m W cm−3
to destroy cancer cells effectively in most circumstances. The practical frequency and
strength of the external AC magnetic ﬁeld are 0.05–1.2 MHz and 0–15 k Am−1 , respectively. On the other hand, sufﬁcient magnetic materials are needed to enrich around the
cancer tissues to generate enough heat for hyperthermia treatment. Direct injection of
ferroﬂuid into the tumor tissues is able to introduce a large amount of magnetic materials for heat generation. Antibody targeting and intravascular administration offer better
preference heating, but the problem here is the small quantity. It is estimated that about
5–10 mg of magnetic material concentrated in each cm3 of tumor tissues is able to generate
enough heat for tumor cell destruction in human bodies. Magnetite (Fe3 O4 ) and maghemite
(γ -Fe2 O3 ) nanoparticles are two common types used in hyperthermia treatments owing
to their appropriate magnetic properties and their excellent biocompatibilities. Several
examples will be given here.
The heat loss of maghemite nanoparticles covalently coated with polyethylene glycol
was studied (Hergt et al. 2004). These maghemite nanoparticles have an average diameter
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of 15.3 nm according to the TEM observation. The magnetic properties of aqueous ferroﬂuid consisting of maghemite nanoparticles were characterized by DC-magnetometry.
Measurement of susceptibility spectra in a frequency range between 20 Hz to 1 MHz and
calorimetric measurements of speciﬁc loss power (SLP) at 330 and 410 kHz for ﬁeld
amplitudes up to 11.7 kA/m were performed, showing an extremely high SLP value
in the order of 600 W/g. To investigate the role of Brownian relaxation, maghemite
nanoparticles were suspended in gel. The susceptibility spectra obtained from experimental measurements were in good agreement with the simulated results, which were
obtained by superposing Neel and Brown loss processes. Hergt’s work demonstrated the
very high speciﬁc heating power associated with maghemite nanoparticles in magnetic
hyperthermia treatment.
Hilger and his team demonstrated the use of biocompatible magnetic nanoparticles in
hyperthermia for breast cancer treatment (2005). Breast cancer is a very common disease
for women and its treatment is mostly associated with medicine. At present, breast cancers
can be diagnosed at an early stage due to the implementation of new techniques. Based
on the diagnostic results, appropriate treatments will be performed. Generally, minimally
invasive treatments, without any major deformation of the organ, are preferred for patients’
emotional and physical welfare. The techniques developed include chemoembolisation,
interstitial chemotherapy, cytotoxic agents, ultrasound treatments, intratumoral injection,
etc. Magnetic nanoparticles with their capabilities of localized accumulation and heat
generation were proposed for hyperthermia breast cancer treatment. In this treatment,
there are two different situations: the treatment of in situ tumors and multi-focal tumors.
At an early stage, breast cancer cells remain in their original area and have not grown
into the surrounding tissues. These in situ tumors are still small and conﬁned within the
borders of a duct or lobule. At such a stage, magnetically induced minimally invasive
treatment may produce an ideal effect on the tumors. Thus, as the ﬁrst implementation of
the treatment, magnetic materials can be directly applied to the tumor tissues via radiological stereotactic methods for tumor puncture. Hilger et al. conducted systematic research
on monitoring the localization of the magnetic materials, determining the temperature
regime and experimental testing in mice and rats. The magnetic materials employed in
their experiments were a mixture of core–shell nanoparticles consisting of magnetite and
maghemite cores 10–20 nm in diameter and a dextran coating layer. Assisted by the
dextran shell, antibodies and other biological entities can be coupled to the magnetic
nanoparticles readily. Preference heating at the area of interest is desirable. Ideally, the
nanoparticle dose which will be administrated into the bodies should be as low as possible. Applying an external magnetic ﬁeld with proper frequency and amplitude is critical
for speciﬁc heating. In the experiments, a ﬁeld with amplitude of 10 kA/m and frequency
of 410 kHz, which have been proved safe for animals, was used. Figure 4.26a and 4.26b
are two radiographs showing the typical macroscopic observations of a tumor bearing
mice before and after magnetic hyperthermia treatment, respectively. Compared with the
tumor before treatment, a collapse of the subcutaneously implanted tumor resulting from
the tumor cell destruction is obvious. This tumor destruction was deﬁnitely induced by
the magnetic hyperthermia effect on subcutaneously implanted tumors in mice. From the
radiographs, signs for the induction of coagulation necrosis including chromatin migration
along the nuclear envelope and nuclear pyknosis and DNA damage can be differentiated,
which provide additional evidence for the potential use of magnetic hyperthermia in breast
cancer treatment. According to the long-term effect resulting from heating, it is conceived
that the occurrence of hypertrophic granulation tissue is followed by healing through the
formation of keloid.
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Figure 4.26 Radiographs of a tumor bearing mouse by typical macroscopic observation; (a) before
magnetic tumor heating and (b) after magnetic tumor heating. Arrow indicates the tumor area.
(Hilger et al. 2005)

Yan et al. demonstrated the use of Fe2 O3 nanoparticles combined with magnetic ﬂuid
for hyperthermia treatment on human hepatocarcinoma SMMC-7721 cells in vitro and
xenograft liver cancer in nude mice (2005). Their experiments veriﬁed the signiﬁcantly
inhibitory effect of magnetic ferroﬂuid in weight and volume on xenograft liver cancer.
After inﬁltrating magnetic ferroﬂuid into the target tissues, a time-varied magnetic ﬁeld
was applied and its energy was transformed to heat energy by the magnetic nanoparticles
resulting in a temperature rise to 42–45 ◦ C. This generated heat is able to kill malignant tumor cells without injuring the normal cells nearby. The growth and apoptosis of
SMMC-7721 cells treated with the ferroﬂuids containing Fe2 O3 nanoparticles at various
concentrations (2, 4, 6 and 8 mg/ml) were examined by MTT, ﬂow cytometry (FCM) and
transmission electron microscopy (TEM) after 30–60 minute treatments. It was observed
that Fe2 O3 nanoparticles-based ferroﬂuid could signiﬁcantly inhibit the proliferation and
increase the ratio of apoptosis of SMMC-7721 cells. These dose-dependent inhibitions
were 26.5 %, 33.53 %, 54.4 %, 81.2 %, and 30.26 %, 38.65 %, 50.28 %, 69.33 %, for
inhibitory rate and apoptosis rate, respectively. It was also observed from animal experiments that the tumors became smaller and smaller as the dosage of magnetic ferroﬂuid
increased, as shown in Figure 4.27. The weight and volume inhibitory ratios were 42.10 %,
66.34 %, 78.5 %, 91.46 %, and 58.77 %, 80.44 %, 93.40 %, 98.30 %, respectively. In a
comparison of the control and experimental groups, each group exhibited signiﬁcant difference. According to histological examination, many brown uniform spots are located at
the stroma in the margin of the tumors, which are identiﬁed as iron oxide nanoparticles.
4.3.3 Eye Surgery
Magnetic ferroﬂuids consisting of superparamagnetic nanoparticles have potential applications in eye surgery (Dailey et al. 1999). Concerning the structure of the eye, its anterior
segment contains the aqueous humor and is bound by the cornea and lens-iris diaphragm,
while its posterior segment includes the vitreous (gel/ﬂuid), retina (neurosensory tissue),
and choroid (heavily vascular) behind the lens-iris diaphragm. A main reason for vision
loss is the detachment of the retina from the choroid, which serves to support retinal
photoreceptors. In the normal way, the retina and choroid are bound with each other, and
the subretinal space is maintained dry by a suction pump. When separation occurs, the
retina dies and consequently leads to vision loss. The detaching of the retina from the
underlying choroids is a normal part of aging. This process starts from liquefaction, collapse and separation of the vitreous gel from the retina, which may result in the formation
of a tear at the site of vitreoretinal adhesion. It is the pathway provided by the retinal
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Figure 4.27 Digital picture showing the morphological changes of tumors from tumor-bearing
nude mice treated by different methods. (A) Control experiment. The tumor was large with an
average volume of 290.94 ± 114.97 mm3 , and weight of 0.7070 ± 0.0475 g; (B) nonhyperthermia
experiment. Compared with the control experiment, the volume and weight of the tumors did not
show signiﬁcant difference; (C), (D), (E), and (F) hyperthermia experiments with Fe2 O3 nanoparticles concentrations of 2, 4, 6 and 8 g/l, respectively. The tumors are smaller and smaller from
C to E. Signiﬁcant differences in both volume and weight of the tumors are observed, when compared with the control experiment. Many nanoparticles were observed in dark color under the
envelope of tumors in nonhyperthermia and hyperthermia experiments. (Yan et al. 2005)

tear for vitreous ﬂuid to pass through as well as underneath the retina, which results in
the detaching of the retina.
In eye surgery for retina detaching, preventing additional ﬂuid ﬂow into the subretinal
space thus allowing retinal reattachment is usually achieved by closing the holes in the
retina. Currently, the available technique to treat retinal detachment is to use a scleral
buckle, consisting of a silicone band, to compress the wall of the eye and hence close the
holes in the retina. The strategy of the work of Dailey and his team was to develop an
internal tamponade made from silicone ﬂuid containing stabilized magnetic nanoparticles
(4–10 nm in diameter). This tamponade was then held in place with an external magnetized scleral buckle. When applied on the eye, a ring of silicone coil in apposition to the
retinal periphery was produced by encircling the magnetized scleral buckle and magnetic
ﬂuid. Figure 4.28 illustrates the internal tamponade using silicone magnetic ﬂuids. One
advantage of this technique is that no contact exists between the magnetic ﬂuid and the
lens, anterior chamber structures and macula because of the absence of magnetic ﬂuid
in the central vitreous cavity. Therefore the complication of the treatment modalities is
reduced. Preparation of stable silicone magnetic ﬂuids is key for this application. Nitrile
containing triblock copolymers, (PDMS-b-PCPMS-b-PDMS)s, are effective stabilizers for
this purpose. It can be prepared by living polymerization of D3 using lithium silanolate
ended poly (3-cyanopropyl) methylsiloxane as the macroinitiator. The triblock copolymers
have microphase separated morphologies and are transparent liquids with high viscosities.
The practical application of ferroﬂuid in eye surgery has not yet been realized. However,
it is expected that magnetic nanoparticles could potentially be utilized to treat retinal
detachment.
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Figure 4.28 Schematic diagram of the internal tamponade using silicone-based magnetic ferroﬂuids. (Dailey et al. 1999)

4.3.4 Antitumor Effects
We have discussed the applications of magnetic nanoparticles in cancer treatments. Their
antitumor effects are either caused by the drugs carried by the magnetic nanoparticles or
by hyperthermia effects induced by an external magnetic ﬁeld. Interestingly, it was found
that magnetic nanoparticles themselves exhibited antitumor effects.
Previous experiments on mammary adenocarcinoma revealed that injected biocompatible magnetic ﬂuid determined the lysis of the tumor cells. An interesting phenomenon
was observed regarding the signiﬁcant difference of magnetic nanoparticles endocytosis
by tumor cells and normal cells. Tumor cells are able to take up a large quantity of magnetic nanoparticles from an extracellular matrix while nanoparticles in normal cells are
not present. In a typical process, a magnetic ﬂuid is injected into the tumor area, where
unspeciﬁc nanoparticles endocytosis by tumor cells initiates within from 20 minutes to
12 hours. After the tumor cells are overloaded with magnetic nanoparticles, the lysis process starts gradually. As to the reason for the antitumor effect of magnetic nanoparticles,
supply depletion due to the endocytosis of magnetic nanoparticles could be attributed to
the tumor lysis. In tumor tissue, food and oxygen supplies are needed for cell proliferation
and vascular network alteration of tumor cells. When exposed to an excess amount of
magnetic nanoparticles, the tumor cells may lose their speciﬁc endocytosis of necessary
supplies and take up excessive foreign particles in competition to survive. Consequently,
the proliferation of tumor cells is suppressed resulting in tumor lysis. Experiments conﬁrmed that the nanoparticle endocytosis by tumor cells was not dependent upon the
concentration of magnetic ﬂuid used. Of course, it is desirable to achieve a suitable
nanoparticle concentration in the tumor area for optimal antitumor effect. The magnetic
properties of magnetic nanoparticles make it possible to use an external magnetic ﬁeld
to retain the magnetic nanoparticles in certain areas for efﬁcient cell endocytosis and to
avoid dispersion of magnetic nanoparticles.
In cancer treatment with magnetic nanoparticles only, the stability of ferroﬂuid is important for both target transportation and endocytosis of the tumor cells. It was observed that
magnetic nanoparticles could be taken up by coated pit mediated endocytosis and phagocytosis. Therefore the ﬁrst prerequisite step is to prepare a stable magnetic ﬂuid. Magnetite
nanoparticles Fe3 O4 were selected to prepare the magnetic ﬂuid mainly due to the fact that
this colloidal magnetic iron oxide can undergo metabolism and can be excreted from the
body readily (Sincai et al. 2005). The average size of magnetic nanoparticles ranged from
10 to 15 nm. An unsaturated fatty acid, laurel acid, was used as the stabilizer in magnetic
ﬂuid preparation. Compared with saturated fatty acids, unsaturated fatty acids are easier to
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Figure 4.29 (a) Microscope image of smear from cat mammary tumor with tumor glandular
cells after staining by Perls’ method. This sample was taken before magnetic ferroﬂuid injection;
(b) biopsy from cat mammary tumor at 1 hour after magnetic ﬂuid injection. The arrows indicate
tumor cells overloaded with magnetic nanoparticles which aggregated into solid clumps; (c) section
through cat mammary tumor obtained two months after the magnetic ﬂuid inoculation. The arrows
indicate tumor cells overloaded with magnetic nanoparticles. (Sincai et al. 2005)

degrade in the body. The prepared magnetic ﬂuid was biocompatible and had a saturation
magnetization of about 80 Gs. Animal tests were performed on cats for treatment. Before
treatment, ﬂuid samples were taken from the tumors by needle puncture for cytohistological examination followed by adenocarcinoma diagnosis. For better microscopy imaging,
the May Grunwald-Giemsa method was applied to stain the sample smears. Figure 4.29a
is the optical image of a stained smear from a cat mammary tumor before magnetic ﬂuid
injection. Many large tumor-speciﬁc glandular cells are clearly shown. After magnetic
ﬂuid inoculation into cat mammary tumors directly, an external magnetic ﬁeld of 0.1 T
was applied close to the mammary tumor gland and maintained for 20–30 minutes. After
one hour, a tumor sample was retrieved from one animal, and the sample smear was
stained by Perls’ method. As shown in Figure 4.29b, many magnetic nanoparticles were
loaded with tumor cells.
Further analysis was performed after two months. Again, the sample obtained from
the tumor was stained for microscope observation. It was found that some necrosis foci
and black clusters of organic and ferrite residua existed after rejection in the tumor tissue
of mammary glands. Figure 4.29c is a high magniﬁcation image showing solid clumps
agglomerated from ferrite clusters. Microscope observations clearly revealed tumor cell
destruction by magnetic ﬂuid after two months. This experiment demonstrated that the
overloading of magnetic nanoparticles induces the tumor cells’ destruction. It seems
that tumor cell lysis is determined by the magnetic properties of nanoparticles. When

168

Biomedical Applications of Magnetic Nanoparticles

these small magnets enter into the cells, the intracellular metabolism can be affected by
the change of plasmalemma’s electric and chemical potentials. It was suggested that the
existence of magnetic nanoparticles could stop the microtubule assembly and block the
spindle division. As a result, the growth of the tumor cells was stopped and they were
removed by macrophages after a lysis process. It is believed that the overloading of the
magnetic nanoparticles is important for this antitumor effect. Tumor cells are able to take
up up to ten times more magnetic nanoparticles than normal cells. Since the tumor cells
are not able to get rid of the nanoparticles, they could disturb the metabolism of the cells.

4.4 Physiological Aspects
Since magnetic nanoparticles are always introduced into living bodies for both diagnostics and therapeutic treatments, it is of importance to consider the physiological aspects
of magnetic nanoparticles/ﬂuids for any biomedical application. First of all, magnetic
nanoparticles/ﬂuid should be safe and effective so that they can be used successfully in
animals and human beings. Studies have been conducted to investigate the physiological
effect of magnetic ﬂuid in magnetically controlled drug delivery.
In magnetic drug delivery systems, ferroﬂuids consisting of magnetic nanoparticles
serve as the drug carrier for delivery purposes. Investigation of the biological effects,
bioavailability of the ferroﬂuids and their in vivo desorption time of the anticancer drug
epirubicin is necessary to fully understand the underlying mechanism of action on the
tissue at the microcirculatory level. Sometimes, magnetic drug delivery needs to be realized via a developed collateral circulation because of the possible tumor embolization.
In addition to biological and technical details of ferroﬂuids, physiological parameters
determine the efﬁcacy of therapeutic treatments. The physiological parameters come from
ferroﬂuid/drug complexes, magnetic ﬁelds and the targeted organisms. For ferroﬂuid/drug
complexes, critical physiological parameters include particle size, surface characteristics
of the particles, concentration of the ﬂuid, volume of the ﬂuid, binding strength of the
drug/ferroﬂuid binding, desorption characteristics, accessibility to the organism and ferroﬂuid administration, etc. The physiological parameters relevant to the magnetic ﬁeld
are the geometry, strength and duration of the applied magnetic ﬁeld. As regards patient
organisms, important physiological parameters are size, weight, body surface, blood volume, cardiac output and systemic vascular resistance, circulation time, tumor volume
and locations, vascular content of tumor and blood ﬂow in tumor. For cancer treatment,
it is desirable to introduce the minimum amount of magnetic ﬂuid loaded with sufﬁcient effective drug and apply the magnetic ﬁeld at a safe strength and for the minimum
duration. To achieve optimal treatment, physiological parameters need to be adjusted. For
instance, adjusting of ferroﬂuid/drug and magnetic ﬁeld characteristics is highly necessary
according to the animal species to be treated and their sizes.
Speciﬁcally for in vivo drug delivery, precise quantiﬁcation of the ferroﬂuid in the
microcirculation of the target tumor tissues and drug desorption kinetics can be realized
by microcirculatory techniques and ﬂuorescent labeling. Magnetic nanoparticles not only
are conﬁned within microvessels of normal tissues, but could extravasate into the tumor
interstitial space. Also, when labeled with ﬂuorescent dyes, the drug desorption under
the applied magnetic ﬁeld can be visualized, which provides useful information for the
distribution kinetics of the ferroﬂuid in vivo upon systemic intravenous applications. In this
case, the reversible binding of drugs to the nanoparticles can be measured and determined.
In vivo experiments on animals have generated valuable information about the physiological data, both macro- and microcirculatory, for effective magnetic drug delivery.
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Although these data from animals may arrive at approximations for complex new drug
delivery forms in human beings, improvements are still required to make magnetic drug
delivery a more effective therapy for human beings. It is apparent that further improvement can only be made through patient trials. From the physiological point of view,
ferroﬂuid/drug complexes and their infusion scheme/route are more easily modiﬁed than
magnetic ﬁeld and other physiological variables. In particular, magnetic nanoparticle size,
binding between particles and drugs, ferroﬂuid concentrations and volumes are primary
parameters to be further optimized. Infusion routes for ferroﬂuids are arterial injection,
intravenous injection and direct tumor injection. It seems the latter two are preferable
infusion routes. Further, the amount of the injected ferroﬂuid and the duration time for
magnetic ﬁeld application need to be determined based on perfused tumor blood vessels
for successful treatment. When treatments are switched from small to large animals and
eventually to human beings, mathematical extrapolations are usually used to estimate the
optimal physiological parameters for the ﬁrst patient trials. But optimization of the system
towards the best efﬁcacy of the treatment is mandatory through further clinical studies.
Only with optimized physiological parameters could the magnetic drug delivery be utilized to speciﬁcally treat tumors and infectious sites with drugs, cytokine-induced killer
cells, biological response modiﬁers, gene products, etc. (Lübbe et al. 1999).

4.5 Toxic Effects
The health and safety issues related to synthetic nanostructured materials are concomitant with the developing nanotechnology. On one hand, nanotechnology aims to take
advantage of nanomaterials and nanodevices with extraordinary performance and less consumption of energy. On the other hand, the development of nanotechnology has to face the
nanomaterial-related safety problem with potential hazards and risks for humans and environments. To some extent, nanotechnology is only adaptable in areas where the potential
advantages will exceed potential risks and where the potential risks can be well controlled.
For humans, exposure to nanoparticles (dimension less than 100 nm) has occurred
throughout their evolutionary stages. However, such exposure has increased dramatically
for the past several decades, mainly due to synthetic nanoparticles. Numerous nanomaterials can be prepared by modern chemical or physical methods. Most currently employed
nanoparticles are made of transition metals, carbon, silicon and metal oxide, which may
cause severe safety problems after inhalation, ingestion, skin uptake and injection by
human bodies. It is well known that nanoparticles with large surface-to-volume ratio
result in unfavorable biological responses. They can be absorbed via the lung when
inhaled, and absorbed across the gastrointestinal tract when swallowed (Arruebo et al.
2007). However, it is not easy to generalize the toxicity of nanoparticles because their
toxicity is determined by many material characteristics such as chemical composition, particle dimension, solubility, surface chemistry, shape and structure, crystallinity, as well
as many physiological factors such as dose, method of administration, biodegradability,
pharmacokinetics, biodistribution, etc.
Nanotoxicology is deﬁned as safety evaluations of engineered nanostructured materials
and nanomaterial-based nanodevices. Emerging concepts of nanotoxicology have been
identiﬁed from the combination of biokinetic, epidemiologic and toxicologic studies with
airborne ultraﬁne nanoparticles. It was found that nanoparticles were biologically active.
In terms of toxicity, these biological activities may lead to a potential for inﬂammatory and
pro-oxidant, but also antioxidant activities (Oberdörster et al. 2005). Studies have revealed
some toxicological effects of nanoparticles for human beings. When contacting with skins,
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airborne nanoparticles are able to penetrate the skin and distribute in lymphatic channels.
If nanoparticles are inhaled, they will deposit in all regions of the respiratory tract through
diffusion. Because of their ultraﬁne dimension, they are able to be ingested by cells efﬁciently. Meanwhile, they could be transported across epithelial and endothelial cells into
the blood and lymph circulation and reach sensitive target organs such as heart, spleen, etc.
Neuronal experiments have shown nanoparticles’ translocation along neurites to access
the central nervous system and ganglia. It is necessary to point out that endocytosis and
biokinetics are largely determined by the surface chemistry and surface modiﬁcations of
nanoparticles. Hence toxicological effects of nanoparticles can be signiﬁcantly reduced
by coating biocompatible materials outside of the nanoparticles. Additionally, for further
safety improvement, careful selections of appropriate doses/concentrations and the likelihood of increased effects in a compromised organism need to be considered. Information
about detailed toxicological effects of nanomaterials is a must for further bioapplications
of nanomaterials. Concerted effort is urgently required to develop methodologies and protocols concomitant with the implementation of toxicity studies (Warheit 2004). Thus an
appropriate risk assessment, conducted by interdisciplinary teams in the ﬁelds of materials
science, chemistry, toxicology, medicine, molecular biology and bioinformatics, needs to
be arrived at for this nanotoxicology research.
For magnetic nanoparticles, studies on their toxic effects have been initiated owing
to their versatile in vivo bioapplications. It was interesting to note that large magnetic nanoparticles exhibited higher cytotoxicity than smaller ones (Arruebo et al. 2007).
This result was obtained by normalization of the surface area due to their different
surface-to-volume ratios. In many cases, magnetic nanoparticles were injected into living
bodies and allowed to stay for a period of time for either diagnostic or therapeutic purposes. Therefore, in addition to acute toxicity, long-term toxicity including degradation
and stimulation of cells with subsequent release of inﬂammatory mediators should be
seriously considered.
Apparently, studies on the toxicity of nanomaterials can start from in vitro testing, in
which nanoparticles are incubated with tissues from cell cultures histologically. However,
these in vitro toxicity tests have limited applications because of the different cytotoxicities
of the same nanomaterial in vitro and in vivo. It is true that degradation products can be
eliminated continuously from the application site in vivo (Neuberger et al. 2005). Thus
the cytotoxicity is usually much lower in vivo than in vitro. There are two important
criteria for nanoparticles in in vivo applications. First, the nanoparticle colloidal should
be hydrophilic and its pH value should be close to 7.4. The second is the requirement that
nanoparticles should be degraded and eliminated by the body system without residues in
order to avoid nanoparticle accumulation in cell compartments (e.g. liposomes and tissues
from the phagocytosis system).
Kim et al. conducted research to test the toxicity of core–shell magnetic nanoparticles
(Kim et al. 2006). They administered silica covered magnetic nanoparticles intraperitoneally into mice and observed their distribution and toxic effects. After 4 weeks, it
seems, nanoparticles penetrate the blood-brain barrier since nanoparticles were observed
in the brain. Most importantly, apparent toxicity was not observed indicating that the existence of magnetic nanoparticles does not disturb the brain’s function. Similar results were
obtained with experiments done on diverse organs such as liver, lungs, kidneys, spleen,
heart, testes and uterus. Their study demonstrated that magnetic nanoparticles with 50 nm
in diameter did not have apparent toxicity, at least under the experimental conditions of
that study.
Another feasible toxicity test in vivo was conducted to study the LD50 dosage, the
mitotic index and effects on macrophages for radioactive magnetic nanoparticles with
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80 nm in diameter (Neuberger et al. 2005). Nanoparticles were injected into mice and
the studied parameters included the distribution of radioactivity within different tissues
using a special indicator for Feisotopes, the relaxation time of liver and spleen in MRI,
pathology of several organ systems by means of histology, the mutagenicity by means of a
special test (Ames Salmonella Microsome Reverse Mutation Assay), the capability to treat
a previously induced iron deﬁcit anemia and chemscreen of blood and urine. After injection, nanoparticles were detected in both liver and spleen. Also, decrease of nanoparticle
concentration was observed, indicating the incorporation of nanoparticles into the
hemoglobin of erythrocytes. Even in the case of injections with large dosage (up to
3 mole Fe/kg), no acute or subacute toxic side effects were displayed.
Lacava et al. tested the biocompatibility of magnetic nanoparticles-based magnetoliposomes in potential thermal cancer therapy systems (Lacava et al. 2004). In their experiments, a bolus dose of magnetoliposomes were administered into adult female Swiss mice
via endovenous treatment. Morphology and room temperature magnetic resonance studies
were then conducted from 1 hour to 28 days after administration. The biocompatibility
of magnetic nanoparticles was conﬁrmed because of the absence of morphological alteration. According to the histological studies, magnetic nanoparticle clusters were detected
without any concentration change in both liver and spleen tissues up to 28 days. This
study also demonstrated that important pharmacokinetic parameters for liver and spleen,
including the effective clearance and peak concentration, could be obtained from magnetic
resonance studies.
To successfully take advantage of magnetic nanoparticles in potentially versatile bioapplications, both in vitro and in vivo, further studies on nanotoxicity are needed to understand the biological fate and potential toxicity of nanoparticles.
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5
Magnetosomes and their
Biomedical Applications
5.1 Introduction
5.1.1 Magnetotactic Bacteria and Magnetosomes
Magnetotactic bacteria (MTB) have the ability to align in and navigate along geomagnetic
ﬁeld lines (Komeili 2007; Lang and Schuler 2006). This ability is mainly due to the existence of magnetosomes, which are intracellular magnetic crystals enclosed by membranes.
MTB and magnetosomes are at the center of a variety of interdisciplinary efforts, and
various applications of magnetotactic bacteria and magnetosomes have been developed
in diverse disciplines from geobiology to biotechnology. Magnetosomes can also be used
as a model system for the study of biomineralization and cell biology in bacteria.
The basic mechanism for the ability of magnetotactic bacteria to use geomagnetic ﬁelds
for orientation and navigation can be analyzed using transmission electron microscopy
(Komeili 2007). As shown in Figure 5.1, in a magnetotactic bacterium, there are one or
more chains of magnetosomes, and these chains are ﬁxed within the bacterium making
it passively aligned in external magnetic ﬁelds. In most magnetotactic bacteria, magnetosomes are either magnetite (Fe3 O4 ), or greigite (Fe3 S4 ). However, it is reported that there
is one type of marine bacteria that contains both magnetite magnetosomes and greigite
magnetosomes (Bazylinski et al. 1995). Usually, magnetosomes have a permanent magnetic dipole in the order of 10−12 emu (ergs/G). In a natural environment, a magnetic
bacterium is oriented as it swims by the torque exerted by the geomagnetic ﬁeld on its
magnetic dipole (De Waard et al. 2001).
5.1.1.1 Distribution of Magnetotactic Bacteria
Usually, magnetotactic bacteria can be found in chemically stratiﬁed water columns or
sediments, and they exist mostly in or below the microaerobic redox transition zone,
between the aerobic zone of upper waters or sediments and the anaerobic regions. Different kinds of magnetotactic bacteria have been isolated from sediments in diverse aquatic
environments, such as marine, river, lake, pond, beach, estuary, drains and wet soil. The
magnetotactic bacteria with magnetite usually exist in the transition zones between the
oxygen-rich and the oxygen-starved water and sediment. Most magnetotactic bacteria
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
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Magnetosome

Figure 5.1 Transmission electron micrograph of magnetotactic bacteria, magnetospirillum magneticum AMB-1. (Komeili 2007)

can only live in environments with very limited oxygen, and some types of magnetotactic bacteria can only survive in environments that are completely anaerobic. Usually,
magnetotactic bacteria with greigite exist in strictly anaerobic environments.
It is very interesting that magnetosome-like structures and magnetic minerals can also
be found in eukaryotic organisms. Algae, ﬁsh, termites, pigeons, honeybees and even
humans have been shown to have magnetic particles, and sometimes it appears that
these magnetic particles participate in the direction-sensing behavior of the organism.
As magnetosome-like chains of magnetite have survived in sediments for quite a long
time, bacterial magnetite can be used as ‘magnetofossils’ to survey the history of life in
ancient rocks and even to search for life signatures in extraterrestrial samples. Therefore,
magnetotactic bacteria have the potential to be a relatively simple and genetically tractable
model system for understanding fundamental evolutionary and mechanistic aspects of
biomineralization (Komeili 2007).
5.1.1.2 Basic Structures of Magnetotactic Bacteria
Magnetotactic bacteria are motile prokaryotes, which can swim following the lines of
the geomagnetic ﬁeld, with their ﬂagella. Different types of bacteria may have different
arrangements of ﬂagella, which may be polar, bipolar or in tufts. Moreover, the arrangement of magnetosomes inside the bacterial cell also shows considerable diversity. In most
of the magnetotactic bacteria, the magnetosome chains with various lengths and numbers
are aligned parallel to the axis of the bacteria, as this direction has the highest magnetic
efﬁciency. But in some magnetotactic bacteria, dispersed aggregates or clusters of magnetosomes can be found at one side of the bacterium, usually corresponding to the site
of ﬂagellar insertion (Frankel and Bazylinski 2004).
All magnetotactic bacteria contain magnetosomes enveloped by a membrane vesicle,
adjacent to the cytoplasmic membrane. The magnetosome membrane, usually about 3
to 4 nm thick, attaches the magnetosome crystals to particular positions inside the cell,
and it also provides biological control on the nucleation and growth of the magnetosome
crystals. The magnetosome membrane in the genus Magnetospirillum is a lipid bilayer
consisting of neutral lipids, free fatty acids, glycolipids, sulfolipids and phospholipids
(Frankel and Bazylinski 2004). It is generally accepted that magnetosome vesicles are
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Figure 5.2 Transmission electron micrographs of M. gryphiswaldense cells showing the magnetosome chain and isolated magnetosomes. (a) Single M. gryphiswaldense cell with the magnetosome
chain localized at mid-cell; (b) enlarged view of the magnetosome chain; (c) ultrathin section
of a M. gryphiswaldense cell with magnetosomes; (d) isolated magnetosome particles with intact
magnetosome membranes. The magnetosome membrane is indicated by arrows. The bar in (a) is
0.5 µm, and the bars in (b) and (c) are 0.1 µm. Lang, C. and Schuler, D.(2006). Biogenic nanoparticles: production, characterization, and application of bacterial magnetosomes, Journal of Physics:
Condensed Matter , 18, S2815–S2828. Reproduced by permission of the Institute of Physics

formed before the deposition of the mineral crystals, because empty and partially empty
membrane vesicles can be found in iron-starved bacteria.
Generally speaking, one magnetotactic species exclusively produces one type of magnetosomes, either magnetite or greigite, and the only exception found is one marine organism
that produces both magnetite and greigite magnetosomes. As shown in Figure 5.2, the
magnetosomes in a magnetotactic bacterium are organized into chains along the axis of
the bacterium. The magnetosomes in each species have a narrow size distribution and consistent morphologies, and the magnetosomes in chains have a consistent crystallographic
orientation. The formation and arrangement of magnetosomes are realized intracellularly
in magnetotactic bacteria, under the strict control of magnetotactic bacteria (Lang and
Schuler 2006; Frankel and Bazylinski 2004).
Though magnetotactic bacteria exhibit great diversity, they possess important common
features (Bazylinski and Frankel 2004). They are all Gram-negative, and all of them can
move based on self-propulsion. They all contain magnetosomes, and a negative tactic
and/or growth responses to atmospheric concentrations of oxygen.
5.1.2 Basic Properties of Magnetosomes
In a magnetotactic bacterium, magnetosomes are formed under strict biological and chemical controls (Bazylinski and Frankel 2004). In the mineralization procedure, the mineral
composition of the magnetosomes is under strict chemical control. For example, some
cultured magnetotactic bacteria synthesize magnetite instead of greigite, even in the presence of hydrogen sulphide in the growth medium. Furthermore, the magnetite crystals in
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magnetosomes have high chemical purity, and the impurity levels of other metal ions in
the crystals are extremely low. In addition, no proteins can be found in magnetite magnetosome crystals. In the following, we discuss the morphologies, magnetic properties and
crystalline structures of magnetosomes.
5.1.2.1 Morphologies and Magnetic Properties of Magnetosomes
Magnetosomes exhibit a wide range of morphologies. Figure 5.3 shows the typical
morphologies and intra-cellular organizations of magnetosomes in different kinds of magnetotactic bacteria. The magnetic crystals may have various morphologies, and can be
arranged in one, two or multiple chains; they may also be irregularly arranged. It should

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.3 Typical morphologies and intra-cellular organizations of magnetosomes in different
kinds of magnetotactic bacteria. The magnetic crystals may have the following shapes: cuboctahedral (a), elongated hexagonal prismatic (b, d, e, f) and bullet-shaped morphologies (c). The particles
are arranged in one chain (a, b, c), two chains (e) or multiple chains (d), and they may be irregularly
distributed (f). The bars in the pictures represent 100 nm. (Schuler and Frankel 1999)
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be noted that though magnetite and greigite magnetosome crystals exhibit various particle
morphologies, they are consistent in a single magnetotactic bacterial species.
The morphology, size and intracellular organization of magnetic crystals are under a
species-speciﬁc biological control, and such control is genetically regulated by a speciﬁc
set of genes within the genome of magnetotactic bacteria (Lang and Schuler 2006). The
magnetosome membrane plays an important role in the control of crystal growth by providing spatial constraints for shaping of species-speciﬁc crystal morphologies. To realize
biomineralization of magnetic crystals, a precise regulation of the redox potential, pH and
the prevalence of a supersaturating iron concentration within the vesicle is required, and
the magnetosome membrane plays important roles in the transport and accumulation of
iron, the nucleation of magnetic crystals and the control of redox and pH value.
The size of magnetosomes in a magnetotactic bacterium is crucial for the magnetic
properties of the bacterium. Typically magnetosome magnetite and greigite crystals have a
length in the range of 30 to 130 nm. In this size range, both magnetite and greigite crystals
have permanent, single-magnetic-domain (PSD) structures. They are uniformly magnetized, and have the maximum magnetic moment per unit volume. Magnetic crystals whose
size is larger than the PSD size are non-uniformly magnetized due to their multi-magnetic
domain structures, and this greatly decreases their magnetic dipole moments. However,
magnetic crystals smaller than PSD size exhibit superparamagnetism, and thus have zero
remanent magnetization. Therefore, the magnetosomes produced by magnetotactic bacteria have the optimum particle size so that they possess the maximum permanent magnetic
dipole moment (Frankel and Bazylinski 2004). Usually the magnetic moment of a magnetite crystal is about three times of that of a greigite crystal with the same shape and
size.
The arrangement of the PSD magnetosomes also plays an important role in determining
the magnetic properties of a magnetotactic bacterium. For magnetosomes arranged in
chains, the magnetic interactions between the magnetosomes make each magnetosome
moment orient spontaneously along the chain axis and in parallel with others. So the whole
magnetic moment of a magnetosome chain can be obtained by algebraically summing the
magnetic moments of the individual magnetosomes in the chain. It should be noted that
chain arrangements in magnetotactic bacteria are achieved because the magnetosomes are
physically constrained by the magnetosome membranes in the chain conﬁguration (Frankel
and Bazylinski 2004). If the magnetosome crystals are free to ﬂoat in the cytoplasm, they
may tend to aggregate, and such an aggregation has a much smaller net dipole moment
than a magnetosome chain with the same number of magnetosome crystals.
Finally, it should be noted that while most of the mature magnetosome crystals are in
the PSD size range, the crystal sizes can be genetically modiﬁed. As shown in Figure 5.4,
magnetic particles isolated from a mutant strain exhibit a narrower size distribution and
smaller diameters than those from the wild-type strain. Due to their small sizes, the
magnetic particles isolated from a mutant strain are usually superparamagnetic (Hoell
et al. 2004).
5.1.2.2 Crystalline Structures of Magnetosomes
The magnetic properties of magnetosome crystals are related to their crystalline structures,
and knowledge of the crystalline structures of magnetosomes is helpful for the study
of the formation mechanism of magnetosomes and for the development of biomedical
applications of magnetosomes. We discuss below the crystalline structures of magnetite
and greigite crystals in magnetosomes.

180

Magnetosomes and their Biomedical Applications

(a)

(b)

Figure 5.4 Electron micrographs of magnetosomes isolated from: (a) M. gryphiswaldense mutant
strain (MSR1K) with reduced particle size, and (b) from the wild-type strain (MSR-1). The bars in
the pictures represent 50 nm. Lang, C. and Schuler, D.(2006). Biogenic nanoparticles: production,
characterization, and application of bacterial magnetosomes, Journal of Physics: Condensed Matter,
18, S2815–S2828. Reproduced by permission of the Institute of Physics

(1) Magnetosome Magnetite Crystals
Magnetite forms from a precursor, an amorphous iron oxide phase. Generally speaking, the
magnetite crystals in magnetotactic bacteria have high structural perfection. It is thought
that, as shown in Figure 5.5, all the morphologies of magnetosome magnetite crystals
can be obtained by combining the {111}, {110} and {100} forms with some distortions
(Frankel and Bazylinski 2004). In the cuboctahedral crystal morphology, the symmetry
of the face-centered cubic spinel structure is preserved, and all the symmetry-related
crystal faces are developed equally. While in the elongated and prismatic morphologies,
some of the symmetry-related faces are unequally developed, and this may be due to the
anisotropic growth conditions, for example, an anisotropic ion ﬂux into the magnetosome
membrane.
(2) Magnetosome Greigite Crystals
Some marine, estuarine and salt-marsh magnetotactic bacteria contain iron sulﬁde magnetosomes, which mainly consist of greigite (Fe3 S4 ). Greigite-producing magnetotactic
bacteria mainly include a multicellular, magnetotactic prokaryote and various relatively
large, rod-shaped bacteria, though none of them is currently available in pure culture
(Frankel and Bazylinski 2004). The greigite crystals in the magnetosomes are developed from their nonmagnetic precursors, such as tetragonal FeS and sphalerite-type
cubic FeS. Typical crystalline structures of magnetosome greigite crystals are shown
in Figure 5.5. Similar to magnetosome magnetite crystals, magnetosome greigite crystals
have species-speciﬁc morphologies.
5.1.3 Magnetotaxis and Magneto-aerotaxis
Magnetotaxis refers to the orientation and navigation of magnetotactic bacteria along
magnetic ﬁeld lines, while aerotaxis refers to the movement of magnetotactic bacteria
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Figure 5.5 Morphologies of Fd3m magnetite and greigite crystals comprising the low index forms
{100}, {111} and {110}. Anisotropic growth causes symmetry breaking in all but the cuboctahedron
(lower left). (Frankel and Bazylinski 2004)

along or opposite to the gradient of oxygen concentrations. It has been demonstrated that
in magnetotactic bacteria, magnetotaxis and aerotaxis work together, and this behavior is
usually called magneto-aerotaxis.
Magnetotaxis of a magnetotactic bacterium is its passive orientation along the local
magnetic ﬁeld due to the torque exerted by the magnetic ﬁeld on the magnetic dipole
moment of the bacterium (Bazylinski and Frankel 2004). As the magnetosomes in magnetotactic bacteria are usually arranged in chains, and the chain of the magnetosome particles
is ﬁxed in the magnetotactic bacterium, the torque exerted on the magnetic dipoles by the
geomagnetic ﬁeld can orientate the whole magnetotactic bacterium. Usually a chain of 10
to 20 magnetosomes with dimension 50 nm would have sufﬁcient magnetic moment for
orientating the magnetotactic bacterium.
Similar to most of the free-swimming bacteria, magnetotactic bacteria are self-driven,
and their movements are based on the rotation of their helical ﬂagella. Magnetotactic
bacteria are passively oriented because of their magnetosomes, and actively migrate along
the geomagnetic ﬁeld. It should be noted that the word magnetotaxis, which is used for
describing the behavior of magnetotactic bacteria, is actually a misnomer (Bazylinski and
Frankel 2004). The behavior of a magnetotactic cell is contrary to an actual tactic response.
A magnetotactic cell does not swim up or down a magnetic ﬁeld gradient, and it is not
attracted or pulled to either geomagnetic pole. A live magnetotactic bacterium behaves
like a small, self-propelled magnetic compass needle. A dead magnetotactic bacterium
cannot move, though it aligns along the geomagnetic ﬁeld lines.
It is more accurate to describe the tactic behavior of magnetotactic bacteria as magnetoaerotaxis, rather than magnetotaxis, because the alignment of magnetotactic bacteria in
applied magnetic ﬁelds is passive and the sensing of oxygen gradients determines their
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swimming direction (Frankel et al. 1997). Though the magnetic dipole of a magnetotactic
bacterium remains oriented along the local magnetic ﬁeld, the migration direction along
the magnetic ﬁeld lines is determined by the sense of ﬂagellar rotation, which in turn is
controlled by aerotactic receptors. Therefore a magnetotactic bacterium is essentially a
self-propelled magnetic dipole with an oxygen sensor. Experiments have quantitatively
demonstrated that magnetotactic bacteria swim away from advancing oxygen gradients
faster in the presence of a magnetic ﬁeld than in its absence (Komeili 2007).
Magnetotactic bacteria exhibit two distinct types of responses, axial and polar, to applied
magnetic ﬁelds (Komeili 2007). In axial magneto-aerotaxis, the bacteria use the magnetic
ﬁeld as an axis of swimming with no preference for either pole. Most magnetotactic bacteria are polar magneto-aerotactic bacteria, and they persistently swim toward only one pole
of the magnet. Usually, north-seeking magnetotactic bacteria exist in the Northern Hemisphere, while south-seeking ones exist in the Southern Hemisphere. The swimming pattern
of polar magnetotactic bacteria makes them move toward the bottom of their aquatic
habitats where the oxygen levels are low. So magneto-aerotaxis simpliﬁes the search for
low-oxygen environments to a one-dimensional search rather than the three-dimensional
search normally associated with other aerotactic systems. However, the existence of a
distinct population of south-seeking bacteria in the Northern Hemisphere casts serious
doubts on the above model for the function of magneto-aerotaxis (Simmons et al. 2006).
It is yet to be determined whether these Northern Hemisphere-residing south seekers are
an exception, or whether they are hinting at the true function of this remarkable behavior.

5.2 Magnetosome Formation
Biomineralization of magnetosomes is a process including the accumulation of iron, the
deposition of the magnetic crystal within a speciﬁc compartment and the assembly, alignment and intracellular organization of particle chains. Biomineralization provides a way of
producing magnetite crystals with very narrow size distributions, and it does not require
the extreme conditions of temperature, pH value and pressure, which are commonly
required in the industrial fabrication of these materials. The formation of magnetosomes
is an interesting and quite complicated process. Several mechanisms have been proposed
for the formation of magnetosomes and further improvements are needed for these mechanisms. In the following discussion, we consider several generally accepted mechanisms
for magnetosome formation.
5.2.1 Biochemistry and Gene Expression
Knowledge about the biochemical and genetic controls on magnetite formation is important for understanding the process of how magnetosomes are produced and organized in
magnetotactic bacteria. The convergence of genetic, proteomic and genomic approaches
may provide important information about magnetosome formation.
As indicated above, magnetosome membranes (mam) play an important role in the
formation of magnetosome minerals, and much effort has been made on the research of
mam proteins. Mam proteins exist in magnetosome membranes but could not be found in
the soluble fraction, the cytoplasmic or outer membranes. The approaches for the study
of mam proteins generally fall into two categories (Frankel and Bazylinski 2004). One
is N-terminal amino acid sequencing of the mam proteins, followed by reverse genetics
to obtain the gene sequences for these proteins; and the other is performing biochemical
protein comparison of mutants that do not produce magnetosomes with wild-type strains,
then again using reverse genetics to determine gene sequences.
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Mam genes may be involved in magnetite biomineralization. Grunberg et al. (2001)
cloned and sequenced some of the mam genes in M. gryphiswaldense. The proteins
resulting from these gene sequences exhibited the following homologies: MamA to tetratricopeptide repeat proteins; MamB to cation diffusion facilitators and MamE to HtrA-like
serine proteases. However, the gene sequences of MamC and MamD showed no homology
to existing proteins (Frankel and Bazylinski 2004).
Three other genes encoding mam speciﬁc proteins, mms6, mms16 and mpsA, can be
obtained from Magnetospirillum strain AMB-1, and M. magnetotacticum. The mms6 gene
is the most abundant of the three genes, and it is bound to magnetite and may function
in regulation of crystal growth. The mpsA gene exhibits homology to an acyl-CoA transferase, while the mms16 gene shows GTPase activity and is possibly involved in mam
vesicle formation by invagination and budding from the cytoplasmic membrane (Frankel
and Bazylinski 2004).
5.2.2 Formation Procedure
The formation of bacterial magnetosome is an intricate procedure involving several steps,
including the formation of the magnetosome vesicle, the uptake of iron by the cell, the
transport of iron into the magnetosome vesicle and the biomineralization of magnetite (or
greigite) inside the magnetosome vesicle. As shown in Figure 5.6, in the procedure of
magnetite formation, Fe ions are transported into the cell and deposited within the magnetosome membrane vesicles to form a saturated Fe ion solution. The redox conditions
within the magnetosome membrane vesicles are controlled so that the ratio between two
kinds of Fe ions [Fe(III)]/[Fe(II)] is about 2, and in this condition, magnetite is the most
stable Fe-oxide phase. The magnetosome membranes also provide sites for the nucleation
and growth of magnetite crystals, and the crystal morphology is affected by the interactions between the magnetosome membranes and the faces of the growing crystal (Frankel
and Bazylinski 2004).
We discuss below the important steps in the formation of magnetite magnetosomes,
and greigite magnetosomes are formed in a similar way. It should be noted that some
questions about magnetosome formation are yet to be answered. For example, though it is
generally accepted that the steps of uptake, transport and mineralization are sequentially
ordered, it is not clear whether the uptake of iron occurs before or after the formation of
vesicle, or whether theses two steps happen concurrently (Bazylinski and Frankel 2004).

MM
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?

Fe2+ In

?

Fe2O3·nH2O
Fe3O4
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OM

Figure 5.6 Model for magnetosome mineral formation in magnetotactic bacteria. CM, cytoplasmic
membrane; MM, magnetosome membrane; OM, outer membrane. (Frankel and Bazylinski 2004)
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5.2.2.1 Iron Uptake in Magnetotactic Bacteria
Magnetotactic bacteria contain up to about three per cent of iron by dry weight, which
is several orders higher than non-magnetotactic species, but they do not have unique
iron-uptake systems (Bazylinski and Frankel 2004). Fe(II) is soluble (up to 100 mM at
neutral pH), and bacteria can take up Fe(II) by nonspeciﬁc mechanisms. But Fe(III) is
insoluble. To take up Fe(III), microorganisms usually produce siderophores, which are
speciﬁc ligands with low-molecular weight (<1 kDa), and can bind and solubilize Fe(III)
for uptake.
5.2.2.2 Magnetosome Vesicle Formation
In several Magnetospirillum species, magnetosome membranes consist of lipid bilayers
about 3–4 nm thick. As both the magnetosome membranes and the cytoplasmic membranes comprise phospholipids, fatty acids and some proteins, and for nearly all the
magnetotactic bacteria, the magnetosomes are anchored to the cytoplasmic membrane, it is
usually assumed that the magnetosome membrane vesicles originate from the cytoplasmic
membranes.
As to the formation of magnetosome vesicles, it is not quite certain whether the magnetosome vesicles are formed before the magnetite nucleation, or whether the magnetite
nucleation occurs in the periplasm and the growing magnetite crystals are invaginated
by the cytoplasmic membrane (Bazylinski and Frankel 2004). In iron-starved cells of
M. magnetotacticum and strain MV-1, empty and partially ﬁlled magnetosome vesicles
can be found, suggesting that for these bacteria, the vesicle is produced before magnetite
nucleation and precipitation.
5.2.2.3 Iron Transport into the Magnetosome Membrane Vesicle
Whenever the magnetosome membrane vesicles are formed, it is necessary to transport
additional iron into the vesicles for the growth of the crystals. Though it is not quite
certain, for most magnetotactic bacteria, which type of redox is transported into the
magnetosome vesicle, it is generally accepted that Fe(II) is transported into magnetosome
vesicles of M. magneticum strain AMB-1. Moreover, it is found that the transport of iron
into magnetosome vesicles may be assisted by two types of proteins, MamB and MamM,
which are abundant in the magnetosome membrane.
5.2.2.4 Controlled Biomineralization
The biomineralization of magnetite involves a complicated oxidation and reduction procedure. Generally speaking, the cell takes up Fe(III), and reduces it to Fe(II), which is
subsequently transported into the magnetosome membrane vesicle. After that, Fe(II) is
reoxidized to form hydrous Fe(III) oxides. Eventually, one third of the Fe(III) ions in the
hydrous oxides are reduced and magnetite is produced after further dehydration. Though
the exact mechanism is unclear, usually the size and shape of the magnetite phase are
controlled by the magnetosome membrane vesicle. One possible way is that the magnetosome membrane vesicle limits the crystal size by placing physical constraints on the
growing crystal. Another possible way is that some proteins are asymmetrically distributed
in the magnetosome membrane, and thus in certain directions the growth of crystals is
facilitated, while in other directions the growth of crystals is retarded (Bazylinski and
Frankel 2004).
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5.2.3 Cell Biology of Magnetosomes (Komeili 2007)
Research on bacterial cell biology can provide broader insights into the evolution of
eukaryotic cell structure. Membranous organelles, a hallmark for eukaryotic cells, have
been studied for various types of bacteria, and magnetosomes are among the most studied
bacterial organelles. Here we discuss some conclusions from the research on the molecular
mechanisms of magnetosome formation (Komeili 2007).
5.2.3.1 Magnetosome Membrane
Based on electron microscopic studies and lipid composition analyses, it is conﬁrmed that
the magnetosome membrane is a lipid bilayer vesicle originating from the cell membrane.
In addition the electron cryotomographic (ECT) imaging of magnetosomes can provide
unprecedented three dimensional views of the magnetotactic bacteria. Figure 5.7 shows an
ECT imaging of Magnetospirillum magneticum sp. AMB-1 (AMB-1) in a near native state
without disruptive staining, ﬁxation and sectioning procedures. Such ﬁgures conﬁrmed
many known features of magnetosomes, for example, the presence of a membrane prior
to magnetite biomineralization and the juxtaposition of the chain against the membrane.
Furthermore, all the ECT images indicate that magnetosome membranes are invaginations
of the cell membrane regardless of their places in the chain and the sizes of the magnetite
crystals inside, and this suggests that magnetosome membranes are not vesicles (Komeili
et al. 2006). But it is not certain whether this conclusion is applicable to all magnetotactic
bacteria. The ECT imaging of Magnetospirillum gryphiswaldense sp. MSR-1 (MSR-1) by
Scheffel et al. (2006) conﬁrmed that the magnetosome chain is close to the cell membrane,
but the presence of membrane invaginations is yet to be further studied.
Further information about the magnetosome membrane can be derived from the research
on the biology of magnetosomes (Komeili 2007). As a magnetosome is a cell membrane

Cytoskeletal
filament

Inner membrane

Magnetosome

Figure 5.7 An ECT three-dimensional reconstruction of Magnetospirillum magneticum sp.
AMB-1. The background is the inner membrane, and magnetosomes can be seen as invaginations of the inner membrane. A network of cytoskeletal ﬁlaments surrounds the magnetosome
chain. (Komeili 2007)
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invagination, the magnetosome chains are naturally connected to the cell, ensuring the
alignment of magnetotactic bacteria in magnetic ﬁelds. Moreover, there is an open channel
between the magnetosome and the periplasm, so that ferrihydrite, a precursor to magnetite,
formed in the periplasm, can be transported into the magnetosome. As the open channel
between the magnetosome and the periplasm may also provide an opportunity for the
contents of the two compartments to mix, there may be a barrier which exists between
the two compartments, or speciﬁc proteins for the puriﬁcation of the magnetosome lumen.
5.2.3.2 Magnetosome Chain Formation
In magnetotactic bacteria, magnetosomes are organized end to end into chains. However,
puriﬁed magnetosomes would collapse into aggregates if their magnetosome membranes
and proteins were removed through a detergent treatment. So there exist speciﬁc mechanisms for the stabilization of magnetosome chains in magnetotactic bacteria. ECT imaging
studies of AMB-1 and MSR-1 have found the sub-cellular structures that ensure the stability of the magnetosome chain. As shown in Figure 5.7, in both of these organisms, a
network of ﬁlaments surrounds the magnetosome chain. These ﬁlaments may be formed
by a magnetosome-speciﬁc cytoskeletal protein, and their dimensions are similar to those
of bacterial actin-like proteins.
Different magnetotactic bacteria may have different mechanisms for chain formation.
For AMB-1, under iron-starvation conditions, cells can grow, but magnetite cannot be
formed. Therefore chains of empty magnetosome membranes are formed. Once iron is
added, magnetite crystals are formed simultaneously within multiple adjacent magnetosomes until full-sized crystals are achieved (Komeili et al. 2004). The magnetic chains
in cells of MSR-1 are formed by a different mechanism. Before magnetite formation, the
magnetosomes in these cells are dispersed throughout the cells. When biomineralization
proceeds, magnetic interactions seem to be required for aligning magnetosomes into a
chain (Scheffel et al. 2006). The differences in the mechanisms of chain formation may
be due to the differences in growth conditions, or due to the fundamental differences in
the molecular mechanisms of chain organization in the cell (Komeili 2007).
It should be noted that the chain formation in the cell growth under normal conditions is
not yet fully understood. Individual magnetotactic bacterium cells in a population have a
relatively constant number of magnetosomes per chain, and the chains are separated down
the middle during cell division. Therefore, during each cell cycle, all the cells need to
duplicate their magnetosomes. Though preliminary research on magnetosome dynamics
during synchronized growth of AMB-1 cells has been undertaken, it is still not clear
whether the spatial or temporal production of magnetosomes and their assembly into the
chain are regulated by cell cycle (Yang et al. 2001).
5.2.3.3 Model for Magnetosome Formation
Figure 5.8 shows a simple model for magnetosome formation. As the magnetosome membrane is the site where biomineralization takes place, and it pre-exists magnetite formation,
magnetosome formation starts with the biogenesis of the magnetosome membrane and the
targeting of magnetosome proteins to this compartment. Though the proteins responsible
for producing the magnetosome membrane have not yet been identiﬁed, it is likely that
some of the genes involved in this step are present in the magnetosome island (MAI)
because a deletion of this region leads to a failure in magnetosome membrane biogenesis
(Komeili 2007). Protein sorting to the magnetosome membrane may occur concurrently
with the invagination of the cell membrane. However, as magnetosomes are continuous
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Figure 5.8 Model for magnetosome formation. Magnetosomes are formed in three steps. First,
a membrane invagination is derived from the inner membrane and magnetosome proteins are
sorted away from cell membrane proteins. Second, individual invaginations are assembled into
a chain with the help of MamJ and MamK proteins. Third, iron is transformed into highly ordered
magnetite crystals within the magnetosome membrane with the possible involvement of genes from
the mamCD and mms6 operons. Cell cycle, environmental conditions and cellular stress may feed
in at any of the three steps to modulate the formation of magnetosomes. (Komeili 2007)

with the cell membrane, magnetosome proteins might be transported to the membranes
after magnetosomes have been formed, possibly by a diffusion and capture mechanism.
Once magnetosome membrane invaginations are formed, they will be assembled into a
chain under the effects of the MAI-encoded proteins, MamK and MamJ. Though both of
these proteins interact with the magnetosome membrane, they do not have transmembrane
domains. So other proteins may participate in the formation of magnetosome chains. In
the ﬁnal step, the biomineralization of magnetite is realized. This step encompasses all the
reactions involving iron, including its uptake from outside of the cell, oxidation to ferrihydrite in the periplasm, transport into the magnetosome and partial reduction to form magnetite, and it also includes the control of shape and size, possibly through the gene products
of the mms6 and mamCD operons. Other processes, such as environmental inﬂuences on
magnetite synthesis and magnetosome chain length, as well as the cell cycle regulation of
magnetosome formation, can be included in different steps of this model (Komeili 2007).

5.3 Cultivation of Magnetotactic Bacteria
Magnetotactic bacteria are fastidious organisms and it is very difﬁcult to isolate and grow
magnetotactic bacteria in pure culture. The research and applications of magnetosomes are
hindered by the limited availability of natural or cultured magnetotactic bacteria. Much
effort has been made to develop methods for the cultivation of magnetotactic bacteria.
We discuss below two typical methods for the cultivation of magnetotactic bacteria.
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Figure 5.9 Dual-vessel (2 × 10l ) laboratory fermenter system for mass culture of M.
gryphiswaldense. Lang, C. and Schuler, D.(2006). “Biogenic nanoparticles: production, characterization, and application of bacterial magnetosomes”, Journal of Physics: Condensed Matter, 18,
S2815–S2828. Reproduced by permission of the Institute of Physics

5.3.1 Mass Cultivation of Magnetotactic Bacteria
Biochemical and biophysical characterization of magnetosomes requires large quantities
of magnetosomes from magnetotactic bacteria cultivated under special conditions. In the
cultivation of magnetotactic bacteria, M. gryphiswaldense, shown in Figure 5.2(a), is often
selected as a model organism as it can be cultivated in simple liquid media containing
short organic acids as a carbon source (Lang and Schuler 2006). This organism is often
used in genetic analysis, and its genome sequence has been almost determined.
5.3.1.1 Synthesis of Magnetosomes
Many magnetotactic strains, such as M. magnetotacticum, M. magneticum and
M. gryphiswaldense, produce magnetite only under microaerobic conditions, and higher
oxygen concentrations, for example normal atmospheric conditions, repress the formation of magnetite crystals and inhibit their growth. Therefore, the control of a microoxic
environment is important for the culture of magnetotactic bacteria.
Figure 5.9 shows an experimental system for mass cultivation of magnetotactic bacteria in an automated oxygen-controlled fermenter, so low oxygen partial pressures can be
continuously maintained in this system (Lang and Schuler 2006). Installed with a highly
susceptible oxygen ampliﬁer and accessory equipment for the gas supply, a twin bioreactor is used for the microaerobic cultivation of microaerophilic bacteria under required
conditions. The deﬁned low oxygen partial pressures are regulated by a cascade control
via separate and independent gassing with nitrogen and air. Nitrogen supply is controlled
by a ﬂow-meter installed in line with a pulsed solenoid gas valve, and the air supply is regulated by a thermal mass-ﬂow controller and an additional pulsed solenoid control valve.
The switch between nitrogen and oxygen gassing depends on the actual oxygen partial
pressure in the medium. This system can produce magnetosomes in amounts sufﬁcient
for their characterization and applications.
This oxystat fermenter is used to determine the optimal oxygen partial pressures for
the formation of magnetite crystals and the cultivation of M. gryphiswaldense. Magnetite
crystals can only be formed below a threshold value of 10 mbar, and the formation procedure will be inhibited at higher oxygen concentrations. Figure 5.10 shows the relationship
between the amount of magnetite formed and pO2 which exists. The most favorable
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Figure 5.10 Biomass production and cell magnetism of oxystat grown M. gryphiswaldense at
different constant oxygen concentrations. Lang, C. and Schuler, D.(2006). Biogenic nanoparticles: production, characterization, and application of bacterial magnetosomes, Journal of Physics:
Condensed Matter , 18, S2815–S2828. Reproduced by permission of the Institute of Physics

condition for magnetite biomineralization is 0.25 mbar. It is found that particles grown at
10 mbar displayed smaller sizes (about 20 nm), while the particles produced under optimal
conditions (0.25 mbar) have a diameter around 42 nm. Therefore, growth conditions affect
the morphology and size of particles (Lang and Schuler 2006). Similarly, iron limitation
may reduce the sizes of the magnetic particles produced, and small magnetic particles can
also be obtained by the addition of iron to iron-starved cells shortly before cell harvest.
5.3.1.2 Isolation and Puriﬁcation of Magnetosomes
As magnetosome particles have higher density and stronger magnetism than organic cell
constituents, they can be puriﬁed from cells by a straightforward isolation protocol. After
cell disruption by French press and removal of cell debris by centrifugation, the magnetosomes can be separated from the crude extracts by magnetic separation columns (Grunberg
et al. 2004). After magnetic separation, ultracentrifugation is performed, which results in
suspensions of puriﬁed magnetosome particles with intact enveloping membrane structures. To solubilize the magnetosome membranes, strong detergents or organic solvents
should be used (Lang and Schuler 2006). After this treatment, the agglomeration of
membrane-free magnetite particles can be obtained, as shown in Figure 5.11.
5.3.2 Continuous Cultivation of Magnetotactic Bacteria
The synthesis of magnetic crystals within magnetotactic bacteria is a very slow process. To
obtain a signiﬁcant fraction of magnetotactic bacteria in the culture medium, an incubation
period of several days is usually required. Typically, in the culture of magnetotactic bacteria, only part of the bacteria is both magnetic ﬁeld susceptible and motile. Therefore batch
production of magnetotactic bacteria is not only a gradual process but also has low yield.
Bahaj et al. (1997) proposed a continuous removal process, in which the culture medium
is circulated from the culture reservoir through an orientation magnetic separator to recover
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(a)
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Figure 5.11 (a) Isolated magnetosome particles with intact magnetosome membranes have a
strong tendency to chain formation; (b) removal of the magnetosome membranes by SDS treatment
results in the agglomeration of membrane-free particles. Lang, C. and Schuler, D.(2006). Biogenic
nanoparticles: production, characterization, and application of bacterial magnetosomes, Journal
of Physics: Condensed Matter, 18, S2815–S2828. Reproduced by permission of the Institute of
Physics
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Figure 5.12 (a) Continuous culture and recovery system for magnetotactic bacteria (MTB). The
orientation magnetic separator is enclosed in the dashed circle; (b) enlargement of the orientation
magnetic separator. (Bahaj et al. 1997)

the motile, magnetic ﬁeld susceptible fraction of magnetotactic bacteria, and the medium
is then retuned to the top of the culture reservoir, as shown in Figure 5.12(a). Therefore,
magnetotactic bacteria in which magnetosomes are not fully developed are not discarded.
Instead, they continue their growth cycle. With periodic addition of nutrients, the culture
process is self-sustaining.
In the operation of this experimental system, the ﬂuid ﬂow and bacterial ﬂagellar velocities are taken into consideration. Motile, magnetic ﬁeld susceptible MTB are captured on
the separator chamber walls adjacent to the magnetic poles. In the use of this orientation
magnetic separator for the recovery of bacteria, the limiting case should be considered. As
shown in Figure 5.12(b), if a bacterium swimming towards the north-pole magnet enters
the separator adjacent to the south-pole magnet, it must swim across the entire width of
the separator to achieve separation. Under the limiting case condition, this crossing is
achieved over the entire length of the separator chamber. For a given velocity of ﬂuid
ﬂow, a threshold bacterium velocity exists below which complete separation of bacteria
cannot be achieved (Bahaj et al. 1997).
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The separation of magnetotactic bacteria is affected by many factors (Bahaj et al. 1997).
If the bacteria are non-motile, or non-ﬁeld susceptible, they travel through the orientation
magnetic separator and return to the culture reservoir. Some magnetotactic bacteria with a
low migration velocity (VMTB ) cannot satisfy the limiting condition, so usually they will
be re-circulated. However due to their random positions where they enter the separator,
they may be captured in subsequent passes. Moreover, the physical entrapment of bacteria
on separator walls also affects accumulation efﬁciency.
Control experiments can be done by using a pair of magnets mounted on a holder
which is rotated around the separator at frequency v rotate (Bahaj et al. 1997). If the ﬂuid
ﬂow rate is zero, a bacterium will swim in a circle of diameter, d , which is determined by
the frequency of the rotating ﬁeld v rotate and the migration velocity of the magnetotactic
bacterium VMTB :
vrotate =

VMTB
πd

(5.1)

For example, if v rotate = 0.75 Hz and VMTB = 100 µms−1 , the diameter of the circle d
should be 24 µm. If the ﬂuid ﬂow rate is larger than zero, under the effects of the rotating
magnets, when the bacteria pass through the separator, they will move in spiral tracks,
avoiding contact with the walls of the separator.

5.4 Characterization of Magnetosomes
Though bacterial magnetic nanoparticles have shown great biomedical and nanotechnological potential, many unsolved fundamental questions prevent the applications of magnetosomes at technical scale (Lang and Schuler 2006). Characterization of magnetosomes
is crucial for the study and application of this special type of magnetic nanomaterials.
Magnetic measurements (Penninga et al. 1995), magnetic force microscopy (Proksch et al.
1995) and electron holography (Dunin-Borkowski et al. 1998) are typical methods in the
characterization of the microstructure and magnetic properties of magnetotactic bacteria.
We discuss below the typical methods for the biochemical characterization, microstructure characterization, magnetization characterization and relaxation characterization of
magnetotactic bacteria.
5.4.1 Biochemical Characterization
Detailed knowledge about the biochemical composition and protein content of isolated
magnetosomes is required for the functionalization and subsequent applications of
magnetosomes. Usually the membranes of isolated magnetosomes are analyzed for the
identiﬁcation of magnetosome-associated proteins (Lang and Schuler 2006). First, the
magnetosome membrane (MM) to be analyzed is solubilized by boiling in a buffer containing SDS and 2-mercaptoethanol. The samples are subsequently subjected to onedimensional SDS–polyacrylamide gel electrophoresis (SDS–PAGE) (Figure 5.13(A)) or
to Tricine–SDS–PAGE (Figure 5.13(B) and(C)). Improved protein separation can be
obtained by performing two-dimensional gel electrophoresis (Lang and schuler 2006).
After electrophoresis the proteins are blotted onto a membrane and the N-termini of
separated proteins are sequenced by Edman degradation.
Mass spectroscopy can also be used to identify the magnetosome-associated proteins,
either after size separation from single spots or bands, or from total tryptic digests
of the entire magnetosome preparations (Lang and Schuler 2006). Magnetosomes are
usually reduced with dithiotreitol, alkylated with iodacetamide and digested with
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Figure 5.13 MM-associated proteins separated by one-dimensional PAGE. (A) Summary of MM
proteins detected by Coomassie stain in 1D SDS–PAGE (16 %). Proteins from indicated bands
were identiﬁed by N-terminal amino acid analysis (Edman degradation); (B) Coomassie and (C)
silver-stained SDS–Tricine gels (16.5 %) of MM proteins. Proteins from marked spots are identiﬁed
by mass spectrometric sequencing. Lang, C. and Schuler, D.(2006). Biogenic nanoparticles: production, characterization, and application of bacterial magnetosomes, Journal of Physics: Condensed
Matter, 18, S2815–S2828. Reproduced by permission of the Institute of Physics

trypsin to completion. Then the magnetic moiety is removed, and the supernatant is
chromatographically separated using a capillary liquid chromatography system. After
that, the eluted peptides are analyzed by a mass spectrometer. Figure 5.13 also shows
the proteins identiﬁed by mass spectrometry.
5.4.2 Microstructure Characterization
The magnetic crystals in each type of magnetotactic bacteria have speciﬁc morphologies,
and usually their easy magnetization axes are parallel to the chain axis. Many efforts
have been made to study the magnetic microstructures of magnetosome chains, which
may be helpful for understanding the function of biogenic magnetic crystals in magnetic ﬁeld sensing in higher organisms, and for developing their biomedical applications
(Dunin-Borkowski et al. 1998).
The microstructures of magnetotactic bacteria can be characterized by scanning force
microscopy, including atomic force microscopy, magnetic force microscopy and transmission electron microscopy.
5.4.2.1 Scanning Force Microscopy Study
Magnetic nanoparticles in diluted aqueous suspensions can be used in both diagnostic applications, for example MRI contrast enhancement, and therapeutic treatments, for
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Figure 5.14 AFM (left) and MFM (right) images of isolated magnetosomes and magnetosome
clusters. Before the measurements, the sample is magnetized vertically to the plane. (Albrecht
et al. 2005)

example targeted drug delivery and hyperthermia. Isolated magnetosomes are preferred
for these applications, and in some cases, it is advantageous to use single magnetosomes.
Therefore, it is necessary to unambiguously clarify whether single, isolated magnetosomes
exist in ensembles. This information can be obtained by using atomic force microscopy
(AFM) and magnetic force microscopy (MFM) which have nanometer spatial resolutions.
AFM can be used to unambiguously demonstrate the existence of single magnetosomes,
and MFM can be used to particularly address the magnetic properties of single magnetosomes. AFM and MFM can often be used in combination to study bacterial magnetosomes
(Albrecht et al. 2005).
During the image acquisition procedure, the magnetization of the sample under study
may be affected by the magnetic tip of MFM. To minimize this effect, before image
acquisition, the sample is magnetized by applying an external magnetic ﬁeld, which is
perpendicular to the main direction of the magnetic ﬁeld generated by the MFM tip
(Albrecht et al. 2005). The AFM image in Figure 5.14 shows isolated magnetosomes
along with magnetosome clusters with different sizes. It can observed that the size of a
single magnetosome is typically around 40–45 nm. As shown in Figure 5.14, the MFM
image of an isolated magnetosome consists of a dark ring around a white center. The
dark ring represents the attraction between the MFM tip and the isolated magnetosome,
and the white center represents the repulsion between them.
To get more detailed information, a line cut is made across an isolated magnetosome, as
indicated in the MFM image shown in Figure 5.15(a). The measurement results along line
cut, as shown in Figure 5.15(b) agree well with the simulated dBz /dz results of a sphere
which is homogeneously magnetized in the direction normal to the sample plane, i.e., in
the z direction, as shown in Figure 5.15(c). Therefore, an isolated magnetosome exhibits
a magnetic mono-domain structure whose dipole moment is normal to the substrate plane.
5.4.2.2 Electron Holography Study
The relationship between the physical and the magnetic microstructures of magnetite
nanocrystals in magnetotactic bacteria can be observed by using the off-axis electron

Magnetosomes and their Biomedical Applications

250 nm

phase shift in °

194

0.5
0

−50

0

50

−0.5
position in nm
(b)

d/dz Bz in a.u.

2.0

0 ° phase shift

1°

1.0
0.0

0

5

−1.0
position in sphere radii
(c)

(a)

Figure 5.15 (a) Enlargement of a part of Figure 5.14. A line cut across a single magnetosome is
indicated; (b) cross-section of the MFM image along the cut line indicated in (a); (c) calculated
dBz/dz results of a sphere that is homogeneously magnetized vertically to the sample plane. The
small tilt of the measured proﬁle may be caused by a slight tilt of the magnetization axis. (Albrecht
et al. 2005)

holography technique in a transmission electron microscope (TEM) (Dunin-Borkowski
et al. 1998). Using this technique, high-resolution information about the magnetotactic
bacteria can be obtained, and magnetic and electric microﬁelds in the magnetotactic
bacteria can be analyzed. As shown in Figure 5.16, in a TEM system for the generation
of off-axis electron holograms, the ﬁeld emission electron gun coherently illuminates the

Field emission gun

Lorentz
lens

Sample

Biprism

Hologram

Figure 5.16 Schematic illustration of the system for the generation of off-axis electron holograms
(Dunin-Borkowski et al. 1998)
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sample under test, which occupies approximately half of the view ﬁeld. The electrostatic
biprism is a thin quartz ﬁber with diameter less than 0.7 µm, and it is coated with gold.
The presence of the positively charged biprism causes overlap of the object wave and the
reference wave, resulting in the holographic interference pattern.
Figure 5.17(a) shows a TEM image of a single cell of M. magnetotacticum. The magnetosome chain is not symmetrical, with larger crystals at its left end, and there is an
obvious defect in the chain, as indicated by the arrow in the ﬁgure. To obtain the electron
holograms as shown in Figure 5.17(b), an electrical voltage (120 V) is applied to the
electrostatic biprism. The intensity and position of the resulted interference fringes record
the amplitude and phase of the sample wave, respectively. The phase is closely related to
the mean inner electric potential, and the in-plane component of the magnetic induction
integrated in the incident beam direction. If we neglect the dynamical diffraction effects,
the phase can be expressed by (Dunin-Borkowski et al. 1998):
 

e
2π
E + E0
φ(x) =
V (x, z) dz −
(5.2)
B⊥ (x, z)dxdz
λ
E(E + 2E0 )

where the x direction is in the plane of the sample, the incident beam is in the z direction,
the magnetic induction component B⊥ is perpendicular to both the x direction and the z
direction, V is the mean inner potential of the sample, λ is the wavelength and E and E 0
are the kinetic and rest mass energies of the incident electrons, respectively. Usually, the
phase is dominated by the mean inner potential, which should be removed to quantify the
magnetization. For this purpose, the magnetic ﬁeld of the microscope objective lens is used
to reverse the magnetization of the magnetite chain, and two holograms corresponding to
these two states can be obtained. From the phases of the two holograms, the magnetic
contribution and the mean potential contribution to the phase can then be derived.
Figure 5.17(c) shows the contours formed from the magnetic contribution to the holographic phase of the M. magnetotacticum cell in ﬁeld-free conditions. The contour density
is proportional to the component of the magnetic induction in the sample plane integrated
in the direction of the incident beam. It can be seen that the ﬁeld gradients are low at
the ends of the chain and at gaps between individual magnetosomes. In some magnetite
crystals, the magnetic ﬁeld lines bend to achieve their minimum magnetostatic energy,
while in some other magnetite crystals, the directions of the magnetic ﬁeld lines differ
slightly from the direction of the chain axis. It seems that the small deviations of the
crystal positions from the chain axis may severely affect the ﬁeld direction in the crystals
(Dunin-Borkowski et al. 1998).
5.4.3 Magnetization Characterization
The characterization of magnetization properties of magnetosomes and magnetotactic
bacteria is important for the research and applications of magnetosomes and magnetotactic
bacteria. Different magnetometers have been used for the measurement of the hysteresis of isolated magnetosome particles (Hergt et al. 2005; Eberbeck et al. 2005). In the
following subsection, we ﬁrst discuss typical magnetization properties of magnetosomes
measured by conventional magnetometers, and then introduce an instrument developed
for measuring the magnetization hysteresis loops of magnetotactic bacteria.
5.4.3.1 Magnetization Loops of Bacterial Magnetosomes
Vibrating sample magnetometers can be used to measure the magnetization loops of aqueous magnetosome suspensions. The percentages of magnetosomes and magnetic crystals
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Figure 5.17 (a) TEM image of a single cell of Magnetospirillum magnetotacticum strain MS-1;
(b) off-axis electron hologram of the region marked in (a) obtained in ﬁeld-free conditions;
(c) contours formed from the magnetic contribution to the holographic phase. In each ﬁgure, the
arrow indicates the same double crystal defect in the chain. (Dunin-Borkowski et al. 1998)

in the suspensions can be derived by comparing the values of the saturation magnetization obtained theoretically and experimentally (Hergt et al. 2005). To separate the
effects due to the Neel relaxation and the Brownian relaxation, magnetosomes can be
immobilized by dissolving the magnetosomes in a liquid gelatine sol, and subsequently
solidifying cooling down the magnetosome suspension below the sol-gel transition temperature. To fabricate textured samples in which all the magnetosomes are magnetically
aligned in one direction, in the solidiﬁcation procedure, a constant magnetic ﬁeld should
be applied. The required strength of the constant magnetic ﬁeld is related to many
factors, such as the viscosity of the sol, and the size and magnetization of the magnetosomes.
Similar to other magnetic materials, the magnetic hysteresis loss of magnetosomes
is dependent on the amplitude of the applied magnetic ﬁeld. Such dependence can be
characterized by measuring minor hysteresis loops of magnetosome samples with different maximum amplitude of the magnetic ﬁeld (Hergt et al. 2005). Figure 5.18(a) shows
several minor loops for a magnetosome suspension in gel measured by vibrating sample magnetometers. The magnetic hysteresis loss of the sample can be calculated by
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Figure 5.18 (a) Minor hysteresis loops of magnetosomes immobilized in gel. Measurements are
made at room temperature, and the ﬁeld loop amplitudes are 1.6, 4.0, 8.0 and 16.0 kA/m, respectively; (b) the relationship between the magnetic hysteresis loss of magnetosomes immobilized in
gel and the ﬁeld amplitude of minor loops. (Hergt et al. 2005)

integrating these minor hysteresis loops, and thus its dependence on ﬁeld amplitude can
be obtained. Figure 5.18(b) shows that, for a weak magnetic ﬁeld, the ﬁeld dependence
of hysteresis loss follows a square law, while for a strong magnetic ﬁeld, the ﬁeld dependence of hysteresis loss follows a third-order power law. In this example, the transition
ﬁeld is about 2 kA/m.
5.4.3.2 Measurement of Hysteresis Loops of Magnetotactic Bacteria
De Waard et al. (2001) developed a magnetometer for measuring the magnetization curves
of magnetic structures that can be microscopically observed, such as magnetosome chains
in magnetotactic bacteria which can be suspended or swimming in water. In such a magnetometer, four coils generate continuous magnetic ﬁelds for the guidance and orientation
of the magnetotactic bacteria, and two additional coils generate pulsed magnetic ﬁelds to
change magnetization levels in small steps. This system can also be used to distinguish
the magnetic bacteria and the non-magnetic bacteria in natural samples. This system may
be useful in the study of production of nonmagnetic mutants from magnetic cells for
genetic analysis, and the genetic engineering related to magnetic bacteria (Penninga et al.
1995). In the following subsection, we discuss the working principle and the structures
of this type of magnetometer.
(1) Working Principle
This magnetometer can measure the hysteresis loops of the magnetosome chains in individual magnetotactic bacteria. In the hysteresis measurements, individual bacteria under
test are suspended in water inside a capillary, and are observed or recorded by a microscope or a video camera. Usually, the capillaries used in the magnetometer have a
rectangular cross-section.
Using the magnetometer developed by De Waard et al. (2001), the hysteresis loops
of magnetosomes can be measured in following four steps. In the ﬁrst step, an external
DC guiding magnetic ﬁeld BG (up to about 10 G) is applied to orientate the magnetic
bacterium under study, and the direction of this guiding ﬁeld is denoted positive direction.
By applying a strong magnetic pulse Bp with peak amplitude up to 800 G and duration
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1–3 ms in the positive direction, the maximum (saturation) remanent magnetization of
the bacterium’s magnetosome chain can be achieved. In the second step, the bacterium is
subjected to magnetic pulses Bp with increasing amplitude in the negative direction. To
obtain sufﬁcient details in the loop, the amplitude of the pulse ﬁeld is increased in small
steps. Once the pulse ﬁeld exceeds the coercive force of the magnetosome chain, the cell
will immediately rotate 180 ◦ after the pulse.
In the third step, the guiding ﬁeld after each pulse is reversed, and the time required
for the bacterium to rotate over a deﬁned angle perpendicular to the rotation axis is
determined. An alternative way is to rotate the DC guiding magnetic ﬁeld in the horizontal
plane at ﬁxed frequency. During the rotation, the amplitude of the guiding magnetic ﬁeld
is decreased until the bacterium does not follow the rotating magnetic ﬁeld. Each of
the above steps can provide results for the determination of the remanent magnetization
following the pulse, relative to the saturation remanent magnetization. In the fourth step,
the above process for increasing pulse-ﬁeld amplitude is repeated until the saturation
remanent magnetization in the negative direction is achieved, and the ﬁrst half of the
hysteresis loop can be obtained based on the measured points. The other half of the
hysteresis loop can be obtained by rotating the bacterium 180 ◦ with the guiding ﬁeld and
repeating the measurement process discussed above.
(2) Structure of the Magnetometer
Figure 5.19(a) shows a photo of the magnetometer system. In the microscope shown at
the left side of the photo, the normal microscope stage is replaced by a lucite stage, which
holds a multiple magnetic coil system and a capillary containing the magnetic bacteria. To
ensure that a speciﬁc part of the specimen can be chosen for investigation, the capillary
is movable over several millimeters in the north (N)–south (S) and east (E)–west (W)
directions. During measurement, the sample under test can be simultaneously observed
through the standard binocular eyepieces of the microscope and a mono-ocular which is
connected to a TV camera. The control system shown on the right hand side of the photo
provides suitable electrical currents for the coils.

(a)

(b)

Figure 5.19 Structure of the magnetometer. (a) Photograph of the magnetometer system. At the
left side is a microscope with video camera and coil system on the microscope stage. At the right is
the control system for guiding magnetic bacteria and changing their magnetization; (b) schematic
view of the coil system. The four coils N, W, E and S, placed in square, provide the guiding
magnetic ﬁeld. The two coils EP and WP inside the square generate a pulse ﬁeld inﬂuencing the
magnetization level of the bacteria held at the center. (De Waard et al. 2001)
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The coil system which is schematically shown in Figure 5.19(b) generates horizontal
magnetic ﬁelds, which are parallel to the plane of the microscope stage. The magnetic
ﬁelds consist of two types. One is the guiding magnetic ﬁeld that makes the bacteria move
along deﬁned tracks through the liquid, and the other is the pulsed magnetic ﬁeld that
changes the magnetization levels of the bacteria under study step by step. The guiding
magnetic ﬁeld is generated by two pairs of ﬂat coils, designated N, S and E, W, respectively. The planes of the coils are vertical and placed in a square, so the axes of the
magnetic ﬁelds in the N–S and E–W are perpendicular to each other, and cross at the
middle point (C) of the horizontal plane. The thin, ﬂat capillary containing the bacteria
under study is placed at the middle point C. The coils producing the N–S and E–W
components of the guiding magnetic ﬁeld are serially connected so that the magnetic ﬁeld
components generated by them add in the center.
Different experiments may require the bacteria under study to move in different paths.
To make the bacteria swim in a horizontal square path, the two pairs of coils are powered sequentially and, in this case, the non-motile bacteria rotate in steps of π/2. If the
magnetic ﬁeld is continuously rotating, the motile bacteria will swim in a circular path,
while the nonmotile bacteria will continuously rotate about the centers of their permanent
magnetic dipoles. To generate the rotating magnetic ﬁeld, the N–S and E–W coil pairs
are simultaneously powered by sinusoidal currents with a π/2 phase difference between
them.
As shown in Figure 5.19(b), another pair of coils, consisting of the east pulsed (EP)
coil and the west pulsed (WP) coil, generates the horizontal pulsed magnetic ﬁeld. The
EP and WP coils are arranged parallel to each other, and are placed between the E and
W guiding-ﬁeld coils. The capillary tube containing the bacteria under study is usually
placed at point C, which is midway between the pulse-ﬁeld coils (EP and WP) and is
also the point where the axes of two pairs of guiding-ﬁeld coils (N–S and E–W) cross.
As the sample is usually small compared to the distance between the coils, the guiding
ﬁeld and the pulsed ﬁeld are homogeneous at point C where the sample is placed. The
pulse width of the pulsed ﬁeld is adjustable in the range of 1 to 5 ms in ﬁve steps, while
the amplitude of the pulsed ﬁeld is adjustable from zero up to about 6800 Gauss in small
steps. For most magnetic bacteria, saturate magnetization can be achieved if the amplitude
of a pulsed ﬁeld is greater than 600 Gauss. In addition to the arrangement of magnetic
ﬁelds discussed above, the pulsed magnetic ﬁeld and a guiding magnetic ﬁeld can be
used in combination. In this case, usually the E–W coil pair is connected to a DC electric
current source, while the N–S coil pair is left open.
5.4.4 Susceptibility Characterization
Characterization of complex susceptibility is important for the study of the relaxation
mechanisms in magnetosome suspensions (Harasko et al. 1993). Many methods have been
developed for characterizing the susceptibility of magnetosome suspensions, as discussed
in Chapter 2 and Chapter 8. Figure 5.20 shows spectra of the complex susceptibility of
a magnetosome aqueous suspension, and measurements are made in the frequency range
100 Hz–1 MHz with amplitude of the magnetic ﬁeld less 0.1 kA/m. The maximum imaginary part of the complex susceptibility at 1.5 kHz is due to Brownian relaxation of the
magnetosomes in aqueous suspension. Further experiments indicate that the immobilization of magnetosomes in aqueous suspension can greatly decrease the imaginary part of
the complex susceptibility at low frequencies (<10 kHz) mainly due to elimination of the
Brownian relaxation path, while it hardly affects the losses at frequencies above about
100 kHz (Hergt et al. 2005).
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Figure 5.20 Spectra of the real and imaginary parts of the complex susceptibility of a magnetosome aqueous suspension. (Hergt et al. 2005)

Magnetosomes may be used in hyperthermia for cancer treatments. For ferroﬂuids
with superparamagnetic particles whose mean core diameter is less than about 20 nm,
the speciﬁc power p due to magnetic loss can be derived from the imaginary part of
susceptibility χ  based on the linear small amplitude assumption (Hergt et al. 2005):
p(f ) =

µ0 H 2 2πf χ̃  (f )
·
2
ρ

(5.3)

where f is the frequency of the magnetic ﬁeld, H is the amplitude of the magnetic ﬁeld,
and ρ is the mass density of magnetic particles.
5.4.5 Trajectory Characterization
To use magnetotactic bacteria for practical applications, such as industrial and environmental clean-up of metal pollution, the related properties of magnetotactic bacteria, such
as growth conditions, morphology, magnetic properties and movement speed, should be
investigated. The magnetic moment of magnetotactic bacteria could be measured by projecting the video images of movement of a magnetotactic bacterium onto a screen. The
properties of the magnetotactic bacterium could be derived from the trace of the bacterium
trajectory. This method does not have high accuracy, and is labor intensive. Bahaj and
James (1993) proposed a method to characterize the magnetic properties of magnetotactic bacteria, based on image processing techniques. This method can also quickly and
accurately determine the speed, size and morphology of bacteria.
Under application of an external magnetic ﬁeld, magnetotactic bacteria will align along
the ﬁeld lines due to torque produced by the interactions between the magnetic moments
of the magnetosomes and the external magnetic ﬁeld. The bacteria then swim along the
directions of the alignments. The magnetic moment and the movement velocity of an
individual bacterium can be derived from the trajectories due to various ﬁeld reversals
(Bahaj and James 1993).
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Under the application of an external magnetic ﬁeld, the movement of a bacterium in
suspension can be described by:
mB0 sin θ − 8πηR 3

dθ
=0
dt

(5.4)

where m is the magnetic moment (Am2 ) of the bacterium, R is the radius of the bacterium
with a spherical shape, η is the viscosity of the suspension (for water, η is 103 Pa·s), k is
the Boltzmann constant, T is the absolute temperature (K), v (m/s) is the mean velocity
of the bacterium and B 0 is the inductance of the applied magnetic ﬁeld. The ﬁrst term in
Equation (5.4) represents the torque on the bacterium induced by the external magnetic
ﬁeld, while the second term represents the viscous drag torque on the bacterium. Following
a magnetic ﬁeld reversal, a bacterium executes a U-turn, and the magnetic moment, m,
can be obtained from the time τ for the bacterium to execute the U-turn and the diameter
L of the U-turn (Bahaj and James 1993):
τ = 8πη
L=

R3
2mB0
ln
mB0
kT

8π 2 R 3 vη
mB0

(5.5)
(5.6)

The above analysis can be extended to the non-spherical case of the spirillum magnetotactic bacteria (Bahaj et al. 1993). In the modiﬁed model, the non-spherical bacterium
is taken as an ensemble of spheres of diameter 2a with a length l . It is assumed that the
viscous torque  is a combination of a shear and a rotational term with no ﬁrst order
wake effects, the couplings between the spheres are not strong and the Reynolds number
is much smaller than one. Based on Stoke’s Law, a shape factor SI for each sphere in the
ensemble can be estimated, and thus the drag torque in Equation (5.4) can be written as:
I = SI πηa 3

dθ
dt

(5.7)

where I = l /2a.
The trajectory characterization system mainly consists of a microcomputer, a video
recorder and a frame grabber which can produce pseudo colors running under a suite of
software. Two pairs of Helmholtz coils are used. One is to cancel the earth’s magnetic
ﬁeld, and the other generates the magnetic ﬁeld manipulating the bacterium. When the ﬁeld
direction is reversed, the U-turn trajectories of the magnetotactic bacteria are observed
using a microscope, and video recorded as shown in Figure 5.21. The shallow depth of
microscope ﬁeld indicates that only the magnetotactic bacteria executing perfectly planar
movements are recorded. According to Equations (5.4)–(5.7), the magnetic moment and
other properties of the magnetotactic bacteria can be derived from their U-turn trajectories.

5.5 Biomedical Applications of Magnetosomes
Magnetosomes possess unique magnetic, chemical and biological properties, which could
hardly be matched by those of synthetic particles, and they can be used in a variety of
biomedical applications (Lang and Schuler 2006). Magnetosome magnetic crystals have a
consistent shape and a narrow size distribution in the single magnetic domain range. Due
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Figure 5.21 U-turn generated by magnetotactic spirillum sample at the reversals of magnetic ﬁeld.
(Bahaj and James 1993)

to the existence of magnetosome membranes, consisting of lipids and proteins, bioactive
substances can be easily coupled to the surfaces of the magnetosomes, and this property
is very important for their biomedical applications.
Both in vivo and in vitro biomedical applications of magnetosomes have been developed (Lang and Schuler 2006; Amemiya et al. 2005; Nakayama et al. 2003). For
in vivo applications, magnetosomes can be used in hyperthermia and as contrast agents in
magnetic resonance imaging. For in vitro applications, magnetosomes can be used in labeling, immobilization and separation of speciﬁc biomolecules, such as proteins and nucleic
acids. Besides, magnetosomes can be used as an ideal model for the study of organelle
development in bacteria (Komeili et al. 2006; Komeili et al. 2004; Scheffel et al. 2006).
Generally speaking, the applications of magnetotactic bacteria fall into two categories.
In one category, the whole living cells and their magnetotactic behaviors are utilized, while
in the other category, only isolated magnetosome particles are used (Schuler and Frankel
1999). In the following subsections, we give several examples for these two categories.
5.5.1 Applications of Magnetic Cells
Many applications based on the movements of magnetotactic bacteria under application
of external magnetic ﬁelds have been developed. We will discuss two examples: Bacterial
actuation and manipulation, and treatment of heavy metal contaminants.
5.5.1.1 Bacterial Actuation and Manipulation
Generally speaking, the motility of magnetotactic bacteria can be used in two approaches.
In one approach, magnetotactic bacteria themselves are manipulated, while in the other
approach, magnetotactic bacteria are used to manipulate other objects. There are many
examples for the manipulation of magnetotactic bacteria. Darnton et al. (2004) demonstrated the application of bacteria as functional components, by attaching Serratia
marcescens ﬂagellated bacteria to polydimethylsiloxane or polystyrene, forming a bacterial carpet to move the ﬂuid. Bahaj et al. (1998) explored the motility of magnetotactic
bacteria by separating magnetotactic bacteria in low magnetic ﬁeld. Lee et al. (2004) used
microelectromagnet arrays for micromanipulation of magnetotactic bacteria.
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Martel et al. (2006) demonstrated the application of magnetotactic bacteria for manipulation of other objects. In his work, a directional magnetic ﬁeld generated by a programmed
electrical current is used to modify the torques on the magnetosome chains in Magnetospirillum gryphiswaldense bacteria, and the magnetotactic bacteria are then used to
push 3 µm beads along deﬁned paths. The magnetotactic bacteria used have a length
of about 1–3 µm with a swimming speed of about 40–80 µm/s. As each magnetotactic
bacterium has a magnetosome chain, the swimming direction of magnetotactic bacteria
is mainly based on magnetotaxis. The magnetic ﬁeld lines generated by an electrical
conductor network only modify the swimming direction of the magnetotactic bacteria,
while they do not induce any propulsion force on the magnetotactic bacteria or the
beads. Figure 5.22 shows the swimming speed distribution of magnetotactic bacteria
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Figure 5.22 Motility and response to magnetic ﬁelds of magnetotactic bacteria. (a) Speed distributions of the sample with 295 MTB, with and without the presence of a magnetic ﬁeld, showing
a Maxwell distribution; (b) extrapolation line showing the percentage of the magnetotactic bacteria
oriented within ±30 ◦ along the line of the magnetic ﬁeld at various intensities; (c) swimming
direction of the bacteria without magnetic ﬁeld; (d) swimming direction with a magnetic ﬁeld of
3.5 Gauss along the x axes. The data in (c) and (d) are normalized to unity. (Martel et al. 2006)
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Figure 5.23 Manipulation of a microbead through a magnetotactic bacterium. (a) Direction control
of magnetotactic bacteria by an external magnetic ﬁeld; (b) movement path of a magnetotactic
bacterium which is not attached to any microbeads; (c) displacement path of a microbead which
is pushed by a magnetotactic bacterium with a direction change due to the orientation change of
the magnetic ﬁeld represented by B1 and B2; (d) initial position of the microbead tagged by a
magnetotactic bacterium (at t = 0 seconds); (e) position of the microbead when the direction of
magnetic ﬁeld is changed (at t = 2.5 seconds); (f) ﬁnal position of the manipulated microbead (at
t = 4.0 seconds). The length of the images edges is 36.0 µm. (Martel et al. 2006)

and the effect of the magnetic ﬁeld on the swimming direction of the magnetotactic
bacteria.
Figure 5.23 shows an example of manipulating a microbead through a magnetotactic
bacterium. As shown in Figure 5.23(a), when an external magnetic ﬁeld is applied, magnetotactic bacteria move in a controlled direction. Figure 5.23(b) shows the movement of
a magnetotactic bacterium which is not attached to any microbeads. Figure 5.23(c) shows
an example of controlled manipulation of a microbead by a magnetotactic bacterium.
The positions of the manipulated microbead at 0 seconds, 2.5 seconds and 4 seconds are
shown in Figure 5.23(d), (e), and (f) respectively. It can be found that, after about 2.5
seconds, the direction of the microbead was intentionally shifted about 30 ◦ anticlockwise
(Martel et al. 2006).
5.5.1.2 Treatment of Heavy Metal Contaminants
Some metallic ions can be immobilized and accumulated using microorganisms, and
such bioaccumulations are beneﬁcial for both industry and the environment (Bahaj et al.
1994). For example, using bioaccumulation techniques, efﬂuents carrying heavy metals
or radionuclides can be detoxicated, and the valuable elements such as the platinum or
gold can be removed from solutions.
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Magnetotactic bacteria can be restricted to move in a desired direction by applying an
external magnetic ﬁeld. If a low intensity, focusing magnetic ﬁeld is applied across a chamber with solution containing magnetotactic bacteria, the motile bacteria can be separated
from the solution. This procedure is different with traditional high gradient magnetic separation. In this case, the external magnetic ﬁeld only orientates the magnetotactic bacteria,
but does not magnetically attract these bacteria. For target metals that can be effectively
removed by magnetotactic bacteria, and have no adverse effects on the motility of magnetotactic bacteria, orientation separation by magnetotactic bacteria offers a simple and
efﬁcient treatment method. The absolute separation efﬁciency of orientation separation by
magnetotactic bacteria is related to the uptake percentage of the target metal, the chamber
size and the separation time. A basic requirement is that the time for a magnetotactic
bacterium to swim across the chamber is equal to the separation time (Bahaj et al. 1994).
In spite of the success of the applications of magnetotactic bacteria in magnetic orientation separation, several problems are yet to be solved. Some common metals, such
as copper and zinc inhibit bacterial motility even at 1 ppm concentrations (Bahaj et al.
1994). Therefore great care must be taken in choosing suitable magnetotactic bacteria for
magnetic orientation separation.
5.5.2 Applications of Isolated Magnetosome Particles
Similar to artiﬁcially synthesized magnetic nanoparticles, the biomedical applications of
magnetosome particles can be generally classiﬁed into diagnosis and therapy. One typical
diagnosis application of magnetosome particles is magnetic separation. Due to their small
size and thus large surface-to-volume ratio, isolated magnetosome particles can be used to
immobilize large quantities of bioactive substances. After immobilization, these bioactive
substances can be separated using external magnetic ﬁelds. Another diagnosis application
of isolated magnetosome particles is the contrast agent for magnetic resonance imaging
(Hartung et al. 2007; Lang and Schuler 2006; Bulte and Brooks 1997). Magnetosome
particles can be used to enhance the contrast between normal and diseased tissues, and
to indicate the status of an organ.
Hyperthermia treatment is a promising therapy application for isolated magnetosome
particles. In a hyperthermia treatment, magnetic particles promote cell necrosis in tumors
by controlled heating, which is related to the loss processes resulting from the reorientation
of the magnetic moments of the magnetic particles. The method requires magnetic particles
with high speciﬁc loss powers. It has been found that magnetosomes isolated from M.
gryphiswaldense have exceptionally high speciﬁc power losses (960 g W−1 at 10 kA m−1
and 410 kHz), which is substantially higher than artiﬁcial particles (Hergt et al. 2005). In
addition, isolated magnetosome particles can be used as tumor-speciﬁc drug carriers, and
they can also be used for introducing DNA into target cells (Takeyama et al. 1995).
In most of the biomedical applications, isolated magnetosome particles are functionalized to perform the desired functions. Therefore, functionalization of magnetosome
particles is crucial for their biomedical applications. We will now discuss the functionalization of magnetosomes, and then the applications of magnetosome particles in the
detection of biomolecules and magneto Immuno-PCR.
5.5.2.1 Functionalization of Magnetosomes
Isolated magnetosome particles possess obvious advantages for biomedical applications.
They have very high magnetizations. Depending on the bacterial species from which they
are produced, magnetosome particles exhibit unique shapes and sizes. Furthermore, the
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Figure 5.24 Schematic view of a hybrid bacterial magnetic nanoparticle. The magnetosome is
modiﬁed by (a) magnetosome-speciﬁc expression of enzyme and ﬂuorophore proteins by genetic
fusion to the MMP, (b) fusion tags that serve as anchor groups for subsequent conjugation with
various biomolecules, (c) conjugation with gold particles or quantum dots through a DNA linker
and (d) biotinylation of membrane lipids and proteins, which would facilitate the subsequent
streptavidin-mediated conjugation to various molecules such as nucleic acids or antibodies. In the
ﬁgure, MM stands for magnetosome membrane, MMP for magnetosome protein and SAV for streptavidin. Lang, C. and Schuler, D.(2006). Biogenic nanoparticles: production, characterization, and
application of bacterial magnetosomes, Journal of Physics: Condensed Matter, 18, S2815–S2828.
Reproduced by permission of the Institute of Physics

magnetosome membrane encapsulating the magnetic crystal is a natural coating of the
magnetosome. It mainly consists of phospholipids and a speciﬁc type of proteins, and it is
accessible for the attachment of artiﬁcial functional moieties (Ceyhan et al. 2006). Using
genetic techniques, the biochemical composition of the magnetosome membrane can be
altered for a special purpose. Figure 5.24 schematically shows different functionalization
approaches for isolated magnetosome particles. These functionalizations could be realized
by the generation of chimeric proteins speciﬁcally displayed on the magnetosome surface
(Lang and Schuler 2006). Besides, it has been experimentally demonstrated that magnetosome proteins can be used for realizing functional genetic fusions (Komeili et al. 2004;
Schultheiss et al. 2005).
Figure 5.25 shows an example of modiﬁcation of magnetosomes by a modular synthetic chemical approach (Ceyhan et al. 2006). In this example, the biogenic magnetosome
particles (MPs) 1 are produced by the magnetotactic bacterium Magnetospirillum
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Figure 5.25 Schematic drawing of the preparation of oligofunctional DNA- and/or proteinmodiﬁed magnetosome particles. Biotin groups were attached to the magnetosome membrane of
MPs 1 either by incorparation of [1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)
(sodium salt)] (biotin-DPPE, 2) or by the covalent modiﬁcation of the proteins within the magnetosome membrane by using sulfo-N-hydroxysuccinimide ester sodium salt (NHS-biotin, 3).
Magnetosomes modiﬁed with 2 are labeled a, while magnetosomes modiﬁed with 3 are labeled b.
The surface-bound biotin groups of the resulting MPs 4a and 4b were used to bind streptavidin
(STV, 5), and the resulting STV-functionalized MPs 6a and 6b were functionalized with biotinylated
DNA oligomers 7 and 8 and/or antibody 9. (Ceyhan et al. 2006)

gryphiswaldense. These magnetosome particles are 38 nm in size, and have cuboctahedral shapes. The magnetosome has a monocrystalline magnetite core. First, the biotin
groups are coupled to the magnetosome membrane of the magnetosome particles, and
this could be realized in two different approaches: the incorporation of the biotinylated
lipid biotin-DPPE, 2, or the covalent modiﬁcation of the proteins within the magnetosome
membrane by using NHS-biotin, 3. Then the protein streptavidin (STV, 5) is attached to
the membrane-bound biotin groups of MPs 4a and 4b, resulting in STV-functionalized
MPs 6a and 6b, respectively. The biotin-binding capacity of particles 6 is then used for
the attachment of functional biomolecular entities, such as biotinylated DNA oligonucleotides (7, 8) whose DNA sequences are listed in Table 5.1, and biotinylated antibodies
(9). The resulting MPs, 10–14, can be used for the detection of complementary targets,
nucleic acids and proteins which can be identiﬁed by the MP-bound DNA oligomers or
antibodies, respectively.

Table 5.1

Oligonucleotide sequences used

Compound

Sequence

7
8

5’-biotin-TCC TGT GTG AAA TTG TTA TCC GCT-3’
5’-GCA CTT GAG AGC (dT12 )-biotin-3’
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5.5.2.2 Detection of Biomolecules
Magnetic particles are often used as magnetic markers for quantitative detection of
molecular interactions, for example, between DNA–DNA, antigen–antibody and ligand–
receptor. The magnetic measurements are usually made using a superconducting quantum
interference device (SQUID) magnetometer (Enpuku et al. 2001), giant magneto-resistive
(GMR) sensors (Edelstein et al. 2000) or by the measurement of magnetic permeability (Kriz et al. 1998). Theoretically, these methods are sensitive enough to detect single
magnetic particles (Edelstein et al. 2000).
Amemiya et al. (2005) developed a method for the detection of streptavidin using biotin
conjugated to single domain bacterial magnetosome particles (MPs). In this method, the
magnetosome particles are used as magnetic markers, and the magnetic signals from MPs
are measured using magnetic force microscopy (MFM). This method is sensitive enough
for immunoassay and DNA detection.
Figure 5.26 shows the process of biotin-MPs immobilization for the detection
of streptavidin. The magnetosome particles are isolated from Magnetospirillum
magneticum AMB-1. The Sulfo-NHS-LC-LC-Biotin or Biotin-PEG-NHS containing Nhydroxysuccinimidyl esters are immobilized on magnetosome particles, resulting in
biotin-MPs (Amemiya et al. 2005).
Figure 5.27 shows typical AFM and MFM images of magnetosome particles.
Figure 5.27(b) is obtained using a standard MFM cantilever with coercivity force Hc
= 300–400 Oe. The resolution of the AFM image is sufﬁcient for identifying single magnetosome particles. The bright color represents repulsive interactions between the tip and
sample, while the dark color represents the attractive interactions between them. It should
be noted that in MFM imaging, the bright and dark contrasts depend on the magnetic
polarity. Depending on which magnetic pole is detected, usually the MFM image from
magnetosome particles should generate both bright and dark images. However, as shown in
Figure 5.27(b), only dark images can be observed using the 300–400 Oe cantilever. But, as
shown in Figure 5.27(d), the magnetic polarity of MPs can be indicated by the use of cantilever with higher coercive force (Hc = 650 Oe) under vacuum. The attractive interactions
detected between the standard cantilever tip and magnetosome particles may be due to
the relatively low coercive force (Hc = 300–400 Oe) of the cantilever and the subsequent
magnetization of the cantilever by the magnetosome particles (Amemiya et al. 2005).
NH2

NH2

NH2

NH2

Amine-coated
glass slide

Sulfo-NHS-LC-LC-biotin
or Biotin-PEG-NHS

Biotin immobilized on
magnetosome particles
(biotin-MPs)

Streptavidin

BSA
Detection of magnetic signals by MFM

Figure 5.26 Magnetic detection for streptavidin by using biotin-MPs. (Amemiya et al. 2005)
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Figure 5.27 Images of MPs on a glass slide. AFM (a) and MFM (b) images of BMPs at a low
magniﬁcation. The MFM imaging was performed by using the cantilever with Hc = 300–400 Oe
in air. AFM (c) and MFM (d) images of BMPs at high magniﬁcation. The MFM imaging was
performed by using the cantilever with high coercivity Hc = 650 Oe) in vacuum. (Amemiya et al.
2005)

Using MFM, the number of streptavidin on modiﬁed glass slides can be obtained by
directly counting the magnetosome particles. Figure 5.28 shows the relationship between
streptavidin concentrations and the numbers of magnetosome particles at an area of 20 µm
× 20 µm. In the experiment, after the glass slides are treated with various concentrations
of streptavidin (0.001–100 pg/ml), the biotin-MPs are applied to the biotin immobilized
on the glass slides (Amemiya et al. 2005).
5.5.2.3 Magneto Immuno-PCR
Nowadays, the Immuno-polymerase chain reaction (Immuno-PCR), ﬁrst described by
Sano et al. (1992), is a well-developed technique for ultrasensitive analysis of biomarkers. Theoretically, the Immuno-PCR technique can be adapted to detect any antigen.
Compared to the standard Enzyme-Linked ImmunoSorbent Assay (ELISA) technique,
the Immuno-PCR technique has up to around a ten thousand-fold gain in sensitivity.
Meanwhile, the Immuno-PCR technique has a linear dynamic range up to ﬁve orders of
magnitude. Moreover, the Immuno-PCR technique has many additional advantages, such
as small sample volume and high tolerances against drug and matrix effects (Wacker et al.
2007).
The use of magnetic particles may make Immuno-PCR an automated one-step
immunoassay, and the magnetic particles used should have uniform size and morphology,
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Figure 5.28 Relationship between streptavidin concentration and the numbers of magnetosome
particles in an area of 20 µm × 20 µm. Before the biotin-MPs are applied, the glass slides are
treated with various concentrations of streptavidin (0.001–10 pg/ml). (Amemiya et al. 2005)

biocompatibility and high magnetization. Due to the attractive advantages of magnetosomes over synthetic magnetic particles, Ceyhan et al. (2006) used magnetosomes isolated
from the magnetotactic bacterium Magnetospirillum gryphiswaldense, and modiﬁed with
oligonucleotides and antibodies. The Immuno-PCR using antibody-functionalized magnetosome particles is often called Magneto Immuno-PCR (M-IPCR), which is often used
for automatable high sensitive antigen detection.
The working principle of the M-IPCR technique is similar to that of a two-sided
(sandwich) immunoassay. Here we discuss the M-IPCR technique using the chemically
modiﬁed magnetosome particles, which bear streptavidin molecules at their magnetosome membranes. To elucidate its performance, the M-IPCR technique is used to detect
the recombinant Hepatitis B surface Antigen (HBsAg) in human serum. As shown in
Figure 5.29, this assay is based on a two-sided (sandwich) immunoassay. It should be
noted that, in a standard immunoassay, the capture antibodies are typically bound to a solid
phase; however, for M-IPCR, the capture phase is the antibody-functionalized biogenic
magnetosome particles. In the experiment, these magnetosome particles are mixed with a
DNA–anti-HBsAg antibody conjugate directly within the biological matrix, for example,
standardized human serum. After the detection complex is formed, the magnetosomes are
collected using an external magnetic ﬁeld (Wacker et al. 2007).
The use of isolated magnetosome particles has obvious advantages over the use of
synthetic magnetic microbeads. As shown in Figure 5.30, the limit of detection (LOD)
using magnetosome particles is 320 pg/ml HBsAg in standardized human serum, while the
LOD using the commercial microbeads is 8 ng/ml. Therefore the M-IPCR using magnetosome particles has a 25-fold higher sensitivity. This enhanced performance may be due
to the smaller size, monodispersity and higher magnetization of isolated magnetosome
particles.
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Figure 5.29 Procedure of the Magneto Immuno-PCR (M-IPCR). (a) HBsAg speciﬁc
magnetosome–antibody conjugate and DNA–antibody conjugate are incubated simultaneously with
the serum sample containing HBsAg resulting in a signal-generating detection complex; (b) a magnet is used to concentrate the complex to be detected, and the unbound materials are removed by
subsequent washing steps; (c) after resuspending, a deﬁned volume of the detection complex solution is transferred to a microplate containing the PCR mastermix to enable real-time PCR detection
of the immobilized antigen. (Wacker et al. 2007)
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Figure 5.30 Comparison of Magneto Immuno-PCR (M-IPCR) using the magnetosome particles
(black squares) and commercial magnetic microbeads (gray triangles). Both techniques showed
linear regressions. The use of magnetosomes resulted in an improved LOD of 320 pg/ml and
decreased standard deviations. This led to a 25-fold higher sensitivity, compared to the magnetic
microbeads, which showed an LOD of 8 ng/ml. (Wacker et al. 2007)
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6
Magnetic Nanowires and their
Biomedical Applications
6.1 Introduction
Many areas of science and engineering have been impacted by the integration of the
biological sciences and the physical sciences at the micro and nano scales. Among various
areas, biomagnetics is extremely interesting and promising. For example, nanofabricated
magnetic particles have been used to selectively probe and manipulate biological systems.
This is a rapidly growing ﬁeld, and a broad range of applications have been developed,
such as cell separation, biosensing, studies of cellular function, as well as a variety of
potential medical and therapeutic applications (Reich et al. 2003). Most of the magnetic
particles used have a spherical shape, usually consisting of a magnetic core and a shell that
allows the functionalization of bioactive ligands to realize desired biomedical purposes. As
the applications of magnetic particles are becoming more and more popular in the research
of medicine and biotechnology, it would be advantageous if the magnetic particles could
perform a variety of functions. Magnetic nanowires are a type of magnetic particle with
signiﬁcant potential for this purpose. Nanowires, also called nanorods in some literatures,
have quasi-one-dimensional anisotropic structures with extremely high aspect ratios.
In the biomedical applications of magnetic particles, to optimize the properties of magnetic particles for desired biomedical applications, the composition, shape, size and surface
chemistry of the particles should be controlled. In this respect, nanowires have attractive
advantages. Magnetic nanowires possess unique properties that are quite different from
those of bulk ferromagnetic materials, spherical particles and thin ﬁlms. As schematically
shown in Figure 6.1, the architecture and composition of a nanowire along its axis can be
modulated precisely, and this could be used to precisely control the magnetic properties
of nanowires for special biomedical applications.
Most of the magnetic nanowires used in biomedicine are metal cylinders electrodeposited in nanoporous templates. Their radius can be controlled in the range of 5 to
500 nm, and their length can be controlled up to about 60 µm. The multiple segment
structures, as shown in Figure 6.1(b) and (c), provide extraordinary ﬂexibilities for the
control of their magnetic properties, as the shape and composition of each segment and
the coupling between the layers can be precisely controlled (Sun et al. 2005; Chen et al.
2003a). Furthermore, as shown in Figure 6.1(d), by using ligands that selectively bind to
different segments of a multi-segment wire, spatially modulated multiple functionalization
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
V. Varadan, L.F. Chen, J. Xie
 2008 John Wiley & Sons, Ltd
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Figure 6.1 Inherent shape anisotropy of and functionalization of nanowires. (a) Single-component
nanowire; (b) two-component nanowire in which the aspect ratio of each segment is greater than
one; (c) two-component multilayer nanowire, in which the aspect ratio of each segment is less than
one; (d) functionalization of a two-component nanowire. In the ﬁgure, ligands L and L selectively
bind to the two components, and thus the functional groups R and R , corresponding to L and L
repectively, are spatially separated. (Sun et al. 2005). Reproduced by permission of IBM

can be realized in these wires, and this feature can be used to improve the performances
of magnetic nanowires in biomagnetic applications (Reich et al. 2003).
It should be noted that both single-component magnetic nanowires and multiple-segment
magnetic nanowires are widely used for both scientiﬁc research and practical applications.
Many important magnetic properties, for example, Curie temperature, coercivity, saturation ﬁeld, saturate magnetization, remanent magnetization and the orientation of easy
magnetization axis, can be modiﬁed by changing the diameter, thickness and composition
of the magnetic/non-magnetic segments in multiple-segment nanowires (Sun et al. 2005).
Many efforts have been made to develop methods for synthesis and manipulation of magnetic nanowires, and to explore their biomedical applications, and encouraging progress
has been made.
In this chapter, before discussing the synthesis methods, characterization techniques and
typical applications of magnetic nanowires, the basic knowledge about the magnetism of
nanowires will be discussed. We start by introducing various nanowire structures.
6.1.1 Arrayed and Dispersed Nanowires
In most of their applications, nanowires are either arrayed or dispersed. Figure 6.2(a)
shows an example of arrayed Ni nanowires with diameter about 200 nm. It should be noted
that the Ni nanowires shown in Figure 6.2(a) are randomly arrayed. As will be discussed
later, nanotubes can be arrayed in deﬁned patterns for special purposes. Figure 6.2(b)
shows dispersed Co nanowires with diameter about 70 nm. In biomedical applications,
dispersed nanowires are usually suspended in solutions.
6.1.2 Single-segment, Multi-segment and Multilayer Nanowires
As it is desirable for a single nanomaterial to perform multiple functions simultaneously,
multi-segment nanostructures are intensively investigated, and their inherent multiple
functionalities are explored. Figure 6.1 shows that nanowires with multiple chemical components aligned along their long axis can be developed (Hurst et al. 2006). Figure 6.3(a)
shows a piece of single-segment nickel nanowire. It should be noted that a single segment
nanowire could be made of single element metal, alloy, or oxide. Figure 3 (b) shows a
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(a)

(b)

Figure 6.2 (a) Arrayed Ni nanowires with diameter about 200 nm (Liu et al. 2007); (b) dispersed
Co nanowires with diameter about 70 nm (Maurice et al. 1998)

(a)

(b)

(c)

Figure 6.3 (a) Single-segment nickel nanowire (Bauer et al. 2003); (b) two-segment nickel-gold
nanowire (Bauer et al. 2003); (c) cobalt-copper multilayer nanowire. (Piraux et al. 1994)

piece of two-segment nickel-gold nanowire. Figure 6.3(c) shows a piece of cobalt-copper
multilayer nanowire.
6.1.3 Other Nanowire Structures
Besides the typical types discussed above, there are other types of nanowires, such as
encapsulated nanowires and core–shell nanowires.
6.1.3.1 Encapsulated Nanowires
Due to the signiﬁcant electronic, magnetic and nonlinear optical properties of carbon
nanotubes, the encapsulation of foreign materials inside the hollow cavities of carbon
nanotubes has been extensively investigated. Many materials, such as iron, iron oxide
and cobalt, are encapsulated in carbon nanotubes, and their properties have been studied
(Bao et al. 2002). However, as their diameters are usually about several nanometers, the
applications of foreign materials encapsulated in carbon nanotubes in device development
are drastically limited. It has been found that materials encapsulated in the hollow cavities
of carbon micrometer tubes have more application value than materials encapsulated in
carbon nanotubes, and researchers are investigating the various physical and chemical
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Figure 6.4 SEM and TEM images of magnetite nanowires encapsulated in carbon microtubes.
(a) SEM image of magnetite nanowires encapsulated in carbon microtubes; (b) TEM image of a
single magnetite nanowire encapsulated in carbon microtube; (c) TEM image of a single magnetite
nanowire coexisted with the CMTs. (Xu et al. 2004)

phenomena of this types of materials (Xu et al. 2004). The materials encapsulated in
carbon microtubes usually exist in the form of nanowires.
By pyrolyzing an ethanol/ferrocene mixture in an autoclave at 600 ◦ C, magnetite (Fe3 O4 )
nanowires encapsulated in carbon microtubes can be synthesized (Xu et al. 2004). The
carbon microtubes have diameters in the range of 150 to 1500 nm and lengths up to 6 um.
The inner magnetite nanowires are single crystalline with diameters in the range of 55 to
750 nm, and they exhibit ferromagnetic properties at room temperature. Figure 6.4(a) shows
an SEM image of the as-prepared magnetite nanowires encapsulated in carbon microtubes.
They are straight with a diameter range of 150–1500 nm and lengths up to 6 µm with at least
one closed end. Figure 6.4(b) shows a TEM image of a single magnetite nanowire partly
coated by carbon. Figure 6.4(c) shows a TEM image of the carbon microtubes obtained
after HCl acid treatment. In these carbon microtubes, only one piece of single magnetite
nanowire encapsulated in carbon microtube can be found.
6.1.3.2 Core–shell Nanowires
Quasi one-dimensional magnetic structures, where the magnetic domains, single-crystalline
grains or nanocrystals are aligned in series, are desired for the study of magnetoresistance.
Zhang et al. (2004) produced MgO/Fe3 O4 core–shell nanowires by epitaxially depositing
a Fe3 O4 shell layer onto MgO nanowires serving as the supporting cores. The synthesized
core–shell nanowires can be used to investigate the transport behavior of Fe3 O4 in its
quasi one-dimensional systems (Zhang et al. 2004). It should be noted that such core–shell
nanowires can also be regarded as magnetic nanotubes ﬁlled with nonmagnetic materials.
Figure 6.5 shows the morphology of the MgO/Fe3 O4 core–shell nanowires. Figure 6.5(a)
shows that the MgO core is covered by a uniform layer of Fe3 O4 . The MgO core has a
diameter of about 25 nm and the coated shell has a thickness of about 7 nm. Figure 6.5(b)
shows the high-resolution transmission electron microscopy (HRTEM) image of the interface between the core and shell. It indicates that the MgO core and epitaxial magnetite
shell have a relatively sharp interface. The continuous lattice fringes from the core to the
shell conﬁrm the perfect single-crystal epitaxial growth of the magnetite layer. As shown
in Figure 6.5(c), the lattice spacing between two planes is about 2.947 Å, which corresponds to the distance of two (220) planes of magnetite. The angle between the interface of
core–shell and lattice fringe of (220) plane is 45 ◦ , indicating that the axial growth direction
core is along [100]. Due to the tunneling of spin-polarized electrons across the anti-phase
boundaries, at room temperature, the as-synthesized nanowires have a magnetoresistance
of about 1.2 % under a magnetic ﬁeld of B = 1.8 T (Zhang et al. 2004).
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Figure 6.5 TEM image of a core–shell nanowire showing the uniform magnetite coating on the
MgO core. To inspect the core–shell interface, the boxed region in (a) is enlarged in (b), and the
boxed area in (b) is further enlarged in (c) to determine the lattice spacing in the shell region.
(Zhang et al. 2004)

6.2 Magnetism of Magnetic Nanowires
Due to their quasi one-dimensional structure, magnetic nanowires exhibit unique magnetic properties (Heydon et al. 1997; Fert and Piraux 1999). The magnetic properties of
a nanowire are related to many parameters of the nanowire, such as composition, length
and diameter. For a multi-segment nanowire, its magnetic properties are also related to
the layer thickness and the spacing between layers. The low dimensionality of nanowires
brings about fundamental magnetic anisotropy. Some magnetic properties of magnetic
nanowires, such as coercivity, remanence, saturation magnetic ﬁeld and saturate magnetization, are dependent on the direction of the externally applied magnetic ﬁeld. The giant
magnetoresistance of a multilayer nanowire is caused by the segmented structure of the
nanowire (Hurst et al. 2006).
In the following, we discuss the basic magnetism of magnetic nanowires, including
shape anisotropy, switching in single-domain particles, magnetization hysteresis loop and
the giant magnetoresistance of multi-segmented structures.
6.2.1 Shape Anisotropy
When a magnetic ﬁeld is applied to a spherical object, the orientation of the magnetic
ﬁeld does not affect the magnetization of the spherical object. However, the magnetization
of a nonspherical object is dependent on the orientation of the magnetic ﬁeld. It is easier
to magnetize a nonspherical object when the magnetic ﬁeld is applied along the long axis
of the object than along its short axis. For an object under an external magnetic ﬁeld,
the magnetic ﬁeld inside the object is usually called the demagnetizing ﬁeld, as this ﬁeld
tends to demagnetize the material. The demagnetizing ﬁeld, Hd , is proportional to the
magnetization M that creates it, but in an opposite direction, as given by:
Hd = −Nd M

(6.1)

where the demagnetizing factor Nd is related to the shape of the object. The calculation is
quite complicated, and the exact value of Nd can be calculated only for an ellipsoidal object
with uniform magnetization all over the object. To an ellipsoidal object with semi-axes a,
b and c (c ≥ b ≥ a), the sum of demagnetization factors along the three semi-axes (Na ,
Nb and Nc ) equals to 4π, i. e. Na + Nb + Nc = 4π.
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Figure 6.6 Three typical ellipsoids: prolate spheroid (c > a = b), slender ellipsoid (c  a > b),
and oblate spheroid (c = b > a). (Sun et al. 2005). Reproduced by permission of IBM

For a given magnetization direction, the magnetostatic energy ED (erg/cm3 ) is given by:
ED =

1
Nd Ms2
2

(6.2)

where Ms (emu/cm3 ) is the saturate magnetization of the object, and Nd is the demagnetization factor for the magnetization direction.
Figure 6.6 shows three typical ellipsoids, often used in the study of magnetic nanowires:
prolate spheroid, slender ellipsoid and oblate spheroid. In the following, we discuss the
demagnetization factors of these three types of ellipsoids.
6.2.1.1 Prolate Spheroid (c  a = b)
A single-component nanowire with circular cross-section can be approximated as a prolate
ellipsoid. The demagnetization factors of a prolate ellipsoidal object are given by (Sun
et al. 2005):


1
m
m + (m2 − 1)1/2
Na = Nb = 4π
× m−
× ln
2(m2 − 1)
2(m2 − 1)1/2
m − (m2 − 1)1/2


m
1
m + (m2 − 1)1/2
−1
×
× ln
Nc = 4π 2
m −1
2(m2 − 1)1/2
m − (m2 − 1)1/2
where m is the aspect ratio: m = c/a.

(6.3)
(6.4)

Demagnetization factor, Nd /4π

Magnetism of Magnetic Nanowires

221

0.5
Na
0.4
0.3
0.2
Nc

0.1
0
1

10

c /a

100

1,000

Figure 6.7 The relationship between the normalized demagnetization factors (Na /4π and Nc /4π)
of a prolate spheroidal object and its aspect ratio (m = c/a). It can be found that if the aspect ratio
is larger than 10, Na /4π ≈ 0.5 and Nc /4π ≈ 0. (Sun et al. 2005). Reproduced by permission of
IBM

For a prolate spheroid, the relationship between the normalized demagnetization factors
(Na /4π and Nc /4π) and its aspect ratio (m = c/a) can be calculated based on Equations
(6.3) and (6.4), and the results are shown in Figure 6.7. A high aspect ratio nanowire
can be approximated as a high aspect ratio (large m) prolate spheroid. Under this approximation, the hard magnetization axis is perpendicular to the axis of the nanowire, and
demagnetization factor of the nanowire in this direction is 2π; while the easy magnetization axis is parallel to the axis of the nanowire, and the demagnetization factor in this
direction equals to zero. Therefore, the difference of the shape anisotropy energy of the
nanowire along the two axes is given by (Sun et al. 2005):
Ku = ED = EDa − EDc = πMs2

(6.5)

It should be noted that, to validate the long cylinder approximation, usually the aspect
ratios of the nanowires should be larger than 10.
6.2.1.2 Slender Ellipsoid (c  a  b)
A nanowire deposited into a template pore with noncircular cross-section can be approximated as a slender ellipsoid. The demagnetization factors along the three semi-axes a, b
and c of a slender ellipsoid are given by (Sun et al. 2005):


1 ab
ab(3a + b)
b
4c
Na = 4π
−
+ 2
(6.6)
ln
a + b 2 c2
a+b
4c (a + b)


1 ab
ab(3a + b)
a
4c
−
+ 2
(6.7)
ln
Nb = 4π
2
a+b 2 c
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−1
(6.8)
Nc = 4π 2 ln
c
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6.2.1.3 Oblate Spheroid (c = b  a)
A disk-shaped magnetic segment in a multiple-segment nanowire can be approximated as
an oblate spheroid. The demagnetization factors of an oblate spheroid are given by (Sun
et al. 2005):
Na = 4π

1
m2
(m2 − 1)1/2
1
−
×
arcsin
m2 − 1
(m2 − 1)1/2
m

Nb = Nc = 4π

m
m2
(m2 − 1)1/2
−1
×
arcsin
2(m2 − 1) (m2 − 1)1/2
m

(6.9)
(6.10)

where the aspect ratio m is given by m = c/a.
A magnetic segment in a multi-segment nanowire usually has a disk shape. Such a
magnetic segment can be approximated as an oblate spheroid with a very low aspect ratio.
The hard magnetization axis is parallel to the axis of the multi-segment nanowire, and the
demagnetization factor Na along this direction equals to 4π; while the easy magnetization
axis is perpendicular to the axis of the multi-segment nanowire, and demagnetization
factor Nc along this direction is zero. Therefore, the difference of the shape anisotropy
energies in these two axes is given by (Sun et al. 2005):
Ku = ED = EDa − EDc = −2πMs2

(6.11)

6.2.2 Switching in Single-domain Particles (Sun et al. 2005)
Based on the Brown equation, the magnetization conﬁguration in a magnetic nanowire can
be obtained by minimizing the total free energy (Frei et al. 1957). In the determination
of magnetization conﬁgurations, usually many effects are ignored, such as the crystalline
anisotropy energy (Eca ), the magnetoelastic energy (EEA ) and the effects related to the
microstructure and the surface (Sun et al. 2005).
The formation of multiple magnetic domains inside a bulk ferromagnetic material
can minimize the energy of the material. However, a magnetic particle will be in a
single-domain state if its size is smaller than a critical value. For a prolate spheroidal
particle as shown in Figure 6.6, the critical radius rsd , which is in the short axis direction,
is given by (Frei et al. 1957):

rsd =



6A
2rsd
ln
−
1
Nc Ms2
a1

(6.12)

with:
Nc = 4π



m
1
m + (m2 − 1)1/2
−1
×
×
ln
m2 − 1
2(m2 − 1)1/2
m − (m2 − 1)1/2

(6.13)

where A is the stiffness constant (erg/cm), Nc is the demagnetization factor, Ms is the
saturate magnetization (emu/cm3 ) and a1 is the near-neighbor spacing (cm). According
to Equations (6.12) and (6.13), the critical radius of a nickel nanowire with an aspect
ratio of 10 is about 300 nm, so the diameter of a single-domain nickel nanowire with
an aspect ratio of 10 should be less than about 600 nm. However, for cobalt and iron
nanowires with the same aspect ratio, to have single-domain structures, their diameters
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Figure 6.8 The relationship between the critical radius for a single-domain prolate spheroid and
the demagnetization factor along the c-axis Nc . In the calculation, it is assumed that A = 1 ×
10−6 erg/cm, Ms (Ni) = 485, Ms (Co) = 1,440, Ms (Fe) = 1,710, a1 (Ni) = 0.2942 nm, a1 (Fe) =
0.2482 nm, and a1 (Co) = 0.2507 nm. (Sun et al. 2005). Reproduced by permission of IBM

should be less than about 140 nm, because their critical radius is about 70 nm. Figure 6.8
shows the relationship between the critical radius and the demagnetization factor Nc .
Generally speaking, when the aspect ratio (m = c/a) increases, demagnetizing factor Nc
will decrease, and thus the critical radius will increase (Sun et al. 2005).
Figure 6.9 shows two models often used for analyzing the magnetization reversal modes
of a single-domain particle: the coherent rotation model and the curling model (Sun et al.
2005). When no magnetic ﬁeld is applied, the magnetic moments are aligned along its

Easy
axis

Ms

q0

q

H

(a)

(b)

(c)

Figure 6.9 Two magnetization reversal models for in a single-domain prolate spheroid. (a) Coherent rotation model; (b) curling model; (c) coordinate system for analysis of coherent rotation. (Sun
et al. 2005)
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easy axis, which is the longest major axis. In the coherent rotation model as shown in
Figure 6.9(a), during the magnetization reversal process, all the magnetic moments in the
particle remain parallel to each other, and rotate away from the easy magnetization axis to
minimize the exchange energy in the system. However, the demagnetization energy will
be increased due to the existence of the magnetization component along the hard axis.
In the curling model as shown in Figure 6.9(b), as the neighboring magnetic moments
are not constrained to be parallel, there is no net magnetization along the hard axis, and
thus the demagnetization energy can be minimized. However, the exchange energy may
increase because the magnetic moments are not parallel to each other.
The switching mode of a magnetic particle is determined by the competition between the
exchange energy and the demagnetization energy, and the particle size plays an important
role in this competition. In the curling model, the size decrease will cause the increase in
the relative angle between neighboring moments, and thus the increase in the exchange
energy density, favoring the coherent rotation. Meanwhile, the increase in aspect ratio
causes the increase in demagnetization energy density, which makes the curling process
more favorable. There exists a critical size for the transition between the two reversal
processes. If the external magnetic ﬁeld is applied along the easy magnetization axis, the
critical radius rc (cm) is given by:

rc = q

2
Na

1/2

A1/2
Ms

(6.14)

where q is the smallest solution of the Bessel functions, Na is the demagnetizing factor
along the minor axis, A is the constant of exchange stiffness (erg/cm) and Ms is the
saturate magnetization (emu/cm3 ). The value of q is related to the aspect ratio of the
prolate spheroidal particle, and it is in the range of 1.8412 to 2.0816. The lower limit
corresponds to an inﬁnitely long cylinder, while the upper limit corresponds to a sphere.
For an inﬁnitely long cylinder, as Na = 2π, we have (Sun et al. 2005):
rc =

q
π 1/2

×

A1/2
Ms

(6.15)

Three parameters, nucleation ﬁeld, switching ﬁeld and coercivity, are often used in
describing the magnetization reversal process. The nucleation ﬁeld Hn is a theoretical concept. At the nucleation ﬁeld Hn , the magnetization just starts to change from a saturated
single-domain state. A rapid change in magnetization occurs at the switching ﬁeld Hs and
the magnetization changes sign at the coercivity Hc . The switching mechanism can be
experimentally determined from the angular dependence of the coercivity (Sun et al. 2005).
6.2.3 Magnetization Hysteresis Loops
The magnetization hysteresis loop of a sample illustrates how this sample responds to
an external magnetic ﬁeld, and theoretically, the magnetization hysteresis loop of an
arbitrary sample can be obtained by minimizing the total free energy of the object in an
external magnetic ﬁeld (Sun et al. 2005). The hysteresis loop of an object is affected by
many factors, such as the material and microstructure of the object, the shape and size
of the object, the orientation of the magnetizing ﬁeld, and the magnetization history of
the sample. For arrays of nanoparticles, the interactions between individual particles may
also affect the hysteresis loop. Figure 6.10 schematically shows two typical magnetization
hysteresis loops for an array of single-segment ferromagnetic nanowires.
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Figure 6.10 Hysteresis loops for a nickel nanowire array. The diameter of the nanowires is
100 nm, and their length is 1 µm. (a) The applied magnetic ﬁeld H is parallel to the axis of the
nanowires; (b) the applied ﬁeld H is perpendicular to the axis of the nanowires. (Sun et al. 2005).
Reproduced by permission of IBM

The parameters often used in describing the characteristics of a sample include the
saturate magnetization Ms , the remanent magnetization Mr , the saturation ﬁeld Hsat and
the coercivity Hc . As shown in Figure 6.10, the saturation ﬁeld Hsat is the ﬁeld required
for the sample to achieve the saturate magnetization Ms ; the remanent magnetization Mr
is the magnetization of the sample when the external magnetic ﬁeld is moved away;
the coercivity Hc is the magnetic ﬁeld corresponding to the zero magnetization. There
is another important parameter, switching ﬁeld Hs , which is often used in analyzing
magnetic nanomaterials. It is deﬁned as the ﬁeld at which the slope of the M–H loop
reaches its maximum value, i.e., d2 M/dH2 = 0. Actually, it is the ﬁeld required to switch
the magnetization from one direction to the opposite direction (Sun et al. 2005). Usually,
the switching ﬁeld Hs is equal to the coercivity Hc .
The saturate magnetization Ms of an object is achieved when all the magnetic moments
in the object are aligned in the same direction. Therefore, the saturate magnetization Ms
is an intrinsic property of a magnetic material, which is not related to the size and shape
of the sample (Sun et al. 2005). Table 6.1 gives the Ms values of several typical magnetic
materials.
The magnetic behaviors of a nanowire array are mainly determined by two factors.
The ﬁrst one is the magnetic properties of the individual nanowires. The second is the
interactions among the individual magnetic nanowires, which are related to the geometry parameters of the nanowire array. In the following discussion, we concentrate on
the inﬂuences of the geometrical characteristics on the magnetic behaviors of magnetic
nanowire arrays.

Table 6.1 Saturation magnetization of typical magnetic
materials. (Sun et al. 2005). Reproduced by permission of IBM
Material
Fe
Ni
Co
bcc Fe0.5 Co0.5 (permedur)
Fcc Ni0.78 Fe0.22

Ms (emu/cm3 ) at 290 K
1,710
485
1,440
1,950
800
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Figure 6.11 Axial (•) and in-plane (o) hysteresis loops for two arrays of Ni (a) and Co (b)
nanowires. (Vazquez et al. 2005). Reprinted from Vazquez, M. Pirota, K. Torrejon J. Navas, D.
Hernandez-Velez, M. (2005) “Magnetic behaviour of densely packed hexagonal arrays of Ni
nanowires: Inﬂuence of geometric characteristics”, Journal of Magnetism and Magnetic Materials,
294, 174–181 with permission from Elsevier

6.2.3.1 Easy Magnetization Direction
To analyze the magnetic behavior of a nanowire array, it is necessary to ﬁnd out the
intrinsic easy magnetization axis of individual nanowires. One approach is to analyze
the magnetization process when the sample is magnetized along the nanowire axis or
in the plane of the membrane (Vazquez et al. 2005). Figure 6.11(a) shows the axial and
in-plane magnetization hysteresis loops of a nickel nanowire array. The Ni nanowires have
a diameter of 23 nm and a length of 3000 nm, and the array has a lattice parameter of
65 nm. It is clear that the axial loop has much larger values of coercivity and remanence, so
the individual Ni nanowires have an effective longitudinal uniaxial anisotropy, originating
from the shape anisotropy that would overcome other components such as magnetocrystalline and magnetoelastic anisotropies. Therefore, it is appropriate to consider as a ﬁrst
approximation individual nanowires to be single-domain with axial magnetization.
Figure 6.11(b) shows the magnetic hysteresis loops of an array of Co nanowires in a
hexagonal lattice with 105 nm interwire distance. The Co nanowires have a diameter of
35 nm, and length of 800 nm. In this case, both the axial and the in-plane loops exhibit
similar values of coercivity and remanence, so there is a balance between the axial shape
anisotropy and the magnetocrystalline anisotropy.
6.2.3.2 Crystalline Long-range Ordering of an Array
It has been found that if each nanowire individually acts as a magnetic dipole, its magnetization process will contribute to the whole hysteresis loop of the array with a small
square shaped loop. For an array of identical non-interacting nanowires, a simple macroscopic hysteresis loop would be observed with a single Barkhausen jump. However, as the
distance among nanowires is usually smaller or comparable to their diameter and length,
there are magnetostatic interactions among them (Vazquez et al. 2005). In this case, the
neighboring wires give rise to an effective stray ﬁeld that adds to the applied ﬁeld. The
strength of the stray ﬁeld depends on the geometrical characteristics of the array. Here
we discuss the inﬂuence of the size of the long-range crystalline ordering degree.
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Figure 6.12 (a) Experimental hysteresis loops of nickel nanowire arrays 35 nm diameter and
105 nm lattice parameter after 3 h (o) and 72 h (•) ﬁrst anodization; (b) simulated hysteresis loops
of nanowire arrays of (a): 3 h (•) and 72 h () ﬁrst anodization time. (Vazquez et al. 2004).
Reprinted from Vazquez, M. Pirota, K. Torrejon, J. Navas, D. Hernandez-Velez, M. (2005) “Magnetic behaviour of densely packed hexagonal arrays of Ni nanowires: Inﬂuence of geometric
characteristics”, Journal of Magnetism and Magnetic Materials, 294, 174–181 with permission
from Elsevier

The nanopores on a template, and consequently nanowires, get ordered into domains
with hexagonal symmetry by self-organization during ﬁrst anodization process. The sizes
of those domains increase with time, and this can be interpreted as the increase of the
long-range ordering of the array. Figure 6.12(a) shows the difference in the hysteresis
loops for different ordering degrees. After 72 hours of ﬁrst anodization, the average size
of crystalline domains of hexagonal symmetry increases up to around 3 µm2 , but with a
reduction in homogeneity of diameter of about 6 % in comparison with the array obtained
after only 3 hours of ﬁrst anodization (Vazquez et al. 2005). It can be seen that the coercivity, remanence and ﬁeld to reach saturation increase with the time of ﬁrst anodization.
The inﬂuence of this spatial ordering on the magnetostatic interactions among nanowires
and consequently on the magnetization process has been analyzed using Monte Carlo and
iterative models (Vazquez et al. 2004), and as shown in Figure 6.12(b), the simulation
results agree well with the experimental results. This simulation indicates that the magnetostatic interactions among the nanowires should be taken as multi-polar rather than
dipolar. This is reasonable because the magnetic charges at the ends of single-domain
nanowires are usually closer to those in adjacent nanowires instead of to those of the
same nanowire, as the interwire distance is typically smaller than the nanowire length
(Vazquez et al. 2005).
6.2.3.3 Filling Factor
The ﬁlling factor of a nanowire array is mainly determined by the ratio between the
nanowire diameter and the lattice parameter or interwire distance. Figure 6.13 shows
the hysteresis loops of nanowire arrays with different ﬁlling factors. It can be found
that the higher ﬁlling factor results in a decrease in axial coercivity and remanence.
This indicates that the uniaxial anisotropy of the nanowire array along the nanowire axis
decreases with the increase of the ﬁlling factor, or in an alternative view, the effective easy
magnetization axis of a nanowire array is somehow intermediate between the nanowire
axis and the membrane plane (Vazquez et al. 2005).

Magnetic Nanowires and their Biomedical Applications

Reduced Magnetization, M/Ms

Reduced Magnetization, M/Ms

228

1.0
0.5
0.0

0.5
0.0

−0.5

−0.5
−1.0
−3000

1.0

−1500

0

1500

3000

−1.0
−3000 −2000 −1000

0

1000 2000 3000

Magnetic Field (Oe)

Magnetic Field (Oe)

(a)

(b)

Figure 6.13 Axial (•) and in-plane (o) hysteresis loops of nickel nanowire arrays after ﬁlling the
nanopores in membranes. (a) 35 nm and (b) 53 nm pores diameter. The lattice parameter is 105 nm.
(Vazquez et al. 2005). Reprinted from Vazquez, M. Pirota, K. Torrenjon J. Navas, D. HernandezVelez, M. (2005) “Magnetic behaviour of densly packed hexagonal arrays of Ni nanowires: Inﬂuence
of geometric characteristics”, Journal of Magnetism and Magnetic Materials, 294, 174–181 with
permission from Elsevier

6.2.3.4 Nanowire Length
Figure 6.14(a) shows the hysteresis loops for different arrays of Ni nanowires with
nanowire length ranging from 500 to 2000 nm. Figure 6.14(b) shows a nearly linear
dependence of the coercivity and remanence of the nanowire arrays on the nanowire
length. These conclusions suggest that different lengths of nanowires may result in the
different strengths of magnetostatic interaction among nanowires (Vazquez et al. 2005).
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Figure 6.14 (a) Axial hysteresis loops for arrays of nanowires with different lengths; (b) coercivity and remanence versus the length of the nanowires. (Vazquez et al. 2005). Reprinted from
Vazquez, M. Pirota, K. Torrenjon, J. Navas, D. Hernandez-Velez, M. (2005) “Magnetic behaviour
of densly packed hexagonal arrays of Ni nanowires: Inﬂuence of geometric characteristics”, Journal
of Magnetism and Magnetic Materials, 294, 174–181 with permission from Elsevier
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Figure 6.15 (a), (b) TEM images of a single nanowire with 10 nm thick Co (light bands) and Cu
(dark bands) layers; c) plot of MR versus applied magnetic ﬁeld (parallel to the nanowire ﬁlm) at
T = 4.2 K. The forward and reverse curves display little overlap, indicating a large coercive, or
switching, ﬁeld. (Piraux et al. 1994)

6.2.4 Multiple-segment Nanowires
Multi-segment ferromagnetic/nonmagnetic nanowires may exhibit giant magnetoresistance
(GMR) (Hurst et al. 2006). Figures 6.15(a) and (b) show the transmission electron microscopy (TEM) images of multilayer Co–Cu nanowires produced within the pores of tracketched polycarbonate membranes (Piraux et al. 1994). As shown in Figure 6.15(c), the
shape of the magnetoresistance (MR) curve for a Co–Cu nanowire is similar to those of the
conventional Co–Cu multilayered ﬁlms. Many other nanowires synthesized from magnetic
non-magnetic couples, such as Ni–Cu, Fe–Cu and CoNiCu–Cu, also exhibit GMR effects.
The MGR effect of multilayered nanowires is related to the special electronic structures
of the magnetic and non-magnetic layers, and this effect can be analyzed using the Mott
model (Tsymbal and Pettifor 2001; Hurst et al. 2006). The Mott model assumes that the
electrical conductivity in ferromagnetic metals can be described in terms of two independent conduction channels formed by the spin-up electrons and the spin-down electrons,
and that the resistance of the spin-up and spin-down electron conduction channels in the
ferromagnetic metals can be different. In a Co–Cu multi-component nanowire system, the
non-magnetic Cu layers function as spacer layers. Due to the presence of these spacer layers,
each magnetic Co layer can be taken as a single magnetic domain, in which the individual
electron spins are aligned, so the magnetic moment of the layer is in one direction. Without an external magnetic ﬁeld, the orientations of the magnetic moments in each of the Co
layers are random with respect to one another. In this case, the resistance is high for both
the spin-up and spin-down electron conduction channels, and thus the nanowire as a whole
has high resistance. When an external magnetic ﬁeld is applied, the magnetic moments of
each Co layer will align in the same direction as that of the applied magnetic ﬁeld. In this
case, one electron conduction channel will have high resistance, while the other electron
conduction channel will have little or no resistance. Therefore, with the application of the
magnetic ﬁeld, the resistance of the multi-component nanowire as a whole is decreased.

6.3 Template-based Synthesis of Magnetic Nanowires
Many efforts have been made on the synthesis of nanowires, and many important methods
have been developed, such as ion-beam and electron-beam nanolithography, evaporation
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condensation, vapour–liquid–solid (VLS) growth, hydrothermal synthesis, and chemical
synthesis (Sarkar et al. 2007). Among the various methods developed for nanowire synthesis, the templating method is the most attractive, as it can be used for synthesizing
nanowire arrays with desired composition, size and aspect ratio. In this method, nanowire
arrays are synthesized inside the pores of a template, through chemical or electrochemical
techniques. Therefore, in selecting a template for synthesizing nanowires, several factors
should be taken into consideration, especially the size, shape and density of the pores on
the template (Piraux et al. 2005).
Electrochemical template synthesis allows the fabrication of single-segment and multisegment nanowires. Using this technique, different segments can be introduced along the
axis of a nanowire, and it is particularly attractive for the realization of multi-functionality.
Furthermore, the materials for individual segments may be metals, alloys, metal oxides or
electronically conducting polymers, and so speciﬁc magnetic, optical or electrical properties can be achieved (Wildt et al. 2006).
Magnetic nanowires possess unique and controllable magnetic properties due to their
inherent shape anisotropy and the small wire dimensions. Using template-based synthesis methods, we can exploit the magnetic shape anisotropy and the magnetocrystalline
anisotropy associated with single component, alloy or multi-segment nanowires (Mallet
et al. 2004). In the following subsections, we discuss the important issues related to the
template-based synthesis methods, including the fabrication of templates, electrochemical
deposition method and electroprecipitation method.
6.3.1 Fabrication of Nanoporous Templates
In a template-based synthesis method, usually a membrane with uniform cylindrical pores
with nanometer diameters is used as a template. When material is deposited into the pores
of the membrane, it adopts their shape. If the template is dissolved, the material can retain
the high aspect ratio of the pores, resulting in wires with nanometer diameters (Bauer et al.
2004). Therefore, the properties of the synthesized nanowire arrays or single nanowires
are related to the template properties, for example, the roughness of the pore surfaces,
and the spatial and size distributions of the pores (Sun et al. 2005).
Though a wide range of nanoporous materials have been used in nanowire synthesis,
the most popular templates used are track-etched polymer membranes and anodic porous
alumina membranes (Fert and Piraux 1999; Sarkar et al. 2007). Under optimized fabrication conditions, the nanoporosity of these two types of templates can be well deﬁned, and
the geometrical parameters of the pores can be controlled over a wide range. Depending on the thickness of the nanoporous materials, these templates may be self-supported
or supported on a substrate (Piraux et al. 2005). We discuss below the fabrication of
ion-track-etched membranes and anodic aluminum oxide templates.
6.3.1.1 Ion-track-etched Membranes
Polymer membranes, typically with thickness 5–50 µm, are usually fabricated by the
nuclear track-etch technique. In this technique, high-energy heavy ion beams are used to
bombard polymer ﬁlms, such as polycarbonate, PET, polyimide and PVDF. The bombarded ﬁlms are subsequently irradiated using UV light to increase the track-etching
selectivity. The tracks are then revealed by etching the ﬁlms with a suitable solution, and
the etching time determines the diameter of the resulting pores. Usually, the diameter of
the pores can range from 10 to 2000 nm, and the pore densities can be as high as 109 per
square centimeter (Hurst et al. 2006; Piraux et al. 2005). Figure 6.16 shows the scanning
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(b)

Figure 6.16 SEM images of polycarbonate membranes. (a) Membrane with about 1 µm diameter
pores (Hurst et al. 2006); (b) membrane with about 35 nm diameter pores. (Piraux et al. 2005)

electron microscopy (SEM) pictures of two polycarbonate membranes, with pore diameter
about 1 µm and 35 nm respectively.
Iron-track-etched polymer templates have proven to be excellent templates for the
preparation of nanowire arrays with uniform dimensions and small roughness at the surface
(Piraux et al. 2005; Fert and Piraux 1999). However, the random nature of pore formation during the fabrication process may cause a large number of intersecting pores that
will detrimentally affect the number, homogeneity and dimensions of the multi-segment
nanowires during their synthesis (Hurst et al. 2006).
6.3.1.2 Anodic aluminum oxide templates
Sarkar et al. (2007) made an extensive review on the preparation of porous anodic aluminum oxide template (AAO) templates. Usually, AAO templates are fabricated using the
two-step anodization method developed by Masuda and Fukuda (1995). In this method, a
thin sheet of high purity aluminum is ﬁrst annealed and then subjected to an electropolishing solution, which removes the top layers of aluminum oxide on the surface leaving
it with a mirror-like shine. Subsequently, the aluminum is subjected to an anodization
step in an acidic electrolyte solution. The sheet is then placed in a chromate solution to
remove the barrier oxide layer, and a second anodization is performed in the same acidic
solution. Finally, the aluminum is removed. As shown in Figure 6.17, the membranes
fabricated using this method contain cylindrical pores of uniform diameter arranged in a
hexagonal array, and these pores usually do not intersect each other (Hurst et al. 2006).

(a)

(b)

Figure 6.17 SEM images of AAO membranes with different pore densities. (a) High density
(Hurst et al. 2006); (b) low density. (Piraux et al. 2005)
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To obtain templates with desired diameter, length and density of pores, the anodization
parameters, such as the anodization voltage, current, electrolyte bath temperature and
composition, should be carefully controlled during the fabrication procedure (Sarkar et al.
2007). The template thickness, and subsequently the pore length, is dependent on the
anodization time, with longer anodizations resulting in thicker templates. Moreover, pores
with different diameters can be achieved by varying the composition and concentration of
the acidic electrolyte solution, and the temperature and voltage of the anodization. Pore
diameters of 5–33 nm, 30–70 nm, and 150–267 nm can be achieved by using H2 SO4 ,
oxalic acid, and H3 PO4 , respectively, under varying temperatures and voltages (Hurst
et al. 2006). By controlling the anodization parameters, pore densities as high as 1011 to
1012 per square centimeter can be achieved. Typically, the templates fabricated in this
method have porosities are in the range 15–65 % (Piraux et al. 2005).
Generally speaking, there are three types of alumina membranes: self-supported alumina
membrane, nanoporous alumina on an aluminum sheet and nanoporous alumina supported
by a silicon (or quartz) substrate (Piraux et al. 2005). An advantage of using alumina
templates is that nanowires can be synthesized at high temperatures. However, thermal
stability of alumina templates on aluminum is limited by the melting point of aluminum,
and self-supported alumina membranes tend to warp under thermal treatment. In contrast,
alumina membranes supported on silicon (or quartz) substrates exhibit better thermal
stability since the silicon (or quartz) wafer prevents the alumina membranes from warping
and cracking under thermal treatment.
6.3.2 Electrochemical Deposition
Electrochemical deposition offers distinct advantages over other methods for the synthesis of one-dimensional nanostructures, and is widely used in the fabrication of magnetic
nanowires. This method does not require expensive instrumentation, high temperatures
or low-vacuum pressures. As nanowires have a high growth rate, this method is also not
time-consuming. Using this method, multi-segment nanowires can be easily synthesized
by changing the plating solution and accordingly varying the potential of the deposition.
Furthermore, by varying the shape of the electrical pulse bringing about the deposition, the interface between multiple electrodeposited components can be controlled (Hurst
et al. 2006). We will ﬁrst discuss the fabrication procedure, followed by the synthesis of
multi-segmented nanowires and alloy nanowires.
6.3.2.1 Fabrication Procedure
Electrodeposition is a process in which an electrical current passes through an electrolyte
of metallic ions, and a reduction takes place when the ion encounters the cathode (working
electrode). In the electrodeposition using a nanoporous membrane as a structure to create
nanowire arrays, electrodeposition takes place in the channels of the membrane (Whitney
et al. 1993; Bauer et al. 2003). As shown in Figure 6.18, electrodeposition of nanowires
is usually done in a three-electrode arrangement, consisting of a reference electrode, a
specially designed cathode and an anode or counter electrode (Bera et al. 2004).
Figure 6.19 shows the time dependence of the electrodeposition current in the fabrication of nanowires. As the material is electrodeposited, the nanowires grow from the
bottom. At Region I, materials are deposited in the pores of the membrane until the pores
are fully ﬁlled. At Region II, the material grows out of the pores, forming hemisphere
caps on the ends of the nanowires. At Region III, the hemisphere caps formed at Region II
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Figure 6.19 Time dependence of the deposition current in the synthesis of nickel nanowires. The
nanowires have a diameter of 60 nm, and thickness of the polycarbonate template used is 6 µm.
(Bauer et al. 2004)

form a contiguous surface over the surface of the membrane. To obtain single nanowires,
the growth should be stopped somewhere within Region I.
Figure 6.20 shows the general process for the synthesis of nanowires through electrochemical deposition. In the ﬁrst step, a thin metal ﬁlm is evaporated onto one face
of the template (Hurst et al. 2006). This metal ﬁlm is used as a working electrode that
is responsible for electrodepositing materials in the pores. Typically, before the desired
components are deposited, a layer of sacriﬁcial metal is deposited into the pores to prevent
a puddling effect, which causes one end of the rod to have a deformed mushroom shape.
After the sacriﬁcial layer is deposited, the desired components are deposited sequentially.
After the deposition of the desired components, the nanowires are released by chemically
dissolving the thin ﬁlm electrode, sacriﬁcial metal layer and template.
For some sensing and nanoelectrode applications, the magnetic nanowires remain in the
template and function as an array. In the production of nanowire arrays, the ﬁnal quality
control of nanowire arrays should be carefully performed (Hernandez-Velez et al. 2005).
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Figure 6.20 General procedure for the synthesis of nanowires by the deposition of materials into
nanoporous templates. (Hurst et al. 2006)

The ﬁnal quality control usually includes checking the nanopores ﬁlling by the Rutherford
Back-Scattering technique, smoothing the upper surface of the membrane by suitable
polishing and etching the bottom surface to eliminate the dendrites at the lower part of
nanowires that may deteriorate the magnetic behavior of the array (Vazquez et al. 2005).
6.3.2.2 Synthesis of Multi-segment and Multilayer Nanowires
An advantage of electrodeposition is that different materials can be sequentially deposited
in the templates, yielding nanowires comprised of segments of different materials. This
is usually achieved by altering the applied potential of a solution with more than one
precursor, or by changing the deposition solution (Bauer et al. 2003; Bauer et al. 2004;
Blondel et al. 1997). Similar methods have been used for the fabrication of magnetic
multilayer nanowires in membrane, as shown in Figure 6.21. Fert and Piraux (1999)
developed a pulse-plating method in which two metals are deposited from a single solution
by switching between the deposition potentials of the two constituents. Such a single-bath
method can be used to make various multilayer nanowires, such as Co/Cu, NiFe/Cu,
Ni/Cu, and CoFe/Cu (Piraux et al. 2005; Chen et al. 2003; Blondel et al. 1994). We will
now brieﬂy discuss the single-bath method for the growth of Co/Cu multilayer nanowires.

Polycarbonate

40 nm

Cu layer
Co layer

Cu film

Figure 6.21 Array of multilayered nanowires in nanoporous track-etched polymer membrane.
(Fert and Piraux 1999). Reprinted from Fert, A. Piraux, L. (1999). Magnetic nanowires. Journal of
Magnetism and Magnetic Materials 200, 338–358, with permission from Elsevier
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Figure 6.22 Time traces of (a) the potential, and (b) plating current of pulse-plated
Co(10 nm)/Cu(2 nm) multilayer nanowires. (Fert and Piraux 1999). Reprinted from Fert, A. Piraux,
L. (1999). Magnetic nanowires. Journal of Magnetism and Magnetic Materials 200, 338–358, with
permission from Elsevier

Fert and Piraux (1999) synthesized multilayer Co/Cu nanowires from a single sulfate
bath using potentiostatic control and a pulsed deposition technique. The nobler element
(Cu) is kept in a dilute concentration so that its reduction rate is slow and limited by
diffusion. The concentration of the Cu ions is less than 1 % of the concentration of
Co ions. Pure Cu is deposited at potentials between −0.1 and −0.5 V versus Ag/AgCl
electrode, while almost pure Co is deposited at −1 V. The deposition rates of Cu and Co
are 0.5 and 30 nm/s respectively. The potential is switched when the deposition charges for
the nonmagnetic and the magnetic layers, QNM and QM respectively, reach the set values.
Such a procedure is required to give uniform layer thicknesses all along the ﬁlament.
Upon switching to the Cu deposition potential, the current is slightly anodic, indicating
small redissolution of the magnetic metal. To limit redissolution effects as the potential
is set to more positive value, sufﬁcient time is required to allow the potential to rise to
the Cu potential deposition (Fert and Piraux 1999). Then, the potential is reset for the
deposition of the next copper layer. Figure 6.22 shows typical cathode current transients
resulting from potentiostatic pulses.
Figure 6.23 shows the mean plating current recorded during each pulse for Cu deposition
at −0.5 V and Co deposition at −1 V, plotted as a function of the number of electrodeposited bilayers. The electrodeposition process is stopped when the wires emerge from
the surface, as indicated by the sudden increase of the plating current (Fert and Piraux
1999).
6.3.2.3 Synthesis of Alloy Nanowires
Using different electrolytic solutions and depositing at different potentials, a variety of
alloys with controlled composition can be fabricated, such as NiCu, NiFe, CoNiFe, CoFe,
CoPd and CoPt (Encinas et al. 2002; Mallet et al. 2004). As an example, in what follows,
we discuss the synthesis of CoX Pt1−X alloy nanowires.
CoX Pt1−X alloy nanowires can be fabricated by electrochemical template synthesis
from a solution containing both Co(II) and Pt(II) ions. Single-phase, fcc CoX Pt1−X alloy
nanowires can be obtained over a wide range of deposition conditions. Due to their shape
and magnetocrystalline anisotropy, CoX Pt1−X alloy nanowires exhibit large coercivity and
high remanence along the axis of the nanowire. In the method developed by Mallet et al.
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Figure 6.23 Mean plating current recorded during pulses for Cu deposition at −0.5 and Co
deposition at −1 V as a function of the number of Co(10 nm)/Cu(2 nm) bilayers. The sudden
increase of the plating current for both Co and Cu is due to the emergence of the ﬁrst nanowires
from the surface of the membrane. Reprinted from Fert, A. Piraux, L. (1999). Magnetic nanowires.
Journal of Magnetism and Magnetic Materials 200, 338–358, with permission from Elsevier

(2004), Cox Pt1−x alloys are electrodeposited into a nanoporous template from a solution containing 0.01 M CoSO4 , 0.01 M Pt(NO2 )2 (NH3 )2 , 0.085 M NaCH3 COO, 0.052 M
N(CH2 -CH2 -OH)3 and 0.094 M Na2 CO3 . Sulfuric acid (H2 SO4 ) is used to adjust the pH
to 5.7. Deposition is carried out in a conventional three-electrode cell with a counter
electrode (platinum) and a reference electrode (Ag/AgCl).
Figure 6.24 shows a typical current transient for the deposition of Cox Pt1−x nanowires.
After the initial decrease due to depletion of metal ions within the pores, the deposition
current does not change much during the ﬁlling of the pores. When the pores are ﬁlled,
the deposition current increases dramatically because the deposition area is no longer
constrained. The inset of the ﬁgure is an SEM image of a Cox Pt1−x nanowire after
removal from the template. The nanowire has a diameter of about 48 nm diameter, and it
is clear that it is uniform and free from voids.
Figure 6.25 shows X-ray diffraction patterns for the synthesized Cox Pt1−x nanowires.
The nanowires exhibit a disordered fcc structure with a strong peak at 42.3 ◦ corresponding
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Figure 6.24 Current transient for deposition for Cox Pt1−x nanowires in a 6 µm-thick polycarbonate template at −0.9 V (Ag/AgCl). The current is normalized to the area of the template. The inset
shows an SEM image of a 4 µm long, 48 nm diameter Co0.65 Pt0.35 nanowire after removal from
the template. (Mallet et al. 2004)
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Figure 6.25 X-ray diffraction patterns for the Co0.65 Pt0.35 nanowires electrodeposited. (Mallet
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Figure 6.26 Hysteresis loops of a Co0.65 Pt0.35 nanowire array in a polycarbonate template. (Mallet
et al. 2004)

to fcc CoPt(111). The absence of peaks for Pt(111) at 39.8 ◦ and for Co(111) at 44.2 ◦
indicates that the nanowires are single phase (Mallet et al. 2004).
Figure 6.26 shows the magnetization hysteresis loops of the nanowire array when
the external magnetic ﬁeld is parallelly and perpendicularly applied to the axis of the
nanowires, respectively. When the external magnetic ﬁeld is parallelly applied to the
axis of the nanowires, the hysteresis loop is relatively square. The hysteresis loop has
a squareness of 0.98 and a coercivity of 2320 Oe. When the magnetic ﬁeld is applied
perpendicular to the axis of the nanowire, the hysteresis loop has a squareness of 0.16
and a coercivity 1390 Oe. Therefore, the synthesized nanowires have a strong magnetic
anisotropy, and the easy magnetization axis is along the axis of the nanowires.
6.3.3 Electroprecipitation
Terrier et al. (2005) synthesized Fe3 O4 nanowires using an electroprecipitation method.
The templates used are polycarbonate track-etched membranes, and the pores on the
membranes are 6 µm long and have an average diameter of 350 nm. Both sides of a
membrane are covered with Au. The bottom Au layer has a sufﬁcient thickness to close the
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pores, and serves as a working electrode. The upper layer of Au is thin (about 20–100 nm),
and the holes are open. The membrane is encapsulated in such a way that the electrolyte
reaches the working electrode only through the pores. In such a conﬁguration, the iron
oxide is deposited from the bottom of the pores until it establishes an electrical contact
while reaching the top Au layer.
In this method, an aqueous solution is used, containing 3 g/l of ammonium ferrous
sulfate (NH4 )2 SO4 · FeSO4 · 6H2 O, 3 g/l of potassium nitrate KNO3 , hydrochloric acid HCl
and hydrazine hydrate N2 H4 · H2 O. The quantity of hydrazine and HCl is adjusted so that
the starting pH value of the solution is close to 5.5. The process is taking place in an
Ar atmosphere to avoid unwanted reactions with oxygen. According to Equation (6.16),
hydroxide ions are produced on the surface of the working electrode, inside the pores,
when applying a voltage of typically −0.8 V versus Ag/AgCl. This chemical reaction
increases the alkalinity of the solution at the surface of the electrode, and it is a necessary
condition to produce ferrous hydroxides Fe(OH)2 as indicated in Equation (6.17), which
takes place at a pH of 11–13. Around the pH in the range of 11–13, ferrous hydroxides
are partially transformed into ferric hydroxides, as indicated in Equation (6.18). The
hydroxide compounds are then combined in a cascade process to form magnetite, which
is a 2:1 mixture of Fe3+ and Fe2+ ions, as indicated in Equation (6.19).
+
−
−
NO−
3 + 7H2 O + 8e → NH4 + 10OH

(6.16)

Fe2+ + 2OH− → Fe(OH)2

(6.17)

2Fe(OH)2 + N2 H4 + 4H2 O → 2Fe(OH)3 + 2NH4 OH

(6.18)

2Fe(OH)3 + Fe(OH)2 → Fe3 O4 + 4H2 O

(6.19)

For temperatures between 70 and 90 ◦ C, the synthesized magnetite is expected to have high
purity, since iron oxides such as akaganeite β-FeOOH, hematite α-Fe2 O3 , or other ferrous/ferric compounds undergo a dissolution-recrystallization process involving hydrazine
that yields magnetite (Terrier et al. 2005).
The XRD pattern shown in Figure 6.27(a) indicates a polycrystalline magnetite structure. There is no peak corresponding to other iron oxides/hydroxides such as hematite
or goethite, in the XRD pattern. Figure 6.27(b) shows a TEM image of a fragment of a
nanowire after dissolution of the membrane. The nanoparticles surrounding the wire are
due to the growth that occurs on the top Au layer when the growing nanowires reach the
top Au layer. Figures 6.27(c) and (d) are high-resolution TEM (HRTEM) pictures of the
same sample. The nanowires have a diameter of about 350 nm, and the average grain size
in the nanowires is in the range of 50 to 70 nm.
Figure 6.28 shows the temperature dependence of magnetizations under the ﬁeld-cooled
(FC) and zero-ﬁeld-cooled (ZFC) conditions, and measurements are performed under
magnetic ﬁelds of 30 and 75 mT. The difference between FC and ZFC curves is typical
of the relaxation of granular systems. The ZFC curves exhibit a clear break in the slope
at 110 K. Because the temperature of this break is independent of the applied external
magnetic ﬁeld, this break is intrinsic to the system. It appears as a magnetic manifestation
of the Verwey transition (Terrier et al. 2005).
6.3.4 Self-assembly of Nanowires
Self-assembly is a process by which small-scale components spontaneously assemble
into functional systems without human intervention, and this is a promising technique
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for fabricating nanometer-scale functional devices in the bottom-up approach (Liu et al.
2007; Tanase et al. 2001). Different driving forces have been used in controlling the
self-assembly process, for example, magnetostatic forces, capillary forces, electrostatic
forces, van der Waals forces, biospeciﬁc interactions. The assemblies of both singlesegment nanowires and multi-segment nanowires have been studied. Compared to
single-segment nanowires (Martin et al. 2002), multi-segment structure provides more
ﬂexibilities for self-assembly. By taking advantage of the different properties and
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500 nm

Figure 6.29 SEM image of a bundle of Au-Ni nanowires. (Love et al. 2003)

functions of the individual segments, multiple avenues for self-assembly are possible
for a single system (Hurst et al. 2006). Here we discuss the magnetic assembly of
multi-segment nanowires. The self-assembly of magnetic nanowires in suspension is discussed in Section 6.6.3.
Different types of bundle structures can be formed based on magnetic interactions
among multi-segment nanowires (Hurst et al. 2006). Figure 6.29 shows a bundle structure of Au–Ni nanowires (Love et al. 2003). Each multi-segment nanowire consists of
ferromagnetic Ni segments separated by diamagnetic Au spacer segments. The magnetic
interactions between the Ni segments of the nanowires are responsible for the assembly, and the Au spacer segments increase the stability of the assembly by producing
multiple, simultaneous magnetic interactions along the length of the nanowire. In these
multi-segment nanowires, the Ni segments have a disk shape, with thickness smaller than
diameter. This type of structure causes the magnetic moments of the Ni segments to align
perpendicular to the long axis of the nanowire. Therefore, individual nanowires bundle
side-to-side, forming the bundle structure shown in Figure 6.29.

6.4 Characterization of Magnetic Nanowires
Nanowires have two quantum-conﬁned dimensions and one unconﬁned dimension. They
possess unique electrical, electronic, thermoelectrical, optical, magnetic and chemical
properties, which are different from those of their parent counterpart. The physical properties of nanowires are inﬂuenced by the morphology of the nanowires, diameter-dependent
band gap, carrier density of states etc. (Sarkar et al. 2007; Doudin et al. 1997). In the
following subsections, we discuss the methods for the characterization of the electrical
properties, magnetization properties and magnetic anisotropy of magnetic nanowire arrays
and single magnetic nanowires.
6.4.1 Electrical Properties
In the study of the electrical properties of magnetic nanowires, usually the anisotropic
magnetoresistance (AMR) of magnetic nanowires is characterized. The electrical resistivity
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of a nanowire is related to the relative orientations of the magnetization and the electric
current, as given by:
ρ = ρ⊥ + (ρ − ρ⊥ ) cos2 θ

(6.20)

where ρ and ρ⊥ are the resistivities with the magnetization parallel and perpendicular
to the electric current respectively, and θ is the angle between the magnetization and the
current. In measurements, the electrical current is along the axis of the nanowire. Usually
the AMR ratio is deﬁned as (ρ − ρ⊥ )/ρ 0 , with ρ 0 the resistivity of the nanowire without
external magnetization. Though the AMR ratio is small in Ni and Co (typically of the
order of 1 %), it can be used as a tool to investigate the reversal of magnetization in
nanowires (Wegrowe et al. 1998) as the resistance measurements can be performed with
an accuracy of one part in 104 − 105 .
6.4.1.1 Nanowire Arrays
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The conventional two-probe method can be used for the measurement of magnetoresistance of nanowire arrays. In this method, the nanowires in an array are connected in
parallel to each other, and the two measurement probes contact the top and bottom faces
of the template. Usually, silver epoxy and silver paint are used as the connecting and
contacting materials.
Figure 6.30 shows the measurement results of magnetoresistance of parallel arrays of
Ni and Co nanowires at T = 4.2 K. In the experiment, the current is along the axis
of the nanowires (Piraux et al. 1997; Fert and Piraux 1999). For the arrays of cobalt
nanowires with φ = 90 nm, if a magnetic ﬁeld is applied parallel to the current, the resistance decreases; while if the magnetic ﬁeld is perpendicular to the current, the resistance
increases. This is due to the dependence of the resistance on the angle between magnetization and current, and shows the coexistence of transversally and axially magnetized
domains in the zero-ﬁeld state. However, for the arrays of Ni nanowires with φ = 90 nm,
the resistance hardly changes when an external magnetic ﬁeld is parallel to the nanowire
axis. This is consistent with a squareness ratio Mr /Ms close to one, and conﬁrms that
the Ni nanowires keep their magnetization along the axis of the nanowire throughout the
reversal process.
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Figure 6.30 Anisotropic magnetoresistance curves obtained for arrays of Co nanowires with
φ = 90 nm (a) and for Ni nanowires with φ = 90 nm (b). The ﬁeld is applied perpendicular
(dashed line) and parallel (full line) to the wire axis. (Piraux et al. 1997)
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6.4.1.2 Single Nanowires
The measurement of single nanowires is more complicated that the measurement of
nanowire arrays, and one challenge is how to make electrical contacts to single nanowires.
Two methods have been developed for the measurement of the electrical properties of single nanowires: the self-contacting method and the lithography method (Piraux et al. 2005).
(1) Self-contacting Method
This method is applicable for nanowire arrays in templates with relatively low pore density
(Piraux et al. 2005). Figure 6.31 shows the working principle of this method. As shown
in Figure 6.31(a), in addition to the thick metal cathode from which the nanowires start to
grow inside the pores, another thin metallic layer is deposited on the other side exposed
to the electrolyte prior to electrodeposition. This ﬁlm is very thin so that it does not close
the pores, and thus the pores can still be ﬁlled by the solution. As the nanowires do not
grow at the same velocity, the ﬁrst emerging nanowire slows down the growth of the
others by favoring the formation of a ﬁlm on the surface metallic layer. As shown in
Figure 6.31(b), the emerging of the ﬁrst nanowire can be detected by a sharp increase of
the plating current, and electroplating is interrupted immediately to avoid the emergence
of other nanowires once such a sharp increase is observed. Using this procedure, electrical
contacts are established on the two extremities of a nanowire, so two-probe measurements
of electric resistance can be conducted. As a nanowire has an extremely large aspect ratio,
the contact resistance is usually much smaller than the electrical resistance of the single
nanowire sample.
(2) Lithography Method
In this method, electron beam lithography is used to connect a single nanowire (Piraux
et al. 2005). Before the lithography process, several pre-treatment steps are needed, including the dissolution of the membrane, the dispersion of an appropriate density of nanowires
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Figure 6.31 (a) Schematic drawing of the self-contacting method for single-wire measurements
(Piraux et al. 2005); (b) sharp increase of the plating current when the ﬁrst nanowire is contacted
to the metal strip. (Fert and Piraux 1999). Reprinted from Fert, A. Piraux, L. (1999). Magnetic
nanowires. Journal of Magnetism and Magnetic Materials 200, 338–358, with permission from
Elsevier
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1 µm

Figure 6.32 SEM picture of the multi-probe connection of a 35 nm Co nanowire. (Vila et al.
2002)

on a substrate and the cleaning of the nanowires for removing the polycarbonate residues
from the surface of the nanowires and ensuring low contact resistance. Due to the lithography process, a multiprobe connection on an isolated nanowire can be realized, as shown
in Figure 6.32. Using a multiprobe connection, electrical measurements can be performed
without any contact resistance contribution on different segments of the same wire, and
the length of a segment can be as small as 500 nm. Therefore, this method can provide
the information of different segments of a nanowire, and can be used to investigate the
inhomogeneous character of a nanowire.
Figure 6.33 shows the magnetoresistance of a 0.5 µm-long segment of a Co nanowire
at room temperature. The resistances, when the external magnetic ﬁeld is parallel and
perpendicular to the axis of the nanowire, respectively, are measured. It is clear that, for
the Co nanowire, the magnetoresistance signal in the parallel conﬁguration is much larger
that in the perpendicular conﬁguration. It is interesting that, after the saturation in either
the perpendicular or the parallel direction, similar low resistance state is obtained, with a
value close to the one obtained for the saturation in the perpendicular direction. It seems
that the magnetization at zero magnetic ﬁeld is in a direction close to perpendicular to
the axis of the nanowire (Piraux et al. 2005).
6.4.2 Magnetization Properties
The characterization of the magnetization properties of nanowire arrays and single nanowires is important for the study of nanomagnetism and the applications of magnetic
nanowires. The magnetization properties of nanowire arrays can be characterized using
the conventional vibrating sample magnetometers (VSM). For the characterization of
single nanowires, usually superconducting quantum interference devices (SQUID) and
magnetic force microscopy (MFM) are used.
6.4.2.1 Arrays of Nanowires
Magnetic nanowire arrays are usually electrodeposited in anodic aluminum oxide (AAO)
porous templates or polymer membranes. For the nanowire arrays in AAO templates,
due to the extremely high pore densities of the template, the dipolar interactions greatly
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Figure 6.33 AMR characteristics of a 0.5 µm long segment of a single 60 nm Co nanowire at
room temperature. R and R⊥ represent the resistances when the applied magnetic ﬁeld is parallel
and perpendicular to the axis of the nanowire, respectively. (Vila et al. 2002)

affect the magnetic properties of the ﬁlled templates. Therefore, the magnetic properties
of nanowire arrays in AAO templates are closely related to the diameter, packing density
and aspect ratio of the magnetic nanowires.
However, nanoporous polycarbonate membranes have a low pore density, and can
be used to investigate the magnetic properties of almost magnetically isolated magnetic
nanowires. The dipolar interactions among the nanowires are expected to be small if the
average spacing between the nanowires is much larger than 1 µm. Figure 6.34 shows the
coercive ﬁeld and remanent ratio Mr /Ms for Co and Ni-nanowire arrays as a function
of nanowire diameter (Fert and Piraux 1999; Piraux et al. 1997). The nanowire diameter
is in the range 30–500 nm, and the external magnetic ﬁeld is in the axial direction.
As shown in Figure 6.34(a) and (b), when the diameter of the nanowires increases, the
remanent magnetization of the Co nanowire array decreases more quickly than that of the
Ni nanowire array. However, as shown in Figure 6.34(c) and (d), the coercivity values
for both Co and Ni nanowires increase quickly along the decrease of the diameter of the
nanowires, indicating a crossover towards a single-domain structure.
6.4.2.2 Single Nanowires
In the following subsection, we discuss SQUID method and MFM method for the measurement of the magnetization of single nanowires.
(1) SQUID Method
Wernsdorfer et al. (1996) measured the magnetization of nickel single nanowires using
a microbridge DC SQUID, as shown in Figure 6.35. The nanowires are fabricated by
electrodeposition method in polycarbonate membranes, and their diameters are in the
range of 40 to 100 nm. The ﬂux induced by a single nanowire can be detected by a
SQUID magnetometer.
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Figure 6.34 The coercivity and squareness coefﬁcient Mr /Ms of arrays of magnetically isolated
Co (a, c) and Ni (b, d) nanowires embedded in membranes with relatively small pore densities.
The external magnetic ﬁeld is parallel to the nanowire axis. The ﬁlled circles represent the data
obtained at room temperature, while the open lozanges represent the data obtained at T = 35 K .
(Fert and Piraux 1999). Reprinted from Fert, A. Piraux, L. (1999). Magnetic nanowires. Journal of
Magnetism and Magnetic Materials 200, 338–358, with permission from Elsevier

2µm

Figure 6.35 SEM image of a microbridge DC SQUID loaded with a nickel nanowire with diameter 65 ± 4 nm. (Wernsdorfer et al. 1996)
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Figure 6.36 (a) Angular dependence of the switching ﬁeld of a nickel nanowire with diameter
92 ± 4 nm, and length 5 µm. The bars indicate the width of switching ﬁeld distribution, and the
dotted line is based on the curling model of magnetization reversal. The inset is the histogram
of the switching ﬁeld for θ = −9 ◦ ; (b) angular dependence of the switching ﬁeld of a nickel
nanowire with diameter 50 ± 5 nm, and length 3.5 µm. In this case, the width of the switching
ﬁeld distribution is smaller than the dot size. The inset is the histogram of the switching ﬁeld for
θ = 5 ◦ . (Wernsdorfer et al. 1996)

Using microbridge DC SQUID as shown in Figure 6.35, the switching ﬁeld between
the two opposite polarities can be studied as a function of the angle θ between the applied
magnetic ﬁeld and the axis of the nanowires (Wernsdorfer et al. 1996; Fert and Piraux
1999). As shown in Figure 6.36(a), for a nickel nanowire with diameter larger than about
75 nm, the angular dependence of the switching ﬁeld has maxima at ±90 ◦ . The inset
of Figure 6.36(a) blows up the complex histogram of the switching ﬁelds measured by
repeated experiments at the same angle. The several maxima in this complex histogram
suggest that the magnetization reversal may be caused by a nucleation process with several sites competing for the nucleation. As shown in Figure 6.36(b), for a nickel nanowire
with diameters smaller than 75 nm, another maximum at θ = 0 appears in the angular
dependence, suggesting the angular dependence of the Stoner-Wohlfarth (SW) model.
(2) MFM Method
The magnetization properties of single nanowires can also be observed using magnetic
force microscopy (MFM) (Piraux et al. 2005; Ebels et al. 2000; Henry et al. 2001; O’Barr
and Schultz 1997). Figure 6.37(a) shows the MFM image of a Co nanowire with diameter
35 nm after the application of a strong magnetic ﬁeld parallel to the axis of the nanowire
(H ). The dark and bright contrasts at the ends of the nanowire correspond to a charge
distribution which arises when the magnetization is in a single-domain state and aligned
parallel to (or close to) the axis of the nanowire. In contrast to the saturation in the
parallel magnetic ﬁeld H , a multi-domain state with head-to-head domain walls can be
induced by saturation in a magnetic ﬁeld perpendicular to axis the nanowire (H⊥ ), as
shown in Figure 6.37(b). This formation of the multi-domain structure is due to the fact
that, when the magnetizing ﬁeld decreases from the perpendicular saturation ﬁeld to zero,
the magnetization can rotate clockwise or counterclockwise toward the wire axis. The
dark and bright contrasts visible along the axis of the nanowire arise from the magnetic
volume and surface charges located at the domain walls. The domain walls shown in
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Figure 6.37 MFM images of a 35 nm Co wire after application and removal of (a) a longitudinal
saturating ﬁeld and (b) a transverse saturating ﬁeld. (Piraux et al. 2005)

Figure 6.37(b) are stabilized at the pinning sites and can be moved along the wire by
applying a ﬁeld H which is larger than the local depinning ﬁeld (Ebels et al. 2000).
6.4.3 Ferromagnetic Resonance
The effective magnetic anisotropy in a nanowire ensemble is mainly determined by shape
anisotropy, dipolar interwire coupling and magnetocrystalline anisotropy. The effective
anisotropy ﬁeld (HEF ) with a uniaxial symmetry parallel to the axis of nanowires is given
by (Piraux et al. 2005):
HEF = HS − HDIP + HK

(6.21)

where HS = 2πMS is the shape anisotropy for an inﬁnite long cylinder, HDIP is the
dipolar coupling between the nanowires which lowers the magnetostatic energy and HK
is the magneto-crystalline anisotropy. In a mean-ﬁeld approximation, HDIP can be written
as HDIP = 6πMS P, with P indicating the packing of the array. The magneto-crystalline
anisotropy HK may add (HK > 0 along the wire axis) or compete (HK < 0 perpendicular)
with the shape anisotropy.
Among the different approaches for the investigation of the static and dynamic properties of magnetic nanowire arrays, ferromagnetic resonance (FMR) is a very powerful
technique. Assuming HEF > 0, for a given constant frequency f, if the external magnetic
ﬁeld is parallel to the wires, the ferromagnetic resonance conditions are (Piraux et al.
2005)
f/γ = HR + 2πMs (1 − 3P ) + HK

(HK > 0)

(f/γ )2 = (HR + 2πMs (1 − 3P ) + HK ) × (HR + 2πMs (1 − 3P ))

(6.22)
(HK < 0) (6.23)

where HR is the resonance ﬁeld, and γ is the gyromagnetic ratio. For Co and Ni, the γ
value is about 3.05 and 3.09 GHz/kOe, respectively. According to Equations (6.22) and
(6.23), the effective ﬁeld HEF can be derived from FMR measurements.
Due to the small diameter of the nanowires (compared to the skin depth) and the
insulating nature of the nanoporous templates, the magnetically ﬁlled porous membranes
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Figure 6.38 Schematic description of a microstrip transmission line fabricated using a dielectric
substrate ﬁlled with magnetic nanowires. (a) Overall structure of the microstrip; (b) enlargement
of the circled part in (a). (Encinas et al. 2001a)

are particularly suitable for the fabrication of the microstrip transmission line that can be
used to investigate the ferromagnetic resonance properties at gigahertz frequencies (Goglio
et al. 1999). Figure 6.38 shows a microstrip transmission line deposited on the free surface
of the membrane. The microwave signal propagating along the microstrip transmission
line produces a microwave pumping ﬁeld that is perpendicular to the nanowires and
induces a precession of the magnetization around the static equilibrium position. At ferromagnetic resonance, the incident microwave signal is absorbed, resulting in a minimum
of the transmitted power.
Figure 6.39 shows typical microwave absorption curves of a nickel nanowire array
as a function of the intensity of the magnetic ﬁeld parallel to the wires (Encinas et al.
2001b). The nickel nanowires have a diameter 100 nm, and the membrane porosity P of

Figure 6.39 Microwave absorption spectra as a function of the applied magnetic ﬁeld intensity. In
the measurements, the static magnetic ﬁeld is parallel to the nanowires. Continuous lines correspond
to measurements made with the applied ﬁeld value indicated by the numbers. (Encinas et al. 2001b)
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the nanowire array is about 27 %. It can be seen that the nanowire array has an intense
absorption to the microwave signal, and the position and intensity of the absorption peak
change along with the change of the applied magnetic ﬁeld.
Using iron-track-etched polymer membranes, the spacing between the nanowires can be
controlled over a wide range, and effects of dipolar interactions between the nanowires
can be investigated from the limit of isolated nanowires to the limit of almost touching nanowires (Piraux et al. 2005). Based on FMR measurements, Encinas et al. (2001b)
studied the dipolar interactions between nanowires grown in alumina membranes of porosity ranging from 4–5 % up to 35–38 %. Figure 6.40 shows the dispersion relation and
the corresponding hysteresis loops of nickel nanowire arrays with different diameters
and packaging densities. As shown in Figure 6.40(a), for low packing densities, the
ferromagnetic resonance frequencies in the saturated states agree well with the values
expected for an array of isolated wires. At higher packaging densities, the ferromagnetic
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Figure 6.40 Dispersion relations (left) and the corresponding hysteresis loops (right) of nickel
nanowire arrays. The ﬁlled symbols represent the results obtained when the magnetic ﬁeld is
parallel to the nanowire axis, while the open symbols represent the results obtained when the
magnetic ﬁeld is perpendicular to the nanowire axis. The solid lines show the theoretical results for
isolated nanowires. The nanowire diameter and packing density are (a) 180 nm, 4 %, (b) 100 nm,
27 %, and (c) 115 nm, > 35 %. (Encinas et al. 2001b)
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resonances for both magnetic ﬁeld directions have almost identical frequencies, as shown
in Figure 6.40(b). When the packaging density is higher than a critical value which is
around 33 % for a regular array, a switching of the effective easy magnetization axis can
be observed, from the direction parallel to the nanowire axis to the direction perpendicular
to the nanowire axis, as shown in Figure 6.40(c). Therefore, by changing the packaging
densities, nanowire arrays with different effective anisotropies can be obtained, from the
isolated nanowires with the easy axis parallel to the nanowire axis to the arrays whose
the easy magnetization axis is perpendicular to the nanowire axis, and it is possible to
obtain quasi-isotropic arrays. The deviations from the calculated frequency-ﬁeld dispersion curves at low magnetic ﬁeld region are due to the fact that the nanowire arrays are
not in the single-domain state at low magnetic ﬁelds.

6.5 Functionalization of Magnetic Nanowires
Surface functionalization of nanowires is necessary for realizing their biocompatibility
and functionality. It is often used to tailor surface properties (such as hydrophilicity,
hydrophobicity, surface charge), impart other properties (such as ﬂuorescence), and introduce molecular recognition for small molecules (such as drugs), biopolymers (such as
peptides, proteins and DNA), protein assemblies (such as viruses) and other nanoparticles
(such as particle-DNA conjugates) (Wildt et al. 2006). Multi-segment nanowires represent
a unique platform for engineering multifunctional nanoparticles for varieties of biomedical applications (Nicewarner-Pena et al. 2001) and bring exciting new perspectives for
surface functionalization which can modify the chemical and biological properties of
nanowires (Martin et al. 1999).
Generally speaking, there are two approaches for surface functionalization: chemical
functionalization and biological functionalization. Functionalizing surfaces with chemical
or biological groups has become an important tool in nanobiotechnology. In the following,
we discuss the chemical functionalization and biological functionalization, and we will
discuss the assembly by surface chemistry.
6.5.1 Chemical Functionalization
The most direct approach to functionalizing multi-segment nanowires is to transfer the
well-developed surface chemistry at planar metal interfaces to the nanowire geometry. For
example, Martin et al. (1999) have demonstrated selective chemistry with non-magnetic
gold–platinum nanowires. For magnetic nanowires, it has been shown that porphyrins
with terminal carboxylic acid groups bind selectively to the native oxide on nickel in
single-component nickel nanowires (Tanase et al. 2001), and in two-segment gold–nickel
nanowires (Bauer et al. 2003).
Based on the knowledge of surface coordination chemistry, multi-segment nanowires
can be selectively functionalized with receptors of interest for applications in sensing,
molecular recognition, drug delivery, separations and imaging. As shown in Figure 6.41,
due to their selective headgroups, ligands selectively bind to the desired segments of a

two-segment Au–Ni nanowire. The tail groups (R and R ) of these ligands can be used to
target different biological entities. This coupling chemistry can be used to functionalize
a speciﬁc segment of a multi-segment magnetic nanowire.
The hard–soft acid–base concepts originally developed in ﬂuid solution are often used
in surface coordination chemistry (Bauer et al. 2003). Soft bases, such as thiols, coordinate
to soft metals such as gold, while carboxylic acids bind to harder metal oxides such as NiO.
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Figure 6.41 Functionalization of a two-segment Au–Ni nanowire. (Bauer et al. 2003)

(a)

(b)

Figure 6.42 Nickel–gold nanowire that has been functionalized with HemIX and nonylmercaptan.
The diameter of the nanowire is about 350 nm, and the length of the nanowire is about 22 µm.
(a) Reﬂection image of the nanowire; (b) ﬂuorescent image of the nanowire. (Bauer et al. 2003)

Though the opposite reactions can also be found, the studies on planar surfaces clearly
indicate that the soft–soft and hard–hard interactions are preferred. High selectivity can
be achieved by optimizing the reaction conditions and by simultaneously binding two
acids to the two-segment nanowires.
To demonstrate the selective functionalization on two-segment nickel–gold nanowires,
Bauer et al. (2003) used HemIX as a ﬂuorescent probe to quantify the coordination of
carboxylic acids to the native oxide on nickel. HemIX has two carboxylic acid groups
linked to the porphyrin ring by a ﬂexible ethane spacer. When two-segment nickel–gold
nanowires are reacted with HemIX, the nickel segment shows uniform ﬂuorescence, while
the gold segment shows weak and non-uniform ﬂuorescence. The gold segment could
be made nonﬂuorescent by adding a long-chain thiol to the reaction mixture, and the
thiol likely displaces any weakly bound HemIX. Figure 6.42 shows optical images of
a nickel–gold nanowire with a nickel–gold segment ratio of 2:3, functionalized with
HemIX and nonylmercaptan. Figure 6.42(a) is a reﬂection image of the nanowire, and
Figure 6.42(b) is a ﬂuorescence image of the same nanowire.
6.5.2 Biological Functionalization
Many efforts have been made on the development of methods for biological functionalization of multi-segment nanowires with biomolecules (Prime and Whitesides 1991;
Birenbaum et al. 2003; Bauer et al. 2004). Proteins are among the most frequently used
biomolecules in biological functionalization. However, attaching proteins to individual
segments of nanowires to achieve differential functionalization is particularly challenging
because proteins tend to bind to most surfaces (Wildt et al. 2006).
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Figure 6.43 Selective protein functionalization of multi-segment nanowires. Thiolated KE2 antibody selectively bound to the Au segments on Au/Ni/Au nanowires. (Wildt et al. 2006)

Wildt et al. (2006) developed several methods for selectively functionalizing nanowires
with proteins through the formation of strong covalent linkages. Figure 6.43 shows
an approach for selective protein functionalization of multi-segment nanowires. In this
approach, the coupling of primary amine groups to thiols is used as a method to attach
a protein to Au segments, and the Ni segment functionalized with PEG is used as the
protein-resistant segment.
To visualize the selective binding of the thiolated protein on the nanowire, ﬂuorescent antimouse IgG is used to selectively bind to the KE2 antibody bound to the Au
end-segments. Figure 6.44 shows light microscope and ﬂuorescence images for a typical
Au/Ni/Au nanowire functionalized by this method. The ﬂuorescence image reveals the
nanowire with two bright ends, and the ﬂuorescence intensity is proportional to the concentration of protein present on the surface of the nanowire. It is clear from the image that
more protein is present at the ends of the wire than in the middle, and the PEG-terminated
Ni segments show good protein resistance. More approaches for protein functionalization
can be found in the work of Wildt et al. (2006).
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(a)

(b)

Figure 6.44 (a) Bright-ﬁeld and (b) ﬂuorescence images of an Au/Ni/Au nanowire with a KE2
antibody bound to the Au end-segment. (Wildt et al. 2006)

6.5.3 Assembly by Surface Chemistry
Nanoscale building blocks can be assembled based on their distinct surface chemistry. By
extending the concept of selective functionalization on multi-segment nanowires, further
selective chemistry can be performed through amide, thiourea, and thioether coupling reactions, and self-assembly taking advantage of these afﬁnity binding events can be realized
(Hurst et al. 2006). This can be taken as a bottom-up approach for building materials.
Chen et al. (2006) achieved the directed end-to-end linkage of Au/Ni/Au multi-segment
nanowires using a biotin–avidin linkage, as shown in Figure 6.45. In these systems,
the central Ni segments are passivated with palmitic acid to avoid nonspeciﬁc binding and minimize lateral nanowire assembly. The Au segments are functionalized with
biotin-terminated 1-undecanethiol. The assembly of these rods can be achieved by two
different methods. In one method, avidin-terminated nanowires are prepared by exposing
a solution of biotin-terminated nanowires to avidin. End-to-end assembly, as dictated by
the biotin–avidin linkages on the Au segments, can be observed when equal amounts of

2 µm
(a)

(b)

(c)

Figure 6.45 Optical microscope images of Au–Ni–Au nanowires. a) A single nanowire (left) and
two linked nanowire chains (right); b), c) chains of three and four nanowires, respectively. (Chen
et al. 2006)
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avidin- and biotin-terminated nanowires are mixed. In the other method, end-to-end assembly can be achieved through the addition of free avidin to biotin-terminated nanowires.

6.6 Magnetic Nanowires in Suspension
In most of the biomedical applications, magnetic nanowires are suspended in water or
organic solvents. Usually magnetic nanowires are synthesized using templated electrodeposition methods. To make nanowire suspensions, the template in which the nanowires
are deposited should be dissolved in a suitable solvent. For example, dichloromethane is
often used to dissolve polycarbonate. To obtain nanowires with a clean surface, usually
sequential centrifugation and addition of clean solvent are needed to remove the residual
polycarbonate. The obtained clean nanowires are then suspended in a suitable solvent.
The manipulation of magnetic nanowires in suspension is crucial for the realization
of their biomedical applications under the control of external magnetic ﬁelds. In the
following, we discuss the responses of magnetic nanowires in suspension, and the typical manipulations of magnetic nanowires in suspension, including the magnetic trapping
of nanowires, self-assembled magnetic nanowire arrays and electromagnetic micromotor
based on the rotation of magnetic nanowires.
6.6.1 Responses of Magnetic Nanowires in Suspension
The magnetic interactions between the magnetic nanowires in a suspension affect the
stability of the suspension, and can be exploited in assembling magnetic nanowires into
larger scale structures. For instance, in a suspension with magnetic nanowires with high
remanence magnetizations, due to the attractive wire–wire interactions, the magnetic
nanowires can form one-dimensional chains (Bauer et al. 2001). Due to their potential multi-functionality, multilayer ferromagnetic/nonmagnetic (FM/NM) nanowires are
often used for biomedical applications. The magnetic properties of multilayer FM/NM
nanowires could be tailored by adjusting the size and aspect ratio of each segment. For
example, their remanence is dependent on the aspect ratio and thickness of the FM and
NM layers, and this can be used for the control of aggregation and assembly of the
nanowires in a suspension (Chen et al. 2003).
The responses of the magnetic nanowires in a suspension are crucial to their biomedical applications. For a given solvent, the responses of magnetic nanowires in suspension
are mainly determined by their magnetic properties. For example, in a suspension with
multilayer FM/NM nanowires, the responses of the magnetic nanowires to a small external magnetic ﬁeld can be designed by adjusting the aspect ratio and thickness of the
FM and NM layers of the nanowires. Figure 6.46 shows an example of the different
responses of the multilayer Ni/Cu nanowires in two suspensions to a small external magnetic ﬁeld (about 10 Oe). The multilayer nanowires in two suspensions have the same
diameter and overall length, and have the same amount of nickel, but they have different geometrical structures. Their different responses to the external magnetic ﬁeld are
mainly due to their different layer structures. In Figure 6.46(a), the nanowires have
a structure of [Ni(1000 nm)/Cu(1000 nm)]3 . As the nanowires have a diameter d =
100 nm, FM segments of nanowires are rod-shaped. Under the external magnetic ﬁeld,
the nanowires align parallel to the magnetic ﬁeld, because the easy magnetization axis of
the nanowires is parallel to the nanowire axis. In Figure 6.46(b), the nanowires have a
structure [Ni(10 nm)/Cu(10 nm)]300 . As their diameter is d = 100 nm, the FM segments of
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Figure 6.46 Responses of multilayer Ni/Cu nanowires, suspended in a 1:1 octadecane and hexdecane mixture, to external magnetic ﬁeld. The nanowires in the two suspensions have the same
diameter (100 nm) and length (about 6 mm), and have the same average composition of nickel
(50 at. %). Nevertheless, they have different layer structures: (a) [Ni(1000 nm)/Cu(1000 nm)]3 , and
(b) [Ni(10 nm)/Cu(10 nm)]300 . (Chen et al. 2003)

the nanowires are disk-shaped. Because the easy magnetization axis of these multilayer
nanowires is perpendicular to the nanowire axis, under the application of an external
magnetic ﬁeld, these nanowires align perpendicular to the magnetic ﬁeld.
6.6.2 Magnetic Trapping of Nanowires
Figure 6.47 schematically illustrates the essential features of the magnetic trapping of
magnetic nanowires in a suspension (Reich et al. 2003). The magnetic nanowires in a
suspension can settle onto a substrate that contains elliptical micromagnets fabricated by
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Figure 6.47 Process for magnetic trapping of nanowires suspended in water. A small external
magnetic ﬁeld H aligns the nanowires parallel to the long axis of the micromagnets fabricated by
lithography. The nanowires are attracted to and trapped in the regions of strong local magnetic
gradients between the poles of the micromagnets. (Reich et al. 2003)
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(a)

(b)

Figure 6.48 Effect of an external magnetic ﬁeld (H = 10 Oe) on magnetic trapping. (a) The dipole
moments of the nanowires are pre-oriented parallel to the moments of the elliptical micromagnets.
In this case, the nanowires are trapped in the gaps; (b) the dipole moments of the nanowires are
pre-oriented anti-parallel to the moments of the micromagnets. In this case, the nanowires are
repelled from the gaps. (Reich et al. 2003)

lithography. The distribution of the nanowires on the substrate is affected by the local
magnetic ﬁelds produced by the elliptical micromagnets on the substrate inﬂuence. The
magnetic nanowires are usually attracted to the regions of strong local ﬁeld gradients,
such as the gap between two closely spaced micromagnets. If the gap between two
micromagnets is smaller than the length of the nanowires, single nanowires can bridge
the gap and are subsequently trapped.
As shown in Figure 6.48, the trapping efﬁciency can be improved by the application of
a weak uniform external magnetic ﬁeld (2–20 Oe) parallel to the long axis of the micromagnets. The applied magnetic ﬁeld pre-orients the suspended nanowires. This aligning
ﬁeld reduces aggregation of nanowires in the suspension, and optimizes the conﬁguration
of the magnetic trapping. If there is no external magnetic ﬁeld, the nanowires are attracted
to the edges of the micromagnet, and the trapping events in this case are rare. When an
external magnetic ﬁeld is applied, the nanowires are repelled from the bodies of the micromagnets and concentrate at the ends of the micromagnets. As shown in Figure 6.48(a),
in this case, magnetic nanowires are mostly trapped in the gaps, and chains of magnetic
nanowires are formed.
The inﬂuence of the external pre-orienting magnetic ﬁeld is conﬁrmed by reversing
its direction, so that the suspended magnetic nanowires are pre-aligned anti-parallel to
the magnetic moments of the micromagnets. As shown in Figure 6.48(b), in this case,
the magnetic nanowires are repelled from the ends of the micromagnets, and they are
attracted to the bodies of the micromagnets.
6.6.3 Self-assembled Magnetic Nanowire Arrays
Templates can be used to provide a certain level of control over the driving forces for
self-assembly processes, and magnetic interaction is extremely promising for templating in self-assembly processes mainly due to following reasons (Liu et al. 2007; Reich
et al. 2003; Roberts et al. 2004; Yellen et al. 2005). First, based on the wide varieties
of magnetic materials and the many feasible approaches for manipulating their magnetic properties such as saturate magnetization, remanent magnetization, anisotropy and
coercivity, diverse self-assembly processes and nanosystems can be designed through
magnetic interactions. Second, due to the dipole nature of magnetism, both the attractive
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Figure 6.49 SEM images of the templates with different nanomagnet patterns. (a) Pattern (I); (b)
pattern (II). (Liu et al. 2007)

and repulsive forces on the magnetic elements can be used to control the self-assembly
processes. Third, due to their long-range characteristic, magnetic interactions typically do
not interfere with the biological and chemical interactions, which is crucial for practical
applications. Last, unlike some of the biologically or chemically active templates, magnetic templates can be used many times without concerns about poisoning, and they can
be easily refunctionalized with a magnetization process.
In the self-assembly processes on magnetic templates driven by external magnetic
forces, many parameters can be controlled. For example, the geometry and magnetic
properties of the magnetic nanoelements and the nanomagnets on the magnetic templates,
as well as the nanomagnet array on the magnetic templates, can be designed for special
purposes. This is helpful for the diverse applications of the self-assembly processes, such
as biological applications and nanocontacts. By using a combination of the external magnetic ﬁeld and the local dipolar magnetic ﬁeld, Liu et al. (2007) demonstrated controlled
one-dimensional and two-dimensional self-assemblies of magnetic nanowire arrays on
magnetic templates.
The nickel nanowires used have a diameter of 200 nm and a length of 10 µm, and their
concentration in alcohol solutions is about 2.0 × 105 /ml. Templates of cobalt nanomagnet
arrays are fabricated by patterning Co full ﬁlms with a thickness of 100 nm. As shown
in Figure 6.49, the cobalt nanomagnets have lengths in the range of 20–25 µm, and their
widths are in the range of 100–400 nm. Pattern (I) is designed for applied parallel external
ﬁeld and pattern (II) is designed for perpendicular external ﬁeld.
The template is magnetically initialized by applying a 5 kOe magnetic ﬁeld along the
long axis of nanomagnets. By immersing the template with Co nanomagnet arrays in the
alcohol solution of suspended magnetic nanowires under a parallel or perpendicular external magnetic ﬁeld, self-assembled magnetic nanowire arrays can be achieved. Because
the dipolar magnetic interaction between nanowires is dependent on their relative orientations, applying an external ﬁeld can suppress the tendency of aggregation, pre-align the
initially random nanowires and lead to the formation of extended head-to-tail nanowire
chains (Liu et al. 2007). When an external magnetic ﬁeld (10 Oe) is applied parallel
to the magnetization vector direction of the nanomagnets on the template with pattern
(I), the suspended magnetic nanowires will ﬁrst be aligned by the external magnetic
ﬁeld, and then attracted and trapped in the gap of the two nanomagnets by the local
dipolar magnetic ﬁeld generated by the nanomagnets. Figure 6.50(a) shows a nanowire
array self-assembled between the gaps of cobalt nanomagnet pairs. It is interesting to
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(a)

(b)

Figure 6.50 (a) Optic micrograph of self-assembly nanowire arrays when an external magnetic
ﬁeld (10 Oe) is applied parallel to the magnetization direction of the magnet template with pattern
(I); (b) optic micrograph of self-assembly nanowire arrays when an external magnetic ﬁeld (10 Oe)
is applied perpendicular to the magnetization direction of the magnet with pattern (II). (Liu et al.
2007)

note that only one nickel nanowire was trapped in each gap of the cobalt nanomagnet
pairs.
If the external magnetic ﬁeld is perpendicular to the magnetization of the magnet
template with pattern (II), another self-assembled nanowire array pattern can be achieved
with an approximately 100 % trapping rate, as shown in Figure 6.50(b). Since the gaps
between nanomagnet pairs show magnetic fringing ﬁelds that are anti-parallel to each
other, only one of the two magnetic gaps that have a fringing ﬁeld parallel to the external
ﬁeld can be ﬁlled with one magnetic nanowire when a 10 Oe external ﬁeld perpendicular to
the magnet is applied (Liu et al. 2007). The gaps for trapping the magnetic nanowires are
designed to be 10 and 15 µm. The 10 µm gaps are all ﬁlled with one magnetic nanowire,
while the 15 µm gaps are either ﬁlled with one nanowire or two nanowires due to the
mismatch of the dimensions between the magnetic nanowires and the gaps. This indicates
that the dimension matching between the nanowires and the gap is important for achieving
a low magnetostatic energy and thus a high trapping rate for one nanowire per gap.
6.6.4 Electromagnetic Micromotor
Linear and rotational movements are required in almost all machines. Therefore, the
control of magnetic nanowires for linear and rotational movements is crucial for the
development of nanoscale machines. Usually the linear movements of magnetic nanowires
are achieved by applying magnetic gradients, while the control of magnetic nanowires for
continuous rotation is more complicated.
Barbic et al. (2001) demonstrated an approach for generating the rotation of a nonpivoted magnetic rotor in a ﬂuid. The magnetic rotor is a single-domain magnetic wire
with length less than 100 µm, and the rotation of the magnetic wire is driven by a stator outside the ﬂuid. Figure 6.51 shows the operation principle of the micromotor. The
stator of the micromotor is a set of integrated microcoils and microtips. Each microcoil
has approximately 10 turns of soft magnetic wire with diameter 25 µm wound over a
soft magnetic material with diameter 50 µm. A set of three microcoils and microtips is
arranged into an equilateral triangle with the microtips placed 100 µm apart. Microcoils
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Figure 6.51 Block diagram of the electromagnetic micromotor. The stator microcoils and
microtips are positioned outside the ﬂuid above the single-domain magnetic wire inside the ﬂuid.
The currents through the three microcoils are 120 ◦ out of phase with respect to one another,
resulting in rotational motion of the rotor. (Barbic et al. 2001)

of the stator are individually connected to three separate current ampliﬁers controlled by
independent digital/analog (D/A) channels. The control channels are programmed so that
the three microcoils in the stator are driven by three sinusoidal electrical currents, which
are 120 ◦ out of phase with respect to each other. Therefore, the stator can apply sinusoidal
attractive and repulsive forces to the magnetic rotor, and thus the magnetic rotor rotates
under the driving force from the stator.
Motion of the rotator is observed with an inverted optical microscope and recorded
with a CCD camera system. The nine sequent images shown in Figure 6.52 demonstrate
one full rotation of the rotor of the micromotor in a thin glycerol ﬁlm (Barbic et al.
2001).
This technique can be used for microﬂuidic application. Figure 6.53 shows two potential
applications of micromotors in microﬂuidics: micropump and microvalve.

6.7 Biomedical Applications of Magnetic Nanowires
The special properties of magnetic nanowires make them attractive for biological applications. Due to their large magnetic moments and shape anisotropy, strong forces and
torques can be applied by external magnetic ﬁelds. The diameter and length of magnetic nanowires can be independently controlled, so nanowires with suitable sizes for
biological entities with different length-scales can be synthesized. Furthermore, usually
magnetic nanowires are biocompatible. Magnetic nanowires do not disrupt the growth
cycle of cells, and biologically active molecules can be functionalized on them so that
the deﬁned biomedical functions can be performed (Bauer et al. 2003). In the following
subsections, we discuss the typical applications of magnetic nanowires, including conﬁnement of magnetic nanoparticles, manipulation of biomolecules, suspended biosensing
systems, drug and gene delivery and hybrid devices with magnetic nanowires.
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Figure 6.52 Nine sequent images demonstrate one full rotation of the rotor. The faint image of
the stator coils can be seen out of focus in the background. (Barbic et al. 2001)
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Figure 6.53 Potential applications of the micromotor in microﬂuidics: (a) micropump,
(b) microvalve. (Barbic et al. 2001)

6.7.1 Conﬁnement of Magnetic Nanoparticles
Magnetic nanoparticles have been used for separating biomolecules from mixtures, mechanically stimulating cells and enhancing MRI contrast. To effectively use magnetic nanoparticles for chemical or mechanical stimulation of biological processes at the subcellular level,
magnetic particles should be positioned with submicron resolution, and thus the magnetic
force attracting the magnetic particles must also have submicron region. The force exerted
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on a magnetic particle by a magnetic ﬁeld is given by:
F = χV (∇ · B)Bµ−1
0

(6.24)

where B is the ﬂux density of the external magnetic ﬁeld, χ is the difference of the
susceptibilities of the magnetic particle and its surroundings, V is the volume of the
magnetic particle, and µ0 is the permeability of vacuum. For a particle with a given size,
the gradient term (∇ · B) is the only term that depends on distance. Therefore, conﬁning
magnetic particles in submicron region, requires structures that generate large magnetic
gradients in submicron region.
Figure 6.54(a) shows the structure of a multi-segment nanowire. It has a diameter
of about 80 nm, and it consists of ferromagnetic (CoNi) segments with length of about
350 nm separated by diamagnetic (Au) segments with length of 20–160 nm. When such
a multi-segment nanowire is magnetized, the high magnetic ﬁeld gradients at the boundaries between these segments attract and trap magnetic nanoparticles. As the aspect ratio
of the ferromagnetic segments is greater than one, the easy magnetization axis of the
multi-segment nanowire is parallel to the axis of the nanowire. To demonstrate the conﬁnement of magnetic nanoparticles at submicron region, the multi-segment nanowires are

(a)

(b)

(c)

(d)

Figure 6.54 (a) Schematic of a metallic nanowire containing ﬁve diamagnetic sections (white),
with thicknesses (from left to right) 40, 80, 160, 160 and 20 nm, respectively; (b) SEM image of a
metallic nanowire; (c) SEM image of a metallic rod after treatment with 8 nm γ -Fe2 O3 particles;
(d) magnetic simulation of the ﬁeld surrounding the nanowire. The contours represent ﬁeld lines,
and the shading represents ﬂux density, B. (Urbach et al. 2003)
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Figure 6.55 (a) A 15 µm Ni nanowire bound to a 3T3 mouse ﬁbroblast cell after 24 h
co-incubation; (b) suspended 3T3 cells, with one bound to a 20 µm Ni nanowire. The nanowires
are coated with ECM proteins. (Tanase et al. 2005)

suspended in dichloromethane by ultrasonication and then deposited onto a Si wafer. During the deposition, a magnet is placed under the Si wafer with its dipole parallel to the Si
surface and the magnetic nanowires are magnetized along their easy magnetization axes.
Figure 6.54(b) shows an SEM image of such a nanowire. The magnetized nanowires,
deposited on a surface, are treated with a dispersion of γ -Fe2 O3 particles with a diameter
of 8 nm. As shown in Figure 6.54(c), the γ -Fe2 O3 particles are conﬁned predominantly
near the diamagnetic sections in a radically symmetric fashion. The sizes and shapes of the
magnetic nanoparticle clusters closely match that of the gradients obtained by theoretical
prediction, as shown in Figure 6.54(d) (Urbach et al. 2003).
6.7.2 Biomolecular Manipulation
Biomolecules can be manipulated using magnetic nanowires under external magnetic
ﬁelds, and this is the basis of many biomedical applications of magnetic nanowires.
Usually the biomolecule manipulation using magnetic nanowires is based on the bindings
between biomolecules and magnetic nanowires. Figure 6.55 shows the binding between
3T3 cells and nickel nanowires. The nickel nanowires have a diameter of about 350 nm.
Figure 6.55(a) shows a nickel nanowire bound to a 3T3 cell in culture, and Figure 6.55(b)
a suspended 3T3 cell with a bound wire. In the following, we discuss spatial organization
of cells and biomelecule separation.
6.7.2.1 Spatial Organization of Cells
The ability to spatially organize living cells is important for many biomedical applications,
such as biosensing, the study of mechanotransduction and the exploration of the biochemistry of cell adhesion. Tanase et al. (2005) studied the spatial organization of mammalian
cells using ferromagnetic nanowires in conjunction with patterned micromagnet arrays. In
the following, we discuss the formation of cell chains and the magnetic trapping of cells.
(1) Formation of Cell Chains
Figure 6.56 illustrates the procedure for the self-assembly of cells into chains (Tanase
et al. 2005). As shown in Figure 6.56(a) and (b), an external magnetic ﬁeld is applied
to align the nanowires parallel to each other. The cells descend very slowly through the
culture medium, and the nanowires experience mutually attractive dipole-dipole forces due
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Figure 6.56 Process of magnetic chaining of cells. (a) Nanowires bound to suspended cells and
aligned by an external magnetic ﬁeld; (b) chain formation process due to magnetic dipole–dipole
interactions between pre-aligned nanowires; (c) cell chains formed on the bottom of a culture dish
with B = 2 mT; (d) close-up view of a single chain detailing wire–wire alignment. Interactions
of the north and the south poles of adjacent nanowires are indicated schematically below. (Tanase
et al. 2005)

to the interactions of their magnetic moments. The alignment of the magnetic moments of
magnetic nanowires favors the formation of head-to-tail chains, where the north pole of
one wire abuts the south pole of the next. As shown in Figure 6.62(c), these formations
can encompass many cells, and extend over hundreds of micrometers. There are two
mechanisms of chain formation. One approach is the aggregation in suspension, which
leads to short chains. The other approach is the addition of descending cells or short
chains to pre-existing chains on the chamber bottom. Because the interwire forces are
not sufﬁciently strong to move the cells along the substrate, the chaining process ceases
when all the cells settle on the substrate. Cells without wires are randomly distributed on
the substrate.
(2) Magnetic Trapping of Cells
Once the cells with magnetic nanowires are brought close to a micromagnet array, for
example, by sedimentation or by ﬂuid ﬂow, they are attracted to the ends of the micromagnets. As shown in Figure 6.57(a), 3T3 cells with magnetic nanowires are trapped
at the ends of six ellipses. Tanase et al. (2005) studied the magnetic trapping with cell
concentrations in the range 1 × 104 − 1 × 105 cells ml−1 , and found that the optimum
cell concentration is around 2.5 × 104 cells ml−1 . The trapping efﬁciency increases with
the increase of cell concentration. However, if the cell concentration is higher than the
optimum concentration, signiﬁcant clumping and chaining may occur in suspension before
the magnetic trapping.
Figure 6.57(b) shows the calculated sedimentation trajectories for a cell with a magnetic
nanowire settling over the centerline of an isolated micromagnet. In the calculation, it is
assumed that the spherical cell has a diameter of 16 µm, and the bound nanowire has a
diameter of 350 nm, and a length of 20 µm. The concentration of the trajectories indicates
the attractive action of the trap.
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Figure 6.57 (a) Trapping of single cells by ellipsoidal micromagnets under an aligning magnetic
ﬁeld B = 2 mT; (b) calculated settling trajectories for a spherical cell with density 1.08 g cm−3 over
the centerline of one of the ellipses in (a). (Tanase et al. 2005)

6.7.2.2 Biomolecular Separation
Magnetic nanowires can be used in performing high-yield separations of biomolecules.
Both single-segment and multi-segment magnetic nanowires have been used for cell separations. Generally speaking, magnetic nanowires outperform magnetic spherical beads in
cell separations.
(1) Cell Separations using Single-segment Nanowires
Hultgren et al. (2004) studied the applications of Ni nanowires in cell separation. It was
found that high-purity separations can be achieved for nanowires over a wide range of
sizes, while the optimum separation yield is achieved when the average length of the
nanowires matches the average diameter of the cells. This effect suggests the potential to
magnetically separate cell populations based on their sizes.
Figure 6.58 shows transmitted light images of both treated and untreated trypsinized
3T3 cells attached to nickel nanowires. As shown in Figure 6.58(b), if the diameter of the
cell is less than the length of the nanowire, the nanowire protrudes from the cell, whereas,
as shown in Figure 6.58(c), if the diameter of the cell is larger than the length of the
nanowire, the nanowire is enclosed by the cell. Usually, the cells with larger diameter are
able to engulf longer nanowires. In Figures 6.58(a) and (d), the diameters of the cells are
close to the lengths of the corresponding cells.
Two parameters, purity and yield can be used to compare the effectiveness of cell separations using beads and nanowires (Hultgren et al. 2004). Purity refers to the percentage
of cells that have a magnetic particle attached in all the captured populations. For the
beads and the 5 µm nanowires, the purity is about 40 %, while for nanowires longer than
15 µm, the purity is increased up to 80 %. The percent yield is the number of captured
cells tagged with magnetic particles normalized by the initial number of cells tagged with
magnetic particles. Figure 6.59 shows the percent yields of nanowires and beads for the
separations of 15 and 23 µm diameter cell populations. For both populations, when the
length of the nanowires is equal to the diameter of the cells, the percent yield reaches its
maximum value, and the maximum yield is about four times larger than the percent yield
when the beads are used.
(2) Cell Separations using Multi-segment Nanowires
Histidine (His) has a high binding afﬁnity for nickel, and this interaction can be used in Ni
columns to separate His-tagged proteins from biological solutions (Stiborova et al. 2003).
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Figure 6.58 Optical images of trypsinized 3T3 cells. Top row: normal cells (average diameter
15 µm) with (a) 15 µm nanowire and (b) 22 µm nanowire. Bottom row: treated cells (average
diameter 23 µm) with (c) 10 µm nanowire and (d) 22 µm nanowire. (Hultgren et al. 2004)
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Figure 6.59 Percent yield as a function of nanowire length for separations of 3T3 cell populations
with average diameters d = 15 µm and 23 µm. (Hultgren et al. 2004)

As shown in Figure 6.60, Lee et al. (2004) demonstrated that Au/Ni/Au multi-segment
nanowires have more rapid binding kinetics in the separation of His-tagged proteins.
When the Au/Ni/Au multi-segment nanowires are introduced to a solution containing both
His-tagged and untagged proteins, the His-tagged proteins attach to the nickel segment of
the nanowire, and can be removed from solution by applying an external magnetic ﬁeld.
In a similar way, the Au/Ni/Au multi-segment nanowires functionalized with poly-His
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Figure 6.60 Schemes for separation of His-tagged proteins from untagged proteins (route a) and
for separation of antibodies to poly-His from other antibodies (route b); (Lee et al. 2004)

can be used to efﬁciently separate mixtures of anti-His proteins from other antibodies.
In these experiments, the Au segments of the nanowires are passivated with thiolated
poly(ethylene glycol) (PEGSH) to minimize the nonspeciﬁc binding of proteins to Au
surfaces and to minimize aggregation which may be caused by bare gold surface–surface
interactions (Hurst et al. 2006).
6.7.3 Suspended Biosensing System (Tok et al. 2006)
As schematically shown Figure 6.61, multilayer nanowires can be used as a substrate in
a biosensing platform for sandwich immunoassays. The multilayer nanowires consist of
submicrometer layers of different metals, and are usually synthesized by electrodeposition
within a porous alumina template. As a lot of variations can be realized in the synthesis
of nanowires, a large number of unique yet easily identiﬁable encoded nanowires can
be included in a multiplex array format. Tok et al. (2006) studied the applications of
multilayer metallic nanowires in a suspended format for rapid and sensitive immunoassays.
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Figure 6.61 a) Analogy between a conventional barcode and a metallic segment-encoded
nanowire. Ni segments (50 nm) are deposited at both ends of the magnetic nanowire (not drawn to
scale); b) schematic of the sandwich immunoassay performed on a nanowire. (Tok et al. 2006)
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Figure 6.62 Images of the ‘residual magnetic clumping’ effect on various Ni segments deposited
at both ends of pure Au nanowires (stripe pattern 30000003; 0 = Au, 3 = Ni). The images are
taken after the nanowires are exposed to a magnetic ﬁeld. Nanowires with Ni segments greater
than 100 nm (total Ni amount is twice the segment length) led to a marked increase in the residual
clumping upon exposure to magnetic ﬁelds. (Tok et al. 2006)

The basic working principle of a suspended biosensing system is illustrated in Figure
6.61(b). In a suspended biosensing system, the target analytes are captured and hybridized
in solution. To ensure that the nanowires can be manipulated by external magnetic
ﬁelds, an appropriate ferromagnetic metallic component, for example, nickel, is incorporated. Usually the nickel segments integrated at both ends of the nanowires have
a length of 25–150 nm. The easy magnetization axis for these disk-shaped magnetic
segments is perpendicular to the nanowire axis, and thus these nanowires align perpendicular to the externally applied magnetic ﬁeld. As shown in Figure 6.62, the longer
Ni segments result in stronger magnetophoresis, but also increase the aggregation of the
magnetic nanowires after exposure to external magnetic ﬁelds, which hinders subsequent
imaging.
Furthermore, if the length of the nickel segment is larger than its diameter, the nanowire
exhibits an easy magnetization axis parallel to the nanowire axis, causing the nanowire to
align parallel to the magnetic ﬁeld. This alignment reduces hydrodynamic drag and should
further increase particle mobility. Thus, to ensure the ease of magnetic manipulation
by a magnetic ﬁeld and the minimization of clumping due to the magnetization of the
nanowires, the ideal length of the nickel segment is about 50 nm. The introduction of the
nickel segments at the ends of the nanowires is helpful for ensuring both the structural
robustness and the decoding process of the nanowires, while the presence of the nickel
segments at the ends does not affect the overall biosensing capabilities of the nanowires
(Tok et al. 2006).
6.7.4 Gene Delivery
The gene delivery using multi-segment magnetic nanowires exhibits obvious advantages.
As the properties of conventional gene delivery systems could not be controlled on the
nanoscale, they are limited by their relatively low transfection efﬁciency, which limits the
ability of the system to incorporate foreign DNA inside a target cell (Hurst et al. 2006).
However, in the fabrication of multi-segment nanowires, the materials of each segment
and their properties can be precisely controlled in nanosized dimensions. Furthermore,
multi-segment nanowires can be endowed with different functionalities in spatially deﬁned
regions, and so the precise control of antigen placement and the stimulation of multiple
immune responses can be achieved.
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Figure 6.63 Functionalization of Au–Ni nanowires. 1. Nanowires are incubated with AEDP.
Ni segment is bound with carboxylate end-group. 2. Plasmids are electrostatically bound to the
protonated amine groups of the AEDP. 3. The surface-immobilized plasmids are compacted by
CaCl2 . 4. The gold segment is selectively bound with hodamine-taged transferrin. (Salem et al.
2003)

Salem et al. (2003) investigated the application of electrochemically synthesized Au/Ni
nanowires for therapeutic purposes. Figure 6.63 shows the procedure for selectively binding DNA plasmids and transferrin to Au/Ni nanowires. After nanowires are removed from
the template, the nickel segment of the nanowires is functionalized with 3-[(2-aminoethyl)
dithiol]-propionic acid (AEDP) through its carboxylic acid terminus. Plasmid DNA is then
electrostatically bound to the protonated amine groups of the AEDP. The Au segment of
the nanowires is then functionalized with transferrin, a cell-targeting protein, which has
been chemically modiﬁed with a thiol.
Transfections using these multi-functionalized nanowires are performed on human
embryonic kidney (HEK293) mammalian cell lines (Salem et al. 2003). It has been conﬁrmed that multi-segment nanowires are more efﬁcient in transfection than transferrinmodiﬁed single-component nanowires.
6.7.5 Hybrid Devices
Hybrid devices, based on molecular biology and micro/nano fabrication, can be used in the
development of advanced biosensors and force bioactuators for medical and therapeutic
applications. Among various hybrid systems, special attention is paid to motor proteins,
such as Adenosine Tri-Phosphate synthase (ATPase), which can convert the chemical
energy derived from the ATP hydrolysis into mechanical work (Noji et al. 1997). ATPase
motor, ever-present in organisms from bacteria to man, is among the best characterized
proteins in terms of its atomic structure and biochemistry. It consists of two rotary assemblies, F0 (ab2 cn ) and F1 (α 3 β 3 γ δ ε ) connected by a common elastic shaft, subunit γ . For
an isolated F1 -ATPase, the central γ subunit rotates against the surrounding α 3 β 3 subunits during the hydrolysis of ATP in the three catalytic β subunits of the F1 -ATPase. It is
difﬁcult to realize the F1 -ATPase rotation experimentally. To expand the applications of
F1 -ATPase motor to the physical sciences, it is necessary to develop a method to fabricate
and functionalize the propellers for the F1 -motors.
Ren et al. (2006) integrated nanowires with F1 -ATPase motors. The multi-segment
(Ni/Au/Ni) nanowires are synthesized by electrochemical deposition. The thiol group
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Figure 6.64 Multi-component nanowire driven by an F1 -ATPase motor. (a) Schematic drawing
of the structure. The nickel segment on the nanowire is used as the region attached to the rotating
shaft of the F1 -ATPase motor; (b) TEM picture of three-segment nanowires. (Ren et al. 2006)
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Figure 6.65 (a) Time course of F1 -ATPase rotation. Each line represents data from a rotating
nanowire; (b) rotational speed in revolutions per second vs the nanowire lengths. The solid line
shows the rotational speed under a constant torque of 20 pN · nm. The upper dotted line and the
lower dotted line show the rotational speed under a constant torque 40 pN · nm, and 10 pN · nm
respectively. (Ren et al. 2006)

modiﬁed ssDNA and the biotinylated peptide are selectively bound to the gold and nickel
segments, respectively. The F1 -ATPase motor only attaches to the nickel segment of the
nanowire by biotin-streptavidin linkage. Figures 6.64(a) and (b) show the schematic of
the motor device and the TEM pictures of the multi-segment nanowires, respectively.
The multi-component nanowires can be used as the propellers, and the rotations of the
multi-component nanowires driven by F1 -ATPase motors can observed.
Figure 6.65(a) shows the cumulated angle versus the different length of the propellers,
and Figure 6.65(b) shows the relationship between the rotational speed and the nanowire
length. The rotation of the propeller driven by motors indicates that the multi-component
nanowires accompanied by the different biomolecules can be designed to construct hybrid
devices (Ren et al. 2006).
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7
Magnetic Nanotubes and their
Biomedical Applications
7.1 Introduction
It has been witnessed that microtechnology, which is based on thin ﬁlm-structured materials, is naturally being converted to nanotechnology in which the size of the active
electronic components is reduced to nanosize. This is mainly due to the fact that single
molecules or atoms coupled with strong quantum-size effects limit further miniaturization.
The unique physical, chemical and thermal properties of quasi one- and two-dimensional
materials may lead to novel inventions, new products and fresh technology additions to
existing knowledge.
Nanotubes have become a fast developing research area of nanotechnology for several
decades. Theoretical simulation indicated that a narrow tube might be less energetically
favored than a ﬁnite strip because of the strain energy coupled with bending. However,
when the diameter is reduced to a critical value (e.g. at nanoscale), the strain in the
nanotubes becomes smaller than the energy associated with the edges (dangling bonds)
in the layered strips, and the self-closed cylindrical geometry, which is free of dangling
bonds, becomes the most stable structure (Seifert et al. 2002). In general, the advantage
of nanotubes with hollow structures is that they can be used as pipes, cavities or capsules in nanosize. In addition, nanotube-embedded nanostructured hybrid systems with
extremely large surfaces have considerable advantages over nanoparticle-based systems
in many applications such as catalysis and sensor technology. Carbon nanotubes have
been demonstrated to have unique properties and potential applications. However, carbon is by no means always ideal as an all-purpose material for popular applications. In
view of recent ﬁndings on carbon nanotubes, the potential of nanotubes made of other
materials, such as polymers, metals, semiconductors or oxide, is also expected. The cylindrical geometry of carbon nanotubes is paralleled by the structure of numerous inorganic
nanotubes (Remškar 2004). The ﬁrst applications for non-carbon nanotubes were demonstrated by Martin et al. in such areas as the separation of racemic mixtures, sensors,
substance separation, or in membranes for selective ion transport (Steinhart et al. 2004).
In the ﬁeld of magnetic nanotechnology, the search for new geometries is always
an important aspect. Various magnetic nanostructures such as nanodots, nanowires and
antidotes have been developed. As an emerging ﬁeld, synthesis of magnetic tubular nanostructures was pioneered in inorganic chemistry. Magnetic nanotubes have a low mass
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
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density, a high porosity and an extremely large surface to weight ratio due to their cylindrical geometry. The potential applications of magnetic nanotubes include data storage
devices in nanocircuits, scanning tips for magnetic force microscopes, drug delivery,
tunable ﬂuidic channels for tiny magnetic particles, biosensors, biochemical separation,
etc. Compared with nanowires or nanorods with only one surface, magnetic nanotubes
with two separate surfaces could be used as multifunctional nanomaterials. By surface
modiﬁcation of the inner or outer nanotube walls respectively with oxides, polymers,
biomolecules or metals, physical and chemical properties may be tailored within a single
structure. Additionally, multilayer magnetic nanotubes, with concentric cylinder layers
are expected to have unique magnetoelectronic properties.
Up to now, chemical synthesis and template-directed growth have been widely used to
prepare magnetic nanotubes. Novel and effective synthetic techniques are expected to tune
the magnetic properties of magnetic nanotubes in a controlled manner because magnetic
quantities (anisotropy, coercivity, etc.) are important for many applications in permanent
magnetism, spin electronics and magnetic recording (Sui et al. 2004a).

7.2 Magnetism of Nanotubes
The magnetic properties of magnetic nanotubes depend upon several factors such as the
elemental composition, crystallinity, shape, diameter, wall thickness and orientation. For
instance, for nanotubes with small and large diameters, the preferential arrangements of the
magnetic moments for magnetic nanotubes are the parallel conﬁguration and vortex state,
respectively (Escrig et al. 2007). As the nanotube pore diameter decreases, its coercivity
and the remanence increase accordingly. In the case of closely-spaced magnetic nanotube
arrays, the preferential magnetization direction is perpendicular to the nanotube axis due
to the strong interactions and alignment between the nanotubes (Bao et al. 2004).
Magnetic nanotubes exhibit unique magnetic properties. Compared with the bulk counterparts, magnetic nanotubes have higher coercivity coupled with enhanced anisotropic
magnetic behavior owing to their shape anisotropy. Additionally, magnetic nanotubes have
lower weight density than solid magnetic nanowires. This property gives them higher stability in solutions with less possibility of precipitation. Also, magnetic nanotubes and
magnetic nanowires display difference in remanent state, thus showing different magnetic
or magnetoresistive behaviors.
Investigation of the magnetic behaviors of magnetic nanotubes is a basis for their
potential applications. Investigation of the nanotube magnetism starts with the analysis
of the static distribution of magnetic moments in nanotubes. It is well known that, when
subjected to an applied external magnetic ﬁeld, a magnetic material will generate an
additional magnetic ﬁeld, called a demagnetization ﬁeld. Considering a two-dimensional
(2D) magnetic thin ﬁlm, the demagnetization ﬁeld is known to push down the magnetic
moments in the plane of the ﬁlm surface. In the case of one-dimensional (1D) magnetic
nanowires and quasi-one-dimensional (quasi-1D) nanotubes, the demagnetization ﬁeld is
believed to align the magnetic moments along the axis of the nanotubes. And magnetic
moment distribution in magnetic nanotubes is determined by the competition between
magnetocrystalline anisotropy energy (Ek ) and demagnetization energy (Edemag ) (Li et al.
2007). In nanotubes, the magnetic moment distribution is isotropic with respect to the
tube axis, and a paramagnetic quadrupole doublet can be induced. There are two possible
reasons: 1) the surface effect of the nanotube leads to a spin disorder on the nanotube
surface due to its large surface ratio; 2) the exchange coupling may not be strong enough
to suppress superparamagnetism due to the nanograins with a smaller size.
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Figure 7.1 (a) Schematic structure of a magnetic nanotube; (b) the relationship between the
demagnetization factor and angle β. (Wang et al. 2006)

To study the static distribution of magnetic moments, a theory of magnetic charge was
used to calculate the demagnetization factor of the magnetite nanotubes (Fe3 O4 ), (Wang
et al. 2006). The demagnetization factor is deﬁned as the ratio of the negative of the
demagnetizing ﬁeld to the magnetization of a magnetic sample. Figure 7.1a illustrates a
schematic nanotube with a three-dimensional orthogonal coordinate set up in the center
of the nanotube. Based on the TEM images of nanotubes, the values of the outer and
inner radius are deﬁned as 100 and 88 nm, respectively. In the calculation, the length of
the nanotube is deﬁned as 10 µm. An external magnetic ﬁeld along the Y axis is assumed
to be applied to magnetize the nanotube to saturation. Calculations based on the theory
of magnetic charge gave the demagnetization factors in different areas of the nanotube
wall in the X-Y plane. The result is plotted in Figure 7.1b. The X axis is β, which is
the angle between the Y axis and the line connecting the original point O and the point
on the wall. From Figure 7.1b, it can be seen that the demagnetization factor reaches the
highest value of 0.94 when β is 0 (point A in the nanotube wall) while the lowest value
of 0.06 is achieved at β = 90 ◦ (point B in the nanotube wall). In the range of 0–90 ◦ ,
the factor decreases with the increase of the angle.
Considering a random point in the wall, the ﬁnal state comes from the minimization of
the total energy, which is a sum of three parts:
Etotal = Eexchange + EK + Edemag

(7.1)

where Eexchange , EK , and Edemag are exchange, magnetocrystalline anisotropy, and demagnetization energies, respectively. In the calculation, the magnetocrystalline anisotropy and
saturation magnetization of the magnetite nanotube are identical to those of bulk magnetite. The demagnetization energy Edemag tends to put the magnetic moments in the
nanotube wall, and its highest value is 0.94 × 2πMs2 = 1.38 × 106 erg cm−3 . The magnetocrystalline anisotropy energy EK tends to align the magnetic moments along the easy
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(a)

(b)

Figure 7.2 Snapshots of the magnetization on the cross-section of a magnetic nanotube. The size
of the arrows indicates the magnitude of the component of the magnetization in the cross-sectional
plane. (a) Dimension ratio ξ = 0.1, and (b) ξ = 0.3. (Escrig et al. 2007)

axis of grain, and its value is only −1.35 × 105 erg cm−3 . Due to the much lower value
of EK , compared with Edemag , it can be ignored. Thus, equation (7.1) indicates that the
magnetic moments of the Fe3 O4 nanotube preferentially align parallelly to the nanotube
wall with a minimum magnetostatic energy.
A continuous model was adopted for the internal magnetic structure of the nanoparticles,
which provided a good basis to investigate their magnetic properties. Via this model,
analytical results for total energy in different conﬁgurations of nanotubes can be obtained.
For simpliﬁcation purposes, a continuous distribution of magnetic moment, denoted by
magnetization M(r), was used to displace the discrete one. Where δV is the volume of the
analyzed elements centered at r, the total magnetic moment within the element is M(r)δV.
Dipolar interactions within the magnetic nanotube induce shape anisotropy, which is the
main anisotropy in this system. Several geometrical parameters for nanotubes considered
are height (or length) H; external radius R; internal radius a; ratios ξ = a/R and γ =
H/R. Figure 7.2a and 7.2b depict the simulation results for ξ values of 0.1 and 0.3,
respectively. Arrows in the plots represent the φ component of the magnetization, and a
core is produced by the magnetization component along the z direction, shown with short
arrows. M0 and Mz are saturation magnetization and the component responsible for the
core magnetization, respectively. Simulation showed a ratio Mz /M0 of 0.11 for ξ of 0.1
and around 10−6 for ξ of 0.3, which implied that the effect of core can be negligible for
thin-walled nanotubes. Considering the parallel conﬁguration and vortex conﬁguration, the
interaction between nanotubes is ignored and the expression for the dipolar contribution
to the energy in the parallel conﬁguration can be described as:
 ∞
1 − e−γ y
F
Edip
= πµ0 M02 R 3
(J1 (y) − ξ J1 (ξy))2 dy
(7.2)
y2
0
where J1 (z) are Bessel functions of ﬁrst order and ﬁrst kind. And the dipolar energy in
the vortex conﬁguration is equal to zero.
V
Eex
= 2πH A ln

1
ξ

(7.3)

By equating the expressions for the energy in both conﬁgurations, the transition line as
well as the magnetic phase diagram can be obtained (Escrig et al. 2007).
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Figure 7.3 Schematic reversal modes in magnetic nanotubes. (a) and (b) curling, (c) coherent
rotation, (d) perturbed curling, and (e) low-lying noncurling mode. (Sui et al. 2004b)

In magnetic nanotubes, the mechanism of magnetization reversal needs to be discussed.
Several reversal mechanisms, induced by a homogeneous external magnetic ﬁeld, are
shown in Figure 7.3 (Sui et al. 2004b). Flux closure during magnetization reversal induces
magnetization curling, which can be seen in Figure 7.3(a) and 7.3(b). Figure 7.3(c) depicts
a coherent rotation which leads to surface poles. For magnetic nanomaterials, as the radius
R is larger than a critical value, a transition takes place from coherent rotation to curling. In
particular, this transition only occurs for nanotubes with very small diameters. For curling
mode in tubes having wall thicknesses much smaller than the tube radius (t  R), the
exchange energy Hn can be expressed as:
Hn = Ha +

A
µ0 Ms R 2

(7.4)

where Ha is the anisotropy ﬁeld, A is the exchange stiffness and Ms is the spontaneous
magnetization. From this formula, the certain value of radii for curling occurring is 2ζ 0 ,
and ζ 0 , the exchange length of the system, equals to (A/µ0 M2s )1/2 . Magnetic nanotubes
have a lower exchange energy (smaller by a factor of 5) compared with other magnetic
nanomaterials. The reason is believed to be the absence of curling related vortices. In
the case of polycrystalline nanotubes, the curling character of the reversal mode may
be distorted by polycrystallinity. A mode without curling-type ﬂux closure is schemed
in Figure 7.3(d). In this mode, the curling mode switches to a localized mode at radius
Rrand which is dependent upon the magnetocrystalline anisotropy. The reversal mode
shown in Figure 7.3(d) is favorable for anisotropy, but unfavorable for both exchange
and magnetostatics. The Rrand can be expressed by applying standard random anisotropy
analysis:
Rrand ≈ δB2 t 1/2 /a 3/2

(7.5)

where a is the polycrystalline grain size and δ B , the Bloch-wall thickness of the corresponding bulk material, is equal to (A/|K1 |)1/2 . With estimated values of a, t and
δ B , the value of Rrand can be obtained for different magnetic nanotubes, which shows
whether the nanotube is curling-like or not. It should be pointed out that deduction of
Equation (7.5) does not include magnetostatic self-interaction. When this is involved, the
random-anisotropy analysis displays that internal poles, such as around the dashed lines
in Figure 7.3(e), enhance Rrand .
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7.3 Multifunctionality of Magnetic Nanotubes
Magnetic nanotubes have the capability of multifunctionality due to their inner and outer
surfaces. For nanospheres/nanoparticles, there is only one surface available for modiﬁcation, hence it is complex to generate multifunctional particles (Eisenstein 2005). By
contrast, nanotubes with different functionalizations on both surfaces could serve as a
type of multifunctional nanomaterials for several research problems.
7.3.1 Inner and Outer Surfaces of Nanotubes
Magnetic nanomaterials have been extensively explored for their extraordinary properties as well as their potential applications, especially in biomedical and biotechnological
applications. Typical examples include enzyme immobilization or encapsulation, DNA
transfection, drug delivery, biochemical separation, contrast enhancement in magnetic resonance imaging and biosensors. In most applications, magnetic nanoparticles have been
used, mainly because of the ease of their synthesis and dimension control. However, the
structural limitation of spherical nanoparticles causes problems when multifunctionality is
needed for certain bioapplications. Magnetic nanotubes possessing a number of attributes
are potential candidates for certain bioapplications in such situations.
Self-assembling lipid tubules have been used for this purpose. However, their tubule
diameters as well as the surface morphology are difﬁcult to control. The rapid development
of nanotechnology has brought a number of chemical or physical synthesis approaches
which are able to control readily the dimensions, properties and crystallinities of nanotubes.
Additionally, it is possible to obtain any material in nanotube structure by general synthesis
techniques. Hence, synthetic magnetic nanotubes with desirable characteristics are ready
for further surface modiﬁcations for biocompatibility and subsequent bioapplications.
Regarding the multifunctionality of magnetic nanotubes, there are two aspects. First,
nanotubes have inner voids, which can be ﬁlled and immobilized with biological species
ranging in size from large proteins to small molecules, followed by a controlled release
(Mitchell et al. 2002). Secondly, the distinct inner and outer surfaces of nanotubes render
them a novel type of nanomaterial with multifunctional properties after being functionalized differently. The schematic of multifunctional magnetic nanotubes is illustrated in
Figure 7.4. For instance, the inner surface of nanotubes can be chemically functionalized to obtain a hydrophilic surface while the outer surface can be modiﬁed to exhibit
hydrophobic properties.
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Figure 7.5 Schematic of a magnetically-ﬁlled carbon nanotube as a nanocontainer. (Mönch et al.
2007)

7.3.2 Magnetic Encapsulated Nanotubes
While chemical or biological species can be encapsulated inside the inner void of magnetic nanotubes, their distinctive outer surfaces can be differentially functionalized with
environment-friendly and/or probe molecules for speciﬁc targeting purposes. Therefore,
the magnetic nanotube combining attractive loading capabilities and magnetic properties
can be an ideal candidate for the multifunctional nanomaterial for biomedical applications,
especially for magneto-controlled targeted drug delivery and magnetic resonance imaging
(Son et al. 2005).
Another type of magnetic-encapsulated nanotube are non-magnetic nanotubes with
encapsulated magnetic species. As shown in Figure 7.5, multifunctional nanocontainers
can be realized by ﬁlling carbon nanotubes with various substances (Mönch et al. 2007).
When magnetic nanoparticles/nanocrystals are encapsulated, nanotubes exhibit magnetic
properties. At the same time, the outer surface of carbon nanotubes can be easily functionalized for speciﬁc targeting purposes in biomedical applications.

7.4 Synthesis and Characterization of Magnetic Nanotubes
Magnetic nanostructures are scientiﬁcally interesting and the research efforts on their properties and potential applications are technologically important. Despite the development
of magnetic nanodots, nanowires and antidote structures, searching for magnetic nanomaterials with novel geometries has been an important aspect of magnetic nanotechnology
(Sui et al. 2004b). Magnetic nanotubes with magnetic properties coupled with multifunctionality have stimulated much research interest. For common applications of magnetic
nanomaterials such as magnetic recording, spin electronics, biomedical and biological
applications, synthesis of magnetic nanotubes is always in high demand. To date, various
chemical and physical methods have been used for magnetic nanotube synthesis, such as
thermal decomposition of precursors, hydrothermal synthesis and galvanic displacement
reactions. Without exception, any technique employed in magnetic nanotube synthesis
aims to obtain magnetic nanotubes with controlled dimension, morphology, crystallinity
and tailored magnetic properties.
Among a number of approaches, template-assisted synthesis is a versatile and inexpensive technique (Bao et al. 2001). It is Martin’s group who ﬁrst demonstrated template
synthesis of various nanotubes using membranes with nanochannels (Hulteen and Martin
1997). By varying the physical and chemical properties of the used template and controlling the preparation conditions, the sizes, shapes and structural properties of nanotubes can
be tailored. Importantly, this method is a general synthesis strategy which can be used to
prepare metallic, polymeric, semiconducting and carbon nanotubes (Tourillon et al. 2000).
In this section, the synthesis of various magnetic nanotubes will be reviewed.
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7.4.1 Single Element Magnetic Nanotubes
Single element magnetic nanotubes are made of transition metals including Co, Fe and
Ni. Tourillon et al. demonstrated using the template method to synthesize cobalt and
iron nanotubes (2000). Commercially available track-etched polycarbonate membranes
with an average 30 nm pore diameter and 6 mm in thickness were used as the template. For electrodeposition, a gold thin ﬁlm was coated on the bottom surface of the
templates by evaporation. This gold ﬁlm, a saturated calomel reference electrode and a
platinum grid served as the working electrode, reference electrode and counter electrode in
a three-electrode electrochemical cell, respectively. The electrolyte for Co nanotubes synthesis was prepared by mixing 0.1 M CoSO4 , 0.1 M H3 BO3 and high pure water (>18 M
· cm). For Fe nanotubes, CoSO4 was replaced by FeSO4 . In a typical synthesis process,
the prepared electrolyte should be degassed by bubbling argon ﬂow for 15 minutes as the
ﬁrst step. Then, pulse cycles were applied for electrodeposition of Co and Fe nanotubes
inside the template. In the case of Co, the deposition started with the application of an
overpotential of −1.5 V for 0.1 s followed by an ‘off’ state for 2 s. This cycle lasted for
8 minutes. For Fe, −0.13 V/0.1 s cycle was continued for 6 minutes.
Figure 7.6a is a low resolution TEM image of iron nanotubes. An aperture at one
end of a nanotube can be seen clearly from a high resolution TEM image, as shown in
Figure 7.6b. The wall thickness is estimated to be 1–2 nm, which may consist of a few
atomic iron planes. Electron diffraction patterns of Fe nanotubes indicate a mixture of Fe
bcc and fcc phases. The as-prepared cobalt nanotubes also have similar wall thickness
and dimension. The chemical complexation of the metal cations on the porous membrane
walls through carbonate functions was expected to induce the formation of Co and Fe
nanotubes. The nanotube formation can be hypothesized to occur in two steps. In the
ﬁrst step, Fe2+ and Co2+ metal ions are complexed with the −CO3 2− carbonate function
of the polymeric membranes in a favored process due to the strong interaction between
the chemical species. Thus, the inner surface of nanochannels is coated with metal ions.
The following step is the electrochemical reduction of metal ions Fe2+ and Co2+ to
Fe0 and Co0 , respectively, resulting in the formation of nanotubes. It was found that
longer deposition time produced nanotubes with thicker wall thickness and eventually
solid nanowires.
Synthesis of highly ordered nickel nanotubes was achieved by electrodeposition inside
the nanopores of alumina membranes with chemical surface modiﬁcation (Bao et al.
2001). Before electrodeposition, anodic alumina oxide (AAO) membranes were immersed
into a 1 % methyl-diethylenetriaminopropyl dimethoxysilane in anhydrous nonane under

20 nm

100 nm
(a)

(b)

Figure 7.6 (a) TEM image of prepared iron nanotubes; (b) TEM image shows the tip of a Fe
nanotube. The thickness of the nanotube wall is about 1–2 nm. (Tourillon et al. 2000)
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Figure 7.7 (a) SEM image of an as-prepared Ni nanotube array, (b) hysteresis loops of the
Ni nanotubes embedded in the template, (c) plot of the relationship between coercivities, remanent/saturation magnetization ratio and θ. (Bao et al. 2001)

sonication for 1 minute. Treated with this pore-wall modifying agent produce silanized
membranes. Again, a gold ﬁlm was evaporated on one side of the membrane as a working
electrode during the electrodeposition. A mixture of NiSO4 · 6H2 O, H3 BO3 and puriﬁed
water (resistivity >18 M · cm) was used as the electrolyte. The working electrode, a saturated calomel electrode (SCE) and a nickel counter electrode, were immersed in the electrolyte forming a three-electrode electrochemical cell. During the electrodeposition, a constant current density of 0.3 ± 0.6 mA/cm2 was applied without heating and stirring. After
deposition, the top layer of the alumina template was etched by sodium hydroxide solution.
A top-view SEM micrograph of synthesized nickel nanotubes is shown in Figure 7.7a.
Open ends of the Ni nanotubes can be seen. Experiments indicated the necessity of the
inner surface modiﬁcation with methyl-c-diethylenetriaminopropyl-dimethoxysilane for
nickel nanotube formation. After modiﬁcation, the inner surface of nanopores in membranes was covered with amino groups, which exhibit strong afﬁnity for nickel ions.
Consequently, preferential nickel deposition occurs with formation of a nanotube structure. Comparative study showed only nanowires were obtained without the modiﬁcation
step before electrodeposition.
Magnetic properties of Ni nanotubes with an average 160 nm outer diameter and 218
aspect ratio were measured. Figure 7.7b shows the hysteresis loops of Ni nanotube arrays.
From the hysteresis loops, coercivities of nickel nanotubes are Hc// ≈ 165 Oe and Hc⊥ ≈
144 Oe (1 Am−1 ∼
= 4π × 10−3 Oe). Compared with bulk nickel materials with their coercivities of around 0.7 Oe, the nanotube morphology enhances the coercivities of nickel
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nanotubes. Both highly sheared hysteresis curves and very low remanence magnetization
of Ni nanotubes, which is less than 20 % Msat// , indicate a strong interaction among nanotubes. The SEM image reveals densely packed nanotube arrays thus resulting in such a
strong intertubule interaction. Dependence of the coercivity Hc and remanent/saturation
magnetization ratio Mr /Ms on the angle between the surface of the membrane and the
applied magnetic ﬁeld is plotted in Figure 7.7c. At θ = 60 ◦ the coercivity of the nanotube array reached a maximum value while maximum magnetization ratio of Mr /Ms was
obtained at θ = 0 ◦ , when the applied ﬁeld is perpendicular to the axis of the nickel
nanotubes.
Tao et al. reported an improved method to prepare a highly ordered array of magnetic Ni
nanotubes by modiﬁed template-assisted electrodeposition (2006). By using this method,
highly ordered arrays of Ni nanotubes can be prepared and their wall thickness and length
can be controlled by adjusting experimental parameters such as the current density and
electrodeposition time. The electrolytes used in the synthesis comprised of NiSO4 · 6H2 O,
H3 BO3 , and Pluronic P123 (EO20 PO70 EO20 , EO: ethylene oxide, PO: propylene oxide),
with proper concentrations in deionized water. A two-electrode electrochemical cell with
a gold coated AAO template and nickel ring as the working and counter electrodes,
respectively, was used for electrodeposition. The deposition current density was set to
0.13 mAcm−2 .
The outstanding feature of this method is the addition of a small amount of an amphiphilic triblock copolymer, P123. P123 is a surfactant and forms micelles with a concentration-dependent dimension in electrolyte solutions. For example, dynamic light scattering
(DLS) measurements show about 20 nm micelles with 37 g/l P123 solution. Figure 7.8a
illustrates a proposed formation mechanism of nickel nanotubes in this synthesis. The
afﬁnity between Ni2+ and oxygen in P123 induced gathering of Ni2+ on the surface of
the P123 micelles. In the electrochemical cell, the Ni2+ attached P123 micelles entered into
the nanochannels of the template and concentrated in the vicinity of the pore walls due to
the strong adsorption ability of AAO. Therefore, the electrochemical deposition generated
a preferential nickel deposition on the wall resulting in nanotube formation. A top-view
SEM image of a nickel nanotube array after partial removal of the AAO template is shown
in Figure 7.8b. A high ﬁlling ratio is obvious from the observation of an open-ended
nanotube in each pore. The hysteresis loops of the synthesized nickel nanotube array
reveal that its typical coercivities Hc// and Hc⊥ are 106.1 and 93.72 Oe, respectively. The
hysteresis loops conﬁrm the uniaxial magnetic anisotropy with the easy axis perpendicular
to the nanotubes. When the magnetic ﬁeld was applied perpendicular to the nanotubes,
measured values of the saturated magnetization (Ms) and remanent magnetization (Mr)
were 0.0193 and 0.0090 emu, respectively. In the case of the magnetic ﬁeld parallel to
nanotubes, these two values changed to 0.018 and 0.0009 emu. Tao’s method is a simple,
convenient and effective synthesis technique for nickel nanotube synthesis.
In addition to template-assisted electrodeposition, template-assisted atomic layer deposition (ALD) has been explored to prepare magnetic nickel and cobalt nanotubes (Daub
et al. 2007). In a typical ALD synthesis, two different vapor-phase reactants are used and
deposit materials on the substrate with one monolayer or less in one cycle. Multicycle
deposition is usually applied to obtain nanomaterials with desired layer thickness. Thus,
the major advantages of ALD are its precise control of the growth rate and its ability to
produce conformal coating on 3D structures. Alumina membranes, prepared by a two-step
anodization process of aluminum, were used as the template for ALD deposition of Ni
and Co. The nanotube synthesis consisted of three steps. First, nickelocene (NiCp2 ) or
cobaltocene (CoCp2 ) vapor was used as the ﬁrst precursors and formed a submonolayer
on the sample surface. The precursor temperature was kept at 90 ◦ C for both cases. The
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Figure 7.8 (a) Schematic of the preparation procedure for Ni nanotubes and the proposed mechanism for nanotube growth; (b) SEM image of Ni nanotube array after etching the alumina template
membrane completely; (c) magnetic hysteresis loops of the Ni nanotube array without template
removal. The solid line was obtained as the applied magnetic ﬁeld was parallel to the Ni nanotube array (H// ), and the dashed line was obtained as the applied magnetic ﬁeld was applied
perpendicularly to the nanotube array (H⊥ ). (Tao et al. 2006)

deposition temperatures for Ni and Co are 270–330 ◦ C and 240–330 ◦ C, respectively. In
the second step, O3 was introduced into the chamber, and its reaction with the adsorbed
layer produced metal oxide. The last step involved thermal reduction in an oven at 400 ◦ C
under Ar + 5 % H2 atmosphere for 5 hours. For all ALD cycles, the pulsing time, exposure time and purging time were set to 1 s, 30 s and 30 s, respectively. To improve their
stability, TiO2 was deposited on the nanotubes. Figure 7.9 shows a SEM image of nickel
nanotubes obtained by 500 ALd cycles with O3 . The thickness of nickel nanotubes is estimated about 11–12 nm. As shown in Figure 7.9a, the TiO2 /Ni/TiO2 top layer can be seen
after complete removal of the alumina membrane. After ion milling, the interconnecting layer was etched away and the trilayer structure can be observed from the top-view
perspective (see Figure 7.9b). A superconducting quantum interference device (SQUID)
was used to characterize the dimension-dependent magnetic properties of synthesized Ni
nanotubes. Hysteresis loops for nanotubes with 35, 55 and 85 nm diameters are shown
in Figure 7.9c. All these samples should share the same Ni thickness (about 11–12 nm)
since they were prepared with the same number of ALD cycles. The comparison suggested that the coercivity and the remanence increased as the pore diameter decreased.
On the other hand, the saturation magnetization decreased with the pore diameter. To test
the dependence of the magnetic properties on the Ni thickness, three samples were prepared with 150, 300 and 500 ALD cycles corresponding to 3–4, 6–7 and 11–12 nm-thick
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Figure 7.9 (a) SEM micrograph of obtained TiO2 /Ni/TiO2 nanotubes; (b) nanotubes embedded
in the membrane; (c) hysteresis loops for Ni nanotubes with different pore diameters (the magnetic
ﬁeld was applied in a parallel direction); (d) hysteresis loops for Ni nanotubes with different wall
thickness: 3–4 nm, 6–7 nm, and 11–12 nm. (Daub et al. 2007)

Ni, respectively. Figure 7.9d indicates that both saturation magnetization and coercivity
increases as the thickness rises.
7.4.2 Magnetic Oxide Nanotubes
As discussed in Chapter 3, there are a number of magnetic oxides with attractive properties. For iron oxide, hematite (α-Fe2 O3 ), maghemite (γ -Fe2 O3 ) and magnetite (Fe3 O4 )
are three common phases under investigation.
α-Fe2 O3 is a thermodynamic stable crystallographic phase of iron oxide. It is the most
stable phase under ambient conditions. Its non-toxicity, low cost and relatively good
stability render them a type of desirable candidate materials for various applications such
as gas sensors, photoanodes for photo oxidation of water, and for photocatalytic oxidation,
etc. (Shen et al. 2004). Hematite is also the raw material for the synthesis of maghemite.
Magnetic hematite nanotubes have been prepared using several techniques including the
template method and hydrothermal synthesis.
Shen et al. reported their synthesis of α-Fe2 O3 nanotube arrays by the template-assisted
chemical vapor deposition method (2004). They used commercially available AAO templates with a pore diameter of 100 nm. Fe(acac)3 was used as the single-source molecular
precursor in chemical vapor deposition, which took place in a two-zone tube furnace
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Figure 7.10 (a) SEM image of obtained hematite (α-Fe2 O3 ) nanotubes; (b) TEM image of an
individual α-Fe2 O3 nanotube. The selected area electron diffraction (SAED) pattern is shown in
the inset. (Shen et al. 2004)

with separate temperature controllers. In a typical synthesis, the organometallic precursor
was placed in the low temperature zone at 150 ◦ C. After evaporation, the organometallic vapor was carried by an oxygen gas to the high temperature zone at 300 ◦ C, where
AAO templates were placed vertically. After the reaction had lasted for one hour, thermal
annealing was conducted at 500 ◦ C for 4 hours. Throughout the whole process, the pressure
of the system was kept at approximately 3 kPa. The morphology of as-prepared hematite
nanotubes was checked by SEM. From Figure 7.10(a), it can be seen that open-ended
hematite nanotubes are in parallel and well-ordered alignment. The high density of nanotubes should be identical to the pore density of the AAO template, which is about 1.0
× 109 cm2 . A TEM image, shown in Figure 7.10(b), reveals the smooth surface of the
nanotube wall. The nanotube is quite straight with a uniform diameter along the axis.
High-resolution TEM observation indicated that the thickness of the nanotube wall was
about 20 nm and it consisted of very ﬁne α-Fe2 O3 nanoparticles with 10 nm in diameter.
The inset of Figure 7.10(b) is a selected area electron diffraction pattern showing the
polycrystallinity of hematite nanotubes.
A rational synthesis of single-crystalline hematite nanotubes was reported by Jia and
his team (2005). They demonstrated that a conventional hydrothermal method could be a
feasible, controllable and large-scale synthesis of single-crystalline hematite nanotubes. In
hydrothermal reactions, a coordination-assisted dissolution process takes place resulting
in nanotube formation. It was found that phosphate ions were essential for the formation
of tubular structure. They can be selectively adsorbed on the surfaces of hematite particles
and coordinated with ferric ions. In a typical solution phase-based procedure, a solution
with 0.02 M FeCl3 and 7.2 × 10−4 M NH4 H2 PO4 was hydrothermally treated at 220 ◦ C for
two days. The morphology of synthesized hematite nanotubes is shown in Figure 7.11(a).
The as-prepared product consists almost entirely of nanotubes with outer diameters, inner
diameters and lengths of 90–110 nm, 40–80 nm, and 250–400 nm, respectively. The high
resolution SEM image, as shown in the inset, reveals some nanotubes having one open
end and one closed end. Starting with hematite nanotubes, maghemite nanotubes can be
obtained by a reduction and re-oxidation process. Figure 7.11(b) is a SEM micrograph
of obtained maghemite nanotubes. It can be seen that the size, morphology and structure of hematite nanotubes were maintained after the process. Regarding the nanotube
growth mechanism, a time-dependent morphology evolution was envisaged, as illustrated
in Figure 7.11(c). It was proposed that the sharp tips of spindle precursors are highly
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Figure 7.11 (a) SEM image of the prepared hematite nanotubes with a magniﬁed view in the
inset; (b) SEM image of the obtained maghemite nanotubes; (c) schematic process of the nanotube
formation. (Jia et al. 2005)

reactive and the protons in acidic solution (pH = 1.8) could attack the spindle tips readily. Then dissolution of the spindle from the tip toward the interior along the long axis took
place resulting in rod-like nanocrystals, semi-nanotubes and eventually hollow nanotubes.
It was found that the dissolution process was not uniform resulting in partial dissolution
during the hematite nanotube formation, and this non-uniform dissolution varied from
spindle to spindle and even for a single spindle. Since the ﬁnal hematite nanotubes have
larger dimensions and smoother surfaces than those spindle precursors, recrystallization
may occur with the dissolution process. A similar growth mechanism also applies for zinc
oxide hexagonal rings, forming from the etching process from the center of the hexagonal
disk precursors.
An efﬁcient and convenient method using a soft template-assisted hydrothermal
approach was developed for hematite nanotube synthesis (Liu et al. 2006). In this synthesis, rod-like surfactant micelles were used as a soft template. To prepare hematite
nanotubes, about 0.2 g FeCl3 , an appropriate amount of carbamide, 10 ml of distilled
water, 1.5 ml of the surfactant span80 and 10 ml of butanol were put into a Teﬂon-lined
stainless steel autoclave, which was maintained at 150 ◦ C for 12–15 hours without shaking or stirring followed by cooling to room temperature. After washing with water and
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Figure 7.12 (a) TEM image of hematite (α –Fe2 O3 ) nanotubes with a magniﬁed view as the
inset; (b) schematic of the proposed synthetic mechanism of nanotube formation; (c) results from
the FCM measurement in 100 Oe for nanotubes; (d) hysteresis loop of the hematite nanotubes. (Liu
et al. 2006)

ethanol, red-brown precipitate was collected. A transmission electron microscope was
used to investigate the nanostructure of the as-prepared hematite nanotubes. Figure 7.12a
is a typical TEM image of nanotubes showing smooth surfaces of nanotubes and their
dimensions are 18–29 nm in diameter, 3–7 nm in wall thickness and 110–360 nm in
length. The inset high resolution TEM image clearly reveals a multilayered nanostructure with approximately 2.76 Å of interlayer spacing. According to the JCPDS Card No.
33–0644, this interlayer spacing is attributed to the separation between (104) planes.
In this hydrothermal synthesis, the surfactant plays an essential role for nanotube formation. With concentrations higher than a critical value, surfactant molecules would
self-assemble to form rod-shaped micelles or inverse micelles, which can serve as soft templates for nanotube formation with appropriate chemical reactions. In hematite synthesis,
the surfactant span80 forms rod-shaped micelles between an organic phase, n-butanol,
and an aqueous phase, water. These micelles are attached with hydrophilic functional
groups such as C = O and −NH providing coordination sites for metal ions. As Fe3+
ions enter the system, they are apt to bind with the heterogeneous nucleation sites and
form metal complexes and hydrophilic functional groups. At 90 ◦ C, the carbamide agent
decomposes and generates ammonia hydroxide (NH4 OH), which supply –OH− ions. As
–OH− ions react with Fe3+ ions, FeOOH crystalline nucleus form on the coordination
sites. If the FeOOH molecules are connected with FeOOH monomers by hydrogen bonds
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along the micelles, at 150 ◦ C, dehydration occurs for FeOOH molecules resulting in
one-dimensional Fe2 O3 nanowires or nanorods with a simple crystalline structure. When
the hydrogen bonds are around a molecule of the surfactant or along the exterior surface
of micelles, single crystalline tubular structures would form after solvent removal. The
whole formation process is illustrated in Figure 7.12b. The ﬁeld-cooled magnetization
measurement was done in an applied ﬁeld of 100 Oe showing a constant increase of χ m
and no maximum down to 5 K, as shown in Figure 7.12c. At higher temperatures, e.g.
300 K, an abrupt increase of the magnetization value can be attributed to the presence of
magnetic spontaneous magnetization. The hysteresis loop of hematite nanotubes measured
at 5 K is shown in Figure 7.12d. It reveals a coercive ﬁeld of 280 Oe of soft magnetic
nanotubes. The magnetic measurements also suggested the existence of a long-range magnetic ordering which suppressed the Morin transition. Similarly, this long-range magnetic
ordering was also found in mesoporous α-Fe2 O3 with disordered walls. This abnormality
can be explained as the small crystalline particles in a few regions of the sample. Thus,
it was concluded that, like the mesoporous α-Fe2 O3 , the as-prepared hematite nanotubes
contained small crystalline particles. The curl of layers might cause signiﬁcant defects in
the nanotubes, and these defects result in the magnetic phase transition. Further investigation is required to clarify the dependence of magnetizations on sizes and shapes of
hematite nanotubes.
Magnetite Fe3 O4 is an important magnetic oxide material with strong ferromagnetic
properties. Magnetite nanoparticles have been widely used in ferroﬂuids for hyperthermia,
bioseparation, MRI, etc. Magnetite nanotubes are attractive for biomedical and biological
applications because of the combination of tubular structure and ferromagnetic behaviors.
A template-assisted synthesis of ferromagnetic Fe3 O4 nanotubes has been developed
(Sui et al. 2004b). Other than Fe3 O4 nanotubes, FePt nanotubes were also synthesized
by this simple approach. In the synthesis, commercially available AAO membranes, as
the template, were ﬁrst treated by thermal annealing at 600 ◦ C. After cooling, they were
wetted with alcohol. Meanwhile, 65 wt % of Fe(NO3 )3 · 9H2 O in ethanol solution was
prepared and ﬁltered through the membranes. In this step, the solution passed through the
nanochannels inside the AAO membranes and some substances of the solution bound to
the inner wall of the nanochannels. In the next step, the solution loaded AAO membranes
were placed vertically in an oven and underwent a thermal decomposition of Fe(NO3 )3
at 250 ◦ C, giving iron oxide solid materials. Another thermal reduction was conducted
by introducing hydrogen ﬂow into the oven at the same temperature for two and half
hours. The ﬁnal step involved an etching process to remove the AAO template by 0.3 M
NaOH aqueous solution. A bundle of released Fe3 O4 nanotubes is shown in Figure 7.13a,
a TEM image. Both hollow structure and uniform nanotube diameter were conﬁrmed.
The XRD pattern of nanotubes reveals a cubic crystal structure of Fe3 O4 , as indicated
in Figure 7.13b. Figure 7.13c shows the hysteresis loops of nanotubes measured by a
SQUID system at room temperature. Measurements along the parallel and perpendicular
directions, in relation to the magnetic ﬁeld, resulted in a pronounced difference. Also the
coercivity of as-prepared magnetite nanotubes was estimated to be 0.61 KOe.
The magnetite nanotubes prepared by Sui’s method are polycrystalline. Single crystalline Fe3 O4 nanotubes were successfully synthesized by Liu et al., who used MgO
nanowires as the template for magnetite nanotube formation (2004). Their synthesis strategy is coating Fe3 O4 on the surface of MgO to form MgO/Fe3 O4 core–shell nanowires,
followed by etching the inner cores. The three-step process is depicted in Figure 7.14a.
The merit of this synthesis is that it is able to control the length, diameter and wall thickness of the homogeneous magnetite nanotubes. In the ﬁrst step, MgO nanowires were
grown on Si/SiO2 substrates, and these nanowires were found to be single crystalline.
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Figure 7.13 (a) TEM image of magnetite (Fe3 O4 ) nanotubes; (b) X-ray diffraction pattern of
as-prepared Fe3 O4 nanotubes; (c) hysteresis loops of the Fe3 O4 nanotubes under the external ﬁelds
applied in parallel and perpendicular to the nanotubes. (Sui et al. 2004b)

Then a pulsed laser deposition (PLD) technique was applied to deposit a conformal layer
of Fe3 O4 on the nanowire surfaces and MgO/Fe3 O4 core–shell nanowires were obtained.
In the PLD process, a Nd:YAG laser (wavelength = 532 nm) was focused onto a Fe3 O4
target at pulse mode to generate plume for Fe3 O4 deposition on nanowires. The deposition conditions of PLD are temperature = 350 ◦ C, Ar gas ﬂow = 5 sccm, and pressure
= 70 mTorr. The ﬁnal step included a selective etching of the MgO inner cores of the
MgO/Fe3 O4 core–shell nanowires in (NH4 )2 SO4 solution (10 wt %, pH ≈ 6.0) at an
elevated temperature (80 ◦ C). Usually, to get micrometer-long single crystalline Fe3 O4
nanotubes, the etching should last for about one and a half hours, which is sufﬁcient to
remove the inner cores completely. After rinsing with deionized water, Fe3 O4 nanotubes
without residual contaminants were obtained. As shown in Figure 7.14b, a typical TEM
image, the nanotubule structure is veriﬁed by the phase contrast between the tube wall and
the inside hollow region. A Fe3 O4 nanotube is very straight with a smooth and uniform
sidewall along the whole length. The outer diameter of a Fe3 O4 nanotube is about 30 nm.
The TEM image also shows an open end of the nanotube from which the etchant entered
the nanotube for the etching purpose. The high-resolution TEM image of the sidewall of
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Figure 7.14 (a) Schematic of the Fe3 O4 nanotubes fabrication process; (b) low-magniﬁcation
TEM image of a single Fe3 O4 nanotube, with the SEAD shown in the upper inset and a
high-resolution image showing the multilayer structure in the lower inset. (Liu et al. 2004)

the nanotube is shown in the lower inset. The lattice distance between crystalline planes is
estimated to be around 0.295 nm, which is exactly the spacing between two (220) planes
for single crystalline magnetite. Additional crystallinity information was obtained from
the selected area electron diffraction (SAED). The top inset of Figure 7.14b indicates the
single-crystal nature of the magnetite nanotubes.
Another spinel-type compound of 3d transition-metal (iron, cobalt, nickel) oxides is
Co3 O4 , which is an important ceramic oxide with unique electronic and chemical properties for electrochemical, magnetic and catalytic applications. Synthesis of stoichiometric
Co3 O4 porous nanotubes has been reported by using a simple modiﬁed microemulsion
method (Wang et al. 2004). The prepared Co3 O4 nanotubes have a large number of catalytic active sites because of their large surface-to-volume ratio. In a typical microemulsion
synthesis, a solution was prepared by dissolving 0.2379 g CoCl2 · 6H2 O, 5.5756 g didecyl
benzene sulfonate (DBS), and 0.1 ml of ethylene glycol in 30 ml xylene under stirring
and ultrasound sonication. Next, 5 ml of hydrazine monohydrate ethanol solution (20 %)
was dropped into the prepared solution and a strong agitation was maintained for one
hour at room temperature till the color of the solution changed to turbid brick red. In
the following step, the resulting solution underwent a reﬂuxing process at about 139 ◦ C
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Figure 7.15 (a) SEM image of Co3 O4 nanotubes. The inset is a DFM image; (b) FC and ZFC
DC magnetization curves. The magnetization property exhibiting well-behaved Curie–Weiss law at
T > 70 K is shown in the inset; (c) hysteresis loop measured at 4.2 K with a magniﬁed hysteresis
loop shown in the inset. (Wang et al. 2004)

for one day, and its color changed to violet. At that time, royal purple precipitation was
observed and collected by centrifugation followed by ethanol rinsing. After the solvent
evaporation in vacuum at 80 ◦ C, a loose royal purple powder was obtained and used for
characterizations. A low magniﬁcation SEM image of the obtained sample is shown in
Figure 7.15(a), which reveals a large quantity of rod-like nanomaterials with relatively
uniform dimensions. A dynamic force microscope (DFM) was used to check the surface
morphology of the sample. As shown in the inset, a three-dimensional tubular structure
can be identiﬁed.
The magnetic properties of Co3 O4 nanotubes were measured by using a Quantum
Design SQUID magnetometer, and Figure 7.15(b) are plots of ﬁeld-cooled (FC) (2T) and
zero-ﬁeld-cooled (ZFC) DC magnetization measurements. For the ZFC curve, a sharp
maximal value is shown at about 8.4 K, which is expected as the freezing temperature of
residual spin moments. A big difference was observed for FC and ZFC at a temperature
lower than 8.4 K. In this range, the FC magnetization rapidly increases as the temperature
decreases. The inset of Figure 7.15b reveals the magnetization of nanotubes exhibiting
well-behaved Curie-Weiss law at a temperature over 70 K. The ﬁeld dependence M–H
hysteresis loop at 4.2 K is depicted in Figure 7.15(c) with a magniﬁed M–H hysteresis
loop shown in the inset. The loops indicate no anisotropic exchange interaction existing
for Co3 O4 nanoparticles. Higher magnetization moments were expected for the nanotubes
compared with the nanoparticles. Measurements showed about 20 emu/g for Co3 O4 nanotubes, 6 emu/g for 3–4 nm nanoparticles and 2 emu/g for 20 nm nanoparticles under the
same applied ﬁeld. This can be explained as the larger surface-to-volume ratio favoring
the moment from the uncompensated surface Co ions.
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7.4.3 Alloyed Magnetic Nanotubes
Alloyed magnetic nanotubes exhibit unique magnetic properties which can be tuned by
adjusting the element composition. A common synthesis technique employed for alloyed
magnetic nanotube synthesis is the template-assisted method. Compared with single element magnetic nanotubes, alloyed magnetic nanotubes are more difﬁcult to prepare. This
is mainly due to the difﬁculty in controlling the different diffusion and growing rates for
different metal atoms. Consequently, deposition of different metals into the nanochannels
of the template usually results in solid nanowires. Thus, synthesis of alloyed magnetic
nanotubes needs to be conducted with special care.
Similar to the synthesis procedure for magnetite nanotube synthesis, Sui and his team
reported their success in preparing hard magnetic L10 FePt nanotubes by the template
method (2004a). Before the deposition, AAO membranes need to be treated in air at
600 ◦ C for 10 minutes to remove water and transform to pure alumina. A mixture of
H2 PtCl6 .6H2 O and FeCl3 .6H2 O was prepared in 1:1 atomic ratio of Fe:Pt to ensure
the stoichiometric composition. Then the solution was loaded into the AAO membranes
followed by reduction annealing with ﬂowing hydrogen gas at 560 ◦ C for 1.5 hours in an
oven. Released nanotubes were obtained by a template etching process with 0.3 M NaOH
aqueous solution for 30 minutes. The sample was checked by a SEM, which is shown in
Figure 7.16(a). Close-packed nanotube arrays can be seen with deformed donut shapes
for FePt nanotubes. During the reduction annealing, the loaded AAO membranes were
kept inside an oven with horizontal nanochannels. Thus, it is possible that the liquid Fe
and Pt chloride mixture near the channel ends may ﬂow out of the tubes and accumulate
leading to the somewhat asymmetrical cross-section of the FePt nanotubes. To prepare
samples for TEM observation, released FePt nanotubes were dispersed in acetone and
dropped on a TEM grid. Figure 7.16(b) shows a composite tube consisting of a FePt
tube and alumina coating. The driving force for the formation of FePt nanotubes inside
the AAO template was expected to be the chemical bonding between the interface of the
FePt alloy and the inner walls of the nanochannels. Superconducting quantum interference
device magnetometry reveals the hysteresis behavior of the FePt nanotubes. There is a
difference in the hysteresis loops when measured in parallel to the tube axes at different
temperatures, as can be seen from Figure 7.16(c). FePt nanotubes have a high coercivity,
about 26.5 kOe at 5 K. When heated to room temperature (∼300 K), the FePt nanotubes
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Figure 7.16 (a) SEM micrograph of FePt nanotubes after membrane removal in 0.3 M NaOH
aqueous solution; (b) TEM image of an alloy nanotube of FePt surrounded by alumina; (c) hysteresis
loop of FePt nanotubes measured with applied ﬁeld in different directions at 300 K. (Sui et al. 2004a)
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exhibited lower saturation magnetization, remanent magnetization and coercivity. After
thermal annealing at 900 ◦ C, the coercivities of FePt nanotubes are 38 kOe and 29.1 kOe
at 5 K and 300 K, respectively.
Alloyed soft magnetic materials have been widely used in magnetic shielding, magnetic heads, voltage transformers, etc. Fe-based transition metal alloys FeNi and FeCo
are two examples. Fex Ni1 − x nanotubes can be used as carriers of pharmaceutical particles in drug delivery systems. Xue and others developed a modiﬁed template-assisted
electrodeposition synthesis to prepare Fe0.32 Ni0.68 alloy nanotubes (2005). They used 3 %
vinyl-triethoxylated silane solution (in hexane) to modify the walls of the channels in
commercially available polycarbonate membranes, which featured cylindrical pores of
diameter 200 nm, thickness of 6–10 µm, and pore density of ∼108 pores cm−2 . The surface modiﬁcation of the nanochannel walls is essential for nanotube formation. A thin
copper layer 30 nm in thickness was deposited on one side of the membranes by the
sputtering method. Attached with a graphite electrode, they served as the cathode in
electrodeposition. The electrodeposition was done in a two-electrode cell, with another
graphite electrode as the anode. The electrolyte was an aqueous solution consisting of
0.02 M FeSO4 · 7H2 O, 0.04 M NiSO4 · 6H2 O, 0.05 M H3 BO3 , and 0.01 g/liter sodium
laurylsulfonate (SDS). A constant current density of 1.5 mA/cm2 was applied with an Ar
gas stirring at room temperature. After deposition, the polycarbonate template was etched
away using dichloromethane, and synthesized nanotubes were obtained by centrifugation,
washing and drying. The morphology of released FeNi alloyed nanotubes is shown in
Figure 7.17(a). SEM observation revealed the nanotubes had a diameter of 200 nm and
a length of 7–8 µm. The average aspect ratio of the synthesized nanotubes was about
40. To conﬁrm the hollow structure, TEM was performed and a typical TEM image is
shown in Figure 7.17(b). Hollow tubular structures with stuffed tops can be seen. In
template-assisted electroplating, the diameter of the nanotubes is determined by the pore
size of the template and their length can be controlled by adjusting the reaction time and
other factors. Since Ni is able to dissolve mutually in Fe, a solid solution alloy can be
formed. It is necessary to ﬁgure out the ration of Ni and Fe in alloyed nanotubes. EDX
analysis gave information about the elemental composition of the nanotubes. As shown
in Figure 7.17(c), the weight and atomic percentage for Fe and Ni are 30.97 %, 32.05 %
and 69.03 %, 67.95 %, respectively. The atomic ratio of Fe and Ni is close to 1:2, which
is the ratio between precursors of FeSO4 · 7H2 O and NiSO4 · 6H2 O in the electrolyte.
It was assumed that diffusion of Fe2+ to Ni2+ in the electrolyte is the determining step
in the electrodeposition. Characterization results suggested a Fe0.32 Ni0.68 composition for
the alloy nanotubes.
The magnetic behavior of the Fe0.32 Ni0.68 alloy nanotubes embedded inside the membrane was characterized at room temperature with an application of a magnetic ﬁeld of
12 kOe. The result is shown in Figure 7.17(d). When the magnetic ﬁeld was applied in
parallel to nanotubes, the coercivity (Hc) of the nanotubes was about 21 Oe. In the case of
the ﬁeld perpendicular to nanotubes, the value was about 55 Oe. It is well known that single iron and single nickel only have about 1 Oe and 6 Oe coercivities, and bulk Fex Ni1 − x
alloy has a coercivity less than 1 Oe. Thus, Fe0.32 Ni0.68 alloy nanotubes are superior to
these materials. In a parallel applied ﬁeld, the saturation of the magnetization of the alloy
nanotubes takes place in a ﬁeld of 5800 Oe, while a ﬁeld of 6500 Oe is the point where
magnetization saturation occurs in a perpendicularly applied ﬁeld. This suggests an easier
magnetization in a parallel ﬁeld than that in a perpendicular ﬁeld. As a soft magnetic
material, the prepared Fe0.32 Ni0.68 alloy nanotubes would be able to respond quickly to a
relatively weak external magnetic ﬁeld, which is ideal for carrier purposes. Therefore, the
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Figure 7.17 (a) SEM image of prepared Fe0.32 Ni0.68 nanotubes; (b) TEM image of fractured
Fe0.32 Ni0.68 nanotubes with stuffed tops and a conical morphology; (c) EDX spectrum of Fe0.32 Ni0.68
nanotubes showing the atomic ratio and mass ratio of 32.05:67.95 and 30.97:69.03, respectively; (d)
hysteresis loop of Fe0.32 Ni0.68 nanotubes embedded inside the membrane measured at room temperature. (Xue et al. 2005). Xue, S.; Cao, C.; Wang, D. and Zhu, H. (2005). “Synthesis and magnetic
properties of Fe0.32Ni0.68 alloy nanotubes”, Nanotechnology, 16, 1495–1499. Reproduced with
permission of the Institute of Physics

as-prepared alloy nanotubes are expected to serve as carriers of pharmaceutical particles
due to their inner void and the corresponding magnetic properties.
Magnetic FeCo alloys show high saturation magnetizations and high Curie temperatures.
Thus it is also an important magnetic material for certain applications. FeCo alloyed
nanotubes could be obtained by a wetting template method and hydrogen reduction (Li
et al. 2007). The AAO template was ﬁrst prepared by anodic oxidation of aluminum foil
in phosphoric acid. A solution containing precursors was made by dissolving Fe(NO3 )3 ·
9H2 O and Co(NO3 )3 · 6H2 O in water. The atomic ratio of Fe and Co was set to 2:1. After
immersing the prepared templates in the prepared solution for a proper time, metal nitrates
covered the walls of nanochannels. The loaded templates were transferred to an oven and
heated to 400 ◦ C for 3 hours. In this step, metal nitrates decomposed. The last step was
done by hydrogen reduction at 350 ◦ C for additional 3 hours to form FeCo alloy materials.
The morphology and nanostructure of prepared FeCo nanotubes were studied by TEM.
Figure 7.18(a) is a representative TEM image showing nanotubes with uniform diameter
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Figure 7.18 (a) TEM image of a bundle of FeCo nanotubes; (b) X-ray diffraction pattern of
CoFe nanotubes embedded inside the AAO membrane; (c) hysteresis loops for FeCo nanotube
arrays measured at room temperature; (d) transmission Mössbauer spectrum of the FeCo nanotube
array measured at room temperature. (Li et al. 2007). Reproduced by permission of the American
Institute of Physics

about 200 nm. Nanoparticles forming the nanotube walls can be seen. FeCo nanotubes
after hydrogen reduction and thermal annealing displayed a body-centered cubic crystal
structure corresponding to an FeCo alloy, as shown in Figure 7.18(b). Atomic absorption
spectroscopy was conducted and the measurement result gave an atomic ratio of Fe:Co
of about 2:1.
Room temperature hysteresis loops for FeCo nanotube arrays, measured at room temperature, are plotted in Figure 7.18(c). The solid and dashed lines correspond to the
measured loops with applied magnetic ﬁeld in parallel and perpendicular to the nanotube
axes, respectively. As measured, both coercivity and squareness ratio Mr /Ms are much
higher in the case of an applied parallel ﬁeld than in the case of an applied perpendicular
ﬁeld. The former measurement gave about 1.01 kOe and 0.61 for coercivity and Mr /Ms
value, respectively, while the values are 870 Oe and 0.32 in the latter situation. This
implies that the nanotubes could be magnetized more easily when the external magnetic
ﬁeld was applied out of the plane of nanotubes than in-plane. The isotropic magnetic
moment distribution can be further conﬁrmed by a transmission Mössbauer spectrum of
the FeCo nanotubes, which was measured at room temperature. In the measurement, the
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incident γ photons were in perpendicular to the membrane, thus were in parallel respective
to the long axis of nanotubes. Figure 7.18(d) shows the measured spectrum as well as the
ﬁtting curve. The spectrum shows a good ﬁtting of the experimental data by a magnetic
splitting sextet and a paramagnetic doublet. Compared with the bulk FeCo materials, a
smaller hyperﬁne ﬁeld was obtained, which was about 35.5 T. In Mössbauer experiments,
the ration Mr /Ms value can be estimated from the peak ratio obtained from the magnetic
splitting sextet. There is a formula relating the peak intensity ratios and the angle between
the incident photos and the magnetization direction:
I2,5
4 sin2 θ
=
I1,6
3(1 + cos2 θ )

(7.6)

where I2,5 and I1,6 are the relative intensity ratios of the 2,5 and 1,6 peaks in the magnetic
splitting sextet, respectively. In the case of random arrangement of the magnetic moments,
2/3 should be obtained as the intensity ratio. The experiment measurement gave a ratio
of 0.64, which is close to 2/3. Thus, it can be concluded that the magnetic moment
distribution was approximately isotropic in tube axis direction in space.
7.4.4 Doped Magnetic Nanotubes
Doped magnetic nanotubes are non-magnetic nanotubes doped with transition metal species
exhibiting magnetic properties. Introduction of magnetic atoms into carbon, silicon and
polymer nanotubes offers the possibility of magnetism in these non-magnetic structures.
Singh and his team simulated the stability and magnetic effects of transition metal doped
silicon nanotubes (Singh et al. 2004). It was expected that the magnetically doped semiconducting nanotubes could be interesting for nanospintronics applications due to their
half-metallic and magnetic characteristics. Encapsulation of transition metals into silicon
nanostructures gives rise to large embedding energies and hence improves their stability.
3d transition metals (Fe, Co, Ni) possess smallest dimension mismatch to minimize the
strain in the Si–Si bonds, so they seem to be the best option for silicon nanotube doping.
As far as the basic unit of doped silicon nanostructure is concerned, the encapsulated magnetic atoms usually exhibit quenched magnetic moments due to the hybridization between
the d orbitals of transition metals and the sp orbitals of silicon atoms. Concurrently, the
strong interaction between silicon clusters could be another reason. For Fe- and Mn-doped
silicon nanotubes, the local magnetic moments are determined by the extents of doping.
As depicted in Figure 7.19a), for a certain number of silicon atoms, a larger number of
dopants lead to larger local magnetic moments. Particularly for Fe doping, antiferromagnetic behavior transfers to ferromagnetic behaviour during the increment of the number
of dopants. Since the charge on silicon atoms is shared with surrounding Si atoms while
interacting with the encapsulated metal atom, the local moments of Fe and Mn increase
from the ends to the center part. For Fe, the local moment varies from 1.0 to 2.6 µB
and the value of Mn is 0–3.6 µB. Both of them could ﬁnd magnetic device applications
because of their high magnetic moments. In contrast, Ni-doped nanotubes have completely
quenched magnetic moments and Co-doped ones show relatively low moments. When a
nanotube is formed from an Si12 M cluster, the increments of the bond length of the Si–Si
and TM–Si bonds result in a weakened covalent bonding between the transition metal
atom and surrounding Si atoms. Thus, on the transition metal atoms, especially for those
elements with large atomic moments, magnetic moments can be developed.
Simulation results indicated that a small or zero local moment exists at the edges of
the ﬁnite nanotubes while on atoms away from the edges large moments occur. Another
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Figure 7.19 (a) Dependence of the binding energy and magnetic moment per cell on the number of
dopant atoms in Fe-doped silicon nanotubes with ﬁnite length; (b) schematic structures of different
Si24 M4 inﬁnite nanotubes; (c) schematic of spin density of Si24 Mn4 antiferromagnetically-coupled
nanotubes and Si24 Fe4 ferromagnetically-coupled nanotubes. Blue and red isosurfaces show spin-up
and down densities, respectively; (Please refer to the color image in the original article) (d) band
structures of ferromagnetic inﬁnite Si24 Fe4 nanotubes, and ferromagnetic as well as antiferromagnetic inﬁnite Si24 Mn4 nanotubes. (Singh et al. 2004). Reproduced by permission of the Royal
Society of Chemistry

general trend is that from Mn to Ni, the moments decrease. Transition metals with higher
local moments exhibit larger atomic magnetic moments. When the number of transition
metal atoms increases, the stability of the doped silicon nanotube is also improved. In
the doped inﬁnite nanotubes, Si12 M, the distance between transition metals, Mn, Fe, Co,
and the hexagonal ring are 0.98, 0.79 and 0.27 Å, respectively. Figure 7.19(b) depicts
the structures of Si24 M4 inﬁnite nanotubes with obvious shift in the positions of metal
atoms. The localizations of moments around the doped metals are illustrated. The ferromagnetic phase of Fe-doped nanotubes is stable and the magnetic moment is about
2.4 µB per Fe atom. Thus, this type of material could be used as a nanoscale magnet. In
Mn-doped nanotubes, the antiferromagnetic coupling between ferromagnetically coupled
Mn atoms and their surrounding pairs cancels the moment. Figure 7.19(c) are schematic
diagrams for this antiferromagnetic coupling for Mn-doped nanotubes and ferromagnetic
coupling for Fe-doped nanotubes. Another important result obtained from the simulation
is that the transformation between antiferromagnetic to ferromagnetic coupling could be
achieved by a weak external magnetic ﬁeld. The band structures of Fe- and Mn-doped
nanotubes are plotted in Figure 7.19(d). It can be seen from all plots that, for both the
spin-up and spin-down components, metallic behaviors are displayed because of the band
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crossing at the Fermi level. A gap exists above the Fermi energy in the band structure
of Mn-doped ferromagnetic nanotubes. It can be envisaged that half-metallic nanotubes
could be achieved with the introduction of a small shift in the Fermi energy. In the case of
Co- and Ni-doped silicon nanotubes, both conﬁgurations result in nanomagnetic solutions.
Another example of theoretic studies is Rahman’s work on Fe-ﬁlled single-walled
carbon nanotubes (SWNTs) (2004). Both electronic and magnetic properties of these
magnetically doped carbon nanotubes were investigated by using ab initio spin-polarized
density functional theory. According to the study, the ﬁlling of magnetic metal atoms
into SWNTs improves their stability. And it also seems the properties of ﬁlled SWNTs
are determined by their diameters. It was concluded that (4, 4), (5, 5), (6, 6), (6, 0)
SWNTs with ﬁlled Fe nanowires exhibited metallic behavior and magnetic moments,
while Fe-ﬁlled SWNTs (3, 3), (5, 0) did not show spin polarization due to their smaller
diameters. In their calculations, the generalized gradient approximation (GGA) for the
exchange-correlation energy was used with plane waves and pseudopotentials. As a metallic (3, 3) SWNT is considered, there are 12 carbon atoms and one Fe atom in a unit with
2.48 Å in length along the tube axis. In order to study the magnetism and conductivity due
to the C–Fe bonds, it is assumed that there is a vacuum region about 10 Å in diameter
so that the interaction among SWNTs can be ignored. The initial magnetic moment of
Fe is set as 2.4 µB . Optimal structure of a Fe-encapsulated SWNT unit was obtained at
the minimum total energy with the residual forces smaller than 0.05 eV Å−1 . Besides the
12C/1Fe unit, a super-cell unit with 4.96 Å in length along the nanotube axis, consisting
of 24 carbon and 2 Fe atoms, was also simulated. In this case, the linear arrangement
of Fe atoms can be treated as a nanowire with both ferromagnetic and antiferromagnetic
states. Figure 7.20(a) is a schematic of (3, 3) SWNT with a ﬁlled Fe nanowire after
structure optimization. The Fe atom is apart from the nearest C atom by about 1.9 Å, and
about 0.6–0.8 electron Å−3 of the charge density between a Fe atom and surrounding
C atoms was estimated from Figure 7.20(b). Because the Fe atom may form σ bonds
with four (or six) C atoms nearby, the orbitals of Fe should be divided into bonding and
anti-bonding orbitals. Meanwhile, C atoms also have sp3 hybrid-like orbitals accordingly
for Fe–C bonding. As a result, the Fe atom does not possess any magnetic moment, and
neither the Fe atom nor C atoms exhibit spin polarization. In addition, the Fe-ﬁlled (3, 3)
SWNT shows semiconducting behavior.
In the following study, similar simulation was applied on Co-ﬁlled (3, 3) SWNTs
to investigate their electrical and magnetic properties (Rahman et al. 2005). Simulation
results indicated that the majority-spin and minority-spin electrons showed metallic and
semiconducting behaviors, respectively, which is a so-called half metallic ferromagnetic
property. It was de Groot et al. who ﬁrst predicted the half metallic state of the ferromagnet, which is featured by a combination of the electrons in both metallic spin
and opposite insulating spin (de Groot et al. 1983). Unlike ferromagnetic metals, this
half metallic magnet exhibits large giant magnetoresistance and tunneling magnetoresistance effects, which can be used in spintronics. By minimizing the total energy, an
optimized structure of Co nanowire-ﬁlled (3, 3) SWNT can be constructed, as illustrated
in Figure 7.20(c). The super-cell is comprised of 24 C atoms and 2 Co atoms. It was
found that the ﬁlled Co nanowire remained straight, and was not located in the center of
the nanotube. Figure 7.20(d) is a schematic diagram showing the electron charge density
on the cross-section of the Co-ﬁlled carbon nanotube. After studying the cases with ferromagnetic, paramagnetic and antiferromagnetic states, they conﬁrmed that the most stable
state is the ferromagnetic one. A conclusion was made on the half metallic ferromagnetic
behavior of Co-ﬁlled (3, 3) SWNT based on the 100 % spin polarization at the Fermi level.
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Figure 7.20 (a) Schematic of the side view and the cross-sectional view of a Fe-ﬁlled (3, 3)
single-walled carbon nanotube; (b) the corresponding contour lines showing the distribution of
electron charge density in its cross-section (Rahman et al. 2004); (c) schematic of the side view and
the cross-sectional view of a Co-ﬁlled (3, 3) single-walled carbon nanotube; (d) the corresponding
contour lines showing the electron charge density distribution in its cross-section. (Rahman et al.
2005)

Theoretical simulations based on ab initio total energy calculations have suggested the
possibility of using ferromagnetic nanotubes in spintronic devices. Magnetically doped
III–V semiconductors have also displayed attractive ferromagnetic behaviors. Early
research has produced Mn-doped GaAs with around 150 K as the Curie temperature.
For practical usage, it is desirable to have ferromagnetic semiconductors at room temperature. Prompted by this motivation, extensive research efforts have been made on Mn- or
Co-doped ZnO and Co- or V-doped TiO2 . Co-doped anatase powders can be prepared by
a sol-gel method. In the conventional method, titanium n-butoxide and cobalt acetate in
the appropriate ratio were dissolved in 2-methoxyethanol. The solution was then reﬂuxed
at 130 ◦ C for 2 hours. After drying at 120 ◦ C, the resulting blue gel underwent thermal
annealing at 500 ◦ C for 1 hour to obtain crystalline powders. According to the XRD analysis and inductively coupled plasma (ICP) resonance spectroscopy, the prepared anatase
powder has a composition of Ti0.93 Co0.07 O2 . Synthesis of Co-doped anatase nanotubes
was reported by Kasuga et al. (1998). A simple hydrothermal method was developed to
synthesize room temperature ferromagnetic Co-doped titanate nanotubes (Wu et al. 2005).
In their synthesis, 100 mg prepared Co-doped TiO2 powders and 20 ml 10 M NaOH were
added into a Teﬂon-lined autoclave. The reagent-loaded autoclave was kept in an oven at
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Figure 7.21 (a) Low-resolution bright ﬁeld TEM image of Co-doped H2 Ti3 O7 nanotubes with
a selected area electron diffraction pattern shown in the inset; (b) high-resolution TEM image of
an individual nanotube showing the interlayer lattice; (c) measured hysteresis loop of Co-doped
H2 Ti3 O7 nanotubes by a SQUID at room temperature. The inset shows the magniﬁed curve near
the origin. (Wu et al. 2005)

130 ◦ C for hydrothermal reaction. After 36 hours, the resulting solid products were collected followed by washing with deionized water. The nanotube morphology was studied
by TEM. Figure 7.21(a) is a bright ﬁeld TEM image of the collected material showing a
hollow tubular structure. The outer and inner diameters of nanotubes are around 10 and
5 nm, respectively, and the average length is about 300 nm. A high resolution TEM image
of an individual nanotube is shown in Figure 7.21(b). A 0.78 nm of interlayer spacing
was estimated for the nanotube. From this image, it is possible to resolve another set
of fringe with a spacing of 0.33 nm in the direction of 103 ◦ respective to the tube axis.
These two lattice distances are believed to correspond to the (200) and (003) planes of a
monoclinic trititanate compound H2 Ti3 O7 (C2/m, a = 1.603, b = 0.375, c = 0.919 nm,
β = 101.47 ◦ ). In the crystalline structure of H2 Ti3 O7 , H+ ions separate the stepped Ti-O
octahedron layers. The tube axis of nanotubes was found to be coincident with the [001]
direction of monoclinic H2 Ti3 O7 . The crystallinity information can be also obtained from
selected area electron diffraction. The inset in Figure 7.21(a) shows the diffraction rings
with periodicities of 0.33 and 0.19 nm, which are attributed to the lattice distance of (003)
and (800) planes of a monoclinic layered H2 Ti3 O7 .
About 22 mg of 4 % Co-doped H2 Ti3 O7 nanotubes were utilized to measure their
magnetic response with respect to varied magnetic ﬁeld strength at room temperature.
Figure 7.21(c) plots the measured hysteresis loop suggesting the nanotubes are ferromagnetic even. A magniﬁed plot of the loop, shown in the inset, gives estimated coercivities
of 40 and 46 Oe, respectively. The magnetic characterization indicated a combination of
a paramagnetic component with a ferromagnetic one. Apparently, this property should
not be counted as the contribution from the Co oxide because of the antiferromagnetic
behavior of both CoO and Co3 O4 at room temperature. It is noteworthy to point out
that the prepared Co-doped H2 Ti3 O7 nanotubes have diluted Co doping. Incorporating
high concentration Co ions, e.g. Co:Ti = 1:3.5, may result in antiferromagnetic behavior
because of the Co–Co interaction favored by the large amount of Co ions. It is expected
that the magnetic ion density plays an essential role for the ferromagnetism of Co-doped
H2 Ti3 O7 nanotubes.
Huang and his team also reported their synthesis of magnetic Co-doped TiO2 nanotubes by using a template-assisted sol-gel method (Huang et al. 2006). Crystalline
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characterization revealed a pure anatase structure. It was identiﬁed that no metallic Co
was incorporated inside the anatase TiO2 structure, instead of Co2+ , which substituted the
places of Ti4+ . Magnetic characterization indicated a ferromagnetic behavior of Co-doped
anatase nanotubes at room temperature. This ferromagnetism was expected to be related
to the oxygen vacancies induced by the substitution of Ti4+ sites with Co2+ ions.
Another type of doped magnetic nanotubes is magnetic carbon nanotubes incorporated
with magnetic nanoparticles. Carbon nanotubes exhibit extraordinary electrical, chemical
and thermal properties. Doping carbon nanotubes with transition metal encapsulation is
one of the common methods used to introduce magnetic properties of carbon nanotubes.
Combining of magnetic properties of the magnetic nanoparticles and the unique characteristics of carbon nanotubes, magnetic doped carbon nanotubes display unique electronic,
magnetic and nonlinear optical properties, which render them an ideal material candidate in potential applications such as magnetic data storage, xerography and magnetic
resonance imaging (Liu et al. 2005).
Ferromagnetic metals (Fe, Ni, Co)-incorporated carbon nanotubes offer a fascinating
novel nanomaterial. Paramagnetic needles could be obtained by simply encapsulating
paramagnetic particles into carbon nanotubes, and the movement of these needles can
be manipulated by an applied magnetic ﬁeld. The in situ synthesis of iron-ﬁlled carbon
nanotubes has been demonstrated by several research groups (Leonhardt et al. 2003; Liu
et al. 2005; Mönch et al. 2005; Su and Hsu 2005; Leonhardt et al. 2005; Geng and Cong
2006). It was found from previous studies that the covering graphite layers of nanotubes
played a dual role: they protected ﬁlled metal nanoparticles from oxidation and enhanced
the magnetic coercivities of the magnetic nanoparticles.
A common method to prepare magnetic doped carbon nanotubes is the thermal chemical vapor deposition method. In this method, metallocenes of Fe, Co or Ni and oxidized
silicon wafers coated with Fe, Co or permalloy (Ni80 Fe20 ) can be used as the starting
substances and the substrates, respectively. Leonhardt et al. used a two-stage furnace
to synthesize Fe-, Co-, or Ni-ﬁlled multi-walled carbon nanotubes (2003). The former
two were obtained by using bis(cyclopentadienyl) iron and bis(cyclopentadienyl) cobalt,
respectively, as metallocenes. And Ni-ﬁlled carbon nanotubes were prepared by pyrolysis
of methane or benzene on crystalline Ni particles. The advantage of using metallocenes as
the precursors is that they provide both carbon atoms for nanotube growth and ferromagnetic nanoparticles to be encapsulated. The chemical vapor deposition can be controlled
by adjusting three reaction conditions: the temperature of the ﬁrst furnace for metallocene
sublimation, the total gas ﬂow rate and the temperature of the second furnace for deposition of metal-ﬁlled carbon nanotubes. In a typical synthesis of Co- and Fe-ﬁlled carbon
nanotubes, a quartz boat with a metallocene was loaded into the ﬁrst furnace with temperature kept at 120 and 180 ◦ C, respectively. And the sublimed metallocene was carried
by a controlled gas ﬂow (e.g. Ar) into the second hot furnace where the temperature
was set to 900–1150 ◦ C. Decomposition of metallocene occurred and ﬁlled carbon nanotubes formed. To synthesize Ni-ﬁlled carbon nanotubes, a hydrocarbon was introduced
and decomposed to deposit a carbon atom on Ni-coated silicon wafers.
Figure 7.22(a) is a SEM image of aligned Fe-ﬁlled carbon nanotubes. A typical TEM
image of a single nanotube is shown in Figure 7.22(b). A uniform metal core with diameters ranging from 15 to 30 nm can be observed. The carbon nanotube wall consists of
a number of cylindrical grapheme layers with a lattice distance of 0.34 nm. The thickness of the nanotube wall is estimated to be 3–5 nm. Magnetization curves of Fe-ﬁlled
carbon nanotubes were obtained by AGM measurement parallel and perpendicular to
the substrate plane. Because of the geometrical characteristics of the nanotubes, uniaxial
anisotropy was observed. Magnetization along the direction parallel to the substrate is
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Figure 7.22 (a) SEM image of vertically aligned Fe-ﬁlled multi-walled carbon nanotubes; (b)
HRTEM image of an individual Fe-ﬁlled nanotube; (c) hysteresis loops of the aligned Fe-ﬁlled
tubes grown on an oxidized Si substrate in different directions. (Leonhardt et al. 2003)

easier than that along the direction which is perpendicular to the substrate. The measured
hysteresis loops along both directions are shown in Figure 7.22(c). The coercivity for the
ﬁeld direction parallel to the nanotube axis is approximately 56 mT, while it is 25 mT for
the other direction. Both values are signiﬁcantly higher than that of bulk iron amounts,
which is around 0.09 mT. Thus, it is apparent that the magnetic nanoparticle-ﬁlled carbon
nanotubes exhibit an enhanced magnetization.
Paramagnetic particle-encapsulated carbon nanotubes in AAO templates were prepared
by Korneva et al. (2005). Carbon nanotubes were synthesized by chemical vapor deposition inside the nanopores of AAO templates. The prepared carbon nanotubes have open
ends and they are hydrophilic. These properties make it possible to encapsulate water- or
organic-based magnetic ferroﬂuids. Commercially available ferroﬂuid used for nanotube
ﬁlling purposes included EEG 508 (water-based) and EMG 911 (organic-based) from Ferrotec Corporation. Both of them consist of magnetite nanoparticles with average diameter
of 10 nm. A schematic diagram of the whole procedure to prepare ferroﬂuid-ﬁlled carbon
nanotubes is depicted in Figure 7.23(a). For comparison purposes, two methods were
applied, which are ﬁlling ferroﬂuid in carbon nanotubes embedded inside the template
and ﬁlling ferroﬂuid in released carbon nanotubes.
Figure 7.23(b) is a representative TEM image showing magnetic grain encapsulation
inside the carbon nanotubes. In both synthesis methods, a large amount of magnetite
nanoparticles was found to be able to enter the inner cavity of nanotubes. An alternating
gradient magnetometer (AGM, Princeton Measurements Inc.) was used to characterize
the magnetic properties of magnetic doped carbon nanotubes. To prepare the sample
for magnetic characterization, the as-prepared membranes were washed to get rid of the
magnetic particles on the surface. Then under a microscope, the area of a cut membrane
was measured. Figure 7.23(c) shows a hysteresis loop of a load membrane with an area of
5.9177 × 10−6 m2 . The average magnetic moments of the magnetic-encapsulated carbon
nanotubes at an applied ﬁeld of 0.007 T can be calculated via the formula:
m=M

d 2π
4 pA

(7.7)

where M is the total magnetization value of the sample (9.138351 × 10−8 Am2 ), A
is the sample area, d is the nanotube diameter (300 nm) and p is the fraction of the
membrane area occupied by the nanotubes (0.25). Formula (7.7) gives about 4.37 ×
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Figure 7.23 (a) Schematic of two methods to ﬁll carbon nanotubes with magnetic nanoparticles;
(b) TEM image of magnetic nanoparticle-ﬁlled carbon nanotubes; (c) hysteresis loop of magnetic
nanoparticle-loaded nanotubes inside the membrane without a magnet. (Korneva et al. 2005)

10−15 Am2 for the average magnetic moment of the magnetic-encapsulated nanotubes.
Considering each magnetic particle has 4.48 × 10−20 Am2 of magnetic moment, the
number of magnetic nanoparticles encapsulated inside the nanotubes can be estimated: c.a.
7 × 104 . Further, when taking account each nanoparticle’s volume, about 5.24 × 10−25 m3 ,
and the average volume of the nanotubes ∼8.84 × 10−19 m3 , about 11 % of magnetic
nanoparticles ﬁlling the nanotube volume can be estimated. After being encapsulated
with ferroﬂuid, carbon nanotubes exhibited magnetic behavior. When applying a rotating
magnetic ﬁeld on released magnetic carbon nanotubes in suspensions, they rotated with
a steady state accordingly.
Bao et al. applied a similar method to prepare nickel-ﬁlled carbon nanotubes (2002).
Unlike the previous methods, they used carbon nanotubes embedded inside the template
as the ‘second-order template’ for the electroplating that followed. Thus, magnetic Ni
nanowire-ﬁlled carbon nanotubes were obtained. Several steps were involved in the synthesis procedure. First, a small amount of cobalt was electrodeposited inside the nanopores
of AAO templates, serving as the catalyst for carbon nanotube growth. Secondly, chemical vapor deposition was used to deposit carbon nanotubes inside the template. After a
pretreated template was loaded inside a horizontal quartz tube in a furnace, the temperature was raised to 600 ◦ C with a ﬂowing gas mixture (2 % H2 and 98 % argon). After
one hour dwelling time, the furnace temperature was further raised to 700 ◦ C, at which
50 sccm of the source gas containing 2 % C2 H2 , 2 % H2 and 96 % Ar was introduced. The
deposition lasted for 20 minutes followed by an annealing process with 2 % H2 and 98 %
argon for an additional 4 hours. The third step was the electrodeposition of Ni nanowires
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Figure 7.24 (a) TEM image of a carbon nanotube ﬁlled with Ni; (b) SEM image of the Ni-ﬁlled
carbon nanotube array after the template removal; (c) magnetization curves of the Ni/C composite
nanostructure array with the template. (The dashed line was obtained with the applied ﬁeld perpendicular to nanotubes while the solid line was for the applied ﬁeld parallel to the nanotubes.) (Bao
et al. 2002)

inside the as-prepared carbon nanotubes. The electroplating solution is an aqueous solution of NiSO4 .6H2 O, 50 g/l H3 BO3 in proper concentration. Carbon nanotubes served as
the second-order template for Ni nanowire formation. From a TEM image, Figure 7.24(a),
one can see that a carbon nanotube is completely ﬁlled with nickel. A nickel nanowire
was formed inside the carbon nanotube. Also, no nickel deposition is shown on the outer
surface of the nanotube. Due to the template characteristics, the outer diameter of carbon
nanotubes was determined by the pore size of the AAO template. And the thickness of
the carbon nanotube walls can be adjusted by the reaction time. For instance, carbon
nanotubes have about 22 nm thick walls with 20 minutes’ thermal deposition while 10
minutes’ deposition resulted in 6 nm thick nanotube walls. Consequently, the outer diameter of encapsulated nickel nanowires, which is determined by the inner diameter of carbon
nanotubes, can be controlled by the chemical vapor deposition as well. In addition, the
length of both the Ni nanowires and carbon nanotubes is about 50 µm, which is exactly
the same as the thickness of the alumina membranes. Figure 7.24(b) is a SEM image
of Ni-encapsulated carbon nanotubes after removal of the alumina template. It can be
seen from the SEM image that highly oriented nanostructures can be obtained, which are
superior to randomly oriented nanomaterials for many applications. Also, it seems that
every carbon nanotube was ﬁlled with a nickel nanowire suggesting a high yield. This
modiﬁed template method offers a simple and effective approach to synthesize aligned
magnetically doped carbon nanotube arrays with other common synthesis techniques such
as the wet chemical method and arc-discharge technique.
Nickel nanowire ﬁlled carbon nanotubes with aspect ratio of 270 and 185 nm internal
diameter were tested for magnetic characterization. For this measurement, the template
was not removed. Figure 7.24(c) shows the hysteresis loops of this composite nanostructure. The measured coercivities with the magnetic ﬁeld parallel and perpendicular to the
membrane are 184 Oe (Hc// ) and 134 Oe (Hc⊥ ), respectively. Figure 7.24(c) also conﬁrms
the uniaxial magnetic anisotropy with the easy axis parallel to the nanotubes. Compared
with the bulk nickel coercivity about 0.7 Oe, the nickel encapsulated carbon nanotubes
exhibit much higher coercivities. Furthermore, the feature of highly sheared loops suggests
a strong interaction among closely-packed nanowire-ﬁlled carbon nanotubes. As shown
in the SEM image, nanotubes are very close to each other resulting in strong interaction.
Further evidence is the very low remanent magnetization compared with the saturated
magnetization, as indicated in the hysteresis loop.
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A novel bionanotechnological method for fabricating magnetite-ﬁlled peptide nanotubes
with the aid of magnetic bacteria was reported (Banerjee et al. 2005). Figure 7.25a
illustrates the fabrication process of the magnetite-ﬁlled peptide nanotubes. Brieﬂy, the
fabrication process consists of extracting magnetic nanocrystals from the cells followed by
incorporating them into peptide nanotubes. There are many types of bacteria that are able
to produce intercellular magnetite nanocrystals. And the magnetic nanocrystals’ physical
characteristics, including crystal size and morphology, are dependent upon the bacterial
species. Therefore, it is possible to obtain bigenerated magnetic nanocrystals with speciﬁc
properties by carefully selecting the bacteria. There are several advantages of using magnetic nanocrystals produced by bacteria. First, they exhibit an exceptionally high afﬁnity
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Figure 7.25 (a) Schematic of the synthesis procedure for the magnetic nanotubes; (b) TEM images
showing the coating of the bacterial magnetic nanocrystals on the entire peptide nanotube surface;
(c) TEM images showing the bacterial magnetic nanocrystals incorporated inside the peptide nanotube. Scale bars are 300 nm; (d) comparison of hysteresis curves between two types of magnetic
nanotubes. (Banerjee et al. 2005)
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to the peptide nanotubes. The magnetic nanocrystals generated by bacteria are usually
coated with proteins or lipids. Thus a regular biofunctionalization step which is truly necessary for magnetic nanocrystals produced by any chemical method can be omitted. Since
there are unused amide groups in peptide nanotubes which provide the anchor site for
other proteins via hydrogen bonding, protein coated magnetic nanocrystals could be able
to bind with the nanotube readily. Another major advantage of using bacterial magnetic
nanocrystals is the peptide nanotubes’ capability of incorporating nanocrystals selectively
at an optimized concentration. Therefore, it is possible to control the magnetic properties
of nanotubes by varying the nanocrystal concentration. When magnetic nanocrystals are
incorporated into a peptide nanotube, they are apt to form a linear chain. In this case,
magnetic nanocrystals can be aligned to exhibit uniaxial magnetic anisotropy.
In Banerjee’s fabrication, magnetospirillum magneticum strain AMB-1 was selected as
a model for the investigation on the incorporation of bacterial magnetic nanocrystals on
the peptide nanotubes. After bacteria growth anaerobically in fermentor, the cells were
disrupted and the generated magnetic nanocrystals were collected by using a magnet
followed by washing ten times with 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane sulfonic
acid buffer (pH 7.2). The obtained magnetic nanocrystals had an average diameter of
70 nm. In the next step, incubation was conducted at 4 ◦ C by mixing the bacterial magnetic nanocrystals in buffer solution (pH = 7.0) and the peptide-nanotube solution. The
concentration of the bacterial magnetic nanocrystals was about 330 µg/ml. After a 2-day
incubation, magnetic nanocrystals were immobilized on the surface of the nanotubes,
according to the TEM observation. Two TEM images at different magniﬁcations shown
in Figure 7.25b reveal a uniform coating of the magnetic nanocrystals on the nanotube
surface. An interesting phenomenon was observed when a nanocrystal solution at much
lower concentration (33 µg/ml) was incubated with the peptide-nanotube solution. As
shown in Figure 7.25(c), magnetic nanocrystals entered inside the peptide nanotubes and
aligned into a linear chain.
It is reasonable to expect different magnetic behaviors for nanocrystal coated peptide
nanotubes and nanocrystal incorporated peptide nanotubes. A vibrating sample magnetometer was used to investigate the magnetic properties of both samples. Measurements
were done on aqueous solutions containing magnetic nanotubes with an applied magnetic
ﬁeld up to 0.5 T at room temperature. Magnetic parameters such as coercivity, Hc and the
remanent saturation magnetization, Mr /Ms , can be obtained from the measured hysteresis
loops. In the case of magnetic nanocrystal immobilization on the nanotube surface, its
hysteresis loop is shown as the ﬁlled circles in Figure 7.25(d). A coercivity of 5.4 mT and
a Mr /Ms of 0.10 can be extracted and the magnetic nanotubes appear somewhat ferromagnetic. For magnetic nanocrystal incorporated peptide nanotubes, the hysteresis loop,
shown as the open circles in Figure 7.25(d), give larger values of Hc and Mr /Ms , which are
8.1 mT and 0.32, respectively. The magnetic measurements indicated that the linear alignment of magnetic nanocrystals played a signiﬁcant role in the overall magnetic behavior
while the local disorder in the monolayer assembly exhibited quite different magnetic
properties. The magnetic nanocrystal chain inside the peptide nanotubes could be coupled
and behave as a nanowire. Consequently, higher values of Hc and Mr /Ms were resulted.
7.4.5 Hybrid Magnetic Nanotubes
Hybrid nanomaterials are heterogeneous nanomaterials such as inorganic–organic onedimensional nanowires/nanotubes, core–shell nanoparticles, organic–inorganic nanocomposite, etc. Compared with homogeneous nanomaterials, hybrid nanomaterials exhibit
enhanced structural, thermal, optical, electrical and mechanical properties. Hybrid
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magnetic nanotubes have several advantages over other types of magnetic nanotubes
as discussed above including higher structure design ﬂexibility, higher multifunctionality,
wider material selection, etc.
Ferromagnetic polymer composite (Co/polystyrene, Co/poly-l-lactide) nanotubes have
been prepared by Nielsch et al. (2005). They used alumina templates with 160 nmsized pores and 1.5 µm thickness. As usual, the nanopores in the template were arranged in
a hexagonal array with 500 nm interpore distance. The synthesis started with preparations
of 2–5 wt % polystyrene (PS) and poly-l-lactide (PLLA) in dichloromethane (CH2 Cl2 ).
A metallo-organic precursor, Co2 (CO)8 , was dissolved in the prepared solutions with a
variable weight ratio of metallo-organic precursor over the polymer (ranging between 0.4
to 10). To avoid the unnecessary Co oxidation, an inert gas (nitrogen or argon) protection was applied during the solution preparation and the following inﬁltration process.
The next step was wetting the membrane pores with the solution by inﬁltration. Then,
the dichloromethane evaporated and a phase-separation process occurred resulting in the
formation of Co2 (CO)8 /polystyrene or Co2 (CO)8 /poly-l-lactide nanotubes inside the inner
surface of the nanochannels. Subsequently, vacuum annealing was conducted to treat the
sample at 180 ◦ C for 1–3 days. During this thermal treatment, the metallo-organic precursor decomposed and metallic Co precipitated to form a Co tube with a very small thickness
in the interface between the template walls and the polymer nanotubes. To remove the
polymer and cobalt residing on the top surface of the template, an ion milling process
was applied. Figure 7.26(a) is a typical SEM image of PLLA/Co composite nanotubes in
an alumina template after thermal annealing. Each nanopore was ﬁlled with a composite
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Figure 7.26 (a) SEM image of the cobalt/PLLA composite nanotube array with the outer diameter
of 300 nm; (b) in-plane (perpendicular to tube axis) and out-of-plane (parallel to axis) hysteresis loops for cobalt nanotube arrays prepared with different precursor concentration C (interpore
distance: 500 nm, diameter: 180 nm); (c) plot of the relationship between the saturation magnetization per unit volume of the nanotube arrays within the alumina membrane and the Co2 (CO)8
concentration C in the polystyrene matrix. (Nielsch et al. 2005)
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nanotube. The polymer nanotubes’ wall thickness ranges from 40 to 70 nm, whereas it is
difﬁcult to tell the wall thickness of the Co nanotubes. The SEM image also reveals a tiny
gap between the polymer nanotubes and the template pores. Probably, this is induced by
the thermal-contraction mismatch between the polymer and alumina during the cooling
process from 180 ◦ C.
Hybrid Co/polymer nanotubes prepared with a different precursor (Co2 (CO)8 ) concentration C were used for magnetic characterization at room temperature on a DMS
vibrating sample magnetometer. Figure 7.26(b) shows a comparison of measured hysteresis loops for hybrid nanotubes. For nanotubes prepared at a low precursor concentration C
(e.g. 1.67), the in-plane and out-of-plane hysteresis loop do not show obvious difference.
Both share a similar shape. As the concentration increases, the prepared hybrid nanotubes
exhibit signiﬁcant difference for the in-plane and out-of-plane loops, suggesting a signiﬁcant anisotropy. Figure 7.26(c) plots the dependence of the saturation magnetization
M (per unit volume of the array of tubes) on the precursor concentration C. A similar
trend can be seen from this plot. As C increases, the saturation magnetization of hybrid
nanotubes also increases and reaches a saturation value, which varies with the pore size
of the membrane. The reason for these trends for both saturation magnetization and hysteresis anisotropy is believed to be the amount of Co deposited on nanotubes at different
concentrations. At low precursor concentrations, discontinuous Co nanoparticles formed
on the nanotube walls leading to isotropic hysteresis loops. On the other hand, continuous
Co nanotubes formed at high precursor concentrations, thus the shape-induced easy axis
induced anisotropic hysteresis loops. From Figure 7.26(c), the saturation magnetization
for hybrid nanotubes of 180 nm diameter is estimated to 2.2 emu/cm3 . Considering the
saturation magnetization of pure Co as 1420 emu/cm3 , the estimated value may correspond to a 0.3 nm thick Co nanotube wall. Atomic absorption spectroscopy (AAS) was
conducted to measure the effective saturation magnetization for hybrid nanotubes prepared with different C. The measured values are 620–640, ∼400, and <200 emu/cm3 for
high concentration (3.3–6.6), intermediate range (0.8–1.6) and low C <0.5, respectively.
A hybrid double walled nanotube (HDWNT) array comprised of conducting polypyrrole
encapsulated ferromagnetic nickel nanotubes was developed (Park et al. 2007). The prepared HDWNTs showed enhanced anisotropic magnetization. A typical synthesis included
three steps: (1) electropolymerization of pyrrole to form polypyrrole (PPy) nanotubes
inside the template; (2) electrodeposition of Ni to form Ni nanotubes between the outer
walls of existing polypyrrole nanotubes and inner walls of the template; (3) template
removal to release the synthesized HDWNTs. AAO membranes with nanopores about
100–200 nm in diameter were used as the template throughout the synthesis procedure.
For polypyrrole nanotube synthesis, the electrolyte was made by mixing a monomer
(puriﬁed pyrrole), a solvent (acetonitrile) and a dopant (Tetrabutylammonium hexaﬂuorophosphate). The molar ratio of the monomer over dopant was set as 5. A well developed
template-assisted electropolymerization was conducted to deposit polypyrrole nanotubes
inside the nanochannels of the AAO membrane. For Ni nanotube deposition, an aqueous
solution containing NiSO4 · 6H2 O, NiCl2 · 6H2 O, and H3 BO3 buffered at pH 3.5 prepared
in proper concentrations was used as the electrolyte. And electrodeposition of Ni was performed at a potential of −1.0 V (vs Ag/AgCl reference electrode) to deposit Ni nanotubes
inside the PPy nanotube-ﬁlled AAO template. Sequentially, either hydroﬂuoric acid or
sodium hydroxide solution was utilized to remove the alumina template. Figure 7.27(a)
is a schematic of the procedure for PPy-Ni HDWNTs synthesis. It is rather interesting
to notice that, instead of depositing inside the PPy nanotubes, Ni atoms deposit outside
of the PPy nanotubes and form Ni nanotubes between PPY nanotubes and pore walls. It
is expected that Ni compounds in the electrolyte diffuse into the space between the PPy
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Figure 7.27 (a) Schematic illustration of the synthetic procedure of the PPy–Ni hybrid double
walled nanotube array; (b) TEM image of an individual PPy–Ni hybrid nanotube; (inset: the
electron diffraction pattern) (c) hysteresis loops of the PPy–Ni hybrid nanotubes with different
angles respective to the direction of an applied magnetic ﬁeld at room temperature. Top inset:
coercivity of the nanotubes as a function of the different angles of the applied magnetic ﬁeld.
Bottom inset: remanent-saturation magnetization as a function of the angles of the applied magnetic
ﬁeld. (Park et al. 2007)

nanotubes and the alumina nanopores and electrochemically deposit on the area of the
gold electrode at the bottom. Because of the higher conductivity of gold than the existing
PPy, Ni nanotubes form on the gold electrode and nanotube growth starts.
TEM image of an individual HDWNT is shown in Figure 7.27(b). The hybrid morphology of PPy-encapsulated Ni nanotube can be differentiated. The outer diameter
of the HDWNT is about 150–200 nm, corresponding to the pore size of the AAO
membrane. An electron diffraction pattern of the HDWNT, as shown in the inset of
Figure 7.27(b), suggests the polycrystalline phase of the outer Ni nanotube. The direction of the incident electrons was kept perpendicular to the hybrid nanotube orientation.
For magnetic property measurements, magnetic hysteresis loops were recorded with an
applied magnetic ﬁeld applied at different angles in relation to HDWNTs. The angle
changed from 0 ◦ , where H was perpendicular to the tubes’ axis, to 90 ◦ , where H was
parallel to the tubes’ axis. So the angular dependence of magnetization of HDWNTs can
be determined. Figure 7.27(c) shows a comparison of measured hysteresis loops along
a number of directions. The remanent saturation magnetization, Mr /Ms , is the ratio of
the remanent magnetization to the saturation magnetization. Apparently, the magnetic
hysteresis, coercivity and remanent magnetization conﬁrm the ferromagnetic behavior
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of the HDWNTs along all directions. The difference among hysteresis loops along different directions indicates an ordered magnetic anisotropy with the parallel direction
as the easy axis for magnetization. The top inset of Figure 7.27(c) plots the trend of
coercivities in different directions. As can be seen, the coercivity value increases from
415 to 457 Oe as the direction of H changes from 0 ◦ to 90 ◦ . The bottom inset of
Figure 7.27(c) shows that the remanent saturation magnetization increases as the angle
increases. The value changes from 0.353 to 0.563 as H varies from 0 ◦ to 90 ◦ . Experimental results conﬁrmed that the maximum values of Hc and Mr /Ms were obtained
when the applied magnetic ﬁeld was applied in parallel to HDWNTs. Both values are
relatively higher than those of Ni nanotubes (Hc = 185 Oe, Mr /Ms = 0.19) reported
previously.
Multi-segmented nanowires have been developed by the template-assisted synthesis
approach. One example is metal-CdSe-metal nanowires with switchable photoconductivity (Peña et al. 2002). Magnetic multi-segmented nanotubes offer a unique capacity for
structure tailoring which is of importance for applications in the ﬁeld of catalysis, microﬂuidics, magnetic sensors and bioseparation, etc. Multi-segmented magnetic nanotubes with
an Au–Ni stacking conﬁguration were synthesized by the modiﬁed template-assisted electrochemical method (Lee et al. 2005). The synthesis adopted an established sensitizationpreactivation process to deposit metal nanoparticles homogeneously over the entire surface of the inner walls of the templates. This step proved to be essential for the formation
of metal nanotubes in the electrodeposition. Typically, AAO membranes were immersed
into a SnCl2 + HCl solution. After a thorough wash step and then drying, the resulting
membranes were dipped into an AgNO3 aqueous solution. In this step, the Ag+ was
reduced by Sn2+ to Ag and the generated Ag nanoparticles attached to the inner walls
of nanopores. Multiple cycles of the sensitization-preactivation process can be conducted
to adjust the size and the number of Ag nanoparticles. TEM observation indicated a discontinuous distribution of Ag nanoparticles which did not form a conducting thin ﬁlm
inside the nanopores. For electrodeposition, a thin gold layer was coated on one side of
the nanoparticle-modiﬁed membrane by the sputtering method and served as the working
electrode. The electrolytes for gold and nickel plating are commercially available gold
plating solution and a mixture solution containing NiCl2 · 6H2 O, Ni(H2 NSO3 )2 · 4H2 O,
H3 BO3 , and sodium acetate buffer (pH = 3.4), respectively. The current density was kept
constant as 2.4 mA · cm−2 during the electrodepositions.
Like a common template-assisted electroplating process, the formation of metal nanotubes must start from the gold electrode at the bottom of the nanopores. The Ag
nanoparticles on the pore walls ensure a preferential deposition of metal atoms on the
nanochannel surface. It is expected that the nanotube growth will be determined by both
the deposition rate and the metal ion diffusion rate. Meanwhile, the preferential deposition
makes it possible to prepare multi-segmented metal nanotubes by changing the electrolyte
accordingly. For example, Au-Ni-Au-Ni-Au multi-segmented nanotubes were synthesized
by alternating gold and nickel electroplating solutions for electroplating. A typical SEM
image of the cross-section of the multi-segmented nanotubes inside the AAO template
is shown in Figure 7.28(a). The bimetal starching conﬁguration of multi-segmented nanotubes can be seen clearly. Ni segments about 800 nm long are sandwiched between
adjacent Au segments with different image contrast, which comes from the different
intensities of backscattered electrons from Ni and Au. A beauty of the template-assisted
electroplating method is that the length of each segment can be readily tuned by exact
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Figure 7.28 (a) SEM image of cross-section view of the as-prepared Au-Ni-Au-Ni-Au nanotube
inside the AAO template; (b) and (c) SEM images of multi-segmented magnetic nanotubes after
the template removal; (d) hysteresis loops for Au-Ni-Au-Ni-Au nanotube array (dashed line) and
ferromagnetic Ni nanotube array (solid line), which were measured by applying a magnetic ﬁeld
in parallel (top) and perpendicularly to (bottom) the nanotube axis. (Lee 2005)

control of the total charges in the reaction. Figure 7.28(b) and 7.28(c) are SEM micrographs of released nanotubes after etching the AAO template by a 1.0 M NaOH solution.
Figure 7.28(d) shows hysteresis loops of multi-segmented nanotubes with Au-Ni-AuNi-Au conﬁguration and pure Ni nanotubes measured by a superconducting quantum
interference device (SQUID) magnetometer at 298 K. Both nanotubes have similar diameter, length, spacing and wall thickness. For comparison purposes, a magnetic ﬁeld was
applied on both nanotubes along the nanotube axis and the direction perpendicular to
the nanotube axis. In the former case, close values of coercivities Hc// and remanence
values for both nanotubes were estimated to be 85–90 Am−1 and 4, 17 %, respectively.
And reversible magnetic behavior was observed for both nanotube samples because of
the high saturation ﬁeld Hs// . Further, multi-segmented nanotube arrays can be completely
magnetized at lower saturation ﬁeld, Hs// ≈ 750 Am−1 , than that required by Ni nanotubes
which is around 2300 Am−1 . Based on this result, it was assumed that, compared with Ni
nanotubes, multi-segmented nanotubes possessed lower dipolar interactions. This is reasonable because the intertube distance in Ni nanotubes is less than the average distance
between the neighboring Ni segments in the others. On the other hand, in the case of
perpendicular ﬁeld applications, both nanotube samples exhibited highly similar hysteresis
loops with reversible magnetic behaviors. The saturation magnetizations for both samples
are around 2000 Am−1 . As far as the magnetic properties of two nanotube samples are
concerned, the multi-segmented nanotube array shows magnetic anisotropy while the Ni
nanotubes display magnetic isotropy.
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7.5 Biomedical Applications of Magnetic Nanotubes
As discussed in previous chapters, magnetic nanoparticles and magnetic nanowires exhibit
unique properties which have attracted attentions for both scientiﬁc research and practical applications. As extensive research efforts on magnetic nanoparticles and nanowires
have generated plenty of results, an emerging area of the relatively new magnetic geometry, magnetic nanotubes, has been explored. Magnetic nanotubes inherit the paramagnetic
nature of magnetic nanoparticles and they even display much higher saturation magnetization than their bulk counterparts. Generally speaking, magnetic nanotubes could be
used in almost all applications for magnetic nanoparticles and nanowires. Additionally,
the higher surface area, lower density and multifunctionality of magnetic nanotubes render
them a promising candidate for many other applications in special situations. Magnetic
nanotubes may have possible applications in ultrahigh-density magnetic storage devices,
nanoelectromechanical systems (NEMS), sensors, catalysts, etc. (Li et al. 2007). Recently,
the use of magnetic nanotubes in the biomedical and biological ﬁelds has been envisaged
(Sui et al. 2004b). Major bioapplications of magnetic nanotubes include bioseparation,
cell manipulation, targeted drug or gene delivery, neuron regulation, tips for magnetic
force microscopes, etc.
7.5.1 Bioseparation
Mitchell and his team have proved the concept of bioseparation for multifunctional silica
nanotubes (2002). In their experiments, silica nanotubes were synthesized by a template
method and application of different functional groups on the inner and outer walls of
nanotubes was achieved. In their simple protocol, the inner nanotube surface reacted with
a ﬁrst hydrophilic silane while the nanotubes were still embedded inside the template.
Since the outer walls of nanotubes were still bound tightly with the nanopore walls, this
ﬁrst reaction did not happen to the masked outer walls of nanotubes. After removal of
the template, a second silane was applied to react with the outer walls of nanotubes to
attach different silane groups there. Via this simple technique, multifunctional nanotubes
with hydrophilic behavior on their inner surfaces and hydrophobic behavior on their outer
surfaces could be obtained. Demonstration was made on this type of multifunctional
silica nanotubes to prove their capability of extracting lipophilic molecules from aqueous
solution.
A similar multifunctionality concept can also be applied for magnetic nanotubes. In
addition, magnetic-ﬁeld-assisted bioseparation can be achieved by using magnetic nanotubes. The feasibility of this magnetic bioseparation was demonstrated by Son et al.
(2005). The magnetic nanotubes were synthesized according to the following procedure.
First, silicon oxide nanotubes were obtained by a well developed template-assisted ‘surface sol-gel’ method. The templates used were porous alumina membrane with 60 and
200 nm in pore sizes. Then the silica nanotube loaded membranes were dipped in a solution containing 1 M FeCl3 and 2 M FeCl2 . In this step, iron ions entered the inner cavity
of the silica nanotubes. After drying in an argon ﬂow, the membranes were immersed
in 1 M NH4 OH for 5 minutes followed by a thorough washing with deionized water.
After this process, a thin layer of magnetite nanoparticles was coated on the inner surface
of silica nanotubes hence magnetic nanotubes were obtained. While nanotubes were still
embedded inside the template, octadecyltriethoxysilane (C18-silane) was used to treat the
magnetic nanotubes for inner surface functionalization. The resulting magnetic nanotubes
possessed both hydrophobic chemistry on the inner surface, due to the functionalization, and hydrophilic chemistry on the outer surface due to the silica layer. To obtain
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Figure 7.29 Digital pictures of a vial containing 38 µM DiIC18 and 109 C-18-modiﬁed magnetic
nanotubes before (a) and after (b) the magnetic separation for 2 minutes; (c) a digital picture of
the solution containing green FITC-labeled anti-bovine IgG and red Cy3-labeled anti-human IgG
after the magnetic separation. (Please refer to the color image in the original article). Incubations
were done for both solutions with BSA-magnetic nanotubes (left) and IgG-incorporated magnetic
nanotubes (right) before the magnetic separation; (d) ﬂuorescence spectra operating at 552 nm
wavelength corresponding to (c) for measuring the amount of remaining red Cy3-labeled anti-human
IgG in solution. (Son et al. 2005)

free-standing magnetic nanotubes, mechanical polishing was applied on both sides of the
template and removal of the membrane was done by etching with a 0.1 N NaOH solution.
In a typical experiment to test the chemical extraction and separation, C18 functionalized magnetic nanotubes were treated with a solution of 1,1’-dioctadecyl-3,3,3’,3’-tetrame
thylindocarbocyanine perchlorate (DiIC18 , 38 µM) in a mixture of water and methanol
(9:1 v/v). Due to the strong hydrophobic interaction, these dye molecules could enter the
magnetic nanotubes. And these treated nanotubes can be uniformly dispersed in aqueous
solutions readily owing to the hydrophilic property of the outer silica surface. As shown
in Figure 7.29(a), the uniform suspension containing magnetic nanotubes displays red
color, transparent and clear. (Please refer to the color image in the original article.) When
a Nd-Fe-B magnet (ca. 0.3 T) was placed close to the bottle, the red color moved towards
the magnet (see Figure 7.29(b)). This phenomenon clearly indicated the capability of magnetic separation of magnetic nanotubes by applying an external magnetic ﬁeld. Further
UV-vis spectroscopy and ﬂuorescence microscopy investigations conﬁrmed the removal
of >95 % of the DiIC18 from the solution. In a control experiment, such a phenomenon
was not observed with magnetic nanotubes without C-18 functionalization indicating the
importance of the inner wall functionalization. Using this technique, it is possible to
extract, separate, release and further analyze trace amounts of hydrophobic biohazards
(e.g. polychlorinated biphenyls and polycyclic aromatic hydrocarbons) in water.
A sequential experiment was carried out to test the capability of magnetic nanotubes for
magnetic bioseparation using antigen–antibody coupling. In this experiment, human IgG
was incorporated inside magnetic nanotubes via a similar process discussed as above. This
IgG loaded magnetic nanotubes were added into a mixture solution of phosphate-buffered
saline containing ﬂuorescence-labeled anti-bovine IgG in green color (0.71 µM, pH = 7.4)
and Cy3-labeled anti-human IgG in red color (0.67 µM). For comparison, a nonspeciﬁc
biointeraction was demonstrated as well by using BSA-derivatized magnetic nanotubes.
Meanwhile, poly(ethylene glycol) silane was used to functionalize the outer surfaces of the
magnetic nanotubes so that the color change of the suspension could be completely due to
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the substance inside the magnetic nanotubes. For IgG incorporated magnetic nanotubes,
the color of the solution changed from the original pink to greenish-blue after the magnetic
separation. Figure 7.29(c) is a digital image showing this color change. It was expected that
speciﬁc binding between Cy3-labeled anti-human IgG and human IgG-incorporated magnetic nanotubes would enable magnetic bioseparation. Conversely, the control experiment
did not show the similar color change. Fluorescence spectra of the solution before separation, the control solution and red Cy3-labeled anti-human IgG after magnetic separation
are plotted in Figure 7.29(d). The percentages of Cy3-labeled anti-human IgG separated by
human IgG- and BSA-magnetic nanotubes are 84 % and 9 %, respectively. This comparison indicated the effect of speciﬁc antibody–antigen interaction on magnetic separation.
The feasibility of using magnetic nanoparticle-incorporated carbon nanotubes for DNA
separation has been demonstrated. Korneva’s experiment suggested the possibility of
freezing nanotubes and changing the intertube spacing by applying a magnetic ﬁeld
(2005). By this technique, DNA coils can be unraveled and separated effectively. In
their experiments, magnetic nanotubes were suspended in liquids. Then a magnetic ﬁeld
of µ0 H = 0.01 T or 0.03 T was applied to investigate the response of magnetic nanotubes.
Figure 7.30 contains digital images showing the typical behavior of magnetic nanotubes
responding to the applied ﬁeld. As shown in Figure 7.30(a) and 7.30(b), when the magnetic ﬁeld was applied in parallel to the substrate, the magnetic nanotubes were oriented
along the substrate planes. When a magnetic ﬁeld of 0.03 T was applied perpendicular to
the substrate, magnetic nanotubes were frozen and aligned perpendicularly to the wafer,
as can be seen from Figure 7.30(c). These magnetic nanotubes could be used to replace
the nanoposts in ﬂuidic chips for DNA separation. Thus, this work may give useful
information for research efforts toward the nanoengineering of complex multifunctional
nanosystems.
7.5.2 Cell Manipulation
Biomanipulations including cell, gene and DNA manipulations are of great importance
in bioengineering, biomedical therapy and other related areas. Magnetic beads have been
widely used in cell and cell membrane manipulations. It was reported that magnetic
nanowires offered higher purity and separation efﬁcacy than magnetic beads in cell
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Figure 7.30 Images showing the manipulation of the magnetic nanotubes by a magnetic ﬁeld.
(a) and (b) magnetic nanotubes aligned along in the substrate plane (µ0 H = 0.01 T); (c) magnetic
nanotubes frozen in a magnetic ﬁeld which was applied perpendicularly to the substrate (µ0 H =
0.03 T). The inset shows a schematic illustration of the orientations of the applied magnetic ﬁeld
and the magnetization with respect to the axis of nanotubes. All vectors are concerned as they lie
in the same plane. (Korneva et al. 2005)
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manipulation due to their larger surface area (Hultgren et al. 2003). This work also
suggested that magnetic nanotubes be a better material candidate for enhanced cell manipulation because nanotubes have even higher surface area than nanowires. Therefore, it is
believed that magnetic nanotubes can be used as the magnetic handle to manipulate cells
efﬁciently by applying a magnetic ﬁeld. To prove this concept, work was conducted by
Gao and his team (2006), where the manipulation of sheep red blood cells using magnetic
carbon nanotubes was demonstrated.
They ﬁrst developed a facile and effective approach to preparing carbon nanotube-based
magnetic nanotubes. The convex surface of carbon nanotubes is chemically active, hence
various species, such as macromolecules, metals, oxides and quantum dots, can be attached
or bound to the convex of carbon nanotubes via covalent bonding, physical adsorption and other interactions. Magnetic nanotubes can be prepared by attaching magnetic nanoparticles on the surface of carbon nanotubes. To achieve this, an electrostatic
self-assembly approach was adopted. After functionalization of carbon nanotubes with
Poly(2-diethylaminoethyl methacrylate) (PDEAEMA) and quaternization with methyl
iodide (CH3 I), cationic polyelectrolyte-grafted carbon nanotubes (PAmI) resulted. The
electrostatic self-assembling between magnetite nanoparticles and PAmI enabled the loading of magnetite nanoparticles on the nanotube surface. The obtained magnetic nanotubes
exhibit paramagnetic properties and the magnetic density can be adjusted by varying the
load concentration of magnetic nanoparticles.
Manipulation of sheep red blood cells in buffer solutions using the obtained magnetic
nanotubes was demonstrated. A relatively strong magnetic force is required to manipulate the sheep red blood cells because of their large dimension (approximately 4 µm in
diameter). At a certain applied magnetic ﬁeld, higher loading concentration of magnetic
nanoparticles leads to higher magnetic force. In the ﬁrst experiment, the magnetic behavior of magnetic nanotubes was tested in the buffer solution. With the help of an optical
microscope equipped with a high-speed camera, the movement of magnetic nanotubes
can be recorded. It should be pointed out that only the magnetic nanotube bundles can
be resolved by the microscope due to its magniﬁcation limit. The successive micrographs
clearly revealed the magnetic response of nanotubes to the magnetic ﬁeld. By rotating the
magnetic ﬁeld, the magnetic nanotube bundles can be rotated easily while the rotation
speed was determined by the frequency of the applied ﬁeld. Figure 7.31(a) contains a set
of snapshots showing this rotation of magnetic nanotube bundles. When attached with
sheep blood red cells, the magnetic behavior of magnetic nanotubes reserved. In addition
to rotation, the magnetized blood cells can be aligned or relocated in two-dimensional
directions from one area to another by changing the direction of the magnetic ﬁeld. Snapshots in Figure 7.31(b) clearly show the rotation manipulation for one blood cell. Under a
magnetic ﬁeld with 0.5 Hz frequency and 12.7 kA/m strength, the magnetized cell rotated
clockwise at a speed of 3 s per cycle. Interestingly, two blood cells can be bridged by
magnetic nanotubes and are able to rotate at the same speed under an identical magnetic
ﬁeld, as shown in Figure 7.31(c).
Such cell manipulation with magnetic nanotubes strongly suggested an opportunity of
taking advantage of their magnetic behaviors to manage and operate individual biological
entities.
7.5.3 Drug and Gene Delivery
For magnetic nanomaterials, targeted drug delivery is one of the most important bioapplications. In modern biopharmaceutical drug delivery, there has been a strong demand for
biologically stable drug-loaded carriers capable of entering living bodies and facilitating
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Figure 7.31 (a) Snapshot pictures of a bundle of magnetic nanotubes’ rotation under an applied
rotational magnetic ﬁeld. The applied magnetic ﬁeld was 0.5 Hz of frequency and 12.7 kA/m of
intensity. The rotation of the magnetic nanotube bundles was in the clockwise direction as shown
in the snapshots corresponding to 0th, 0.2th, 0.4th, 0.6th, 0.8th and 1.0th cycle of the rotational
magnetic ﬁeld (scale bar: 5 µm); (b) snapshot pictures of a sheep red blood cell’s rotational motion.
The cell was attached with magnetic nanotubes, indicated by an arrow. Again, the blood cell rotated
in the clockwise direction and the snapshots were taken at 0th, 0.2th, 0.4th, 0.6th, 0.8th and 1.0th
cycle of the rotational magnetic ﬁeld. (scale bars: 5 µm); (c) snapshot pictures showing the rotation
of two sheep red blood cells bridged with magnetic nanotubes. (Gao et al. 2006)

the drug development itself even at an early stage of toxicity screening. An ideal drug
carrying system should be able to preserve the protein secondary and tertiary structures,
prevent aggregation and eliminate any possible chemical or enzymatic degradation. In
Chapter 4, magnetic nanoparticle-based drug delivery was discussed. Compared with magnetic nanoparticles, magnetic nanotubes have both inner surfaces and outer surfaces for
drug incorporation and drug immobilization, respectively. Most importantly, the magnetic
nanotubes have the capability to enhance biointeractions between the outer surface of nanotubes and the target biospecies. For this reason, using magnetic nanotubes could enhance
the efﬁciency of drug delivery. It is believed that magnetic nanotubes with drug-friendly
interiors and target-speciﬁc exteriors are an ideal drug carrier in versatile bioapplications.
A proof-of-concept experiment was conducted to demonstrate the enhanced drug delivery performance (Son et al. 2005). The inner surface of magnetic nanotubes with 60 nm
diameter was functionalized by FITC while their outer surface was modiﬁed and attached
with rabbit IgG antibodies. These multifunctional magnetic nanotubes were added to an
antirabbit IgG-modiﬁed glass slide and incubation was maintained for 10 minutes with
an applied magnetic ﬁeld from the bottom of the glass slide. A control experiment was
also done with identical conditions except for the absence of a magnetic ﬁeld during
the incubation. To check the effect of the magnetic ﬁeld for biointeraction, a ﬂuorescence microscope was used to image the number of bound nanotubes after washing the
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Figure 7.32 Fluorescence microscope images showing the binding between magnetic nanotubes
and the surface of anti-rabbit IgG-modiﬁed glass after antigen-antibody interaction with (a) and
without (b) magnetic ﬁeld under the glass substrate. The magnetic nanotubes had 60 nm diameter
and 3 µm length, and their inner surface was FITC-modiﬁed and outer surface was modiﬁed by
rabbit IgG. The long bright green spots are individual magnetic nanotubes. (Please refer to the color
image in the original article.) Bundles of a few nanotubes display brighter spots in the images; (c)
comparison of the in vitro release of ibuprofen, 4-nitrophenol (4-NO2 Ph) and 5-ﬂuorouracil (5-FU)
from magnetic nanotubes with 60 nm diameter and 250 nm length). (Son et al. 2005)

unbound ones. Figure 7.32(a) and 7.32(b) are ﬂuorescence microscopy images derived
from averaging from ﬁve different areas on the glass slide. The comparison between two
images indicated that the antibody–antigen interaction was enhanced about 4.2-fold with
an applied magnetic ﬁeld. Thus the efﬁciency of the biointeraction can be controlled
spatially by means of an external ﬁeld.
Son and his team also tested the performance of magnetic nanotubes in drug loading and drug releasing. Unlike the antibody–antigen bonding, the hydrogen bonding
exists between the drugs and the inner surface of the magnetic nanotubes. Inner wall
functionalization of magnetic nanotubes was conducted with amino-silane (aminopropyl
triethoxysilane, APTS). The model drug molecules, selected in the experiments, were
5-ﬂuorouracil (5-FU), 4-nitrophenol and ibuprofen. For drug loading, amine functionalized magnetic nanotubes were immersed in the drug solutions in either hexane (ibuprofen)
or ethanol (5-FU, 4-nitrophenol). The strong ionic and/or hydrogen bonding interactions
between the amine groups of the inner wall of magnetic nanotubes and the acid groups
of the drug molecules enabled an effective drug loading. The efﬁcacy of the drug loading
was checked using a UV-vis spectrophotometer. Based on the measured results, the rough
numbers of ibuprofen molecules, 4-nitrophenol and 5-ﬂuorouracil per magnetic nanotube
were ∼107 , ∼106 and 107 , respectively. In all cases, the magnetic nanotubes exhibited
high drug loading. For example, the value of effective ibuprofen loading is about twice
the monolayer coverage of the inner surface area of the magnetic nanotubes. The drug
release for drug loaded magnetic nanotubes were also tested in PBS solution (pH = 7.4).
The test results are plotted in Figure 7.32(c). It was noticed that more than 90 % of loaded
5-ﬂuorouracil and 4-nitrophenol were released within one hour. However, the release of
ibuprofen was much slower than the other two drugs. In a release test for ibuprofen, less
than 10 % was released within one hour and about 80 % release occurred within one day.
This drug release test suggested the strongest interaction between the amine group of
the magnetic nanotubes’ inner surface and ibuprofen among three drugs resulting in the
slowest drug release.
Carbon nanotube-related nanomaterials have been considered as a potential delivery
system because of their capability of entering various cells. Both their inner cavities and
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Figure 7.33 (a) Schematic illustration of an amphotericin B-modiﬁed carbon nanotube; (b) comparison of the antifungal activities of amphotericin B in solution and when it was attached to
single- and multi-walled carbon nanotubes. Results are shown for Candida parapsilosis (gray bar),
Candida albicans (black bar) and Cryptococcus neoformans (dashed bar). (Malmsten 2006)

outer surfaces can be used to load drugs and their outer surfaces can be functionalized for
various covalent bindings owing to the full chemistry of carbon nanotubes. Figure 7.33(a)
schemes a covalent-linked amphotericin B, for fungal infection treatment, to a functionalized carbon nanotube (Malmsten 2006). The antifungal activities of amphotericin B in
solution and attached to carbon nanotubes are shown in Figure 7.33(b). It suggests a signiﬁcantly enhanced effect of amphotericin B when loaded in carbon nanotubes. Using the
same approach, magnetically decorated carbon nanotubes could be used for drug delivery as well. More interestingly, their magnetic properties offer them additional magnetic
function in potential drug delivery systems when the situation arises.
Magnetic carbon nanotubes ﬁlled with iron nanoparticles have been demonstrated to
deliver lipid-nanostructure complexes into the cytoplasm (Mönch et al. 2005). Fe is important in cell culture, complex formation and lipid-mediated delivery, etc. In the experiments,
EJ28, a human bladder cancer cell line, was cultured in the presence of Lipofectin, a
cationic lipid formation, with the addition of a suspension containing magnetic carbon
nanotubes. After two hours, the cultured cells were harvested followed by centrifugation, washing and ﬁxation with 4 % buffered formalin. Neither adhesion of nanotubes
to the cell membrane nor uptake of nanotubes by the tumor cells was observed after
the incubation. Conversely, Figure 7.34(a) reveals an effective lipid/nanotube complex
delivery into the cytoplasm instead of the nucleus. Figure 7.34(b) is an EDX spectrum
indicating the existence of pure Fe inside the cells. It was believed that a strong complexation occurred between nanotubes and lipid, and the resulting complexes were stable
introcytoplasmatically.
Therapeutic agents, such as carboplatin, can be incorporated into the Fe-ﬁlled carbon
nanotubes for drug delivery purposes. However, a big concern which needs to be considered is the biocompatibility of the drug carrier when a therapeutic system is introduced
inside human bodies. Mönch et al. injected Fe-ﬁlled carbon nanotubes into mice intraperitoneally or intravenously to test their toxicity effects (2007). Both electron microscopy
and light microscopy studies revealed that magnetic carbon nanotubes aggregated to form
clusters after injection. The resulting magnetic clusters may diffuse through capillaries
to reach various tissues or organs so that they are observed to be present in lung, heart,
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Figure 7.34 (a) TEM image showing the presence of the internalized nanotubes (black) complexed
by lipid (white) in EJ28 cells; (b) EDX analysis conﬁrming Fe-nanoparticle (white) in an EJ28 cell
(particle diameter: ∼50 nm). (Mönch et al. 2005)

liver, colon, etc. However, these clusters did not display any adverse effect on the health
and survival of the mice under the investigation. This biocompatibility study suggests
that the Fe-ﬁlled carbon nanotubes can be used as the nanocontainer for drug delivery for
therapeutic treatments.
7.5.4 Neuronal Applications
Application of magnetic nanotubes in neuron science and neuron technology have stemmed
from the carbon nanotubes’ substratum behavior for neuron growth. Carbon nanotubes
have been demonstrated as a promising substrate for neuron growth, as they boosted
neurite growth and neuronal electrical signaling (Mattson et al. 2000; Hu et al. 2004).
The surface chemical properties, carbon composition coupled with their hollow structure,
and the unique electrical properties of carbon nanotubes tend to make them ideally suited
for use in neuroscience applications. Prompted by this promising study, researchers have
explored using magnetic nanotubes in such applications. Besides their hollow structure,
nanoscale dimension and the possibility of surface chemical modiﬁcation, magnetic nanotubes have the advantage of their inherent magnetic moment as well as their interaction
with an external magnetic ﬁeld.
The nervous system is one of the most important systems for an animal, as the survival
of an animal depends greatly on its ability to respond appropriately to the stimuli from its
environment. The nervous system enables animals to sense and respond to environmental
cues by generating and conducting nerve impulses. The neuron, uniquely specialized to
generate and conduct nerve signals, is the structural and functional unit of nervous tissue.
Many investigations have attempted to unravel the working mechanism of neurons and
the modulations of neuronal activities. Injuries and disorders of the nervous system may
result in severe disabilities and diseases, such as spinal cord injuries and Parkinson’s
disease, and the treatments of such disabilities and diseases are formidable challenges
in biology and medicine. Though great progress has been made in understanding the
molecular mechanisms which interfere with neuronal regeneration, effective strategies to
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overcome those obstacles and ﬁnd cures for the disabilities arising from the injuries and
neurodegenerative disorders are yet to be found.
Chen et al. tested the neuron survival and neurite growth on a magnetic nanotube
mat (2006). Uniform magnetic nanotubes were synthesized by a two-step process inside
an anodic aluminum oxide membrane. The process involved pressure ﬁltering of iron
nitrate/ethanol solution in proper concentration through an AAO membrane with 200 nm
pore size followed by thermal annealing in air at 250 ◦ C. The synthesized magnetic
nanotubes were hematite nanotubes, according to the XRD analysis. A post treatment technique has also been developed to remove the template membrane by 3M sodium hydroxide
aqueous solution, followed by the deposition of magnetic nanotubes on a track etch membrane (0.6 µm pore size) to form a ‘magnetic nanotube mat’. These as-prepared magnetic
nanotube mats are ready for testing as the substratum for neurite growth. Dorsal root
ganglion (DRG) neurons were established from one-day-old pups from Sprague-Dawley,
and timed pregnant rats were purchased from the Harlan Co. (Indianapolis, IN). All media
and supplements for culture were purchased from GIBCO (MD). The newborn rats were
sacriﬁced by placing on ice to anesthetize and the cervical, thoracic and lumbar DRGs
were dissected out under sterile conditions. The dissected ganglia were enzymatically
dissociated by ﬁrst treating with collagenase in Leibowitz 15 (L-15) medium for 30 minutes at 37 ◦ C followed by treating with trypsin (0.25 %) in calcium and magnesium-free
Hank’s balanced salt solution for 20 minutes at 37 ◦ C. Ganglia were then washed three
times in L-15 + 1 mg/ml of bovine serum albumin (BSA) followed by a wash in DMEM
containing 10 % of heat inactivated fetal bovine serum. The ganglia were then triturated
with a pipette with ﬁre polished tip, centrifuged at 500 rpm for two minutes at 4 ◦ C to
separate cells. The cell suspension was then passed through a nylon ﬁlter (Nitex HD3-15,
Tetko Inc.) to remove undissociated cells and preplated on uncoated 100 mm sterile dishes
in DMEM containing 20 ng/ml of β-NGF. The dishes were incubated at 37 ◦ C in 5 % CO2
for 30 minutes. The unattached neurons were collected and preplated again and incubated
for 30 minutes. This step was repeated one more time. Then the unattached neurons
in the preplated dishes were collected and centrifuged again and the resulting neuronal
suspension was plated (50 µl/dish) on different nanotube mats coated with poly-D-lysine
(50 µg/ml) kept inside the sterile 35 mm culture dishes after determining the plating density (1.2 × 105 cells/ml) using a hemocytometer. The neurons were incubated for 24 to 72
hours in serum free Neurobasal medium containing B-27 supplement, β-NGF (15 ng/ml)
and a mixture of 5-ﬂuro-5’-deoxyuridine and uridine (10 µM, to prevent proliferation
of any supporting cell). The nanotube mats with plated neurons were ﬁxed with 4 %
paraformaldehyde and processed for SEM observations. A thin gold ﬁlm was sputtered
on the samples for better SEM imaging.
No obvious neurite growth was observed on neurons plated on the blank polycarbonate
membrane. However, projection of neuronal membrane resembling growth cone can be
seen as shown in Figure 7.35(a). Observation of neurons cultured for two days revealed
differences between those plated on magnetic nanotubes and those plated on blank polycarbonate membrane. Not only growth cone was observed but also growing neurites could
be distinguished clearly. The growth of neurites could be attributed to the inﬂuence of
magnetic substrate during neuron culture. However, according to their SEM observations,
not all the neurons exhibited similar neurite growth. It was interesting to ﬁnd two closely
plated neurons trying to establish a morphological connection as shown in Figure 7.35(b).
The tubular structure of nanotubes provides many advantages for their applications
in biomedicine. The inner void of a nanotube can be used for capturing, concentrating
and releasing various species ranging in size from large proteins to small molecules.
Besides, the diameter and length of a nanotube are independently tunable. Furthermore,
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Figure 7.35 (a) SEM micrograph of a neuron on the blank polycarbonate membrane after two
days in culture; (b) a morphological connection between two neurons. (Chen et al. 2006)

due to the one-dimensional structures of nanotubes, when external forces and torques
are applied to them, they could penetrate the membranes of neurons and get inside the
cell bodies of the neurons. This property is important for delivering drugs directly into
the cell body of a neuron, and activating or regulating the activities of a neuron by
targeting intracellular second messengers. The effects of magnetic ﬁelds on neuron activities have been extensively investigated. Intracellular recordings indicated that both static
and alternating magnetic ﬁelds affect the bioelectric activities of neurons. As magnetic
nanotubes can get very close to or inside of a neuron, the magnetic ﬁelds produced by
the remanent magnetizations of the magnetic nanotubes will affect the activities of the
neuron. If an external magnetic ﬁeld is applied, the magnetic nanotubes have magnetizations much stronger than the remanent magnetizations of the magnetic nanotubes. Usually
the magnetic ﬁelds produced by magnetic nanotubes have large gradients. Due to their
ferromagnetic and superparamagnetic properties, and their shape anisotropies, magnetic
nanotubes usually have large magnetic moments. Therefore strong magnetic forces and
torques can be applied to the magnetic nanotubes by external magnetic ﬁelds, and this is
crucial for nanotubes to get close to or inside of a neuron and then activate or modulate
the function of the neuron. The biocompatibility of magnetic nanotubes is a must for their
use in neuroscience applications. The basic requirement for biocompatibility is that the
magnetic nanotubes are non-toxic to neurons, and the magnetic nanotubes are stable when
exposed to biological systems. It has been found that, with suitable surface functionalization, magnetic nanowires are compatible with living cells. They do not disrupt normal cell
functions including cell adhesion and gene expression. Therefore, survival of neurons will
not be affected when suitably functionalized magnetic nanotubes get close to or inside
of the neuron (Chen et al. 2007). In addition to the magnetic ﬁelds, the movements of
magnetic nanotubes may also affect the neuron activities. When an external magnetic ﬁeld
is applied, the magnetic nanotubes might make movements in micron scale. A uniform
magnetic ﬁeld gives rise to a torque, so the magnetic nanotubes may rotate while a magnetic ﬁeld gradient exerts a force at a distance, resulting in the translational actions of
the magnetic nanotubes. As the magnetic nanotubes may directly contact the membranes
of the neurons on the magnetic nanotube mat, the movements of the magnetic nanotubes
adjacent to the neurons may cause the changes of the bioelectric signals of the neurons.
Because of the forces and torques applied on magnetic nanotubes due to the external
magnetic ﬁeld, the magnetic nanotubes may penetrate the membrane of a neuron, getting
inside the cell body of the neuron. With suitable surface functionalization on magnetic
nanotubes, small molecules can be delivered into the cell body of a neuron using the
magnetic nanotubes targeting these molecules to bind with speciﬁc intracellular enzymes
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or second messengers. After magnetic nanotubes get inside the cell body of a neuron,
the magnetic ﬁeld produced by the magnetizations of the magnetic nanotubes and the
movements of the magnetic nanotubes due to the external magnetic ﬁeld are anticipated
to have much stronger effects on the bioelectric activities of the neuron, than the effects
of the magnetic nanotubes outside the neuron. Such investigations can lead to ﬁnding
means of modulating the neuron signal.
Further investigation was conducted to explore the effect of magnetic nanotubes in
PC12 cell differentiation and neurite growth (Xie et al. 2008). Instead of a magnetic nanotube mat, NGF-incorporated magnetic nanotubes were present in the PC12 cell culture.
There are two goals for this research: 1) to test the accessibility of NGF from magnetic
nanotubes in PC12 cell differentiation into neuron; 2) to study the neurite growth possibly
regulated by magnetic nanotubes. For PC12 cell culture, 100 µL of 50 mM MES buffer
pH 6.3 was added to magnetic nanotubes. Then 200 ng/ml of NGF was added for incorporation. Any unbounded NGF was removed in the supernatant from the nanotubes by
centrifugation. A second wash was done by resuspending the NGF-immobilized magnetic
nanotubes in 100 µL of PBS Saline pH 7.4 again by pulse sonication and then removing
by centrifugation. As the ﬁnal step, the nanotubes were resuspended in 100 µL of Neurobasal A by pulse sonication before being laid on sterile glass coverslips which were
coated with poly D-lysine (60 µg/ml) and cells were plated on them. PC12 cells were
plated on nanotube-laid glass coverslips kept in sterile culture dishes. Culture medium
Neurobasal A (GIBCO) containing 1 % penicillin-streptomycin, 2 % B27 supplement,
2 mM of L-Glutamine and glutamax mixture was added to all dishes. After 2-day cell
culture, the dishes were ﬁxed with 3 % paraformaldehyde to be examined by microscopes.
Both differentiation of PC12 cells and the neuritic process growth in the presence
of functional magnetic nanotubes with incorporated NGF were observed. Figure 7.36a
reveals a random distribution of nanotubes on the glass substrate and an appreciable
neurite outgrowth. Major components of a growing neuron including soma, neurites and
growth cone can be discerned, suggesting that the functional magnetic nanotubes are not
toxic for neuron survival and neither do they impair neurite outgrowth. It also conﬁrms
that the bioactive nanotube-bound NGF was available to the PC12 cells to induce neuronal
differentiation. The enlarged SEM image (inset of Figure 7.36a) shows the growth cone
area, located on the tip of the axon, where slender extensions, the ﬁlopodia, were formed

1 µm

2 µm

(a)

200 nm
(b)

Figure 7.36 (a) SEM micrograph of a typical PC12 cell after culture showing the cell body
and neurites (the inset is a magniﬁed image of the growth cone area); (b) high-resolution SEM
micrograph of a NGF-incorporated magnetic nanotube and its interaction with a ﬁlopodium. (Xie
et al. 2008)
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towards the nearby magnetic nanotubes. Figure 7.36b shows a nanotube split longitudinally contacted by the tip of a growing neurite, a ﬁlopodium and, it seems, the neuritic
process growing into the nanotube.
According to the microscope observation, a possible neurite growth mechanism was proposed. The growth cone was apt to send ﬁlopodia towards the NGF-immobilized magnetic
nanotubes. These ﬁlopodia were rather stable, which implies an existence of attractive
guidance cues coming from the NGF-incorporated hematite nanotubes for future growth
cone navigation. These stable ﬁlopodia could be selected as the path for the consequent
neurite outgrowth. The remanent magnetization of a magnetic nanotube generates a localized magnetic ﬁeld, which may affect the process of ﬁlopodia extension. Intracellular
recordings indicated that both static and alternating magnetic ﬁelds affect the bioelectric
activities of neurons. Due to the structural anisotropy of nanotubes, the remanent magnetization of hematite nanotubes could provide strong magnetic ﬁelds and large magnetic ﬁeld
gradients in the regions quite close to the nanotubes. As hematite nanotubes can get very
close to a neuron, the magnetic ﬁelds and the magnetic ﬁeld gradients produced by the
remanent magnetizations of the magnetic nanotubes will affect the activities of the neuronal elements. Furthermore, due to their ferromagnetic or superparamagnetic properties,
and their shape anisotropies, magnetic nanotubes usually have large magnetic moments.
Therefore strong magnetic forces and torques can be applied on the magnetic nanotubes
by an external magnetic ﬁeld to activate or modulate the function of neuron. NGF-coated
nanoscale magnetic beads have been reported to promote neurite outgrowth (Naka et al.
2004). It is expected that NGF immobilization inside nanotubes will improve the stability
of neurotrophins and the release process could also be better controlled. Since magnetic
nanotubes could be manipulated on certain locations with the help of an external magnetic
ﬁeld, they provide a potential of conﬁning neurite outgrowth within a selected area or
directing neurite extension to the target place by carefully designing an applied external
magnetic ﬁeld.
7.5.5 Magnetic Force Microscope
As a common piece of equipment in the research of magnetic nanomaterials and nanodevices, a magnetic force microscope (MFM) is popularly used to observe the magnetic
domains in magnetic ﬁlms and evaluate the magnetic storage media. Besides its convenience, a MFM is characterized by a high resolution. From an early stage, with pretty low
resolution, the lateral resolution of the MFM has been improved continuously. Typically, a
MFM probe consists of a cantilever with a mounted magnetic tip. The MFM resolution is
determined by the size and shape of the tips and their distance from the sample surface. A
MFM with normal probes (larger than 70 nm in diameter) is able to resolve sub-100 nm
magnetic nanostructures. The fast technological development in the ﬁeld of magnetic
nanomaterials has demanded an even higher resolution in magnetic domain observation
by MFMs. To achieve this goal, MFM magnetic probes with decreased tip diameter are
required, since the tip diameter is crucial for the tip-sample interaction and consequently
the lateral resolution (Kuramochi et al. 2005).
Magnetically coated carbon nanotubes have been used as the magnetic probe in MFMs
with enhanced resolution (Deng et al. 2004). For magnetic probe preparation, a wafer-scale
chemical vapor deposition was conducted to deposit carbon nanotubes on commercially
available silicon tips. After an electrical cutting process, the shortened carbon nanotubes
as well as the pyramidal tip and the cantilever were coated with a few angstroms of
Fe by an electron beam metal evaporator. Figure 7.37a is a SEM micrograph showing a
magnetically coated nanotube tip located at the apex of the pyramid on a MFM cantilever.
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Figure 7.37 (a) Scanning electron microscope micrograph of the apex of the pyramid with a
magnetically coated nanotube tip on a MFM cantilever (the arrow: the direction of the metal
evaporation); (b) phase image of the tracks in the DC-erased area, taken with a commercial tip; (c)
phase image of the tracks taken with the magnetic nanotube tip. (Deng et al. 2004)

Custom written tracks on a perpendicular recording mediium were the target for imaging
by MFM. To compare the resolutions, a DC-erased was created before writing the tracks.
Figure 7.37b and 7.37c are MFM phase images of tracks in the DC-erased area taken
with a commercial tip and magnetic nanotube tip, respectively. Obviously, Figure 7.37c
shows ﬁner details with a higher spatial resolution. And irregular features smaller than
20 nm can be differentiated with the magnetic nanotube tip indicating about 20 nm lateral
resolution for this novel magnetic probe in MFM.
A similar demonstration was done by Kuramochi et al. (2005). According to their
experiments, CoFe-coated carbon nanotube probes in an MFM showed improved imaging performance. The MFM cantilever with a microfabricated silicon tip was modiﬁed
by attaching an individual multi-walled carbon nanotube with around 11 nm diameter and
300–400 nm length. Afterwards, CoFe was deposited on the carbon nanotube surface by
the radio-frequency sputtering technique. The SEM image of a CoFe coated carbon nanotube probe is shown in Figure 7.38(a). After coating, the overall diameter was about
40 nm indicating about 15 nm in thickness of the CoFe layer. The SEM observation also
revealed a smooth and uniform magnetic coating. EDX was performed to detect the
elemental composition of the coating layer and the results conﬁrmed the presence of
CoFe. For MFM imaging, an environmental controlled scanning probe microscope was
used and operated in a magnetic force mode at room temperature. To avoid interferences
and to achieve a high sensitivity, the whole imaging process was conducted in vacuum.
The sample for MFM imaging was an ultra-high-density perpendicular magnetic storage medium with different densities ranging from 600 to 1100 kFCI. With the magnetic
nanotube-attached MFM probe, the optimal working parameters were found as ∼10 nm
in amplitude and 3000–10 000 in Q factor. Figure 7.38(b) is a MFM image obtained by
using a commercially available magnetic probe. Signiﬁcant image blurring was observed
suggesting a low resolution for this probe. On the other hand, the MFM image obtained by
using a magnetic nanotube probe shows much clearer details of the domain structure thus
resulting in much higher image resolution, as shown in Figure 7.38(c). The cross-sectional
proﬁle along the line indicated in the image is also shown. With regard to the attainable
resolution by magnetic nanotube probes, the linear relationship between the normalized
intensity and the recording density is illustrated in Figure 7.38(d). The average noise level
line of the recorded area was set at an intensity of 0.04, while an intensity of 0.01 was set
for the dc-erased area. The noise level in the former came from the whole system under
the imaging situation. And in the latter case, the noise level was due to both the magnetic
probe and the detection system. From the plot in Figure 7.38(d), it is possible to estimate
the lateral resolution limit by extrapolation. The intersects of the ﬁtting line with these
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Figure 7.38 (a) A high resolution SEM image of a CoFe coated carbon nanotube attached with
the probe; (b) MFM image obtained by a conventional probe (40 N m−1 ); (c) MFM image obtained
by a CoFe-coated nanotube probe and a cross-sectional proﬁle corresponding to the line indicated
in the image; (d) plot of the normalized intensity of the power spectrum as the function of various
recording densities (600–1100 kFCI). (Kuramochi et al. 2005)

two noise levels at about 22 and 14 nm correspond to the recording density at 1200 and
1700 kFCI for the perpendicular magnetic storage media, respectively. With conventional
MFM probes, 1200 kFCI is the observation limit in the experiments. The attainable resolution is expected to be improved to 1700 kFCI as long as the noise level can be reduced.
Consequently, using the ferromagnetic nanotube probes, higher MFM imaging resolution
can be achieved which is capable of observing higher recording density in a perpendicular
magnetic storage medium. This type of novel magnetic nanotube MFM probe may offer
an effective means of determining the exact states of the recorded area, which is of great
help in the development of new recording technology.
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Magnetic Biosensors
8.1 Introduction
8.1.1 Biosensors and Magnetic Biosensors
Due to their extensive applications, biosensors are under intense investigation and
development (Rife et al. 2003; Baselt et al. 1997; Chung et al. 2004; Could 2004;
Jaffrezic-Renault et al. 2007; Whitesides and Wong 2006). Biosensors usually utilize biological reactions for detecting target analytes. As shown in Figure 8.1, a biosensor is an
analytical device mainly consisting of a biological recognition element (or bioreceptor) and
a signal transducer (Turner 2000; Wang 2000). When the analyte interacts with the bioreceptor, the resulting complex produces a change which can be converted into a measurable
effect by the transducer. Common types of bioreceptor/analyte complexes are based on
antibody–antigen interactions, nucleic acid interactions, enzymatic interactions, cellular
interactions or the interactions using biomimetic materials. The most prevalent signal
transduction methods include optical measurements, electrochemical and mass-sensitive
measurements (Vo-Dinh et al. 2001). For practical applications, biosensors should have
high sensitivity, small size, low power consumption, stability of operation parameters,
quick response, resistance to aggressive medium and low price (Kurlyandskaya and Levit
2005; Kriz et al. 1998; Lagae et al. 2005; Prinz 1998).
Usually a magnetic biosensor detects the stray magnetic ﬁelds of magnetic nanoparticles or magnetic beads tagged to targets. Biosensing that utilizes magnetic micro- or
nanoparticles as labels of speciﬁc biomolecular interactions is a particularly fruitful area
of research (Landry et al. 2004). The idea of using a magnetic ﬁeld sensor in combination
with magnetic particles working as magnetic labels for detecting molecular recognition
events was ﬁrst reported by Baselt et al. (1998). Magnetic labels have obvious advantages in biosensing (Rife et al. 2003; Landry et al. 2004; Lany et al. 2005; Chung et al.
2005; Arakaki et al. 2004; Babb et al. 1995). First, the size of magnetic nanoparticles can
range from a few nanometers to several micrometers and thus is compatible with biological entities ranging from proteins (a few nm) to cells and bacteria (several µm). By
coating the magnetic nanoparticles with speciﬁc ligands, the nanoparticles can selectively
bind to a target material of interest. Second, the magnetic properties of nanoparticles are
very stable, and they are not affected by reagent chemistry or subject to photo-bleaching.
Third, magnetic ﬁelds are not screened by aqueous reagents or biomaterials. Since most
biological systems do not exhibit ferromagnetism and typically have only small magnetic
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Figure 8.1

Basic structure of a biosensor. (Wang 2000)

susceptibilities revealing dia- or paramagnetism, the magnetic moment from a magnetic
nanoparticle can be detected with little noise from the biological environment. Fourth,
magnetic nanoparticles can be remotely manipulated using ﬁeld gradients even when they
are embedded in a biological environment. Finally, there are many highly sensitive magnetic ﬁeld detection devices that have been developed and that could be used for biosensing
applications, such as giant magnetoresistive (GMR) sensors, anisotropic magnetoresistive
(AMR) sensors, inductive sensors, miniature Hall crosses and superconducting quantum
interference devices (SQUIDs).
However, it should be noted that the development of magnetic biosensors is at an early
stage and many challenges remain. In this chapter, we concentrate on discussing different
types of magnetic transducers, and sometimes we do not distinguish magnetic biosensors
and magnetic transducers. The discussion about the target recognition by the recognition
layer could be found in the sections on surface functionalizations in the chapters discussing
nanospheres, nanowires and nanotubes.
8.1.2 Magnetic Biosensing Schemes
Most magnetic particle labels in biomedical applications are in micron or submicron size.
In order to achieve single molecule detection, the dimension of magnetic particle labels
should be comparable to that of biomolecules (Li et al. 2006). In the case of detecting
DNA fragments, it is ideal to have the particle labels at 20 nm or smaller in diameter. Such
small nanoparticles would not block bimolecular interactions. Moreover, one nanoparticle
label may be conjugated with one or at most a few DNA fragments, which is important
for establishing a quantitative relationship with sufﬁcient accuracy between the number
of captured particle labels and the actual biorecognition events. However, it is difﬁcult
to do so with microbeads because of their large size mismatch with biomolecules. The
monodispersity of crystalline magnetic nanoparticles in both size and magnetic moment
also beneﬁts the signal quantiﬁcation, in contrast to the large variations of the microbeads
in magnetic moment. Given all these desirable properties, magnetic nanoparticles with
a diameter of 20 nm or smaller become desirable biomolecular labels for ultrasensitive,
highly quantitative magnetic biodetection technology. On the other hand, such tiny magnetic nanoparticles are a great challenge to the detectors, because their magnetic moments
are very low due to their limited physical volume, relatively large surface area and significant thermal disturbance to magnetic moments, i.e., superparamagnetism (Li et al. 2006).
There are two general sensing schemes utilizing magnetic nanoparticles: one is the
substrate-free approach which is based on the change in the Brownian relaxation time of
the particles suspended in liquids upon their binding to the target molecules, and the other
approach detects the stray magnetic ﬁelds of the magnetic particles upon their binding to
the biomolecule-functionalized surface of a solid-state sensor (Mihajlovic et al. 2005).
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8.1.2.1 Solid-state Based Sensors
In a solid-state based sensor, the analyte to be detected is usually attached to a substrate.
Two schemes are often used: the direct detection scheme and secondary detection scheme.
Based on the sensitivity of the sensor, the size of a sensor can be tailored according to
the size of the particles required for a particular bioassay, enabling effective detection
of a very low number of particles. Provided that each particle can label only one target
molecule, detection of even a single nanometer-size particle is possible, which can lead
to the ultimate detection limit of a single biomolecule.
(1) Direct Detection Scheme
As shown in Figure 8.2, in a direct detection scheme, an array of probe molecules is
immobilized over a magnetic ﬁeld sensor, and the biomolecules (target analytes) to be
detected are magnetically labeled and pass over the probe array. The target analytes are
bound to the array, and the unbound biomolecules are then washed away (Graham et al.
2004). A common strategy is to coat both the magnetic nanoparticle and a magnetic ﬁeld
sensor with ligands such that both have an afﬁnity for the desired target. In this manner the
target material acts as a link between the nanoparticles and the magnetic ﬁeld sensor, and
the presence of the target is conﬁrmed by detecting the stray ﬁelds from the nanoparticles
(Chung et al. 2005).
(2) Secondary Detection Scheme
This scheme is based on a secondary detection step, performed after the interrogation of
the probe array with the target molecules (Graham et al. 2004). As shown in Figure 8.3,

Figure 8.2 Schematic illustration of the direct detection scheme. The magnetic label, functionalized with biomolecule A, interacts with biomolecule B which is bound to the magnetic ﬁeld sensor.
The stray magnetic ﬁeld produced by the magnetic label causes a signal in the magnetic ﬁeld sensor.
After washing away the unbound biomolecules, the signal from the magnetic ﬁeld sensor indicates
the molecular recognition between biomolecules A and B. (Graham et al. 2004)
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Figure 8.3 Schematic illustration of the secondary detection scheme. In step one, the biotinylated
target DNA is hybridized with the probe DNA immobilized over a magnetic sensor. In step two,
the hybridized DNA is detected by binding the magnetically labeled streptavidin to the biotinylated
hybridized target DNA. The fringe magnetic ﬁeld of the magnetic labels is detected by the magnetic
sensor. (Graham et al. 2004)

this scheme consists of two steps. In the ﬁrst step, a small biochemical label, such as
biotin, is tagged to the target molecules, and the tagged target molecules are bound to
complementary probe molecules. In the second step, magnetic labels functionalized with
streptavidin, which is complementary to biotin, are introduced, and the magnetic ﬁelds
produced by the magnetic labels are detected.
8.1.2.2 Substrate-free Sensors
In a substrate-free sensor, the target analytes labeled by magnetic particles are not immobilized to a substrate; instead, they are suspended in a liquid, forming a ferroﬂuid. The
detection of the magnetic particles, or the target analytes, is deduced from the properties
of the ferroﬂuid, such as relaxation time and magnetic susceptibility. This scheme offers
an excellent method for distinguishing between multiple potential target molecules in the
solution based on their size difference, but is limited in terms of the size of the magnetic
particles that can be used for detection and also requires relatively high concentration of
magnetic particles for a measurable signal.
8.1.3 Magnetic Properties of a Magnetic Bead
The microbeads used in biomedical applications have a diameter of several micrometers,
and usually consist of thousands of nanometer-sized maghemite or magnetite particles
dispersed in a polymer matrix. These microbeads are specially functionalized so that they
can selectively attach to the desired targets, such as bacteria, cells and nucleic acids (Besse
et al. 2002). The essence of magnetic biosensing is the detection of the presence of beads
selectively attached on a surface.
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The use of magnetic beads as labels in biosensing applications requires detailed
knowledge of the magnetic properties of the beads. The magnetic properties often used in
magnetic biosensors can be generally classiﬁed into three types: magnetic ﬁelds, magnetic
relaxations and magnetic susceptibility.
8.1.3.1 Stray Magnetic Fields
The magnetization M of a magnetic bead consisting of superparamagnetic nanoparticles
dispersed in a nonmagnetic matrix can be expressed by (Besse et al. 2002):
 


µ 0 mp H
kT
H
M(H) = Msat · coth
−
·
(8.1)
kT
µ 0 mp H
H
where H is the total magnetic ﬁeld in the bead, Msat is the magnetization of the bead at
saturation, k is the Boltzmann constant, T is the temperature, µ0 is the permeability of
a vacuum and mp is the average magnetic moment of each nanoparticle. The beads are
magnetized when a magnetic ﬁeld is applied, and they lose their magnetization immediately after the magnetic ﬁeld is removed. In a homogeneous sphere, the magnetic ﬁeld
is expressed as H = He − M/3, where He is the ﬁeld applied externally. At the position r (measured from the center of the bead), the magnetic induction is (Besse et al.
2002):
B(r) = µ0 He +

µ0 3(r · MV )r − (r · r)MV
·
4π
r5

(8.2)

where the second term represents the magnetic induction generated by a bead of
volume V.
Usually solid-state based sensors detect the stray ﬁelds of magnetic markers. The magnetic markers, being superparamagnetic, have to be magnetized in order to produce a
sensor signal. We assume that an external magnetic ﬁeld is applied along the z direction.
As shown in Figure 8.4, for a bead separated from a sensor by an overlayer with thickness
t, the magnetic ﬁeld Bx at a distance d along the x-axis relative to the center of the bead
is (Rife et al. 2003):
B x = µ0 M

a 3 (a + t)d
[(a + t)2 + d 2 ]5/2

(8.3)
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Figure 8.4 Cross-section of a microbead with radius a on top of a sensor separated by an overlayer
with thickness t . The bead is under an external magnetic ﬁeld in the direction of M. The magnetic
ﬁeld induced by the bead is indicated by dashed lines and arrows. (Rife et al. 2003). Reprinted
from: Rife, J. C. Miller, M. M. Sheehan, P. E., Tamanaha, C. R. Tondra, M. Whitman, L. J. (2003).
“Design and performance of GMR sensors for the detection of magnetic microbeads in biosensors”,
Sensors and Actuators A, 107, 209–218., with permission from Elsevier
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where a and M are the radius and magnetization of the bead respectively. At distance
d = (a + t)/2, this ﬁeld reaches its maximum value:
Bx0 = 3.6

µ 
0

4π

M
[1 + (t/a)]3

(8.4)

The normal component ﬁeld Bz is given by (Landry et al. 2004):
Bz (z, d) =

M(2z2 − d 2 )
(z2 + d 2 )5/2

(8.5)

where z is measured from the plane of the Hall carriers, and d is a transverse dimension,
d 2 = x 2 + y 2 , relative to the center of the cross.
8.1.3.2 Brownian and Neel Relaxations
After the magnetizing ﬁeld is removed, the magnetic moment of a particle suspended in
a ﬂuid may relax in two different mechanisms (Connolly and St Pierre 2001). One is the
Brownian motion which involves the bulk rotation of the particle within the ﬂuid. This
mechanism applies mainly to magnetically blocked particles, whose magnetic moments
are ﬁxed relative to the crystal axes of the particles. The relaxation time for a Brownian
rotation is given by:
τB =

4πηr 3
kT

(8.6)

where r is the hydrodynamic radius of the particle, η is the dynamic viscosity of the
ﬂuid, k is Boltzmann constant and T is the absolute temperature. The other mechanism
is Neel relaxation, which applies mainly to unblocked particles. For an unblocked particle in Neel relaxation, its magnetic moment vector rotates, while the particle remains
stationary.
Generally speaking, there exists a critical volume above which the Brownian relaxation
mechanism becomes dominant. For an iron oxide sphere at room temperature, its typical
critical diameter is about 25 nm (Connolly and St Pierre 2001). Detailed discussion about
Brownian and Neel relaxations can be found in Chapter 2.
8.1.3.3 Susceptibility of a Ferroﬂuid
The Debye’s theory, which was originally developed for analyzing the dielectric dispersion of dipolar ﬂuids, can be used to model the response of a dilute suspension of
spherical magnetic particles to an alternating magnetic ﬁeld (Connolly and St Pierre
2001). Due to the ﬁnite rate of change of magnetization with time, the magnetization
of the ﬂuid lags behind the application of a magnetic ﬁeld. For a weak magnetic ﬁeld,
the magnetization of an object is linearly dependent on the magnetic ﬁeld. In this case,
the response of a magnetized object to an alternating magnetic ﬁeld can be described by
the complex magnetic susceptibility, χ = χ  + iχ  . The real part χ  is the in-phase component of the magnetic susceptibility, related to the storage of the magnetic energy; while
the imaginary part χ  is the quadrature component, related to dissipation of magnetic
energy.
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According to Debye’s theory, the spectrum of the complex magnetic susceptibility of
the ﬂuid is given by:
χ0
1 + (ωτ )2
χ0 ωτ
χ  (ω) =
1 + (ωτ )2
χ  (ω) =

(8.7)
(8.8)

where χ 0 is the magnetic susceptibility of the ﬂuid at ω = 0. The real part χ  (ω) decreases
monotonically with the increase of frequency, whereas the imaginary part χ  (ω) reaches
its maximum at ωτ = 1.
8.1.4 Typical Types of Magnetic Biosensors
The magnetic properties discussed in Section 8.1.3 can be used in the development of
magnetic biosensors. Correspondingly, the magnetic biosensors generally fall into three
categories: biosensors based on stray magnetic ﬁelds, biosensors based on relaxation and
biosensors based on susceptibility.
8.1.4.1 Detection of Stray Magnetic Field
The working principle of most magnetic sensors based on stray magnetic ﬁelds is the
galvanomagnetic effects due to the Lorentz force on moving electrons in a metal, semiconductor or an insulator in one way or another (Mahdi et al. 2003). Three types of
galvanomagnetic effects are widely used in magnetic sensors: the Hall effect, magnetoresistance and ﬂux quantization in superconducting loop. The Hall effect produces an
electric ﬁeld perpendicular to the magnetic induction vector and the original current direction, and the magnetoresistive effect is the change of electrical resistivity due to exposure
to the magnetic ﬁeld. SQUID is based on the quantum mechanical galvanomagnetic effects
occurring in Josephson junctions between superconducting materials (Mahdi et al. 2003).
Galvanomagnetic effects occur when a material carrying an electric current is exposed
to a magnetic ﬁeld. They are manifestations of the charge-carrier transport phenomena
occurring in the matter when the carriers are subject to the action of the Lorentz force F:
F = eE + e[v × B]

(8.9)

where e is the carrier charge (for electrons e = −q, and for holes e = q and q = 1.6
× 10−19 C), E is the electric ﬁeld, v the carrier velocity and B the magnetic induction.
The ﬁrst term on the right-hand side of Equation (8.8) represents a Coulomb force and
the second term is the Lorentz force law. For non-degenerate semiconductors exposed to
transverse electrical and magnetic ﬁelds (E · B = 0), the current transport equation for
one type of carrier is:
J = J0 + µH [J0 × B]

(8.10)

where J is the total current density and the term J0 is the current density due to only the
electric ﬁeld and carrier-concentration gradient ∇n:
J0 = σ E − eD∇n

(8.11)
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It should be noted that J0 = J (B = 0), since a magnetic ﬁeld generally inﬂuences the
electric potential and carrier-concentration distributions. The transport coefﬁcients µH (the
Hall mobility which has the sign of the corresponding charge-carrier), σ (the conductivity)
and D (the diffusion coefﬁcient) are determined by the carrier scattering processes and
generally depend on electric and magnetic ﬁelds. Both the Hall and the magnetoresistive
effects can be derived from the solutions of Equation (8.10) subject to the appropriate
boundary conditions (Mahdi et al. 2003).
(1) Hall Effects
To understand the Hall effect in semiconductors, consider a special case of carrier transport
in a very long strip with narrow cross-section of a strongly extrinsic and homogeneous
(∇n = 0) semiconductor material, subjected to a magnetic ﬁeld described by a magnetic
ﬂux density B = (0, By , 0). As shown in Figure 8.5, the strip axis is along the x-axis,
and the strip plane is the xz-plane. If the strip is exposed to an external electric ﬁeld
Eex = (Ex , 0, 0), a current I ﬂows through it with current density J = (Jx , 0, 0). Since
Jz = 0, an internal transverse electric ﬁeld EH must build up to counteract the magnetic
part of Lorentz force, the second term in Equation (8.9). The ﬁeld EH is known as the
Hall ﬁeld and can be determined from Equation (8.10) by substituting E = Eex + EH ,
under the condition that the transverse current density vanishes, i.e. EH = (0, 0, Ez ) and
Ez = − µH BEx (Mahdi et al. 2003).
A macroscopic consequence of the Hall ﬁeld is the appearance of a measurable transverse voltage, known as the Hall voltage, VH , which is proportional to the magnetic
ﬁeld:
VH = RH Jx Bw

(8.12)

where w denotes the strip width, RH denotes the Hall coefﬁcient given by:
RH = µH /σ = r/(e · n)

(8.13)

where r is the Hall scattering factor of carriers and n is the carrier density, and the
negative sign is omitted.
The presence of the Hall ﬁeld also results in the inclination of the total electric
ﬁeld in the sample, with respect to the external ﬁeld, by the Hall angle θ H (Mahdi
et al. 2003):
tan θH = Ez /Ex = −µH B

z
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x

w

(8.14)
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I

Figure 8.5 A material carrying an electric current is exposed to an external magnetic ﬁeld
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(2) Magnetoresistance Effect
The magnetoresistive effect can be understood based on the assumption of zero Hall
electric ﬁeld (Ez = 0), and this condition can be approximately realized by considering
a short strip with wide cross-section (Mahdi et al. 2003). As shown in Figure 8.5, when
an electric ﬁeld Eex = (Ex , 0, 0) is applied, a lateral component Jz , will be produced,
resulting in a rotation of the current lines:
Jz
= µH B = tan θL
Jx

(8.15)

where θ L is the carrier deﬂection angle. The longer carrier drift path caused by this
deﬂection leads to the transversal geometric magnetoresistance effect:
ρB − ρ0
= (µH B)2
ρ0

(8.16)

where ρ 0 is the electrical resistivity at B = 0, and ρ B is the resistivity enhanced by the
magnetic ﬁeld. Equation (8.16) shows that the relative change in resistivity increases with
the square of the mobility-induction product, and the sensors based on this effect require
high mobility.
For ferromagnetic transition metals and alloys, there exists anisotropic magnetoresistance which is a stronger physical effect than the geometrical magnetoresistance effect
discussed above. In these materials, the magnetization vector determines the direction
along which the current normally ﬂows. The application of an external magnetic ﬁeld
rotates the magnetization vector in the sample, and thus the current path, by an angle θ .
The speciﬁc resistivity of the sample ρ(θ ), is given by:
ρ(θ ) = ρ⊥ + (ρ|| − ρ⊥ )cos2 θ = ρ⊥ + ρ cos2 θ

(8.17)

where ρ is the resistivity of the sample when θ = 0, ρ⊥ is the resistivity of the sample
when θ = 90 ◦ , θ being the angle between the internal magnetization and the direction of
the current. The quotient ρ/ρ⊥ is called the anisotropic magnetoresistance effect, and
usually the resistivity ratio ρ/ρ 0 is used. The anisotropic magnetoresistance effect can
be easily realized using thin ﬁlm technology and, hence lends itself to sensor applications
(Mahdi et al. 2003).
(3) Flux Quantization in Superconducting Loop
The principle of measuring a magnetic ﬁeld using superconducting materials is based on
the Meissner effect and ﬂux quantization which result in the constancy of the magnetic
ﬂux through a superconducting closed loop (Mahdi et al. 2003). If such a superconducting
loop is placed in an external ﬁeld Hex , a shielding current, known as the supercurrent Is ,
will circulate around the inner surface of the ring such that the total magnetic ﬂux, i ,
inside the ring is quantized:
i = LIs + ex = m0

(8.18)

where 0 = 2.07 × 10−15 Wb is the ﬂux quantum, m is an integer, L is self inductance
of the loop around which the supercurrent ﬂows, and ex is the ﬂux of the external ﬁeld.
Equation (8.18) indicates that the superconducting ring responds to any change in external
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ﬂux by setting up an equal but opposite ﬂux. Provided that the supercurrent value does
not exceed the critical current density, Ic , for as long as the superconducting specimen
remains superconducting, i will remain constant, and quantized, at the same value. This
behavior, coupled with the Josephson effects, provides the operational basis of the SQUID.
Equations (8.10)–(8.18) represent some physical principles for the development of
magnetic sensors detecting the stray magnetic ﬁelds of magnetic nanoparticles (Mahdi
et al. 2003). Sensors in this category mainly include the Hall effect sensors, the GMR
sensors and the SQUID magnetometers.
8.1.4.2 Detection of Magnetic Relaxations
The magnetic relaxations of ferroﬂuids can be used in sensing the existence of magnetic
particles in the ferroﬂuids. As discussed earlier, the magnetic relaxations of ferroﬂuids
generally fall into two categories: Neel relaxation and Brownian relaxation. As will be
discussed later, the relaxations of ferroﬂuids can be detected by ﬂuxgate and SQUID.
8.1.4.3 Detection of Ferroﬂuid Susceptibility
The existence of magnetic particles in ferroﬂuids can also be determined by measuring magnetic susceptibility. In magnetic sensing, usually the frequency at which χ  (ω)
reaches its maximum is measured experimentally, and the hydrodynamic radius of blocked
particles can be derived based on the relationship ωτ = 1 and Equation (2.23) (Connolly
and St Pierre 2001). Generally speaking, when biological macromolecules are bound to a
magnetic particle, the hydrodynamic radius of the particle is increased, and the frequency
of the maximum of χ  (ω) is thus decreased.
8.1.5 Sensor Sensitivity and Dynamic Range
The sensitivity and dynamic range of a biosensor can be expressed magnetically or biologically (Graham et al. 2004). The magnetic sensitivity of a biosensor is deﬁned as the
minimum magnetic moment this sensor can detect. For a particular magnetic composition,
the magnetic sensitivity can also be deﬁned as the smallest magnetic label the sensor can
detect. While the biological sensitivity of a biosensor is deﬁned as the smallest number
of target biomolecular interactions the biosensor can detect, or the lowest biomolecule
concentration required for producing a signal that can be detected by the sensor. Usually,
the dynamic range of a sensor is the range of the number of the labels this sensor can
detect, or the concentration range of the target biomolecules this sensor can quantitatively
distinguish.
Besides the inherent magnetic sensitivity and dynamic range of a sensor, the signal
obtained from a sensor also depends on many physical parameters, such as the magnetic
moment of the label, the size ratio of label vs sensor, the distance between the label and
the sensing layer, the electric current used for sensing and whether signal ampliﬁcation
techniques are used (Graham et al. 2004). The moment of the magnetic label is related
to the magnetic composition and content of the label; it is also related to the strength and
direction of the external magnetization ﬁeld. Generally speaking, the magnetic moment
of a label increases with the increase of the magnetization ﬁeld until the ﬁeld becomes
saturating. After saturation is technically achieved, the moment no longer changes with
the increase of the magnetic ﬁeld.
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8.2 Magnetoresistance-based Sensors
Magnetoresistance (MR) is the change of the electrical resistance of a material due to
an external magnetic ﬁeld. Though the MR effect was ﬁrst discovered in the 1850s, its
widespread technological applications were not realized until the late twentieth century,
due to the advances in solid-state technology. Magnetoresistance-based sensors provide
a highly sensitive sensing technology with wide dynamic range. In principle, a single
molecular interaction can be detected using this technology (Graham et al. 2004). Typical MR sensors include large GMR sensors, anisotropic magnetoresistance ring (AMR)
sensors, spin valves and magnetic tunnel junction sensors.
8.2.1 Giant Magnetoresistance Sensor
Giant magnetoresistance (GMR)-based magnetic biodetection technology has received
increasing research and development efforts, because the GMR biosensors are promising
for sensitive, large-scale, inexpensive and portable biomolecular identiﬁcation. Moreover,
given the nature of the solid-state thin ﬁlm sensors and the IC compatible fabrication,
the GMR biosensors can be integrated into a very high density, and hence such a GMR
sensor array will be well suited for multi-analyte biodetection (Li et al. 2006).
A basic GMR structure mainly consists of a pair of magnetic thin ﬁlms separated by
a non-magnetic conducting layer. When the magnetizations of the magnetic layers are
aligned by an external magnetic ﬁeld, the electrical resistance of the structure decreases
due to the reduction of spin-dependent electron scattering within the structure. A GMR
sensor can be of microscopic size, and can sensitively detect the presence of a magnetic
particle with micron or smaller size in close proximity (Rife et al. 2003).
Rife et al. (2003) developed a biosensor system, the Bead ARray Counter (BARC). In
a BARC system, magnetic microbeads are captured and detected on a chip containing
GMR sensors. As illustrated in Figure 8.6, a BARC sensor is made from a multilayer
GMR ﬁlm with a large saturation ﬁeld and GMR effect. The GMR ﬁlm consists of four
ferromagnetic layers separated by three non-ferromagnetic layers. Each ferromagnetic
layer has three sub-layers, consisting of a layer of NiFeCo, sandwiched between two thin
ﬁlms of CoFe. The thicknesses of the ﬁlms are optimized to ensure anti-parallel exchange
coupling across the CuAgAu layers and meanwhile maintaining the high sensitivity and
linearity. Due to the shape anisotropy, the magnetization of each GMR trace naturally lies
in the plane of the ﬁlm, therefore only the planar components of the induced microbead
ﬁeld cause appreciable magnetoresistance (Rife et al. 2003).
To detect magnetic microbeads using a BARC system, an AC magnetic ﬁeld, H0z , is
applied normal to the chip (the z direction). As schematically shown in Figure 8.6(a),
when a single bead resting above the GMR sensor is magnetized by an external magnetic
ﬁeld, it will generate a local dipole ﬁeld, B, whose planar components are strong enough
to cause a magnetoresistance effect. The overall GMR signal, R/R, is mainly determined
by the sensor geometry and the cumulative local magnetoresistance changes associated
with individual microbeads. Usually a Wheatstone bridge is used in the measurement
of the GRM signal, R/R. As shown in Figure 8.7, the changes of resistance due to
individual beads are independent, and additive until a saturation level is achieved.
Wood et al. (2005) proposed a technique for characterizing the response of GMR sensors, using a scanned magnetic probe that generates a highly localized magnetic ﬁeld with
a spatial distribution and ﬁeld strength similar to that expected in biomagnetic applications.
The sensors were fabricated from a GMR multilayer structure. As shown in Figure 8.8,
the bulk material had a GMR response of 13 % at the saturation ﬁeld of 300 Oe, and the
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Figure 8.6 Illustration of a BARC sensor. (a) The arrangement of a bead and a sensor; (b) the
multilayer structure of the sensor; (c) detailed structure of the GMR stack. (Rife et al. 2003).
Reprinted from: Rife, J. C. Miller, M. M. Sheehan, P. E., Tamanaha, C. R. Tondra, M. Whitman,
L. J. (2003). “Design and performance of GMR sensors for the detection of magnetic microbeads
in biosensors”, Sensors and Actuators A, 107, 209–218., with permission from Elsevier
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Figure 8.7 The relationship between the Wheatstone bridge signal and the number of beads
deposited onto a BARC sensor. The open circles, ﬁlled circles and ﬁlled triangles indicate the measurement data of three different chips. The dashed line is a linear ﬁt to the triangles corresponding
to 15 nV per bead. The inset is an optical micrograph sensor with 14 beads. (Rife et al. 2003).
Reprinted from: Rife, J. C. Miller, M. M. Sheehan, P. E., Tamanaha, C. R. Tondra, M. Whitman,
L. J. (2003). “Design and performance of GMR sensors for the detection of magnetic microbeads
in biosensors”, Sensors and Actuators A, 107, 209–218., with permission from Elsevier

sensors are single straight wires etched from the bulk GMR material. The four sensors
were all 2 µm in length, with widths of 100, 150, 250 and 400 nm, and resistances in the
anti-parallel magnetic states of 14.4 k, 1.62 k, 501  and 417 , respectively. All the
sensors showed a strong GMR response.
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Figure 8.8 (a) Electron micrograph of four sensors. The active region comprises the narrow wires
in the center; (b) response of the bulk material at 300 K. The maximum |R|/R was 13 %, which
corresponds to an overall decrease in resistance at higher ﬁelds, and the saturation ﬁeld was 300 Oe.
(Wood et al. 2005)

Figure 8.9 Bridge circuit integrated with SPM hardware to allow measurement of GMR response
as a function of tip position. (Wood et al. 2005)

To simulate the presence of a magnetically tagged biomolecular analyte in the vicinity
of the GMR sensor, a magnetized scanning probe microscope (SPM) tip was scanned
over the surface of the patterned sensor while monitoring the sensor’s electrical response.
In the far ﬁeld region, magnetic SPM tips do not behave as magnetic dipoles because of
extended magnetic material. On the size scale of the sensors, however, the peak responses
are only recorded for near ﬁeld region, where the dipole ﬁt is nearly exact. The ﬁelds
from a dipole of this size are comparable to those from biomagnetic beads commonly
used in biomagnetic applications (Wood et al. 2005). As shown in Figure 8.9, resistance
measurements were made using a balanced Wheatstone bridge, and the bridge error signal
was read out using a lock-in ampliﬁer.
The line scans shown in Figure 8.10 were taken with the tip scanning perpendicular to
the sensor long axis, near the device center line. The peak fractional resistance changes
for the 400, 250 and 150 nm devices were 0.25, 0.31 and 0.15 %, respectively. The spatial
resolution is seen to be a small fraction of the linewidth, showing the highly local nature
of the magnetic response. The scans display the strong response of the sensors to the
tip ﬁeld as the tip moved over the device. In addition, a hysteretic response is visible as
a shift of the curve maximum as a function of tip position between the scan trace and
retrace. The signiﬁcantly smaller response observed for the 100 nm wide line may be due
to signiﬁcant etch-induced thinning of the GMR structure (Wood et al. 2005).
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Figure 8.10 Resistance change for magnetic SPM tip trace (solid line) and retrace (dashed line).
Data are shown for (a) 400 nm, (b) 250 nm, (c) 150 nm, and (d) 100 nm devices; note scale change
for the last. The peaks are close to the geometric center of the etched lines. Line scans were taken
near the midpoint of the sensor long axis. (Wood et al. 2005)

The sensitivity of a GMR sensor increases with decreasing sensor volume, while the
number of biomolecules bound to the sensor surface, and thus the available signal,
increases with the increase of the surface area. Thus a large array of small, tightly spaced
sensors optimizes these two quantities for maximum sensitivity, as shown in Figure 8.11.
The high sensitivity of GMR sensors to small magnetic ﬁelds has been used for detection of biomolecules tagged with magnetic labels (Wood et al. 2005). GMR sensors are
favored over competing optical detection schemes due to their higher sensitivity, lower
background, compact size and easy integrability with existing semiconductor electronics. This technology has implications in many areas of biological and medical research,
including disease detection, treatment and prevention.
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Figure 8.11 (a) Micrograph zoom series of the magnetoresistive sensor layout; (b) single element
covered by DNA sample. (Schotter et al. 2004)
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8.2.2 Anisotropic Magnetoresistance Sensor
As discussed earlier, a uniformly magnetized sphere (bead) can be described as a pure
dipole with a dipole moment m at the center of the sphere. As shown in Figure 8.12, for
applied magnetic ﬁelds Hz , the xy-planar component of the induced ﬁeld from the bead
is axially symmetric. In cylindrical coordinates, this purely radial component is given by
(Miller et al. 2002):
Bρ =

3mzρ
r5

(8.19)

The distance of the bead center from the sensor surface is z = a + t, where a is the
bead radius and t the separation of the bottom of the bead and the sensor. In a biosensor
application, t represents the thickness of passivation and chemical functionalization layers.
Bρ is strongly dependent upon ρ and z and reaches a maximum value at ρ = z/2 and a
ring sensor can be optimized by sizing the ring such that the peak in the radial ﬁeld is
coincident with the ring annulus.
By this approach, Miller et al. (2002) developed a single layer Ni80 Fe20 (NiFe) ring
sensor based on current-in-plane (CIP) anisotropic magnetoresistance (AMR). The ring
has an outer diameter of 5 µm and inner diameters of 3.2 µm. The AMR of the ring is
modulated by the radial fringing ﬁeld. As shown in Figure 8.13(a), in the absence of a
radial ﬁeld, the magnetization is circumferential. If an electrical current passes through the
ring, the current is mostly parallel or anti-parallel to the magnetization. Therefore, even
if the magnetizations in the upper and lower halves of the ring have opposite chirality,
the ring is in essentially the same high resistance state as the single chirality state. As
shown in Figure 8.13(b), applying the radial ﬁeld rotates the magnetization toward a radial
direction, normal to the current, and the resistance is minimized.

Br /Hz

0.4

a

0.2

r

z

0.0

t
−4

r
0

4

r (µm)

Figure 8.12 Deﬁnition of coordinates. This ﬁgure shows the radial ﬁeld Bρ normalized to the
applied ﬁeld Hz as a function of the radial position ρ. The ring sensor cross-section is schematically shown below the spherical magnetic bead. (Miller et al. 2002). Reprinted with permission
from: Miller, M. M. Prinz, G. A. Cheng, S. F. and Bounnak, S. “Detection of a micron-sized
magnetic sphere using a ring-shaped anisotropic magnetoresistance-based sensor: A model for a
magnetoresistance-based biosensor”, Applied Physics Letters, 81 (12), 2211–2213. (2002) American
Institute of Physics
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Figure 8.13 Schematic diagram of the AMR ring sensor. The hatched areas represent the contact
ﬁngers; (a) maximum resistance state in which the current I is mostly parallel or anti-parallel to
the circumferential magnetization M ; (b) minimum resistance state in which I is mostly normal to M . (Miller et al. 2002). Reprinted with permission from: Miller, M. M. Prinz, G. A.
Cheng, S. F. and Bounnak, S. “Detection of a micron-sized magnetic sphere using a ring-shaped
anisotropic magnetoresistance-based sensor: A model for a magnetoresistance-based biosensor”,
Applied Physics Letters, 81 (12), 2211–2213. (2002) American Institute of Physics
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Figure 8.14 (a) Optical micrograph of a 5 µm-diameter AMR ring sensor. Electrical contact is
made by the equatorial Cu ﬁngers; (b) a scanning electron micrograph of the 4.3 mm-diam NiFe
sphere (dashed circle) attached to the AFM cantilever; (c) schematic representation of the experimental apparatus. (Miller et al. 2002). Reprinted with permission from Miller, M. M. Prinz, G. A.
Cheng, S. F. and Bounnak, S. “Detection of a micron-sized magnetic sphere using a ring-shaped
anisotropic magnetoresistance-based sensor: A model for a magnetoresistance-based biosensor”,
Applied Physics Letters, 81 (12), 2211–2213. (2002) American Institute of Physics

Figure 8.14(a) shows the optical micrograph of an AMR ring sensor. To test the sensor, a 4.3 µm-diameter NiFe sphere was attached to an atomic force microscope (AFM)
cantilever using a micromapulator and UV-curing epoxy, as shown in Figure 8.14(b).
To detect the radial fringing ﬁeld from the magnetic particle, a differential technique,
as shown in Figure 8.14(c) is employed. Two AMR ring structures, separated by 50 µm,
constitute the upper half of a Wheatstone bridge. The bridge is completed with off-chip
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Figure 8.15 Surface plot of the AMR signal of the ring sensor for Hz,0 = 35 Oe. The ring
sensor outline is shown schematically for clarity. (Miller et al. 2002). Reprinted with permission
from: Miller, M. M. Prinz, G. A. Cheng, S. F. and Bounnak, S. “Detection of a micron-sized
magnetic sphere using a ring-shaped anisotropic magnetoresistance-based sensor: A model for a
magnetoresistance-based biosensor”, Applied Physics Letters, 81 (12), 2211–2213. (2002) American
Institute of Physics

resistors R ≈ 65 , which is the approximate resistance of a NiFe ring. The sensors
are placed on the pole face of an AC-driven homopolar electromagnet where Hz = Hz,0
sin(ωt). The bridge is measured by applying a DC bias Vi . The bead is scanned using
an AFM and the topographic and bridge output signals are simultaneously recorded.
When the bead is centered directly over the ring, the radial fringing ﬁeld Bρ rotates
the magnetization of the ring from circumferential towards a radial outward (or inward)
direction. The resistance then decreases, generating an AC bridge imbalance V0 that can
be detected. As the magnetoresistance has a roughly quadratic magnetic ﬁeld dependence
about H = 0, it is desirable to detect at 2ω because expansion of the magnetoresistance
yields the dominant AC term (Miller et al. 2002):
2
V0 ≈ Hz,0

∂ 2R
cos(2ωt)
∂H 2

(8.20)

Figure 8.15 shows a surface plot V0 for a scanned bead with Hz, 0 = 35 Oe and
Vi = 1 V. The peak value occurs when the particle is above the center of the ring.
As expected from Equation (8.19), V0 ﬁts a quadratic dependence on Hz very well,
demonstrating that the sensor response is magnetoresistive in origin and not due to an
extraneous effect such as capacitive coupling. The asymmetry of the signal from the upper
to lower half of the ring is mainly due to a small misalignment of the Cu contacts from
the equatorial position (Miller et al. 2002).
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8.2.3 Spin Valve Sensor
Figure 8.16 shows the working principle of a spin valve sensor (Freitas et al. 2000; Li
et al. 2004). As shown in Figure 8.16(a), a spin valve ﬁlm is patterned into a stripe with
dimensions L (magnetic length), W (track width, distance between pads) and h (height).
The pinned layer easy axis is in the transverse orientation. The easy axis of the free
layer is in the longitudinal orientation. When excited by a transverse signal ﬁeld, the free
layer magnetization rotates out of the longitudinal direction. For small signal ﬁelds, the
magnetization of the free layer rotates away from the longitudinal orientation, and sensor
resistance deviates linearly with ﬁeld. Figure 8.16(b) shows the experimental transfer
curves of a 6 × 2 µm2 sensor with a sense current of 5 mA.
Figure 8.17 schematically shows a spin valve sensor designed for detecting magnetic nanoparticles that are conceptually immobilized onto the sensor surface via DNA
hybridization. The spin valve sensor is conﬁgured in an orthogonal magnetization state.
Figure 8.17(a) shows a patterned rectangular spin valve sensor with its pinned magnetization Mp ﬁxed in the transverse (y direction) and the free magnetization Mf rotating
freely in the sensor plane. In this conﬁguration, the sensor resistance can be expressed as
(Li et al. 2006):
1
R = R0 + Rmax sin θf
2

(8.21)

where Rmax = RAP − RP is the sensor resistance change between the anti-parallel
(RAP ) and parallel (RP ) magnetization conﬁgurations, R0 = RP + Rmax /2 is the sensor
resistance at the orthogonal conﬁguration, and θ f is the orientation angle of free layer
magnetization with respect to the longitudinal or x direction. For an external ﬁeld applied
in the transverse direction within a certain range, sinθ f is linear or approximately linear
with the ﬁeld, leading to a linear dependence of sensor resistance on the ﬁeld too.
Figure 8.18 shows (a) the optical micrograph of a fabricated spin valve sensor array of
60 sensors on a 7 mm × 8 mm chip, (b) the scanning electron microscope (SEM) image
of one submicron sensor in the array, and (c) SEM image of a detection sensor with about
23 deposited Fe3 O4 nanoparticles (Li et al. 2006).
The resistance of the sensor is usually measured by a differential technique (Li et al.
2003). The magnetic excitation ﬁeld Ht can be DC or AC. Compared to a DC excitation,
an AC excitation will generate an AC MR signal from a spin valve sensor, which therefore
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Figure 8.16 (a) Schematic drawing of a spin valve sensor element. M1 is the free ferromagnetic
layer, and M2 is the pinned ferromagnetic layer; (b) resistance vs H transfer curve for a 6 × 2 µm2
spin valve element obtained with a 5 mA sense current. (Freitas et al. 2000)
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Figure 8.17 Schematic illustrations of (a) the top view of a spin valve sensor and (b) its cross-section. A few magnetic nanoparticle labels are conceptually
shown bound to the sensor through hybridized probe and target DNAs in the biologically active area. Mf and Mp are the free and pinned magnetization of the
spin valve sensor, respectively. Ht and Hb are the applied magnetic excitation and bias ﬁelds, respectively. (Li et al. 2006). Reprinted from: Li, G. X. Sun,
S. H. Wilson, R. J. White, R. L. Pourmand, N. and Wang, S. X. (2006). “Spin valve sensors for ultrasensitive detection of superparamagnetic nanoparticles
for biological applications”, Sensors and Actuators A, 126, 98–106., with permission from Elsevier

w

AI lead

Mp

y

Magnetoresistance-based Sensors
347

348

Magnetic Biosensors

Spin valve sensor
AI lead

AI lead

2 um
1 mm

(b)
(a)

200 nm

50 nm
(c)

Figure 8.18 (a) An optical micrograph of a fabricated spin valve sensor array of 60 sensors on
a ∼7 mm × 8 mm chip and (b) the scanning electron microscope (SEM) image of one submicron
sensor in the array; (c) SEM image of a detection sensor with ∼23 deposited Fe3 O4 nanoparticles
that are also shown in the inset at a higher magniﬁcation. (Li et al. 2006). Reprinted from: Li,
G. X. Sun, S. H. Wilson, R. J. White, R. L. Pourmand, N. and Wang, S. X. (2006). “Spin valve
sensors for ultrasensitive detection of superparamagnetic nanoparticles for biological applications”,
Sensors and Actuators A, 126, 98–106., with permission from Elsevier

can be measured with a lock-in ampliﬁer to achieve a high signal-to-noise ratio (SNR).
Figure 8.19 shows the peak-to-peak resistance difference Rp-p versus the number of
deposited Fe3 O4 nanoparticles. The solid line is a linear ﬁt to the data. The horizontal
dashed line indicates the ﬂuctuation range of reference sensor signals, and may be considered the noise level of this method. It is found that the sensor signal Rp-p increases with
the number of nanoparticles in a reasonably linear manner, and the ﬁtting line intersects
the reference signal level at 14 nanoparticles, which may be the minimum detectable
number of nanoparticles in this detection scheme with a signal-to-noise ratio of about 1.
The data scatter may be caused by factors such as the varying locations and distributions
of nanoparticles on the sensors.
To improve the measurement sensitivity, a method has been developed to control the
movement and placement of magnetically labeled biomolecules using two current lines
with widths tapered adjacent to the sensor unit. Detailed discussion can be found in
(Graham et al. 2005; Ferreira et al. 2003).
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Figure 8.19 The peak-to-peak resistance difference vs the number of the deposited Fe3 O4
nanoparticles. The solid line is a linear ﬁt and the dashed horizontal line designates the average signal ﬂuctuation range of the reference sensor. (Li et al. 2006). Reprinted from: Li, G. X.
Sun, S. H. Wilson, R. J. White, R. L. Pourmand, N. and Wang, S. X. (2006). “Spin valve sensors
for ultrasensitive detection of superparamagnetic nanoparticles for biological applications”, Sensors
and Actuators A, 126, 98–106., with permission from Elsevier

8.2.4 Magnetic Tunnel Junction Sensor
Magnetic tunnel junctions (MTJs) can be used in the development of magnetic ﬁeld
sensors (Gallagher et al. 1997). Compared with GMR sensors, MTJs offer higher magnetoresistance ratios and therefore higher sensitivity at low ﬁelds. MTJs are better suited
for the accurate detection of the small (< 1 Oe) ﬁelds, which are typically encountered
in biological applications. In the following, we discuss the use of highly sensitive MTJ
sensors for the detection of individual micron-sized magnetic labels (Shen et al. 2005).
Figure 8.20 shows a typical transfer curve of one MTJ sensor with a MR ratio of
15.3 % and a device resistance of 142  (Shen et al. 2005). The MTJ sensors have the
following layer structure: Pt (300 Å)/Py (30 Å)/FeMn (130 Å)/Py (60 Å)/Al2 O3 (7 Å)/Py
(120 Å)/Pt (200 Å). Py stands for permalloy. The sensors were patterned using standard
optical lithography followed by Ar ion-beam etching.
Figure 8.21(a) is an optical image of the ﬁnished sensor die after integration with the
microﬂuidic channel. Supermagnetic beads in solution were funneled toward the active
area of the MTJ device through a microﬂuidic channel with a height of 50 µm and a
width of 600 µm. The superparamagnetic beads used are polymer beads with an even
dispersion of iron oxide (γ -Fe2 O3 ) nanoparticles. Because the beads have a higher density (∼1.3 g/cm3 ) than deionized water, the beads settle at the bottom of the channel at
sufﬁciently slow ﬂow rates. In this case, the beads will roll along the bottom surface of
the channel, which is coincident with the top of the MTJ sensor die (Shen et al. 2005).
Figure 8.21(b) shows an optical image of a single 2.8 µm diameter bead sitting on the
sensor area.
The sensor is operated in an AC bridge conﬁguration and the signal is extracted using
a lock-in technique (Shen et al. 2005). Figure 8.22 shows the real-time voltage output of
the MTJ sensor for an interval during which several beads pass over the MTJ one at a
time. Each sharp signal drop (points A, C, D, H and I) corresponds to an event where a
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Figure 8.20 A typical MTJ transfer curve showing the device resistance of a MTJ sensor in an
external applied ﬁeld. The most sensitive region occurs over the range 0–15 Oe. (Shen et al. 2005)
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Figure 8.21 Optical images of (a) a single 2 × 6 µm MTJ sensor sealed inside a 600 mm wide
microchannel, and (b) an identical sensor with two single M-280 beads in close proximity. The
orientation of the two external ﬁelds He and Hb is also shown in (b). (Shen et al. 2005)

single bead passes by the sensor quickly. Plateaus are observed (points B and G) when
the beads stick to the sensor area for a longer interval. Points E and F correspond to
a situation where two beads are attached to the junction simultaneously. Starting from
point E, a single bead sits on the sensor for about 20 seconds, during which a voltage of
∼80 mV is observed. At point F, another bead approaches the sensor and sticks to it along
with the ﬁrst one for about 3 s. This results in an additional contribution to the sensor
voltage of ∼60 mV (point E). As shown in Figure 8.22, a consistent average signal of
80 mV was observed for single beads over many measurements. It should be noted that
for some beads (points C, H and I) the signal level is less than 80 µV, and this can be
due to the variation in the bead-to-sensor separation for different beads. The signal is the
highest when beads cross over the central area of the sensor, and the amplitude of this
signal variation is denoted by the shadowed region in the ﬁgure.
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Figure 8.22 Real-time voltage data demonstrating single-bead detection. When a single bead
passes by the sensor, a sharp signal drop is observed (points A, C, D, H and I). When a bead
becomes stuck on the sensor area for an extended length of time, a plateau signal is obtained
(points B and G). Two-step signals (points E and F) correspond to a situation wherein two beads
are attached to the junction at the same time. The shadowed band indicates the typical signal range
measured for a single bead. (Shen et al. 2005)

8.3 Hall Effect Sensors
Various types of Hall effect sensors have been developed for the detection of magnetic
nanoparticles. The ordinary Hall effect is due to the Lorentz force acting on charge carriers in metals, semi-metals and semiconductors. Magnetic materials show additional Hall
phenomena generated by spin–orbit interactions: extraordinary and planar Hall effects.
Some heterostructures show quantum well Hall effect. In the following subsections, we
discuss the silicon Hall effect sensor, planar Hall effect sensor, extraordinary Hall effect
sensor and quantum well Hall effect sensor.
8.3.1 Silicon Hall Effect Sensor
A single magnetic microbead can be detected and characterized using a silicon Hall
sensor fabricated with standard metal-oxide-semiconductor (CMOS) technology (Besse
et al. 2002). As shown in Figure 8.23(a), using micromanipulators, a single microbead of
diameter 2.8 µm was manually placed in the center of a cross-shaped silicon Hall sensor
fabricated in a 0.8 µm CMOS technology. The distance between the sensor and the center
of the bead is r = 7 µm. The active area of the sensor is 2.4 × 2.4 µm2 . It has a sensitivity
of 175 V/AT, a nominal bias current Ib = 0.3 mA and a resistance R = 8.5 kV. Above
100 Hz at room temperature, its magnetic ﬁeld resolution is limited by the thermal noise
to about 0.2 µT Hz −1/2 (Besse et al. 2002).
As shown in Figure 8.23(b), to determine the magnetic characteristics of a single bead,
the Hall sensor and the bead are placed in a static ﬁeld H0 in the z direction. A small AC
ﬁeld H2 is applied parallel to H0 at frequency f0 to measure the small signal behavior of
the magnetization. The Hall voltage VH at frequency f0 is measured using a low-noise
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Figure 8.23 Schematic view of the measurement setup. A single superparamagnetic bead is
centered on a Hall sensor, biased with the current Ib . A DC magnetic ﬁeld H0 is applied perpendicular to the sensor. An AC ﬁeld is added either in the z direction (H2 ) or in the x direction (H1 ). The
Hall voltage VH , containing a component proportional to the magnetic induction produced by the
bead, is measured with a lock-in ampliﬁer. Reprinted with permission from: Besse, P. A. Boero,
G. Demierre, M. Pott, V. and Popovic, R. (2002). “Detection of a single magnetic microbead using
a miniaturized silicon Hall sensor”, Applied Physics Letters, (2002) 80 (22), 4199–4201. (2002)
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Figure 8.24 Measurement of the apparent susceptibility as deﬁned by Equation (8.22). (Ib =
0.3 mA, H2 = 0.18 kA/m, τ = 2 s, f = 0.06 Hz and f0 = 520 Hz). Reproduced by permission of
American Institute of Physics

preampliﬁer and lock-in detector. The voltage VH measures the magnetic induction at the
location of the sensor as a function of the externally applied magnetic ﬁeld. Since the
magnetization of the bead saturates, the Hall voltage at high magnetic ﬁeld is used to
normalize the measured values. Here we deﬁne the apparent susceptibility χ app by (Besse
et al. 2002):
χapp (H0 ) + 1 ≡

VH (H0 )
VH (H0 → ∞)

(8.22)

The value of χ app depends on the geometry of the bead and on the distance between the
bead and the sensor. It tends to vanish at high ﬁelds. Figure 8.24 shows the measured
and modeled apparent susceptibility of a single bead.

Hall Effect Sensors

353

Change in
magnetic induction [µT]

2
0
−2
With bead

−4

Without bead
Model

−6
−8

0

5

10

15

20

Time [s]

Figure 8.25 Detection of the bead, based on the apparent susceptibility measurement of
Figure 8.23. An AC ﬁeld H2 is applied in the z direction. After 10 s, a bias magnetic ﬁeld H0
= 13 kA/m is switched on. The Hall voltage is recorded at frequency f0 (Ib = 0.3 mA, H2 =
0.9 kA/m, τ = 1 s, f = 0.12 Hz and f0 = 520 Hz). (Besse et al. 2002). Reproduced by permission
of American Institute of Physics

Two methods can be used to detect the presence or the absence of the bead: the
ﬁrst-harmonic detection method and second-harmonic detection method (Besse et al.
2002). The ﬁrst-harmonic detection method is similar to the susceptibility measurement
method in Figure 8.24. In the presence of the AC ﬁeld H2 , the bias ﬁeld H0 is switched
from 0 to 13 kA/m stepwise. The magnetic induction on the sensor, and therefore the
Hall voltage VH at frequency f0 , also vary, with a delay corresponding to the integration
time of the lock-in ampliﬁer, as shown in Figure 8.25. This variation is the signature of
the presence of a bead. Compared to the susceptibility measurement, a higher AC ﬁeld
H2 is used in order to increase the change in magnetic induction. It should be noted that
the signal at frequency f0 has a strong offset due to the parasitic inductive signals and
to the direct Hall detection of the excitation ﬁeld H2 . The detection of small variations
superposed to this large offset requires a highly stable AC signal (Besse et al. 2002).
In order to suppress the large offset in the ﬁrst method, the second-harmonic detection
method detects the particle at the second harmonic of the excitation frequency. A bias ﬁeld
H0 is applied perpendicular to the sensor. An AC ﬁeld H1 at frequency f0 is applied in the
x direction, as shown in Figure 8.23. The magnetization vector of the bead follows the total
ﬁeld and, hence, moves in the xz plane. The component Mz varies at frequency 2f0 . The
Hall voltage is detected with the lock-in ampliﬁer at the second harmonic. Switching on
the bias ﬁeld H0 leads to a step response, as shown on Figure 8.26. No signal is measured
at 2f0 when the bead is absent, and so the offset has disappeared (Besse et al. 2002).
For both detection methods, the signal depends linearly on the sensor bias current Ib , and
it is independent of the excitation frequency f0 and disappears when the bead is removed
(Besse et al. 2002). The choice of the detection method depends strongly on the applications. With the ﬁrst-harmonic detection method, integrated planar coils could be used as
AC ﬁeld generators around each sensor. On the other hand, the second-harmonic detection
method suppresses the offset and therefore releases the tolerances on the electronics, but
external coils are needed to produce high AC ﬁelds.
8.3.2 Planar Hall Effect Sensor
As shown in Figure 8.27, a Hall sensor with a plate-shaped geometry is not only sensitive to a magnetic ﬂux density component perpendicular to the plate Bz , but also to a
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Figure 8.26 Detection of the bead, based on the second-harmonic measurement. An AC ﬁeld H1
is applied in the x direction. After 10 s, a bias magnetic ﬁeld H0 = 3.7 kA/m is switched on. The
Hall voltage is recorded at frequency 2f0 (Ib = 0.3 mA, H1 = 62 kA/m, τ = 1 s, f = 0.12 Hz and
f0 = 520 Hz). (Besse et al. 2002). Reproduced by permission of American Institute of Physics
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Figure 8.27 The planar Hall effect in a plate-shaped Hall sensor. (Schott et al. 2000)

component in the plane z of the plate Bxy (Schott et al. 2000; Montaigne et al. 2000).
This phenomenon, called the planar Hall effect, is important for the measurements where
the ﬂux density vector is not perpendicular to the sensor plane, and is especially important
for accurate measurements, when more than one magnetic ﬁeld component is present.
In Figure 8.27, the voltage U34 between the electrodes 3 and 4 for a rectangular Hall
device can be written as (Morvic and Betko 2005):
U34 = Uasym + UH + UH,plan

(8.23)

where the Hall voltage is given by:
UH = RH,s IBz

(8.24)
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and the planar Hall voltage is given by:
UH,plan = RH,plan,s IBx By

(8.25)

Uasym is the voltage between electrodes 3 and 4 due to their asymmetry; RH,s and RH,plan,s
are the transversal (magnetic ﬁeld perpendicular to the sensor plane) and planar (magnetic
ﬁeld parallel with the sensor plane) sheet Hall coefﬁcients, respectively; I, the current
ﬂowing from electrode 1 to electrode 2; Bx = B sin θ cos φ, By = B sin θ sin φ and
Bz = B cos θ are the x, y and z components of the magnetic ﬁeld, respectively; θ is
the angle between the magnetic ﬁeld vector B and the z-axis and φ is the angle between
the planar component of the magnetic ﬁeld Bxy and the x-axis.
The planar Hall effect is based on the AMR of ferromagnetic materials (Ejsing et al.
2004). The transverse voltage on a planar Hall cross depends on the orientation of the
magnetization of the material with respect to the longitudinal current running through
the material. Figure 8.28(a) shows a schematic drawing of a planar Hall sensor. Initially,
the magnetization lies along the easy axis, which is also the direction of the applied
current, Ix . When a magnetic ﬁeld, Hy , is applied in the y direction, the magnetization
rotates by an angle φ in the sensor plane, resulting in a change of the electrical output
signal by the amount Vy . For small angles, the value of Vy is given by:
Vy =

(ρ − ρ⊥ )Ix Hy
·
t
Han

(8.26)

where t is the metal layer thickness, Han is the effective anisotropy ﬁeld of the metal
layer, ρ and ρ⊥ are the resistivities when the magnetization is parallel and perpendicular
to the current, respectively and ρ = (ρ − ρ⊥ ) is responsible for AMR and the planar
Hall effect. Equation (8.26) indicates that the response of the sensor is linear. For bead
detection, Hy in Equation (8.26) represents the applied external ﬁeld plus the sum of

y
y
x

M
x
φ

Vy

easy axis

20 µm
Ix

Figure 8.28 (a) Planar Hall geometry. A current is applied in the x direction and a voltage is
measured in the y direction. The magnetization vector, M, lies in the x–y plane at an angle, φ, to
the current direction. The easy axis is along the current direction; (b) top view micrograph of the
planar Hall sensor. The cross is made of magnetic layers, and the central area marked by a dotted
frame is the 10 µm × 10 µm sensitive area of the sensor. (Ejsing et al. 2005)
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Figure 8.29 Bead detection measurements. A constant voltage (V0 = −464 µV) is subtracted
from the signal to give a baseline at 0 µV

the y components of the ﬁeld created by the homogeneously magnetized spherical beads
weighed by the bead-to-sensor area fraction (Ejsing et al. 2004).
Figure 8.28(b) is a micrograph of a planar Hall sensor. The structure of the sensor
layer is: Ta (30 Å)/NiFe (50 Å)/MnIr (200 Å)/NiFe (200 Å)/Ta (30 Å). The active sensing
layer is the NiFe (200 Å) layer. To demonstrate bead detection, a droplet containing
superparamagnetic beads (2 µm or 250 nm diameter) was placed on top of the sensor, and
the beads were magnetized with an in-plane applied ﬁeld generated by electromagnetic
coils. Figure 8.29 presents the bead detection results (Ejsing et al. 2004). Current through
the sensor is 5 mA and the applied ﬁeld is −15 Oe. At time t = 100 s, the 2 µm beads are
added onto the chip and the signal rises as the beads settle on the sensor. At time t = 300 s,
the beads are washed away and the signal returns to the baseline. At times t = 700 s and
t = 1050 s, respectively, the experiment is repeated yielding the same result. At time t =
1400 s, the 250 nm beads are added to the chip and at time t = 1650 s the beads are washed
away. The experiment is repeated with the 250 nm beads at times t = 2250 s and t =
2650 s, respectively. The 250 nm beads give higher saturation signals than the 2 µm beads
due to their higher susceptibility and higher number on top of the sensor area. Saturation
of the signal occurs when the beads are piled up on top of the sensor and the addition of
another bead is no longer sensed because it is too far away from the sensor to be detected.
8.3.3 Extraordinary Hall Effect Sensor
Figure 8.30 schematically represents a cobalt-carbon Hall device with submicrometer
structures (Boero et al. 2005). The SiO2 layer (about 100 nm) is obtained by dry oxidation. The electrodes are realized by lift-off using an Au (300 nm)/Ti (20 nm) layer.
The Co–C deposit is obtained by decomposing dicobalt octacarbonyl [Co2 (CO)8 ] with
the electron beam of a scanning electron microscope. The deposited material consists
essentially of cobalt nanoparticles embedded in carbonaceous matrix. The devices show a
strong extraordinary Hall effect, whereas the ordinary and planar Hall effects are relatively
small.
Figure 8.31 shows the SEM and AFM images of a Hall device. Each arm of the
cross-shaped device has a length of about 7 µm, a full width at half maximum (FWHM)
of 500 nm, and a thickness of about 50 nm. Though the deposition process produces a
halo-deposit around the main cross-shaped deposit, the active area of the complete device
is about (500 nm)2 (Boero et al. 2005).
Figure 8.32 shows the Hall voltage VH as a function of the externally applied magnetic
induction B (Boero et al. 2005). The magnetic induction is applied ‘out-of-plane’ as shown
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Figure 8.30 (a) Schematic cross-section of the devices; (b) the magnetic induction is applied:
out-of-plane. (Boero et al. 2005)
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Images of a Hall device. (a)SEM image; (b)AFM image. (Boero et al. 2005)
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Figure 8.32 Hall voltage as a function of the out-of-plane magnetic induction. (Boero et al. 2005)

in Figure 8.30(b). The current sensitivity SI is about 0.9 V/AT in the linear region. Since
the device thickness is about 50 nm, this corresponds to a Hall coefﬁcient RH of about 5
× 10−8 m/T. The absence of a signiﬁcant hysteresis in the VH –B curve indicates that
the remanent magnetization is small, and this allows one to use this device for ‘weakly
invasive’ quantitative magnetic imaging at low magnetic ﬁelds (Boero et al. 2005).
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8.3.4 Quantum Well Hall Effect Sensor
The Hall coefﬁcient and noise characteristics of a material depend on the carrier mobility
µ and the inverse of carrier density, 1/n. It is therefore important to choose a material, such
as a quantum well heterostructure, that can provide the necessary characteristics (Mihajlovic et al. 2007). Landry et al. (2004) fabricated Hall sensors from a single quantumwell heterostructure: GaAs (substrate)/GaAs–AlSb buffer layer/300 Al0.6 Ga0.4 Sb/15InAs/
12.5 Al0.6 Ga0.4 Sb/5 In0.6 Al0.4 As/3 InAs/80 sputtered SiNx (the thickness units are in
nanometers). The two-dimensional electron gas (2DEG), at the 15 nm InAs layer, is not
intentionally doped but rather the conduction electrons originated, in part, in the InAlAs
layer. The Hall sensors are deﬁned as a cross shape with an arm width w of roughly 1 µm
by photolithography and dry etch with an argon ion mill (Landry et al. 2004).
Figure 8.33 shows the experimental set-up. An individual magnetic bead is attached to
an atomic force microscopy (AFM) cantilever and scanned over the sensor. This permits
precise control of both the lateral and vertical position of the bead with respect to the Hall
sensor, and also enables simultaneous topographic and Hall voltage imaging. The magnetic
bead is a Fe70 Ni30 nanocomposite with a radius a of approximately 2 µm. Because such
a bead has virtually no remanence, detection requires application of an external magnetic
ﬁeld, H, so that the bead develops a magnetic moment m proportional to H (Landry et al.
2004).
The Hall sensor is placed at the center of the face of a cylindrical magnet that consists of
a NdFeB core that is conﬁgured with soft-magnetic pole pieces in order to yield a number
of discrete magnetic ﬁeld values, up to 4000 Oe, normal to the face of the magnet. An AC
current source provides a bias of 2–5 µA at 337 Hz and the Hall sensor output voltage
VH is measured with a lock-in ampliﬁer. The signal from the lock-in ampliﬁer is fed into
an auxiliary AFM data channel so that the Hall voltage is recorded in registry with the
topographical signal. These data are shown in Figures 8.33(b) and (c), respectively. The
background magnetic ﬁeld may be subtracted by moving the bead a sufﬁcient distance

photodetector
laser beam
AFM
AFM cantilever
bead
V+
I−

I+
Hz

V−

2 µm

(b)
Hall
voltage

magnet

(a)

(c)

Figure 8.33 (a) Measurement set-up for Hall sensors in AFM; (b) topographical image of Hall
sensor taken with magnetic bead; (c) intensity plot of Hall voltage VH , recorded simultaneously
with (b). (Landry et al. 2004)
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Figure 8.34 Normalized ﬁeld proﬁle Bz /Hz from a magnetized bead with a magnetic moment m
= mz over a Hall sensor with width w . Here ρ is the radial distance from the center point under
the bead and is given in units of the bead radius a. z is the distance from the center of the bead to
the quantum well. (Landry et al. 2004)

away from the sensor so that the Hall sensor only detects the external ﬁeld H = Hz .
(Landry et al. 2004)
The Hall sensor measures the ﬁeld of the bead averaged over an effective area of
the Hall sensor. A numerical study of diffusive transport in a 2DEG Hall cross showed
that this area can be twice the geometric area. The ﬁeld from a soft magnetic sphere is
expected to be identical to the ﬁeld from a point dipole having the same moment, located
at the center of the sphere. As shown in Figure 8.34, when a bead is at position (x, y,
z), the perpendicular component Bz has a gradient of values across the area of the sensor
and the Hall output voltage is a response to the average value of this ﬁeld (VH = RH ×
Bz ). The average value of Bz is given by (Landry et al. 2004):
Bz  =

16H a 3 (w2 /2 + z2 )1/2
w4 + 6w2 z2 + 8z4

(8.27)

The ﬁeld of a bead is determined by rastering the bead across the Hall cross to get VH ,
and taking Bz  = VH /RH (Landry et al. 2004). The distance z from the center of the bead
to the quantum well, z = a + t, includes the bead radius a and a free ﬁtting parameter t.
The latter includes the thickness of the top barrier of the quantum well and the passivation
layer, plus additional spacing that may arise from a bead asperity or residue on the device
and/or bead surface.
The ﬁelds from a 1.6 and a 2.1 µm radius bead were measured using Hall sensors with
arm widths ranging from 500 nm to 2.5 mm (Landry et al. 2004). Since the magnetization
of the bead is linearly proportional to the external ﬁeld (inset in Figure 8.35), Bz /Hz is
constant for a given value of a/w. Figure 8.35 shows that the detected bead ﬁeld decreases
as the arm width of the Hall sensor increases. This is expected because the Hall voltage
is proportional to the average magnetic ﬁeld over the sensor area. It follows that efﬁcient
bead detection requires values of a/w larger than 1, and that detection of nanometer scale
magnetic labels will require sensors that are fabricated with comparable minimum feature
size.
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Figure 8.35 Magnetic ﬁeld of Fe70 Ni30 beads measured with Hall sensors. Data points are the
measured bead ﬁeld normalized to the external ﬁeld for the 2.1 mm (triangle) and 1.6 mm (square)
bead. The x axis is the bead radius divided by the nominal Hall sensor dimension. Solid and dashed
lines are ﬁts to Equation (8.26) for 1.6 and 2.1 mm beads, respectively, with 0.2 mm of passivation.
The inset shows Bz  vs Hz for the 2.1 mm bead measured with a 0.6 µm Hall cross. (Landry et al.
2004)
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Figure 8.36 (a) SEM image of the central region of an InAs quantum well micro-Hall sensor
with six Hall crosses and a superparamagnetic bead positioned on one of them. The Hall cross size
was estimated to be 0.9 µm × 1.0 µm; (b) typical Langevin response of a superparamagnetic bead
to an applied magnetic ﬁeld and a sketch of the physical principle underlying the detection method.
B0 , M0 and M1 represent rms values of the corresponding AC quantities. (Mihajlovic et al. 2005)

Here we discuss the single particle detection using an AC phase-sensitive detection
method (Mihajlovic et al. 2005). The sensor was fabricated by photolithography and wet
chemical etching from molecular beam epitaxy grown heterostructure consisting of GaAs
substrate/GaAs buffer (100 nm)/AlAs (10 nm)/AlSb (30 nm)/Al0.7 Ga0.3 Sb (1000 nm)/AlSb
(8 nm)/InAs QW (12.5 nm)/AlSb (13 nm)/GaSb (0.6 nm)/In0.5 Al0.5 As (5 nm). As shown
in Figure 8.36(a), the central region of the sensor was an array of six Hall crosses, and a
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single superparamagnetic bead was placed on a Hall cross. The bead consisted of Fe3 O4
nanoparticles embedded in a spherical latex matrix and its diameter was 1.2 µm.
In order to detect the presence of the bead immobilized on the Hall cross, the sensor
chip was placed in a perpendicular AC excitation magnetic ﬁeld B0 with frequency f0 . The
sensor was biased by a DC current I0 , and the Hall voltage was measured at the frequency
f0 with a lock-in ampliﬁer. Since the bead is superparamagnetic, its magnetization follows
Langevin behavior, as shown in Figure 8.36(b). The AC signal essentially measures the
slope of the Langevin curve, so it depends on the DC magnetic state of the bead. When
the bead is exposed to a DC magnetic ﬁeld B1 its magnetic state shifts towards lower
susceptibility and it lowers the induced AC magnetization in the bead. This reduces the
average AC stray ﬁeld from the bead sensed by the cross, which manifests itself as a drop
in the AC Hall voltage signal. The linearity of the Hall sensors ensures that B1 does not
induce any change in the AC Hall signal on an empty Hall cross without a bead on top.
Therefore this drop is a deﬁnitive signal indicating the presence of a bead on the Hall
cross. The magnitude of the drop in the AC Hall voltage can be expressed as:
VH = RH I0 CM

(8.28)

where C is the coupling coefﬁcient that quantiﬁes the strength of the interaction between
the magnetization of the bead and a sensing 2DEG in the Hall cross area, and M = M0
− M1 is the difference in the induced AC magnetizations of the bead before and after
B1 has been applied respectively, as shown in Figure 8.36(b). For a particular sensing
application the values of B0 and B1 can be chosen to achieve optimal signal to noise ratio
(S/N) based on the magnetic properties of the bead and the sensor’s sensitivity (Mihajlovic
et al. 2005).
Figure 8.37(a) shows an SEM image of two adjacent Hall crosses, an empty one and
one with a bead. A constant DC current, I0 = 40 µA, ran through the sensor in a horizontal
direction and the Hall voltage was measured perpendicular to the current ﬂow for both
crosses. The AC excitation ﬁeld was B0 = 2.13 mT at f0 = 622 Hz, and the DC ﬁeld
B1 on

0.5

B1 off

0.0

VH1

I0

5 µm
I0
1 µm

VH2

VH [µV]

−0.5
−1.0
−1.5

VH1

−2.0
−2.5

VH2
0

20

40

60

80

Time [s]
(a)

(b)

Figure 8.37 (a) SEM image of two adjacent Hall crosses adapted to show the actual detection
measurement conﬁguration; (b) AC Hall voltage as a function of time for the two crosses shown in
(a). The drop in the signal from one cross upon applying the static ﬁeld B1 is due to the presence
of the bead. (Mihajlovic et al. 2005)
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B1 = 6.1 mT was applied and then removed at about 30 and 60 s, respectively, after the
measurement had started. As shown in Figure 8.37(b), a clear drop in the Hall voltage was
observed for the cross with the bead and was completely absent for the empty cross. The
magnitude of the voltage decrease was VH = 2.0 µV, which corresponds to a change
in the sensed stray ﬁeld of CM = 80 µT. Under the given experimental conditions the
noise level was measured to be VHN = 105 nV, corresponding to a minimum detectable
change in the stray ﬁeld CMmin ∼ 4.3 µT and S/N = 25.6 dB (Mihajlovic et al. 2005).
A weakness of this detection method is the large offset created by the direct sensor
Hall response to the AC excitation ﬁeld which is typically orders of magnitude larger
than the small signal from the magnetic bead. This large background can be eliminated
using a Hall gradiometry method (Mihajlovic et al. 2005).

8.4 Other Sensors Detecting Stray Magnetic Fields
Besides the magnetoresistance-based sensors and Hall-effect sensors, other sensors based
on measuring the stray magnetic ﬁelds of magnetic beads mainly include the giant magnetoimpedance sensor, frequency-mixing method and SQUID method.
8.4.1 Giant Magnetoimpedance Sensor
The giant magnetoimpedance (GMI) can be considered as a high frequency analogy of
giant magnetoresistance, and the GMI effect has received much attention as a candidate to develop new generation micro-magnetic sensors (Mahdi et al. 2003). The giant
magnetoimpedance (GMI) effect includes a large and sensitive change in an AC voltage
measured across a soft magnetic specimen subjected to a high frequency current under the
effect of a DC, or lower frequency, magnetic ﬁeld. To get a large change in impedance,
two conditions should be satisﬁed (Kurlyandskaya and Levit 2005): (i) the frequency of
the excitation current must be such that it ensures a strong skin effect, and (ii) the magnetic
structure has to provide an AC transverse permeability sensitive to the external ﬁeld.
Kurlyandskaya and Levit (2005) developed a prototype GMI sensor using an amorphous
ribbon (Co67 Fe4 Mo1.5 Si16.5 B11 ). As shown in Figure 8.38, a non-magnetic plastic bath
was situated in the central part of the non-magnetic support of an imprinted circuit board.
The ribbon sensitive element was installed in the bath through holes made in the centers
of butt-ends and then plumbed by non-evaporating high quality vacuum resin to avoid
mechanical stresses, which affect the magnetic element sensitivity. The ribbon sensitive
element was ﬂat and two surfaces of it were active and participated in the sensing process.
The magnetoimpedance was measured by a standard four point technique as shown in
Figure 8.39 (Kurlyandskaya and Levit 2005). The magnetic conductive sensitive element
was always connected in series with a reference resistor. Current amplitude was constant
through each measurement regardless of impedance changes. Driving current intensities
Irms were kept small to prevent Joule heating. The voltage induced in the sample U,
was measured by an oscilloscope and the impedance value was calculated according to
Ohm’s law. An external magnetic ﬁeld in the interval of −150 to +150 Oe was applied
by a pair of Helmholtz coils in the plane of the amorphous ribbon. In a majority of
studies the external magnetic ﬁeld was parallel to the wire axis and the ﬂowing current.
Some calibration measurements were taken under different angles, α, between the external
magnetic ﬁeld and the ribbon axis. To control the hysteresis of the magnetoimpedance
with respect to the applied ﬁeld, the measurements can be taken both in increasing and
decreasing ﬁelds, always starting from the state of magnetic saturation. The response of
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Figure 8.38 GMI-biosensor prototype with amorphous Co67 Fe4 Mo1.5 Si16.5 B11 ribbon as a
magnetic sensitive element. The driving AC current applied via the driving current contacts and
induced voltage is collected from the measuring contacts. Two surfaces of the amorphous ribbon
are active. (Kurlyandskaya and Levit 2005)
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Figure 8.39 Basic diagram of the GMI circuit. External ﬁeld can be applied (a) parallel to the
axis of the amorphous ribbon or (b) at an angle α, to it. (Kurlyandskaya and Levit 2005)

the magnetoimpedance-based element depends on a number of parameters: frequency and
intensity of the driving current, angle between the external ﬁeld H and the ribbon long
axis. GMI ratio, Z/Z, is deﬁned as follows:
Z
100 · [Z(H ) − Z(H = 150 Oe)]
=
%
Z(H, f )
Z(H = 150 Oe)

(8.29)

Figure 8.40 shows a general testing procedure of the GMI-biosensor. A suspension
containing magnetic labels coated with antibodies speciﬁc for the antigens of interest is
mixed with a test solution, and all the free magnetic labels are removed after the formation
of the complexes of antigen–antibody–magnetic label. The ﬁrst response of the biosensor
is measured in a solution containing no magnetic labels. Afterwards the response of
the biosensor is measured in the solution containing antigen–antibody–magnetic label
complexes. The difference in the induced voltage represents the quantity of the antigens
of interest in the test sample (Kurlyandskaya and Levit 2005).
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Figure 8.40 A general procedure for detection of biocompatible magnetic particles using a
magnetoimpedance-based sensor. Magnetic particles coated with speciﬁc antibodies are mixed with
the test solution, and all the particles that do not participate in the molecular recognition events
are removed. The voltage U0 induced in the sensor in a solution containing no magnetic labels
is compared with the voltage U1 induced when the solution contains antigen–antibody–magnetic
label complexes. (Kurlyandskaya and Levit 2005)

As the sensitivity of GMI is very high, it is not necessary to attach a magnetic label at
a short distance from passivation and/or chemical reactive layers. It makes an analysis of
the sensor response more complex, and requires the use of elaborate mathematical models.
It should be noted that the response of the magnetoimpedance-based element depends on
a number of parameters: frequency and intensity of the driving current, angle between
the external ﬁeld H and the ribbon long axis. Detailed discussion on the effects of these
parameters can be found in (Kurlyandskaya and Levit 2005).
8.4.2 Frequency Mixing Method
Meyer et al. (2007) developed a detection technique for magnetic nanoparticles, based
on frequency mixing at the nonlinear magnetization curve of superparamagnets. Upon
magnetic excitation at two distinct frequencies f1 and f2 incident on the sample, the
response signal generated at a frequency representing a linear combination mf1 + nf2
is detected. The appearance of these components is highly speciﬁc to the nonlinearity
of the magnetization curve of the particles. The low-frequency ﬁeld component f2 is
used to periodically drive the magnetic particles into the nonlinearity regime. Therefore,
its amplitude has to be sufﬁciently high, in the range of several milli-tesla. Each time
the low-frequency ﬁeld is close to its absolute maximum, the magnetic particles are
magnetically saturated, whereas at the time of zero crossings, they are in their linear
regime. Thus, the particles are switched between linear and nonlinear behavior with a
frequency 2 × f2 , equal to twice the driver frequency (Meyer et al. 2007).
The high-frequency ﬁeld component f1 serves as a probe of the nonlinearity of the
magnetization curve. A frequency around 50 kHz constitutes a good compromise, yielding a high ﬁeld sensitivity of the detection coil and an acceptable probing ﬁeld amplitude
of a few hundreds of micro-tesla (Meyer et al. 2007). The response of the superparamagnetic particles to this probing ﬁeld will differ depending on the respective state of
the driving ﬁeld. In case of saturation, the response will be lower than in the case of
linearity. Thus, it is obvious that the simultaneous presence of both the driving ﬁeld at
frequency f2 and the probing ﬁeld at frequency f1 leads to the appearance of a sum
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frequency at frequency f1 + 2 × f2 . In addition to this mixing component, other linear
combinations also appear.
Figure 8.41 shows the experimental set-up. An 80 MHz quartz oscillator serves as a
common reference. All the frequencies in the measurement system are derived from this
clock to ensure that they are phase-locked, thus eliminating problems from frequency
drift. Coaxial coils provide magnetic excitation ﬁelds at two distinct frequencies f1 =
49.38 kHz and f2 = 61 Hz incident on the sample. By means of a differential pickup coil,
the response signal of the sample inside the coil at a frequency f1 +2f2 is detected. This
mixing component was chosen since it is maximal for a vanishing static offset ﬁeld. It is
important to balance the differential pickup coil well against the middle excitation coil in
order to minimize direct induction at f1 = 49.38 kHz in the detection coil. The signal is
retrieved by ﬁrst demodulating the probing frequency, f1 , and subsequently demodulating
at twice the driving frequency, 2f2 . The output signal is low-pass ﬁltered in order to
suppress the carrier frequencies (Meyer et al. 2007).
As an example this method was used to detect the c-reactive proteins (CRPs). CRP
is a very signiﬁcant human blood marker for inﬂammatory processes and is routinely
determined for many clinical purposes. For the purpose of fast and easy CRP-detection
combined with a high speciﬁcity, the two anti-CRP antibodies clone C2 and clone C6 are
used. One of them (C2) was used as capture antibody, adsorptively bound to the solid
phase of the measurement column. The second antibody (C6) served as a detection label
antibody, meaning that it was biotinylated and attached to the streptavidin coated magnetic
beads. As shown in Figure 8.42, this antibody–magnetic bead complex interacts with the
captured antigen on the measurement column and can be quantiﬁed by the magnetic sensor
(Meyer et al. 2007).
Figure 8.43 shows a standard calibration curve for the CRP detection based on magnetic
beads. Measurements were performed in pH7.3 PBS-buffer (0.15 M). The measurable
dynamic range lasts is from 25.0 ng CRP/ml (28.5 pM) to 2.5 µg (2.9 nM) CRP/ml. Higher
signals are obtainable, but leave the linear dynamic range. The detection limit of 10 times
the technical background noise is located between 10.0 and 25.0 ng CRP/ml (Meyer et al.
2007).
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Figure 8.41 Set-up for the detection of magnetic nanoparticles using the frequency mixing
technique. The frequency of an 80 MHz quartz oscillator is divided by three counters. The magnetic
ﬁeld B1 of frequency f1 = 49382 Hz is generated by a 1/1620 division of the oscillator frequency,
the magnetic ﬁeld B2 of frequency f2 = 61 Hz by an additional 1/808 division. After demodulation
with f1 , the frequency component 2f2 is demodulated in a second stage and used as the output
signal. (Meyer et al. 2007)
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Figure 8.42 Magnetic sandwich bioassay for the detection of c-reactive protein (CRP). (Meyer
et al. 2007)
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Figure 8.43 Calibration curve of magnetic bead-based CRP biosensor assay in pH 7.3 PBS-buffer
(0.15 M). Dynamic detection range is linear, but appears exponential due to the logarithmic concentration axis. Net signal denotes the signal without the blank value signal. (Meyer et al. 2007)

8.4.3 Superconducting Quantum Interference Detectors
Superconducting quantum interference detectors are among the most sensitive sensors. In
the following, we discuss the working principles of SQUID magnetometers, followed by
the detection of magnetic particles bound to a substrate. SQUID can also be used as a
sensor based on magnetic relaxations, as discussed in subsection 8.5.1.
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8.4.3.1 Working Principles of SQUID Magnetometers
SQUID magnetometers have the ability to convert minute changes in current or magnetic
ﬁeld to a measurable voltage, and this ability is based on the principles of superconductivity, the Meissner effect, ﬂux quantization and the Josephson effect (Clarke 1996). A
Josephson junction is a weak link between two superconductors that is capable of carrying supercurrents below a critical value Ic . The weak link can be either a thin layer of
insulator, an area where the superconductor itself narrows to a very small cross-section or
a superconducting bridge between two superconducting sections. When a superconducting ring interrupted by a weak link is exposed to an external magnetic ﬁeld, a shielding
supercurrent ﬂows around the inner surface of the ring via the weak link. In this case
the supercurrent will be an oscillating function of the magnetic ﬁeld intensity, such that
it ﬁrst rises to a peak as the ﬁeld increases, then falls to zero then increases again
and so on. In a SQUID, these periodic variations are exploited to measure the current in the superconducting ring and, hence, the applied magnetic ﬁeld (Mahdi et al.
2003).
As depicted in Figure 8.44, there are two types of SQUIDs: RF and DC. An RF SQUID
is actually a superconducting ring interrupted by one Josephson junction; while in a DC
SQUID, the superconducting ring interrupted by two Josephson junctions. The difference
between the two is in the nature of the biasing current being an RF or a DC. In either
type, the special properties of the Josephson junction cause the impedance of the SQUID
to be a periodic function of the magnetic ﬂux threading the ring. This makes a SQUID
function as a ﬂux-to-voltage converter with the highest ever known magnetic sensitivity.
Depending on the superconductors, we have low temperature (LTS) SQUIDs operating
at liquid helium temperature (4.2 K), and high temperature (HTS) SQUIDs operating at
liquid nitrogen temperatures (77 K and above). LTS devices are mostly DC SQUIDs,
while HTS devices can be either DC or RF SQUIDs, fabricated from the ceramic oxide
known as YBCO (Mahdi et al. 2003).
As the SQUID ring is too small to detect weak ﬁelds, a superconducting transformer
with a pick-up loop forming a gradiometer is usually added to the device. The gradiometer
discriminates strongly against distant noise sources, which have small gradient, in favor
of locally generated signals and thus enhance the sensitivity of the SQUID magnetometer
(Mahdi et al. 2003). A complete SQUID magnetometer comprises extra coupling and

Superconducting Ring

RF SQUID ring

Figure 8.44

Josephson Junction

DC SQUID ring

Basic components of DC and RF SQUID rings. (Mahdi et al. 2003)
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Figure 8.45 A simpliﬁed circuit of a ﬂux-locked DC SQUID magnetometer. (Mahdi et al. 2003)

read-out units to the basic SQUID ring, as shown in Figure 8.45. The actual sensitivity
of a SQUID magnetometer is dependent on the sensitivity of the added units and on the
intrinsic and external noise. Different noise cancellation methods using gradiometers of
various orientations and orders, with additional ﬁltering techniques, have been developed
and successfully used to improve the sensitivity of SQUID magnetometers, particularly
in cases where weak magnetic signals immersed in noise are to be detected in unshielded
environments (Bick et al. 2001).
8.4.3.2 Measurement of Magnetic Particles’ Bond to a Substrate
Enpuku et al. (2005) have developed a magnetic immunoassay using a SQUID. The
magnetic ﬁeld from the marker that couples to the antigen is detected with the SQUID.
Compared to the conventional optical system, the SQUID system is expected to have
high sensitivity and the capability to detect in the liquid state. Figure 8.46 schematically
shows the working principle of magnetic immuno-assay utilizing the magnetic marker
and the SQUID. The antigen is detected by using its antibody that selectively couples
to the antigen. The antibody is labeled with the marker made of magnetic nanoparticle
with diameter d . The binding reaction between the antigen and its antibody is detected
by measuring the magnetic ﬁeld from the marker.
The magnetic signal from the marker depends on the magnetic property of the nanoparticle. The magnetic property of the nanoparticle is strongly affected by the thermal noise,
i.e., relaxation of magnetization occurs due to thermal noise. The detection method of the
nanoparticle must be chosen depending on the size of the particle. Using the anisotropy
energy density K and the volume V = (4π/3)(d/2)3 of the particle, the relaxation time τ
can be expressed as:
τ = τ0 exp(KV /kB T )

(8.30)

where τ 0 = 10−9 s is the characteristic time. For typical value of K = 13 kJ/m3 , the
relaxation time becomes τ = 2.6 × 10−7 s for d = 15 nm and T = 300 K. In this case,
remanence cannot be kept, and the particle shows superparamagnetic property. When the
size is increased to d = 25 nm, the relaxation time becomes τ = 144 s. In this case,
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Figure 8.46 Magnetic immuno-assay using a SQUID. The antibody is labeled with the magnetic
marker made of Fe3 O4 nanoparticle. The binding reaction between an antigen and its antibody is
detected by measuring the magnetic ﬁeld from the marker. (Enpuku et al. 2005). Reproduced by
permission of IEICE

the particle can keep remanence after magnetization. Here Fe3 O4 nanoparticles with d =
25 nm are used (Enpuku et al. 2005).
Figure 8.47(a) shows a SQUID system for the magnetic immuno-assay. The sample is
a square with side length 2a, and the number of the magnetic particles in the sample is N,
and the volume of each particle is V. The sample is magnetized in the z direction outside
the SQUID system, and each particle has the magnetic moment M per unit volume.
The magnetic moment mz per unit area is given by mz = NVM/(2a)2 . As shown in
Figure 8.47(b), the pickup coil for the SQUID is made of thin ﬁlm with width wp , and
the outermost side length is 2b. The distance between the SQUID and the sample is z,
and the z- component of the magnetic ﬁeld Bz is detected.
Figure 8.48(a) schematically shows the sample used in the experiment conﬁguration,
where two antigens called IL8 and human IgE were used. To align the direction of the
moment and to generate remanence of the sample, a ﬁeld of 0.1 T was applied perpendicular to the substrate outside the SQUID system. Then, the sample was inserted into the
SQUID system, and the remanence ﬁeld of the sample measured, where the time interval
z

2b

B

SQUID
2b

Ls
dp

wp

Is

y
z

mz
2a
sample

SQUID

x

substrate
(a)

(b)

Figure 8.47 (a) Measurement of the magnetic ﬁeld from the assembly of magnetic nanoparticles.
The size of the sample is 2a, and the distance between the sample and the SQUID is z. The sample
has the magnetic moment mz per unit area; (b) directly coupled SQUID. Square pickup coil with
side length 2b is made of thin ﬁlm with width wp . (Enpuku et al. 2005). Reproduced by permission
of IEICE
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Figure 8.48 (a) Schematic ﬁgure of the sample. Two antigens called IL8 and human IgE are used
for the experiment; (b) relationship between the signal ﬂux s and the molecular concentration of
IL8 and IgE. (Enpuku et al. 2005). Reproduced by permission of IEICE

between magnetization and measurement was about one minute. Figure 8.48(b) shows the
relationship between the signal ﬂux s and the molecular concentration of the antigen. A
good relationship between s and the number of antigens was obtained for both samples.
A few atto-mol of IL8 and IgE can be detected, which shows the high sensitivity of this
method (Enpuku et al. 2005).

8.5 Sensors Detecting Magnetic Relaxations
Magnetorelaxometry (MRX) is a powerful analytical tool for the speciﬁc detection of
biological molecules, such as proteins, bacteria or viruses. The basic idea of MRX is
that moments of magnetic nanoparticles are aligned by a magnetic ﬁeld and then, after
switching off the ﬁeld, the decay of the net magnetic signal as a function of time is
analyzed (Ludwig et al. 2005; Perez et al. 2002). Mobile magnetic nanoparticles relax
via the Brownian mechanism on a time scale of microseconds, whereas nanoparticles
that are immobilized, e.g., by binding to a large biomolecule, relax via the Neel mechanism. Therefore, bound and unbound magnetic nanoparticles (MNPs) can be distinguished
by their different relaxation times and time dependencies. Measurement times typically
amount to a few seconds depending on the number of averages.
Usually MRX is performed using superconducting quantum interference devices
(SQUIDs) known to be the most sensitive solid-state magnetic ﬁeld sensors, while ﬂuxgate
is a simple method which does not require complicated instruments.
8.5.1 SQUID MRX
Grossman et al. (2004) developed a technique for the detection of magnetically labeled
Listeria monocytogenes and for the measurement of the binding rate between antibodylinked magnetic particles and bacteria. Using this technique to quantify speciﬁc bacteria,
the bacteria do not need to immobilized, and the unbound magnetic particles do not need
to be washed away. In the measurement, a pulsed magnetic ﬁeld is applied to align the
magnetic moments, and when the pulsed magnetic ﬁeld is turned off, a SQUID is used to
detect the magnetic relaxation signal. Brownian rotation of unbound particles is too quick
to be detected. On the other hand, the particles bound to L. monocytogenes relax in about
one second by rotation of the internal dipole moment. Such a Neel relaxation process can
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be detected by SQUID, and the binding rate between the particles and bacteria can be
obtained by time-resolved measurements.
As shown in Figure 8.49, 50 nm-diameter γ -Fe2 O3 particles were coupled to polyclonal
antibodies raised against the bacterial pathogen Listeria monocytogenes and added to a
suspension of that organism. After allowing time for the particles to bind to the targets,
the sample was placed in a SQUID and a pulsed magnetic ﬁeld was applied to align
the magnetic dipole moments. Each time the ﬁeld is turned off, the SQUID detects the
magnetic relaxation signal. Unbound particles relax in about 50 µs by Brownian rotation,
and this time is too short for the SQUID system to measure. However, the particles
bound to the relatively large bacteria undergo Neel relaxation, in which their internal
dipole moments relax to the lowest energy state. The resulting magnetic decay, which
occurs in about 1 s, is detected by the SQUID. Because the measured magnetic relaxation
is due only to the bound particles, changes in the magnetic relaxation amplitude over time
indicate the rate at which particles bind to bacteria (Grossman et al. 2004).
This method does not require immobilization of the targets or washing away of the
unbound particles. The bound and unbound particles can be differentiated by the different
mechanisms by which they relax after the removal of a magnetic ﬁeld. Brownian relaxation
is a physical rotation of the particles, with a relaxation time:
τB = 3ηVH /kB T

(8.31)

where η is the viscosity of the medium, VH is the hydrodynamic volume, kB is Boltzmann’s constant and T is the temperature. Taking T = 293 K and η = 10−3 kg · m−1 · s−1 ,
τ B is about 50 µs for sphere particles with a hydrodynamic diameter of 50 nm (Grossman
et al. 2004).
Neel relaxation originates from the anisotropy of the crystalline lattice. Many magnetic
materials have an easy axis of magnetization. When the crystal is magnetized along the
easy magnetization axis, the energy is minimized. If an external ﬁeld rotates the magnetization away from the easy axis, the magnetization eventually returns to its preferred

B

magnetic particle
antibody

target bacterium
(a)

(b)

Figure 8.49 Procedure of magnetorelaxometry. A suspension of superparamagnetic particles,
coupled to antibodies, is added to the liquid sample. (a) A magnetic ﬁeld is applied to align
the magnetic moments of the particles; (b) as the magnetic ﬁeld is turned off at time t ≈τ B , the orientations of the unbound particles are randomized due to the Brownian rotation, whereas particles
bound to bacteria are still aligned. The magnetic moments of the bound particles reorient slowly
by means of Neel relaxation. (Grossman et al. 2004). Published with permission of the National
Academy of Sciences, USA
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direction on removal of the ﬁeld. The Neel relaxation time for a single domain particle is:
τN = τ0 exp(KVM /kB T )

(8.32)

where τ 0 is about 10−9 s, K is the magnetic anisotropy constant and VM is the magnetic
core volume. The parameters τ 0 and K depend on the shape of the particle, and values of
τ 0 vary by up to four orders of magnitude. By assuming that the magnetic core of each
particle consisted of a cluster of 10 nm γ -Fe2 O3 nanoparticles (K ≈ 2.5 × 104 J · m−3 ),
Equation (8.32) predicts τ N ≈ 25 ns for an individual 10 nm nanoparticle at T = 293 K.
As the magnetic interactions between the nanoparticles within each core slow down the
overall relaxation rate, the Neel relaxation time of these particles fall within the 1 ms to
1 s measurement window of the SQUID system (Grossman et al. 2004).
Figure 8.50 shows the measurement conﬁguration and the basic structure of the SQUID.
The voltage across the current-biased SQUID oscillates quasi-sinusoidally as a function
of the magnetic ﬂux  threading the loop with a period of the magnetic ﬂux quantum,
0 = h/2e ≈ 2 × 10−15 T · m−2 . To linearize the ﬂux-to-voltage conversion, the SQUID
is operated in a ﬂux-locked loop that maintains the ﬂux through it at a constant value;
the output voltage of this feedback circuit is proportional to .
Figure 8.51 shows typical time traces for an L. monocytogenes sample and associated
controls. These data were ﬁtted to a sum of logarithmic and exponential functions. The
logarithmic decay is characteristic of Neel relaxation for particles with a wide distribution of sizes, and therefore of relaxation times. The exponential decay comes from
particle aggregates, formed after the ﬁltration step, which are large enough to relax via
Brownian rotation on a measurable timescale without being bound to targets. The ﬁtting
function is:
(t) = offset + s ln(1 + τmag /t) + exp exp(−t/τexp )

(8.33)

where offset is an offset caused by the fact that the SQUID measures relative, rather
than absolute, magnetic ﬂux; s , the logarithmic decay amplitude, is proportional to the
number of bound particles; τ mag = 1 s is the magnetization time; exp , the exponential
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Figure 8.50 (a) Top portion of the SQUID microscope. The SQUID, inside a vacuum enclosure,
is mounted on a sapphire rod thermally connected to a liquid nitrogen reservoir (not shown). A
75 µm-thick sapphire window separates the vacuum chamber from the atmosphere. The sample is
contained in a Lucite holder, with a 3 µm-thick Mylar base, aligned against a positioning element;
(b) conﬁguration of the YBCO SQUID. The slit is 4 µm wide. (Grossman et al. 2004). Published
with permission of the National Academy of Sciences, USA
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Figure 8.51 Example of magnetic decay signals. For the traces shown, the concentration of
bacteria was 108 per ml, and the concentration of particles was 0.13 relative to the stock suspension. A 0.4 mT ﬁeld was pulsed on for 1 s and off for 1 s, and data were recorded each time the
ﬁeld was turned off; 100 averages were taken. (Grossman et al. 2004). Published with permission
of the National Academy of Sciences, USA

decay amplitude, depends on the number of unbound particle aggregates; and τ exp is
the exponential decay time constant. Fitting Equation (8.32) to the measurement results
gives τ exp ≈ 15 ms, corresponding to a hydrodynamic diameter of ≈340 nm for a sphere
(Grossman et al. 2004).
To investigate whether the observed increase in response was due to the speciﬁc
interaction between L. monocytogenes and magnetic particles, the L. monocytogenes
was exchanged for E. coli . As shown in Figure 8.51, because the particle–antibody
complexes show little cross-reactivity to E. coli , the ‘E. coli’ and ‘particles alone’ curves
overlay each other.
8.5.2 Fluxgate MRX
Figure 8.52 schematically shows MRX set-ups using a single ﬂuxgate magnetometer (a)
and a differential ﬂuxgate conﬁguration (b). In both cases, the ﬂuxgate magnetometers

(a)

(b)

Figure 8.52 Schematic drawing of MRX set-ups using (a) a single ﬂuxgate sensor and (b) a
differential arrangement using two ﬂuxgate sensors. Arrows in the ﬂuxgate magnetometers indicate
sensitive axes. Magnetizing ﬁeld (dotted lines) is oriented perpendicularly to the sensitive axes
of the ﬂuxgate sensors. Arrows in the circularly shaped sample indicate direction of its magnetic
moment. (Ludwig et al. 2005)
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and the magnetic nanoparticle sample are located in the middle of a Helmholtz coil,
which provides a homogeneous magnetic ﬁeld over relatively large samples and over the
magnetic ﬁeld sensors. As shown in Figure 8.52(a), using a single ﬂuxgate magnetometer
with its sensitive axis oriented perpendicularly to the magnetizing ﬁeld, the signal coupled
by a magnetic dipole to the ﬂuxgate is maximum when the dipole is located at one of the
ends of the rod-like core. A disadvantage of the single ﬂuxgate arrangement is that only
nanoparticles that are relatively close to the ﬂuxgate sensor contribute to the signal due
to the 1/r3 decay of the magnetic ﬁeld of a magnetic dipole. In the differential conﬁguration shown in Figure 8.52(b), the sample is placed symmetrically between two parallel
ﬂuxgates with their sensitive axes being oriented perpendicularly to the magnetizing ﬁeld
and thus to the magnetic dipole axis. Thus, with no magnetic sample, ideally no magnetic
ﬁeld from the Helmholtz coil is seen by the magnetometers. Taking the difference of the
two ﬂuxgate magnetometer signals as output, spatially homogeneous environmental ﬁelds
are cancelled whereas the magnetic signals from the sample add constructively. Thus,
this set-up can perform MRX measurements in a magnetically disturbed environment. In
addition, using the differential set-up, the total signal is expected to be twice that of a
single
ﬂuxgate, resulting in an increase of the signal-to-noise ratio (SNR) by a factor of
√
2 compared to the single-sensor set-up (Ludwig et al. 2005).
Figure 8.53 shows the 20 times averaged relaxation curves measured on the highest concentration freeze-dried magnetite sample, without any magnetic shielding. The sample was
magnetized in a ﬁeld of 2 mT for 2 s and data were recorded for 1.5 s (Ludwig et al. 2005).
For comparison, the difference signal is depicted along with the signals measured with the
two individual ﬂuxgates. The magnetized sample causes the signals in both ﬂuxgates to
have opposite signs, whereas the amplitude of the difference signal is twice that of each
individual sensor. Furthermore, it can be seen that the differential ﬂuxgate conﬁguration
effectively suppresses 50 and 150 Hz signals detected by the individual sensors.
One advantage of using ﬂuxgates compared to SQUID magnetometers is that a ﬂuxgate
measures absolute ﬂux densities. In spite of the lower resolution compared to SQUID
MRX, the differential ﬂuxgate set-up has the advantage of being a compact and robust
measurement system that does not require any cryogenic cooling and magnetic shielding.
This method has the potential for an on-line bio-analytical tool without the need to wash
away unbound markers (Ludwig et al. 2005).
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Figure 8.53 Magnetic relaxation signal measured with the two individual ﬂuxgate magnetometers
and the difference signal. Measurements were performed in a magnetically unshielded environment
on a freeze-dried magnetite sample (Fe content ≈14 µmol). (Ludwig et al. 2005)
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8.6 Sensors Detecting Ferroﬂuid Susceptibility
8.6.1 Theoretical Background
The binding of biomolecules to colloidal magnetic particles in suspension can be derived
from the frequency dependence of the magnetic susceptibility of the magnetic colloids.
This method is based on the fact that binding with biomolecules increases the hydrodynamic radii of the microbeads, and thus the frequency dependence of the magnetic
susceptibility of the ﬂuid will be shifted (Connolly and St Pierre 2001; de Oliveira et al.
2005).
The complex magnetic susceptibility of a ﬂuid containing monodisperse magnetic
particles is given by Equations (8.7) and (8.8). However, the magnetic particles in an
actually magnetic ﬂuid usually have a radius distribution. The susceptibilities then become
(Connolly and St Pierre 2001):
∞

χ  (ω) =
0

∞

χ  (ω) =
0

χ0 p(r)
dr
1 + (cωr 3 )2

(8.34)

χ0 cωr 3 p(r)
dr
1 + (cωr 3 )2

(8.35)

where the parameter c is given by c = 4πη/kT, and p(r)dr is the probability of a particle
having a radius between r and (r + dr). Usually the hydrodynamic radii in suspension
follow a normal distribution:
p(r) =

1
−(r − rm )2
√ exp
2σ 2
σ 2π

(8.36)

where σ is the standard deviation (SD) and rm is the mean hydrodynamic radius of the
distribution.
Figure 8.54(a) shows the calculated frequency-dependent susceptibility of a magnetic
suspension. The hydrodynamic radii of the magnetic particles in the suspension have a
normal distribution with a mean of 75 nm and a standard deviation of 7.5 nm (Connolly
and St Pierre 2001). As shown in Figure 8.54(b), if these particles are coated with a layer
of biomolecules (1 nm), the spectrum of the susceptibility will be shifted by about 10 Hz.
Figure 8.54 also indicates that a 1:1 mixture of the two types of particles with mean radii
75 nm (SD 7.5 nm) and 76 nm (SD 7.5 nm) respectively, has a susceptibility spectrum
which is different from that of either pure type. The susceptibility spectrum of a mixture,
consisting of two types of particles with very different distributions of hydrodynamic
radii, will exhibit two discrete peaks corresponding to the rotational relaxations of the
two types of particles.
Biomolecules could be detected by using AC magnetic susceptibility measurements to
monitor the binding-induced modiﬁcation of Brownian relaxation of magnetic nanoparticles suspended in liquids. This substrate-free detection scheme has several advantages
(Connolly and St Pierre 2001; Chung et al. 2005): (i) it generates a useful signal in both
the presence and absence of the target, thus providing an inherent check for integrity; (ii)
it permits discrimination between several potential targets, since beside the binding afﬁnity additional information about the target size can be obtained; and (iii) it can generate
quantitative information about the target concentration. We discuss below three methods for the measurement of complex magnetic susceptibility: the slit toroid method, coil
method and PPMS method.
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Figure 8.54 (a) Real part χ  (ω) and imaginary part χ  (ω) of the complex susceptibility for
an aqueous suspension with blocked magnetic particles at 20 ◦ C. The particles have a normal
distribution of hydrodynamic radii, with mean radius 75 nm and standard deviation 7.5 nm; (b)
χ  (ω) for aqueous suspensions of blocked particles with hydrodynamic radii of (A) rm = 75 nm
and (B) rm = 76 nm. The standard deviation for both (A) and (B) is 7.5 nm. The curve marked
(1:1 A:B) represents the χ  (ω) value for a 1:1 mixture of type (A) and type (B) particles. All
the calculations are made according to Equations (8.34)–(8.36). (Connolly and St Pierre 2001)

8.6.2 Slit Toroid Method
Fannin et al. (1986) developed a slit toroid method to measure frequency dependence of
χ  (ω) and χ  (ω), as shown in Figure (2.17). In this method, a mumetal toroid with a
narrow slit wound with 20 turns of wire is used. The sample under test can be held in the
slit by the surface tension of the ﬂuid, and an alternating current runs through the wire,
producing an alternating magnetic ﬁeld in the toroid and the slit. An impedance analyzer
is used to measure the impedance of the toroid.
The impedances of the coil-toroid system at three different states are measured as functions of frequency. In the ﬁrst state, the slit is empty; in the second state, the slit is
ﬁlled with magnetic ﬂuid; and in the third state, the slit is ﬁlled with magnetic ﬂuid plus
biomolecules. From the impedances of the above three states, the information about the
bindings between biomecules and magnetic particles can be obtained (Connolly and St
Pierre 2001).
8.6.3 Coil Methods
8.6.3.1 Inductance Method
Kriz et al. (1996) developed a transducer concept in biosensors, utilizing measurements of
magnetic permeability. As the magnetic permeability of a material inside a coil inﬂuences
the inductance of the coil, it is possible to detect changes in magnetic permeability using
inductance measurements. The inductance L for a coil with a magnetic material inside is
described by:
L = (µr µ0 A/ l)N 2

(8.37)
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Figure 8.55 The measurement system. Measuring coil L4 (transducer) is part of a balanced
Maxwell bridge. The other components in the Maxwell bridge are R1 = 2860 , C1 = 1 nF,
R2 = 180 , R3 = 27 , R4 = 0.44  and L4 = 4.9 µH. A sinusoidal wave of 200 kHz and 2 Vp-p
is fed into the bridge. The voltage difference measured over the bridge is further processed by a
differential operational ampliﬁer circuit, rectiﬁed and ﬁnally recorded. (Kriz et al. 1996)

where µr is the relative magnetic permeability of the material in the coil, µ0 is the
permeability of a vacuum, A is the cross-section area, l is the coil length and N is the
turn number on the coil.
To measure the inductance, and thus indirectly the relative magnetic permeability, the
coil can be placed in a Maxwell bridge (Kriz et al. 1996). As shown in Figure 8.55, the
transducer measures the changes in the magnetic permeability of materials and comprises
a coil which is a part of a balanced Maxwell bridge, with two variable resistances. These
are needed because both phase and amplitude have to be balanced. A sinusoidal wave
is fed into the bridge. The bridge is balanced when the following equations are fulﬁlled:
L4 = R2 R3 C1 and R4 = R2 R3 /R1 . The voltage difference measured over the Maxwell
bridge is further processed by a differential operational ampliﬁer circuit and rectiﬁed. The
introduction of ferromagnetic materials inside the coil causes an increase in the voltage
difference over the Maxwell bridge.
Figure 8.56 shows the response obtained from the Maxwell bridge as a function of the
initial concentration of the ferromagnetic model analyte (dextran ferroﬂuid) in a sample
solution. As expected, saturation is achieved for higher concentrations. To investigate
whether the observed increase in response was due to the speciﬁc interaction between Con
A Sepharose and dextran ferroﬂuid, the Con A Sepharose was exchanged for Sepharose.
In this case, no response could be observed, as shown by the lower curve in Figure 8.56.
8.6.3.2 Resonant Frequency Method
Coated paramagnetic particles (PMPs) can be readily obtained with a variety of different
coatings. A PMP consists of a paramagnetic core coated with a suitable polymer layer
attached to which is the antibody–antigen layer depending on the particular application
of the PMP. Here, we discuss an instrument capable of directly measuring the number of
PMPs on a strip (Richardson et al. 2001). As shown in Figure 8.57, in the instrument, a
plastic strip with immobilized PMPs on it is inserted into a coil of wire. The technique
for detecting the PMPs relies on the paramagnetic nature of the particles and the effect
they have on the self-inductance, L, of the coil.
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Figure 8.56 Response obtained from a Maxwell bridge as a function of various initial concentrations of dextran ferroﬂuid incubated with Con A Sepharose (upper curve) and with Sepharose
(lower curve). (Kriz et al. 1996)
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Figure 8.57 The number of paramagnetic particles, PMPs, immobilized on a plastic strip can be
determined by placing the strip in a coil parallel with a capacitor and measuring the resonant frequency. (Richardson et al. 2001). Reprinted from: Richardson, J. Hill, A. Luxton, R. and Hawkins,
P. (2001). “A novel measuring system for the determination of paramagnetic particle labels for use
in magneto-immunoassays”, Biosensors and Bioelectronics, 16, 1127–1132, with permission from
Elsevier

The self-inductance L of a uniform helical coil with a large number of turns wound on
a former can be expressed as (Richardson et al. 2001):
L = L0 + kn

(8.38)
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with L0 corresponding to the inductance of the coil containing a plastic strip with just the
buffer solution residue and no PMPs on it, and the constant k is given by:
k = cµp µ0 m2 dA

(8.39)

where µ0 is the permeability of a vacuum, m is the turn number per unit length, d is the
length, A is the cross-sectional area of the coil, c is a constant relating the permeability
of individual PMPs and µp is the relative permeability of PMPs. Equation (8.38) predicts
that the inductance of the coil increases linearly with the number of PMPs on the plastic
strip.
Putting the coil in parallel with a capacitor, C, forms a resonant inductor–capacitor
(LC) circuit. If the internal resistance of the coil is negligible, the resonant frequency of
the circuit is given approximately by (Richardson et al. 2001):
1
fn = f0 1 − (k/L0 )n
2

(8.40)

where f0 = [2π(L0 C)1/2 ]−1 corresponds to the resonant frequency of the circuit containing
a plastic strip with just the residue buffer solution and no particles. Equation (8.40)
predicts that the frequency of oscillation of the LC-resonant circuit decreases linearly
with increasing numbers of paramagnetic particles present on the strip.
Figure 8.58 shows an oscillator circuit based on a phase-locked loop (PLL) circuit,
which locks the output frequency of a voltage-controlled sine wave oscillator (VCO) onto
the resonant frequency of the LC circuit (Richardson et al. 2001). The circuit makes use
of the fact that at the resonant frequency, fn , given by Equation (8.40), the current ﬂowing
DC error signal
Frequency
Meter
R

Voltage Controlled
Oscillator
Phase
Detector

C

L

Loop Filter

Figure 8.58 Phase-locked loop circuit used to determine the resonant frequency of the coil.
(Richardson et al. 2001). Reprinted from: Richardson, J. Hill, A. Luxton, R. and Hawkins, P.
(2001). “A novel measuring system for the determination of paramagnetic particle labels for use
in magneto-immunoassays”, Biosensors and Bioelectronics, 16, 1127–1132, with permission from
Elsevier
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into the LC circuit and the applied voltage are in phase. At this frequency, the impedance
of the LC circuit is entirely resistive and also very large. At resonance then, the voltages
across the resistor, R, in series with L and C are in phase. The phases of the voltages
across R are compared by a phase detector, which produces a DC-error signal that is fed
back to the VCO. The error signal changes the output frequency of the VCO until there is
no difference in phase in the voltages across R. The output frequency of the VCO is now
locked onto the resonance frequency of the LC circuit. When a sample is placed in the coil,
the resonant frequency, fn , changes according to Equation (8.40) and the output frequency
of the VCO follows it. The output frequency of the VCO is measured on a frequency meter.
The design of sample coil makes a great difference to the sensitivity of the instrument
(Richardson et al. 2001). Figure 8.59 shows three coils with different designs. The coil
shown in Figure 8.59(a) had a rectangular cross-section. A former for the coil was constructed from 1 mm-thick plastic pieces. The coil that does not require a former was based
on a ferrite ring, as shown in Figure 8.59(b). Due to the high magnetic permeability of
ferrite, a coil with a ferrite core requires a relatively small number of turns to have a
high inductance. A 2 mm wide slot was cut into the ferrite ring so that a test strip could
be inserted into the gap. As the gap between the two ends of the ferrite is small, little of
the electromagnetic ﬁeld produced by the coil is lost and most passes through the sample
25 mm
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18 mm

3 mm
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8 mm
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(d)
Figure 8.59 Three difference designs of sample coils (a)–(c); (d) the change in frequency of
the PLL circuit for the three different coil designs. (Richardson et al. 2001). Reprinted from:
Richardson, J. Hill, A. Luxton, R. and Hawkins, P. (2001). “A novel measuring system for the
determination of paramagnetic particle labels for use in magneto-immunoassays”, Biosensors and
Bioelectronics, 16, 1127–1132, with permission from Elsevier

Sensors Detecting Ferroﬂuid Susceptibility

381

strip. The presence of the PMPs in the slot increases the inductance of the coil as before.
Equation (8.40) also predicts that the sensitivity of the measuring circuit would increase
if the coil has a higher resonant frequency. A coil was designed that could be operated at
a higher frequency, as shown in Figure 8.59(c). This coil has an oval cross-section and
does not have a former. The dead space in the coil was kept to a minimum by making the
width of the coil just large enough to allow easy access for the test strips into the coil.
The responses of the PLL circuit with the above three types of sample coils are shown
in Figure 8.59(d), and it is clear that coil c has the highest sensitivities.
8.6.3.3 Gradiometric Method
Here we discuss an inductive detection principle based on the nonlinearity of the magnetization of superparamagnetic particles. Figure 8.60 shows the block diagram of a system
developed by Lany et al. (2005). Both the excitation and the detection coils are copper
traces on a 0.8 mm-thick printed circuit board (PCB). The excitation coil is tuned at the
oscillator frequency and matched to 50 . A capacitance in parallel with the detection
coil is adjusted to form a resonant circuit at the excitation frequency.
In order to reduce the signal in the absence of beads at the detection coil ends, two
adjacent coils in series wound in opposite directions are used, as shown in Figure 8.61(a).

Output stage

PC for signal
processing
and display

Mixer

LO conditioning

DAQ

D

C

A

B

AF power
amplifier

Signal
preamplification

AF coil
Detection
coil

Excitation coil
Crystal
oscillator
3.3 V p-p
1.84 MHz

RF power
amplifier

GND

GND

GND

Figure 8.60 Block diagram of the system. (A) Electronics generating the RF excitation and audio
frequency (AF) modulation currents; (B) AF, excitation and detection coils, and their mechanical
assembly; (C) detection electronics performing ampliﬁcation and demodulation; (D) the software
running on a PC that processes the signal of the beads generates the AF signal, and displays the
results. (Lany et al. 2005)
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Figure 8.61 (a) Representation of the PCB coils. The layer in gray is on the opposite side of the
PCB; (b) signal at the detection coils ends with the sample alternatively placed over each coil for
20 s. The gray dotted line is the result of the same procedure with an empty sample holder. The
black line shows the signal obtained with the sample containing 3500 ± 500 microbeads. (Lany
et al. 2005)

This gradiometric conﬁguration ideally nulls the signal resulting from the direct inductive
coupling between the excitation and detection coils. Figure 8.61(b) shows the measurement
results of a sample containing approximately 3500 microbeads. The peak-to-peak signal
amplitude is doubled by the measurement procedure. In the measurement, the integration
time is 1 s, the modulation frequency is 37 Hz, the modulation amplitude is 22 mT and
the excitation amplitude is about 0.5 mT.
8.6.4 PPMS Method
The AC magnetic susceptibilities of a solution can be measured using a Physical Property
Measurement System (PPMS, Quantum Design, San Diego, CA). This system measures
the sample’s magnetic responses (amplitude and phase) by two detection coils while
applying a small AC magnetic ﬁeld to the sample by an AC drive and compensation coils.
Chung et al. (2005) studied biotinylated S-protein using this susceptibility method.
As shown in Figure 8.62, upon adding biotinylated S-protein (6.3 µM) to the avidin coated
magnetite nanoparticles, the peak frequency decreases from 210 to 120 Hz. Since S-protein
does not exhibit any magnetic properties, this frequency shift has to be induced by the
interaction of biotinylated S-protein with the avidin coated magnetic nanoparticles. Such
an interaction will consequently lead to the increase of the nanoparticles’ hydrodynamic
radius, and the peak frequency of the AC magnetic susceptibility is inversely proportional
to the particle volume.
To further test this approach, Chung et al. (2005) pretreated the biotinylated S-protein
with T7 bacteriophage particles so that the biotinylated S-protein will be anchored to
the surface of the T7 bacteriophage due to the speciﬁc interaction between the S-peptide
and T7 bacteriophage. Subsequently such biotinylated T7 bacteriophage particles were
added to the magnetic nanoparticle solution. As shown in Figure 8.61, the addition of
biotinylated T7 bacteriophage suppresses the peak in the imaginary part of the AC susceptibility, indicating that the magnetic nanoparticles are immobilized upon binding to
the T7 bacteriophage. The large phage particle cross-links the avidin coated magnetite
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Figure 8.62 Imaginary part of the AC magnetic susceptibility of an avidin coated magnetic particle before (solid circles), and after (open circles) binding to S-protein, and after (open squares)
binding to biotinylated T7 bacteriophage

nanoparticles, causing their aggregation, which immobilizes the particles. Therefore the
rotational motion of the particles in the aggregate is blocked resulting in the disappearance
of the Brownian relaxation frequency peak (Chung et al. 2005).
The above results demonstrate the feasibility of using the frequency peak of the AC
susceptibility to monitor the attachment of the targeted molecules to magnetic nanoparticles, and thus provide a biosensor scheme based on the Brownian relaxation of magnetic
nanoparticles in a liquid (Chung et al. 2005).
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9
Magnetic Biochips: Basic
Principles
9.1 Introduction
Identifying materials and pathogens at the molecular level is important for many applications including detection, sensing and medical diagnosis. A range of powerful technologies
exists for observing and detecting chemicals and biomaterials at the molecular level. Many
scale-down analytical processes combined with advances in microﬂuidic devices and signal detection technologies motivated the development of biochip devices. These chips are
formed by combining synthetic chemistry and biochemistry with microelectronic fabrication technologies by deﬁning arrays of selected biomolecules immobilized on the surface.
The biochips integrated with electrical, magnetic, optical and physical signal detection
with microﬂuidic delivery systems provide very fast results using very low sample volumes at a lower cost. The development of these chip-based technologies is changing the
nature of the experiments done at the clinical laboratories. This chapter presents the theory, design and development of biochip technology based on magnetic signal detection,
particularly using nanomagnetic tools.
Pocket-sized analytical platforms integrated with microﬂuidics and signal detection
devices are of recent interest due to their technical abilities in coupling biological and
chemical systems with microelectronic circuits. These devices which generally fall under
the category of lab-on-a-chip (LoC) devices, have many advantages such as high performance, very low quantity sample consumption, fast and automated analysis and batch
fabrication. The driving force behind the miniaturization is the requirement to increase the
processing power while reducing the cost per device and testing complexities. The LoC
devices speed up the reaction time, while allowing massively parallel design. The LoC
devices are also used to study the cell functions and its responses to an external stimulus.
The common clinical tests that require hours or days and skilled personnel to process
biological samples in regular laboratories could be replaced with the LoC devices. The
LoC devices dramatically reduce the reagent and energy consumption and hence the waste
output. Today, as shown in Figure 9.1, by integrating these devices with microelectronic
signal detection circuits, it could be possible to examine the characteristics of a single
cell either in vivo or in vitro. A typical LoC device consists of microﬂuidic channels to
dispense the sample as well as for reagents, a biochemical reactor in which the reactions take place, electrical, optical or magnetic signal detection circuits to read/monitor
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
V. Varadan, L.F. Chen, J. Xie
 2008 John Wiley & Sons, Ltd

388

Magnetic Biochips: Basic Principles

1.8 2.0 2.2 2.4 2.6 2.8 3.0

Figure 9.1 Schematic diagram of a lab-on-a-chip device for measurements of cations. Source:
Tudos, A.J., Besselink, G.A.J and Schasfoort, R.B.M. (2001). Trends in miniaturized total analysis
systems for point-of-care testing in clinical chemistry, Lab on a Chip, 1(2) 83–95

the electrochemical signals and a processing and display unit to interpret the electrochemical signal. The use of the living cell as a sensor element is highly desirable and a
very sensitive electrochemical sensor of biologically active substances could be achieved
using biological cells integrated with a biochip. These devices provide higher sensitivity,
improved speed and efﬁciency, less sample consumption, portability and cost-effective
manufacturing.
The microminiature biochips, as shown in Figure 9.2(a) are small, compact and suitable
to use in non-laboratory settings. Using the IC fabrication tools the sensor array integrated
biochip could be further integrated with the microﬂuidic ﬂow channels, temperature controllers and signal detection systems as shown in Figure 9.2(b). The LoC is a collection
of miniaturized test sites arranged such that the tests can be performed simultaneously.
The higher throughput is achieved by the higher density of the arrays and hence the
reduction of required volume of the sample. The fabrication of LoC devices can beneﬁt
from the microelectronics industry fabrication that is geared to high-volume production
at a lower cost. One of the key advantages of biochips is the opportunity to integrate all
complex multistep analytical processes into a single device. The individual tasks such as
sample addition, processing, analysis and read-out electronics are in a single chip. Liquid
samples or reagents can be transported through the microchannels from the reservoirs to
the reactors by a pump based on electrokinetic, magnetic or hydrodynamic principles.
Detection is one of the key features in analytical LoC platforms. A variety of detection strategies are developed in LoC devices based on different principles. Even though
microscopy is a promising tool in the laboratory environment, it could not be implemented easily in LoC devices due to its disadvantages in size as well as higher cost.
Electrochemical detection based on microfabricated electrodes promises higher levels of
portability for the LoC devices. The electrical interface in such a system is achieved by
using an array of planar metallic microelectrodes. The incorporation of an electrochemical
detection mechanism into the LoC devices offers a well characterized and wide variety of
analyte/electrode combinations as well as the ability to customize the materials and geometries. The development of customized intelligent sensors with wireless network capability
will suit remote analysis and unsupervised monitoring of chemical/biological agents.
A common approach to detecting a biological molecule is to attach the target molecule
with a label moiety that can produce a highly observable signal (Vo-Dinh et al. 2001).
This is accomplished by using a target molecule and a receptor such as an antibody which
is tagged with a label. In general, an antigen is a molecule that stimulates an immune

Introduction

389

a)

Biochip Sensor
Element

Biochip
Platform

IC Biochip

b)

Biochip Sensor
Element

Heater
Power
Supply

Microfuidic
Pump

Nichrome
Filament
Biochip
Platform

Sample/
Reagent Intel

Acrylic Block
Thermocouple

Temperature
Monitor

Figure 9.2 Schematic representation of a biochip: (a) array of sensing elements integrated on to
the chip makes it compact and suitable for non-laboratory applications; (b) shows the integrated
biochip with microﬂuidic channels, temperature controllers and sensor arrays. (Von-Dinh et al.
2001). Reprinted from: Graham D.L., Ferreira H. A. and Freitas P.P. (2004). Magnetoreisitive
based biosensors and biochips, Trends in Biotechnology, 22, 9, 455–462, with permission from
Elsevier

response. Antibodies are proteins that are found in the blood or body ﬂuids of vertebrates
to identify foreign bodies such as bacteria and viruses. The structure of antibodies is in
general very similar; however a small region at the tip of the protein is unique, allowing
millions of possible antibodies with different molecular structures. The binding of antibody
to antigen is very speciﬁc so that the antibody binds only to a speciﬁc antigen. Examples
of such labeling molecules are enzymes, ﬂuorescent molecules or charged molecules. An
attached label is detected based on transaction mechanisms such as optical, electrical,
electrochemical, thermal and piezoelectric methods.
If a ﬂuorescently labeled particle passes through a detecting element, it produces scattered light with pulses of 3–20 µs depending on ﬂow velocity and particle sizes. The
ﬂuorescence-based microarray system has a drawback in quantitative data analysis. The
detection platforms generally suffer from high background ﬂuorescence due to microarray substrates. Also, due to the photosensitive nature of the ﬂuorescent labels, it bleaches
when exposed to light.
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Figure 9.3 Illustration of working principle of a magnetic biochip; (a) injection of magnetic beads;
(b) separation and holding of the beads; (c) insertion of sample; (d) immobilization of the target
antigen; (e) insertion of label antibody; (f) detection; and (g) washing out the magnetic beads to
make it ready for next test. (Choi et al. 2002)

Figure 9.3 presents the schematic representation of various magnetic biosampling and
detection procedures. Antibody coated magnetic beads are introduced into the test chamber
and are separated using an electromagnet. The antigen is then introduced into the chamber
while holding the antibody coated beads in position. The antibody–antigen interaction
permits only those target antigens to immobilize. Other antigens are washed out due to
the ﬂow. Enzyme-labeled secondary antibodies are introduced into the chamber. These
antibodies are incubated along with the immobilized antigen. The chamber is then rinsed
to remove all unbounded secondary antibodies. Substrate solution is injected into the
channel, which will react with the enzyme, and the electrochemical detection can be
performed. Finally, the magnetic beads are cleaned and cleared to the waste chamber and
the chip is ready for the next set of testing.
Magnetism is a collective effect due to the movement of electrical charges in a material.
Generally there are two cases of magnetic ﬁeld generation: (1) due to the orbital and
spin motion of the electrons; (2) the electric current ﬂow through a conductor. Most of
the materials exhibit magnetic properties, dictated by the atomic structure, temperature
and pressure. Many microorganisms exhibit magnetism due to intracellular chains of
nanoparticles called magnetosomes, which are referred to as magnetotatic bacteria.
Magnetic separation of biomolecules or bioparticles involves coupling of magnetic
particles to a biorecognition agent such as an antibody or oligonucleotide. A magnetic
separator unit retains the particles with targets bound to them. Magnetic biochips have
evolved as a new class of devices capable of sensing a lower concentration of samples
using the magnetic interaction. Micro- and nanosized magnetic nanoparticles are used in
magnetic biochips to capture, concentrate and manipulate target analytes. The detection
is mainly achieved by analyzing the magnetic ﬁeld signatures generated by an external
magnetic ﬁeld. Magnetic detection is found to be useful because the signal can be easily
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taken out due to the nature of very low background magnetic noise, which is one of the
advantages for magnetic biosensors. This chapter presents the principle behind the development of magnetic biochips and magnetic labs-on-chips (MLoCs) and an overview of the
developments and applications of magnetic lab-on-a-chip biological systems. The MLoC
devices are compatible with the already matured semiconductor processing technology
and can directly give the voltage output for automated analysis.
Magnetic nanoparticles with a diameter of 20 nm or smaller become desirable for
ultrasensitive biomolecular detection. However, the detection of magnetic moments of
such tiny magnetic particles is very challenging due to the smaller physical volume, the
relatively large surface area and the background thermal disturbances. Recently many
magnetic nanosensors were developed based on magnetoresistive properties, magnetic
tunnel junctions and spin valve sensors. These are presented in the following sections.
(1) Overview of Magnetism and Magnetic Nanoparticles
The magnetic force is observed as mutual attraction or repulsion of certain materials. The response of any material to an externally applied magnetic ﬁeld is generally
deﬁned as magnetic induction B , which can be calculated from the permeability of the
material, µ as
B = µH

(9.1)

where H is the magnetic ﬁeld intensity. Since the permeability of free space is a constant,
the permeability of any other medium will generally vary with the applied ﬁeld. The
relative permeability µr is deﬁned as the ratio between µ and µ0 . The magnetic moment
m of a magnetic dipole is a vector that is related to the torque τ acting on the dipole.
τ =m×B

(9.2)

The magnetic properties of a material are due to the magnetic induction generally
deﬁned as the magnetization, which is due to the individual atomic moments m which
exists in the sample. The magnetization M can be written as
M=

1 
m
V

(9.3)

V

B = µ0 (H + M)

(9.4)

The magnetic susceptibility of the material can be deﬁned as
χ=

M
H

(9.5)

In general, all materials exhibit magnetic properties to some extent. The variation of
magnetic property depends on its atomic structure, temperature and pressure. Based on
the characteristic susceptibilities of the materials, they can be classiﬁed into ferrimagnetic, antiferromagnetic, ferromagnetic, diamagnetic, paramagnetic and superparamagnetic
materials. The ordered states in the material structures contribute to ferromagnetism,
antiferromagnetism and ferrimagnetism, while the diamagnetism, paramagnetism and
superparamagnetism exist only due to the transient states as a result of applied external
magnetic ﬁeld.
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Superparamagnetism occurs when the size of the materials approaches to the subdomain
sized dimensions – typically of the order of nanometers. At these dimensions even though
the thermal energy is not sufﬁcient to overcome the coupling forces between neighboring
atoms, the magnetization of the entire crystal can be changed due to the thermal energies
at nanometer dimensions. Due to the ﬂuctuations in the direction of magnetizations, the
average ﬁeld becomes zero and hence the material behaves like a paramagnetic substrate.
However, the external magnetic ﬁeld tends to align the magnetic moment of the entire
crystal instead of aligning individual atoms and shows a higher susceptibility.
Magnetic nanoparticles are commonly deﬁned as magnetic materials whose one dimension is less than 200 nm. Magnetic nanowire, nanospheres or beads and magnetic shells are
a few examples of the magnetic nanoparticles successfully synthesized. These magnetic
particles possess more than magnetism if these particles are attached with other functional structures such as ﬂurophores, surfactants, biomolecules or other reactive moieties
as shown in Figure 9.4. The biomolecules to be detected are initially labeled with magnetic
nanoparticles. When they pass over an array of complementary or non-complementary
molecules, the sensors could detect the presence of the magnetic labels by the change in
sensor resistance. The compound structures after proper functionalization show magnetism
which is just one of the traits that are usually needed for a particular application, such as
biosensors. Ferroﬂuids are suspensions of superparamagnetic particles in carrier liquids
(Odenbach, S., 2002; Skumiel, A. 2003). Magnetic data storage technologies (Sellmyer
2006) are a few non-biological applications of magnetic nanoparticles.

Magnetic label
functionalised with
biomolecule A (

Sensor-bound
biomolecule B (

)

)

Protective
(passivation) layer

Electrical
contact
Substrate

Magnetic field sensor
TRENDS in Biotechnology

Figure 9.4 Magnetically labeled biomolecule detection in a biosensor. Magnetic label functionalized molecule A is bound to a magnetoresistive sensor. The magnetic moment of the label induces
a fringe ﬁeld resulting in a change in resistance and voltage of the sensor. (Graham et al. 2004).
Reprinted from: Graham D.L., Ferreira H. A. and Freitas P.P. (2004). Magnetoreisitive based
biosensors and biochips, Trends in Biotechnology, 22, 9, 455–462, with permission from Elsevier
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Due to the development of magnetic separations of biomolecules, many biomedical
and biotechnological applications have been developed. The basic technique of magnetic separation involves coupling of magnetic particles to a biorecognition agent. The
magnetic separator allows retaining the particle for preconcentration, washing and chemical processing of the bound targets. These techniques are explained in Sections 9.2
and 9.3.
9.1.1 Sensor Arrays and Integrated Biochips
One of the main beneﬁts of miniaturization, integration and automation by the LoC devices
is high throughput. The system design for miniaturization includes the development of
miniature micropumps for ﬂow actuation and various detection schemes. In magnetic
detection, the biomolecule to be detected (target or analyte) is magnetically labeled ﬁrst.
The labeling is mainly immobilizing the biomolecule on a magnetic material. The labeled
analyte is passed over an array of speciﬁcally patterned complementary molecules, which
are immobilized on the chip magnetic ﬁeld sensors as shown in Figure 9.4. The change
in resistance is usually a measure of the detection (Graham 2004).
Figure 9.5 presents the schematic diagram of a high density magnetoresistive biosensor
array integrated with a CMOS chip for DNA hybridization developed by Han et al. (2006).
The hybridized DNA can be measured using the associated electronic circuits.
Figure 9.5(a) presents the block diagram of the magnetic biochip with an array of
1008 giant magnetoresistive (GMR) sensors arranged in 16 subarrays in an area of
120 µm × 120 µm. The signal read-out circuits are based on time division multiplizing (TDM) as well as frequency division multiplexing (FDM) with a throughput of 16
outcomes/readings. The details of the GMR sensors are presented in Section 9.2.
9.1.2 Manipulation of Biomolecules
The study of dynamic interaction between the biomolecule and the surrounding medium
is important in order to understand its mechanism and functions. Separation of molecules
and its manipulation is necessary to study this dynamic behavior. Mechanical methods
such as microneedles (Essevaz-Roulet 1997), laser traps (Shivashankar and Libchaber
1998; Wuite 2000) and molecular glues (Rief and Grubmuller 2002) are a few examples
of the manipulation of molecules to study their interaction. Nanotechnology offers many
promising results for the detection, manipulation and identiﬁcation of biomolecules. A
few emerging nanotechnology approaches are: mass spectrometry analysis (Wright et al.
2005; Pan et al. 2005); the bio-bar code method for ampliﬁcation (Nam et al. 2002–2004;
Thaxton et al. 2005; Georganopoulou et al. 2005); nanowire gated transistors (Mirkin
et al.1996; Hahn and Lieber 2004; Melosh et al. 2003; Beckman et al. 2004; Yousaf
et al. 1999; Cui et al. 2001); and nanocantilever methods (Ziegler 2004; Lee et al. 2005;
Mukhopadhyay et al. 2005; Alvarez et al. 2004; Weeks et al. 2003; Ji et al. 2004). Optical
detection of a single molecule is emerging as a new tool for biological applications
due to the advancements in frequency modulated absorption as well as laser induced
ﬂuorescence (Ambrose et al. 1995; Nie and Zare 1997). Biomolecular detection is also
achieved by optical label-free methods combined with the advantages of ellipsometry
and surface plasmon resonance (Westphal and Bornmann 2002), using quantum dots
(Chan et al. 2002; Han et al. 2001) and ﬁber optic based detection systems (Tazawa et al.
2007).
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Figure 9.5 (a) Schematic diagram of the magnetoresistive biosensor architecture; (b) micrograph
of the processed die and the SEM images of the biosensor. (Han et al. 2006)

The ﬁrst magnetic separation was achieved in 1973 using a silica coated and cellulose coated magnetic iron oxide to immobilize a-chymotrypsin and b-galactosidase for
the design of biosensors (Robinson et al. 1973). The magnetic separation involves the
attaching of magnetic particles to a biorecognition agent and a magnetic separator unit
that allows washing and preconcentration of bound targets. The binding of the biomaterial
can be done by afﬁnity interaction and ion exchange interaction.
Magnetic nanoparticles are of particular interest due to their lesser susceptibility to negative effects of high viscosity, the possibility of using various densities of mixtures and
their convenience of use with automated systems such as lab-on-a-chip devices. Magnetic nanoparticles can also be used to concentrate target molecules instead of doing
ultra-ﬁltration and precipitation (Alche and Dickinson 1998). Magnetite (Fe3 O4 ) nanoparticles are typically used for magnetic separations due to magnetite’s magnetizable component. Although these superparamagnetic nanoparticles are attracted by the magnetic
ﬁeld, they will not retain the residual magnetism after the ﬁeld is removed, which is
very important for resuspension and prevention of aggregation after the ﬁeld is removed.
Table 9.1 presents a number of commonly used magnetic particles and their properties
(Magnani et al. 2006).
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Table 9.1 Commonly used magnetic micro- and nanoparticles Source: Magnani, M., Galluzzi,
G. and Bruce, I.J (2006). The use of magnetic nanoparticles in the development of new molecular
detection systems, Journal of Nanoscience and Nanotechnology, 6, 2302–11
Name
BioMag

Biosphere

Diameter
(µm)
1

Activation
possibility

Manufacturer/
supplier

Silica

–COOH

Charcoal

–NH2

PerSeptive
Biosystems
Farmingham,
MA, USA

1

Dynabeads
M-280
M-450
M-500
Estapor

Polymer
composition

2.8
4.5
5
1

–NH2
Polystyrene

Tosyl- activated

Polystyrene

–COOH
–NH2

Iobeads

M 100

1–10

M 104
M 108
MACS
MicroBeads
MagaBeads

0.05

MagaCell

3.2
3

Cellulose

–OH

Polystyrene

–COOH

Cellulose

–NH2

Biosource
International
Dynal, Oslo,
Norway

Prolabo,
Fontenaysous-Bois,
France
Immunotech,
Marseille,
France
Scigen,
Sittingbourne,
UK

Miltenyi Biotec,
Germany
Cortex Biochem,
San Leandro
CA, USA

Charcoal
MagAcrolein
MagaCharc
Magarose

3
3
20–150

Magne-Sphere

1

MagneSil
Magnetic
microparticles

5–8.5
1–2

Magnetic
microspheres

1

Acrolein

Epoxy

Agarose

Silica
Polystyrene

Whatman
International,
UK
Promega,
Madison, WI,
USA
–COOH
–NH2

Polystyrene

–COOH
–NH2

Polysciences,
Warrington,
PA, USA
Bangs Labs.,
Fishers, IN,
USA
(continued overleaf )
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Table 9.1 (continued)
Name

Diameter
(µm)

Polymer
composition

Activation
possibility

Magnetic beads

0.8

Latex

Magnetic
particles

1

Polystyrene

Magnetic
particles

0.05–24

Polystyrene
Dextran

MPG

5

Porous glass

–NH2

Sera-Mag

1

Polystyrene

–COOH

SiliMag

0.04–0.14

Silica

SPHERO
magnetic
particles

1–4.5

Polystyrene

XM200
microsphere

1–3.5

–COOH
–NH2

–COOH
–NH2

Silica
Polystyrene

–COOH

Manufacturer/
supplier
ProZyme, San
Leandro, CA,
USA
Boehringer,
Mannheim,
Germany
G. Kisker - Products
for Biotechnology
Steinfurt,
Germany
CPG, Lincoln Park,
NJ, USA
Seradyn,
Indianopolis,
IN, USA
Diatheva, Fano
(PU), Italy
Spherotech,
Libertyville,
IL, USA
Advanced
Biotechnologies,
Epsom, UK

The MLoC devices in general use the same platform for the detection and manipulation of biological or chemical systems. The handling of very small volumes of liquid
samples is very important for analysis using LoC devices. Magnetic markers offer more
stability than other methods. Magnetic labs-on-chips are realized by combining magnetic
markers with magnetoresistive detectors into a single detecting system (Baselt et al. 1998;
Tondra et al. 1999; Schotter et al. 2002). Two-dimensional manipulation of liquids in a
microﬂuidic system is achieved by suspending the drops in silicon oil that contains magnetic microparticles. These particles serve as force-mediators for the magnetic actuation
as well as a mobile medium for the molecules (Auroux et al. 2002; Vilkner et al. 2004;
Lehmann et al. 2006).
An applied magnetic gradient is used to manipulate the magnetic biomarkers. The
analyte molecules can be pulled out from speciﬁc binding sites or the binding strength
can be tested to distinguish between the speciﬁcally bounded and unspeciﬁcally bounded
molecules. The molecules are detected by measuring the change in resistance due to the
presence of an external magnetic ﬁeld for a ﬁxed sensor current.
(1) Magnetic Separation
Conventional biological and biomedical analyses require concentrated samples. The concentrated samples are prepared from speciﬁc biological entities separated from their native
environments. The selective separation and puriﬁcation of biomolecules are generally
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Figure 9.6 Magnetic cell separation. (McCloskey et al. 2003a)

achieved by molecular sieves. Magnetic separation is one of the methods to generate the
required concentrated samples. The magnetic separation is a two-step process. As shown
in Figure 9.6, in the ﬁrst step, the tagging or labeling of the desired biological entity
with magnetic material is done. In the second step, these tagged entities are separated
out using a ﬂuid based magnetic separator. The magnetophoretic mobility depends on the
intrinsic properties of the magnetic particles, particle size, magnetic susceptibility and the
viscosity of the medium.
(2) Forces Acting on Magnetic Nanoparticles
The separation of nanoparticles for LoC applications can be explained based on vector ﬁeld theory. The magnetic force acting on a point-like dipole m can be written as
(Pankhurst 2003)
Fm = (m.∇)B

(9.6)

which can be explained as differentiation with respect to m. The total moment of a magnetic nanoparticle suspended in a weak diamagnetic medium such as water can be written
as m = V m M , where V m is the particle volume and M = χH is the volumetric magnetization. χ can be obtained from χ = χ m − χ w which is the effective susceptibility
of the particle relative to the water. For a diluted suspension of nanoparticles in pure
water, the magnetic ﬁeld gradient B can be approximated as B = µo H . Equation (9.6)
can be written as
Fm =

(Vm χ)
(B.∇)B
µ0

(9.7)

Since there is no time varying electric ﬁeld in the medium, the Maxwell equation can
be written as
∇xB = 0 and ∇(B.B) = 2Bx(∇xB )+2(B.∇)B = 2(B .∇)B .

(9.8)

Equation (9.7) can be written as

Fm = Vm χ∇

B2
2µ0




= Vm χ∇

1
B.H
2


(9.9)
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Tagging in magnetic separation is achieved by chemical modiﬁcation of the surface
of the magnetic nanoparticles with biocompatible molecules. Generally used biocompatible coatings for iron oxide nanoparticles are dextran, polyvinyl alcohol (PVA) and
phosopholipids (Molday and MacKenzie 1982; Pardoe 2001). This is a very accurate
method of labeling the cells since the antibodies speciﬁcally bind to their matching antigen. Magnetic particles coated with immunospeciﬁc agents are observed to successfully
bind to red blood cells, lung cancer cells, bacteria and golgi vesicles.
The magnetically labeled material is separated from its native solution in a region in
which there is a magnetic gradient. This immobilization is achieved due to the magnetic
force gradient as explained in Equation (9.9). The hydrodynamic drag force F d due to the
ﬂow of the solution acts opposite to it. The cell separation is achieved only if F m > F d .
Fd = 6πηRm v

(9.10)

where η is the viscosity of the medium, R m is the radius of the nanoparticles and v
is the difference in velocities of the cell and the medium. The diameter of the particle
plays a critical role in hydrodynamic forces. The large size is advantageous to shorten
the time frame of cell separation. However, smaller particle sizes reduce the likelihood
of interference between the neighboring particles. The maximum ﬂow rate that a particle
can withstand under the inﬂuence of a magnetic ﬁeld can be determined from Equations
(9.7) and (9.10).
v =

2r 2 (B.∇)B
1
=
ξ(B.∇)B
9µ0 η
µ0

(9.11)

where the magnetophoretic mobility of the particle is given by:
ξ=

Vχ
2r 2 χ
=
9η
6πrη

(9.12)

(3) Physics of Magnetic Manipulation
For a magnetic nanoparticle particularly a mono-domain nanoparticle, its domain dimension is typically equal to or smaller than the thickness of the magnetic domain wall, which
is given by:

π 2 JS 2
δ=
(9.13)
Ka
where J is the magnetic exchange constant, S the total spin quantum number, a the
inter atomic spacing and K the magnetic anisotropy constant of the material (Chikazumi
1964). Substituting the above values for Iron, (J = 2.16 × 10−21 J, a = 2.86 × 10−10 m
and K = 4.2 × 104 J/m3 assuming S = 1), the domain wall width will be 42 nm. The
important characteristic of a biosensor is the time over which a stable magnetization
of the nanoparticles can be established. Mono-domain magnetic nanoparticles become
superparamagnetic at room temperature, i.e., their time averaged magnetization without a
magnetic ﬁeld is zero when their magnetic energy is lower than ten times their thermal
energy (Gijs 2004). It can be seen that at room temperature, k B T = 4.0 × 10−21 J , the
maximum radius required to become superparamagnetic nanoparticles is 6 nm.
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Figure 9.7 (a) Schematic representation of a spherical nanoparticle with internal core diameter s
surrounded by a non-magnetic coating for biorecognition; (b) hysteresis loop; and (c) the nanoparticle superstructure in the presence of a magnetic ﬁeld H. This superstructure decomposes into single
particles when the ﬁeld is removed. (Gijs 2004). Reproduced by permission of Springer Science
and Business Media

A typical functionalized nanoparticle consists of a magnetic core of diameter r surrounded by the bioactive coating. As shown in Figure 9.7, this non-magnetic coating is
for the selective binding of biomaterials such as protein, DNA or cells. Due to the highly
stable nature of the iron oxides such as magnetite and maghemite with diameters in the
range of 5–100 nm, they are generally used as core materials. Figure 9.7(b) shows the
magnetization curve of such superparamagnetic particles. This hysteresis-free nature is
one of the important considerations of the magnetic nanoparticles in biosensing. These
suspended superparamagnetic nanoparticles tagged with biomolecules will not form an
agglomeration, since they can easily decompose into separated particles when the magnetic ﬁeld is removed, as shown in Figure 9.7(c). These nanoparticles cause only minimum
disturbance to an attached biomolecule while at the same time it has the added advantage
of a large surface-to-volume ratio for chemical bonding. However, for large magnetic particles (of the order of 0.5–5 µm), the core consists of a single particle or multiple cores
as shown in Figure 9.8(a). The multi-domain microparticles, when exposed to an external
magnetic ﬁeld, acquire a magnetic dipole moment and coalesce under the inﬂuence of
the dipole interaction and form a supraparticle structure (SPS). It consists of columnar
structure along the ﬁeld direction. The columns of chains are used in microchanels for
magnetic separation. The magnetic separation is achieved in nanoparticles in the form of
dextran-coated magnetic clusters of 20–100 nm in size.
(4) Separator Design
Different types of magnetic particles have been developed for use in the cell separation process that includes puriﬁcation and imunoassays. The basic principle of magnetic
(a)

(b)
M
or

s

Msat

(c)

Mnm
H

H≠0

H=0

Figure 9.8 (a) Schematic representation of a spherical nanoparticle with single internal magnetic
core or with multiple cores; (b) hysteresis loop; and (c) the nanoparticle superstructure in the
presence of a magnetic ﬁeld H. This particle shows remnant moment and the superstructure does
not decompose when the ﬁeld is removed. (Gijs 2004). Reproduced by permission of Springer
Science and Business Media
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Figure 9.9 Standard method of magnetic separation: (a) the external magnet at the container wall
of a solution of magnetically tagged (•) and untagged (◦) biomaterials. The tagged particles are
collected by the magnet and the unwanted solution is removed; (b) The continuous ﬂow of the
solution through a packed column of steel wool can capture tagged particles and can be recovered; (c) a rapid throughput method of magnetic separation with longitudinal and (d) transverse
cross-section with four magnets. Pankhurst, Q.A., Connolly, J., Jones, S.K. and Dobson, J. (2003).
Applications of magnetic nanoparticles in biomedicine, Journal of Physics D – Applied Physics,
36, R167-R181. Reproduced with permission of the Institute of Physics

separation is similar to the application of a permanent magnet at the sidewalls of a test
tube and removal of the aggregated particles followed by the supernatant of the sample.
Charge based separation of proteins using lipid coated magnetic particles is found to be
very effective in magnetic separation (Buack et al. 2003). The magnetic separation is
achieved by ﬂowing the sample through a column packed with steel wool in the presence
of a magnetic ﬁeld as shown in Figure 9.9. The magnet collects the tagged particles while
removing the unwanted particles.
Many sensing systems prefer to separate the particles using a high gradient magnetic
ﬁeld and catch the magnetic nanoparticles while they ﬂoat or ﬂow through a capillary
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b

Figure 9.10 (a) Schematic diagram of the quadrupole magnet conﬁguration for cell separation and
the magnetic ﬂux lines; (b) the force density distribution; and (c) the cell separator at the center


of the ﬁeld. The sample and the carrier ﬂuid are fed at a and b respectively. The inlet splitting
surface (ISS) and the outlet splitting surface (OSS) are shown in the ﬁgure. The sorted cells are
collected at a and b. (Gijs 2004). Reproduced by permission of Springer Science and Business
Media
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channel. Figure 9.10(a) and (b) presents the schematic arrangement of four magnets to
induce maximum magnetic ﬁeld gradient at the outer side of the sample carrying tube.
When the tube containing the sample is inserted in the free space of this quadrupole
assembly, the separation takes place due to the laminar ﬂow of the carrier liquid. A
magnetic ﬁeld gradient perpendicular to the direction of the ﬂow is established in the
channel. When the sample mixture is entered into the chamber through the ﬂow channel,
the particles are carried through the channel due to the ﬂow and the components that
interact more strongly with the magnetic ﬁeld are moved transversely across the channel.
These particles are collected for further analysis. As shown in Figure 9.10(c), when the
cylindrical capillary is inserted into the channel with quadrupole magnetic cell sorter, the


cell separation sample is inserted at a and the carrier ﬂuid at b . Due to the magnetic
ﬁeld gradient, the cell separation takes place at the inner splitting surface (ISS) and outer
splitting surface (OSS). The division at the channel outlet using a stream splitter completes
the cell separation as shown as b and a. It can be seen from Equation (9.11) that the ﬂuid
transport velocity should not exceed a maximum limit (McCloskey 2003a; 2003b). The
magnetic cell separation is a function of the antibody binding capacity, which is related
to the number of magnetic bead labeling sites of a single cell.
9.1.3 Detection of Biomolecules
A general approach to detect a biomolecule is to attach a label to the target molecule
that can produce an observable signal. The detection takes place between the biomolecule
and the target molecule and a speciﬁc receptor such as an antibody which is tagged
with the label. Common labels are ﬂuorescent molecules, enzymes and charged particles.
Magnetic labels have recently evolved as labels for biosensing due to their advantages
over other labels. The biomolecules which are magnetically labeled or immobilized on
a magnetic label are generally detected when they pass over an array of speciﬁcally
patterned complementary or non-complementary molecules. These probes are immobilized
over on-chip magnetic ﬁeld sensors.
An alternative detection method is based on a secondary detection performed after the
interrogation of the probe array with the target molecule. This is done by labeling the
target molecules with a small biomolecular label, such as biotin. The biotinylated target
molecules which are bound to complementary surface-bound probe molecules are then
detected by magnetic labels. Detection of DNA–DNA hybridization can be successfully
tested using this approach. Figure 9.11 presents a simpliﬁed cross-sectional scheme of
detection of magnetically labeled streptavidin on a DNA chip. In step 1, the DNA probes
are immobilized over the magnetoresistance sensors that are then hybridized with target
DNA. In step 2, magnetically labeled streptavidin is used to detect the hybridized DNA
by binding to the biotinylated target DNA.
Figure 9.12 presents the conventional platform of the magnetic nanoTag system for
the selective and non-optical detection for DNA microarrays based on magnetic nanoparticles (Wang et al. 2005). The magnetic detection is based on spin valve or magnetic
tunnel junction detector arrays as shown in Figure 9.12(a). The magnetic particle labeled
unknown DNA fragments as shown in Figure 9.12(b) will be tagged to the complementary
DNA probes attached to the detection system. Figure 9.12(d) illustrates the detection of
the magnetic resistance due to the attachment of the complementary DNA. The system
is able to detect one DNA fragment per tag. The magnetic nanoTags are single-domain
high-moment nanoparticles with a mean diameter of 100–1000 Å.
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Figure 9.11 Schematic representation of the use of magnetically labeled streptavidin to detect the
location of the biotinylated DNA on a chip. The DNA probes are immobilized over the magnetoresistance sensors that are hybridized with target DNA in step 1. In step 2, magnetically labeled
streptavidin is used to detect the hybridized DNA by binding to the biotinylated target DNA.
(Graham 2003)

9.2 Biochips Based on Giant Magnetoresistance Sensors
Magnetoresistance refers to the change in electrical resistance of a material due to an
external magnetic ﬁeld. This change is very small for most materials. Materials such as
permalloy (Ni81 Fe19 ) exhibit dramatic changes in magnetoresistance, generally known as
anisotropic magnetoresistance (AMR). This is due to the anisotropic scattering of conducting electrons depending on their direction of rotation and magnetization. AMR occurs
when the magnetization changes from parallel to transverse, with respect to the direction
of current ﬂow. Giant magnetoresistance (GMR) was discovered in 1988 independently
in Paris by Baibich et al. (Baibich 1988) and Binasch et al. (Binasch et al. 1988).
GMR has been observed in magnetic multilayered structures where two very close magnetic layers are separated by few nanometer thick spacer layers as shown in Figure 9.13.
The ﬁrst magnetic layer allows electrons only in one spin state to pass through easily if
the second magnetic layer is aligned to that spin channel. If the second magnetic layer
is misaligned, neither spin channel can get through the structure easily and the electrical
resistance becomes high. The electrical resistance of the layers depends on the scattering
of the electrons. The orientation of the electron spin with respect to the magnetization
direction determines the amount of scattering. Due to the interactions of the layers, the
magnetizations of the adjacent layers will normally align in opposite directions and hence
this allows the electrons of both spins to scatter equally. However, an externally applied
magnetic ﬁeld forces the alignment of the magnetizations of all layers in one direction.
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Figure 9.12 Magnetic microarray based on magnetic nanoTag: (a) Magnetoresistance sensors
attached with DNA probes; (b) unknown DNA labeled with magnetic nanoTag; (c) highly selective
capturing of tagged DNA fragments by the complementary DNA probes and (d) schematic diagram
of the magnetoresistance detection system. (Wang 2005)

Figure 9.13 Principle of generation of magnetoresistance

This will reduce the scattering of the electrons in one of the spins and hence the resistance of the sensor drops drastically. The resistance of the multilayer architecture decreases
drastically when the magnetizations are progressively aligned under the applied ﬁeld.
An external magnetic ﬁeld is used to change the relative orientation of the magnetizations of these layers. The electrical resistance is very low as long as they are arranged
in aligned fashion and high resistance is observed when they are antiparallel. GMR measures the difference in angle between the two magnetizations in the magnetic layer. It is
easy to produce two magnetic layers in parallel by applying a magnetic ﬁeld. However,
an antiferromagnetic layer placed next to the spaced ferromagnetic layer changes the
characteristic behavior of the multilayer system, and the sensors with such structures are
known as spin valve sensors (Lenssen et al. 2000). The details of the spin valve sensors
are explained in Section 9.3.
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(a)
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Figure 9.14 Schematic representation of magnetic ﬁeld arrangement in various GMR sensors:
(a) applied ﬁeld perpendicular to GMR sensor; (b) in plane with modulation across the spin valve
and (c) perpendicular to the spin valve. (Megens and Prins 2005)

The resistivity ρ as a function of the angle θ between the magnetization directions can
be written as
ρ(θ ) = ρ(00 ) + ρ[1 − cos θ ]/2

(9.14)

where ρ(θ )/ρ(00 ) is called the GMR ratio. In general, in AMR sensors the MR ratio is
typically about 2 %. However, the advancement of new materials have presently shown
GMR ratio of several times larger. From Equation (9.14), it can be seen that the angle
dependence of the GMR effect has a period of 360 ◦ , while that of the AMR effect has a
period of only 180 ◦ .
The simplest forms of magnetic ﬁeld arrangement in various GMR sensors are shown
in Figure 9.14. In such sensors, the sensitivity depends on the magnitude of the in-plane
magnetic ﬁeld. GMR based biodetection involves labeling biomolecules with magnetic
nanoparticles and detecting the magnetic fringe ﬁelds of the particle labels by GMR
sensors after capturing the target-probe molecules and DNA analysis (Schotter et al. 2002).
GMR sensors are not only compatible with the IC fabrication technology and suitable
for integration into lab-on-a-chip devices but it is also promising over superconducting
quantum interference devices (SQUID) as it is capable of room-temperature operation.
The GMR sensors can be considered as two thin NiFeCo ﬁlms separated by a very
thin Cu spacer layer. All these ﬁlms should be separated sufﬁciently so that their magnetizations will not directly couple and align each other. At the same time, these layers
should not be separated too far so that the electrons ﬂowing in the sandwich are able to
pass from one ferromagnetic layer to the other without losing their spin information. The
separation distance must be smaller than the effective scattering lengths of the conducting
electrons. Typical layer separations in GMR sensors are 5 nm of NiFeCo, 3.5 nm of Cu
and anther 5 nm thick NiFeCo layer.
Figure 9.15 shows a comparison of AMR and GMR read sensors used in memory
devices. In AMR read sensors, the magnetically soft adjacent layer (sal) is separated by a
spacer layer (spac) from the free ferromagnetic layer (ff). The antiferromagnetic material
(af) is at the end of the sensor. As shown in the ﬁgure the current is passed parallel to
the layers via a pair of current leads. In the GMR sensor, the free ferromagnetic layer is
coupled through a spacer layer (spac) to a pinned ferromagnetic layer (pf). Figure 9.15(b)
and (c) represents the mode of operation of AMR and GMR sensors respectively.
In the absence of any external ﬁeld, the maximum rate of change of resistance that
can be observed in AMR structure is achieved when the moment of the sense layer ff is
at 45 ◦ with respect to the direction of the sense current. The introduction of an external
ﬁeld perturbs the structure. The angle of the moment of the sense angle moves away from
the balanced 45 ◦ and the resistance changes. As a result, the voltage drops across the

Biochips Based on Giant Magnetoresistance Sensors

(a)

405

(b)

Current

Current

af = antiferromagnet
pf = pinned ferromagnet
spac = spacer layer
ff = free ferromagnet
sal = soft adjacent layer

(c)
q
q

Cu
Transition
Field

rren

t

Cu

rren

t

Transition
Field

Figure 9.15 (a) Schematic representations of AMR and GMR read sensors. The AMR sensor
comprises a magnetically soft adjacent layer (sal) separated via a spacer layer (spac) from the free
ferromagnetic layer (ff), which is exchange biased by antiferromagnetic material (af) at the ends
of the sensor element only; (b) Mode of operation of AMR sensor; and (c) mode of operation of a
GMR sensor. (Parkin et al. 2003)

sensor changes in response to the ﬁeld. The change in resistance of the AMR sensor is
proportional to cos 2 (θ ).
In the GMR sensor, the magnetic moment of the sense layer ff is the vector sum of
the effects of shape anisotropy, coupling of the pinned layer pf and the self-ﬁeld due to
the sense current. The exchange bias from the antiferromagnetic layer af determines the
angle of moment of the pinned layer pf. The GMR variation is directionally proportional
to cos(θ ) and much greater change is observed than that of AMR sensors. Hence, the
GMR sensors are sensitive to much smaller changes in magnetic ﬁeld and can detect
changes in smaller bit patterns than AMR sensors.
Figure 9.16 presents the schematic representation of the principle of MR sensors which
makes a table-top genetic screening device. The particles are ﬁrst functionalized with
streptavidin, to enable binding of targets containing biotinyl groups. The sensor surface
coated with biomolecular probes will bind with the complementary target species. As
shown in Figure 9.16 (5), the magnetoresistive sensors beneath the gene chip can record
the capture of the magnetic labels (Ferreira et al. 2003).
Magnetoresistive sensors (MRS) are generally magnetic ﬁeld transducers based on
either magnetoresistance of the ferromagnetic materials or on ferromagnetic/nonferromagnetic heterostructures. The detection in MR sensors is based on the magnetic
fringe ﬁeld of a magnetically labeled biomolecule bound to a magnetic ﬁeld sensor.
Figure 9.17 presents a schematic diagram of a GMR chip based on a Bead ARray
Counter (BARC). The BARC is a sandwich array where the target molecule is bound to
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Figure 9.16 Schematic representation of detection of DNA using MR chip. (Ferreira et al. 2003)

Figure 9.17 The schematic diagram of a GMR BARC chip. (Edelstein et al. 2000)

an immobilized probe of the GMR sensor. The speciﬁc ligand-receptor interaction binds
the magnetic label to the target. The thiolated DNA probes are patterned onto a gold
layer directly above the GMR sensor. The non-speciﬁc adhesion of the sample DNA
as well as the attaching of the magnetic beads on the unmodiﬁed areas of the gold are
prevented by passivating with thiolated polyethylene gycol (PEG). Biotinylated sample
DNA is added to the chip. It hybridizes with the DNA probes on the surface where a
complementary sequence is present. The unbounded DNA is removed by washing and
the streptavidin coated magnetic beads are injected on to chip. The magnetic beads bound
to the biotinylated sample DNA hybridize on the BARC chip. Selective pulling off of
the beads that are not bound to the surface is achieved by an external magnetic ﬁeld
gradient using a permanent electromagnet (Lee et al. 2000). The magnetic ﬁeld gradient
can also be applied using electromagnets integrated with the chip (Edelstein et al. 2000)
or a current carrying line placed close to the chip (Lagae et al. 2002).
The bound beads are detected by applying a magnetic ﬁeld perpendicular to the substrate, which imposes a magnetic moment onto the beads. One of the advantages of
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applying the ﬁeld normal to the plane of the GMR sensors is that a much larger magnetic
ﬁeld can be applied to the beads without saturating the sensor.
(1) Magnetoresistive Signal Detection
The output signal due to the magnetoresistive changes depends on the magnetic sensitivity, size and ratio of the label and the sensor, magnetic moment of the label, distance
between the label and the sensing layer and the sensor current. In general the magnetic moment increases with the increase in applied ﬁeld until it becomes saturated
and the moment no longer increases. Accordingly, the reported sensor signals for single micron-size magnetic labels vary from a few nV to a few 100 µV as presented
in Table 9.2. It is clear that spin valves of size 1 × 3 µm2 or 2 × 6 µm2 exhibit highest sensitivity with good signal to noise ratios. Magnetoresistive thin ﬁlms can be easily
fabricated using silicon integrated circuit fabrication technology due to the compatibility
in patterning and photolithographic techniques. The smaller size and the lower cost are
added advantages so that many electronic sensing functions can be integrated into the
chips.

Table 9.2 Magnetoresistance detection platforms used by the magnetoresistive sensors and
magnetic labels. (Graham 2004)
Sensor Type

Size (µm)

Label size

Spin valve

2×6

2 µm

Spin valve

1 × 2.5–3 × 12

Sensitivity

Range

Molecular
Recognition

1–6

Yes

0.5–1.5 mm

1–10

No

1 µm

1–15

No

1

250 nm

10 s

10–100 s

Yes

100 nm

100 s

1000 s

No

50 nm

1000 s

1000 s

No

2.8 µm

1

<10

No

11 nm (Co)

>1000 s

No

AMR ring

5 (d)

4.3 µm
(NiFe)

1

–

No

Hall sensor

2.4 × 2.4

2.8 µm

1

–

No

GMR spiral

70 (d)

2.8 µm

200

<1000

Yes

GMR strip

5 × 80

2.8 µm

1

<100

Yes

GMR Serpentine

200 (d)

2.8 µm

10

>1000

Yes
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(2) Challenges
GMR sensor development has many remaining challenges. The aggregation of the particle
is one of the main problems and it prevents the sensors from working effectively. Freely
moving polymer coated iron oxide particles have found a solution to this. However, the
magnetic moment is found to be very small. It has been observed that micron-sized particles may impede biomolecular recognition and interaction and hence reduce detection
efﬁciency. Particles of less than 100 nm diameter are found to be difﬁcult to detect individually due their low magnetic moment. Results observed for particle diameters down
to 130–250 nm with iron oxide nanoparticles limit the detection.

9.3 Biochips Based on Spin Valve Sensors
It can be seen from Section 9.2 that in GMR sensors, the external ﬁeld aligns all layers
in one direction which reduces the scattering of one of the electron spins. However, a
different effect can be observed if an antiferromagnetic layer is placed close to a pair of
spaced ferromagnetic layers. The antiferromagnetic layer serves as an exchange bias for
the adjacent magnetic layer. Since the other layer is free to rotate, the device shows a
linear dependence of magnetic resistance. This device is known as a spin valve, since the
applied ﬁeld effectively acts as a valve for one of the electron spins.
A spin valve is a device in which two conducting magnetic thin ﬁlms that alternates its
electrical resistance depending on the alignment of the layers. It is a sandwich conﬁguration similar to a GMR sensor with one of the two magnetic thin ﬁlms being connected
with an antiferromagnetic layer such as FeMn or CrPtMn. Since these layers are made
of different hysteresis materials, the top layer changes its polarity while the bottom layer
keeps its polarity and vice versa. The thin magnetic layers align up or down depending
on the external magnetic ﬁled. The spin nature of the electrons controls the spin valve
functions. In a polarized magnetic thin layer, the unpaired electronics align their spins
due to the external magnetic ﬁeld and they keep that spin while they move through the
device. If these electrons encounter a magnetic thin ﬁlm, which has a ﬁeld in the opposite
direction, the electrons tend to ﬂip their spins and the device shows higher resistance.
These technologies are effectively utilized in computer hard-disk drives for high-density
magnetic data storage. The device shows higher resistance when the magnetic layers
are antiparallel and the resistance is low when they are in parallel. The spin valves are
sensitive not only to the magnitude of the applied ﬁeld, but also to the direction of the
ﬁeld.
Even though the major uses of the spin valve sensors are for the data storage in hard
disk drives, due to their ability to detect very weak magnetic ﬁelds at room temperature,
they are being explored for a number of new applications, particularly in biological sensors
(Kurlyandskaya and Levit 2007; Baselt 1998; Ferreira et al. 2005; Graham et al. 2004,
2005; Freitas et al. 2002). Biochips based on magnetoresistive sensors might be able to
recognize biomolecules at the single molecule.
In GMR multilayers, the magnetization direction depends on the non-magnetic spacer
such as Cu or Ru. However, in spin valves, the layer in between the magnetic layers
was engineered to have its magnetization pinned by an antiferromagnetic layer. At the
same time, the magnetic dipoles at the other layers are free to rotate. Figure 9.18(a) and
(b) presents the schematic representation of the spin valve sensors for DNA detection
applications; (a) is the top view and (b) the cross-sectional view. Mf and Mp are the
free and pinned magnetization of the spin valve sensors and Ht and Hb are the applied
magnetic excitation and bias ﬁelds. Figure 9.18(c) presents the schematic representation
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Figure 9.18 Schematic representation of the spin valve sensors (a) top view; (b) cross-sectional
view. The conceptual labeling of magnetic nanoparticles bound to the sensor surface using
hybridized DNA probes are shown in the active area and (c) the spin valve structure and the
magnetoresistance loop at room temperature. (Figures (a) and (b) are adopted from Li et al. 2006
and (c) from Schuhl and Lacour 2005). Reprinted from: Li, G. X. Sun, S. H. Wilson, R. J. White,
R. L. Pourmand, N. and Wang, S. X. (2006). “Spin valve sensors for ultrasensitive detection
of superparamagnetic nanoparticles for biological applications”, Sensors and Actuators A, 126,
98–106., with permission from Elsevier

of the spin valve structure and its magnetoresistance loop. The magnetically soft layer
is separated by a non-magnetic layer from a second mantic layer. In this ﬁgure, H <
0 corresponds to a parallel conﬁguration; 0 < H < H pinning corresponds antiparallel
magnetizations and H > H pinning corresponds parallel alignments.
Figure 9.19 presents the schematic representation of spin valve structure which was
introduced in 1991 and is used on most of the read heads in computer hard disks.
In the conﬁguration, the magnetic moments in sense and free layers are presented in
Figure 9.19(a). This spin valve sensor consists of a magnetically soft layer separated by
a non-magnetic layer which has a pinned magnetization by an exchange biasing interaction with an antiferromagnetic layer such as FeMn or IrMn or a ferromagnetic layer.
The difference between an antiferromagnetic (AF) and a ferromagnetic (F) layer is that the
magnetic dipole inside the AF will tend to align antiparallell to its nearest neighbor. The
permanent magnetic dipoles of the F materials interact strongly between each other even
without the presence of any applied ﬁeld. As a result, each ferromagnetic atom will tend
to align with its neighbors due to the spin interaction between the nearest atoms. When a
ferromagnetic layer is in contact with an AF layer exhibiting exchange anisotrophy, the
magnetization ﬁeld loop is found to be shifted away from the zero applied ﬁeld (Guedes
et al. 2006). This is mainly due to the extra magnetic ﬁeld created by the F layer dipoles
due to its coupling. The magnetization of the unpinned or free layer reverses when the
magnetic ﬁeld increases from negative to positive values in the small ﬁeld range close to
H = 0. However, due to the magnetization of the pinned layer which remains ﬁxed in the
negative direction, the resistance increases sharply, hence the sensitivity of the device is
high for a small ﬁeld. As shown in Figure 9.19, the F1 magnetization is pinned because it
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Figure 9.19 (a) Schematic diagram of spin valve sensor showing the magnetic moments in the
sense (free) and pinned layers (Ferreira et al. 2003); (b) structure and arrangement of layers in a
simple magnetoresistive spin valve sensor. Due to the coupling to an AF layer, the magnetization
of layer F1 is pinned. However, due to the absence of AF-F coupling in layer F2, its magnetization
can be rotated freely. (Mendes 2005)

is coupled to the layer AF. Since in layer F2, there is no AF-F coupling, its magnetization
is free to rotate. The conducting Cu layer is called a spacer.
Figure 9.20 presents the typical arrangement of layers (in Å units) of a spin valve sensor that consists of two ferromagnetic layers separated by a Cu spacer. In this device, the
buffer layer Ta provide a <111> structure that controls the grain size to 10 nm to produce
soft free layer properties which leads up to 10 % MR values. Theoretical modeling shows
that by decreasing the Cu layer thickness to 15–18 Å on the Ta buffer layer, the MR
value is found to be increasing sharply. However, the decrease in Cu thickness affects
the interlayer ferromagnetic Neel coupling and hence the usual thickness of the Cu layer
is around 20–22 Å (Freitas 2007).
Most widely studied MR sensors use magnetic microspheres of size ranging from
1–3 µm in diameter. Compared to magnetic nanoparticles, the increased volume results
in a higher magnetic moment per label in external magnetic ﬁeld. The uniform size and
shape of the microspheres permit quantitative analysis with linearity between the signal
and the number of labels to be detected. However, the higher mass of micron-sized
particles compared to the biomolecules prevent the label being attached to the sensor surface and the larger diameter of the labels hinders high-density binding for a
given area. Magnetic nanoparticles are found to be a solution to these problems. The
increased density in binding could be achieved using the nanoparticles due to their
smaller size.
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Figure 9.20 Arrangement of various layers along with its thickeness (in Å units) for a spin valve
sensor. (Freitas 2007)
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Figure 9.21 Comparison of magnetic labeling using spin valve and Hall effect sensors showing
different measurement principles and geometries; (a) in spin valve sensors based on GMR effect,
the label fringe ﬁeld is detected using a sensor biased on in-plane applied magnetic ﬁeld; (b) in
a single layer Hall effect sensor which is based on the AMR effect, detection is possible using
an applied magnetic ﬁeld perpendicular to the sensor surface. (Graham et al. 2004). Reprinted
from: Graham D.L., Ferreira H. A. and Freitas P.P. (2004). Magnetoreisitive based biosensors and
biochips, Trends in Biotechnology, 22, 9, 455–462, with permission from Elsevier

Figure 9.21 presents a comparison of magnetic label measurements for spin valve and
Hall effect sensors, which work based on magnetoresistive sensing principles.
Figure 9.21(a) is a multilayered magnetoresistive spin valve sensor in which the labeled
fringe ﬁeld is detected with an in-plane sensor. However, as shown in Figure 9.21(b), in
the Hall cross sensor, the fringe label ﬁeld perpendicular to the sensor surface is detected.
Figure 9.22 shows a photograph of a spin valve sensor. The change in electrical resistance of the magnetic materials depends on the relative direction of the current ﬂow and
the magnetization. As shown in the ﬁgure, the current generally passes through the Cu
layer due to its lowest resistivity. However, the ﬂow of current through the Cu layer

412

Magnetic Biochips: Basic Principles

20 µm

Magnetic
nanoparticles

Spin valve
sensor

Tapered
MFG line

Contact line

Figure 9.22 Photograph of the spin valve sensor. The ﬁgure shows the contact lines for the current
ﬂow in the direction of the layers plane and the tapered magnetic ﬁeld generating lines used to
attract the tagged magnetic nanoparticles. (Mendes 2005, p. 26)

Figure 9.23 Magnetoresistive biochip based on spin valve sensors. The chip has 12 pairs of spin
valve sensors for single or differential measurements; (a) fabricated sensors at the center of 8 ×
8 mm chip along with connection pads; (b) the input line and output lines; (c) the exposed sensor
and a reference sensor; and (d) single 2 × 6 µm2 spin valve with opened contacts. (Graham et al.
2004). Reprinted from: Graham D.L., Ferreira H. A. and Freitas P.P. (2004). Magnetoreisitive based
biosensors and biochips, Trends in Biotechnology, 22, 9, 455–462, with permission from Elsevier

not only depends on the scattering effects of the electrons in the Cu layer, but also the
magnetic interactions of the adjustment layers.
Figure 9.23 shows a photograph of the spin valve sensor fabricated on a silicon
wafer (Graham et al. 2003). The spin valve stack structure is Ta 65 Å/NiFe 40 Å/CoFe
10 Å/Cu 26 Å/CoFe 25 Å/MnIr 80 Å/Ta 25 Å/TiW(N) 150 Å. These layers are fabricated
by magnetron sputtering with a resistance of 15.4 . The structure is deﬁned using laser
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Figure 9.24 Real-time detection of ﬁbrosis related DNA using magnetoresistive sensors with
50mer oligonucleotide probes immobilized on spin valve sensors and hybridized with (a)
bi.otinylated complementary target DNA; (b) biotinylated non-complementary DNA. (Graham et al.
2004). Reprinted from: Graham D.L., Ferreira H. A. and Freitas P.P. (2004). Magnetoreisitive based
biosensors and biochips, Trends in Biotechnology, 22, 9, 455–462, with permission from Elsevier

lithography and ion beam milling techniques with AlCu metal leads as electrical contacts.
This chip has 12 pairs of sensors used for the differential signal measurement using the
Wheatstone bridge architecture to enable thermal and electrical noise compensation. The
device is fabricated using silicon fabrication technologies including lithography and sputtering. Sputtered silicon dioxide of a 2000 Å thick passivation layer is used to protect the
chip from corrosion due to the applied ﬂuids during the chemical and biological reactions
over the chip.
GMR sensors can be combined with microﬂuidic ﬂow channels to selectively attach
magnetic beads to fabricate miniaturized biosensor arrays. Figure 9.24 presents the measured signals from the magnetoresistive sensors for the detection of a cystic ﬁbrosis related
DNA target. A 50mer oligonucleotide probe was immobilized over 2 × 6 µm2 spin valve
sensor. These sensors were hybridized with biotinylated complementary target DNA in
Figure 9.24(a) and biotinylated non-complementary DNA in Figure 9.24(b). It can be
seen from the ﬁgure that the hybridized DNA was detected by introducing streptavidin
functionalized nanoparticles of size 250 nm. The sensor saturation signal level is at (i)
and after washing of the signal level is at (ii). After washing, 50% of the sensors are
covered with labels in (a) and no binding signal is observed in (b).

9.4 Biochips Based on Magnetic Tunnel Junctions
The ever increasing capacity of magnetic disk drives demands alternatives to GMR spin
valve sensors. The maximum useful magnetoresistance provided by spin valve recording sensors is about 16 %–18 %. It has been proved that much large MR values can be
achieved using magnetic tunneling junctions (MTJ). An MTJ is similar to a spin valve
device but the metallic Cu spacer is replaced with a very thin layer of insulating tunnel
barrier. The sensor current in such a device is passed perpendicularly through the device
(Julliere et al. 1975; Miyazaki et al. 1995; Moodeera et al. 1995). Tunneling magnetoresistance (TMR) values as high as 60 % are observed in alumina tunnel barriers at room
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Schematic representation of a biosensor based on MTJs. (Wang and Jiang 2007)

temperature (Tsunoda et al. 2002). The TMR is deﬁned as the change in resistance divided
by the saturated resistance for the parallel magnetization conﬁguration.
Among various magnetic sensors, MTJ devices have greater importance due to their
ﬂexibility in designing the required resistances by changing the tunnel barrier thickness.
MTJs exploit the asymmetry in the density of states of the majority and minority energy
bands in a ferromagnet (Julliere et al. 1975; Sloncezewsli 1989; Gallagher et al. 1997;
Li et al. 2006). Tunneling takes place when an electron passes across an insulating barrier. Spin dependent tunneling is related to the relative orientation of two adjustment
ferromagnetic ﬁlms. There is maximum match between the number of occupied states
in one electrode and available states in the other when the electrodes are in parallel.
The tunneling current is maximum when tunneling resistance is minimum. However, in
antiparallel conﬁguration, there is tunneling between the majority states in one electrode
and the minority state in the other. This mismatch in the alignment results in minimum
current with maximum resistance. In MTJ devices, the directions of magnetizations can
be altered by applying an external magnetic ﬁeld and hence the tunneling resistance is
sensitive to the applied ﬁeld. The perpendicular current ﬂow in such devices is highly
attractive to achieve ultra high density since the sensor can be directly attached to the
electrical contacts which can also serve as a magnetic shield. In conventional GMR sensors, the current ﬂow is parallel to the layers and the sensor has to be electrically isolated.
The isolation layer also occupies space between the shields.
The cross-sectional view of a biosensor-based MTJ is presented in Figure 9.25. The
sensor layer is at the bottom ferromagnet, which is pinned in the right direction. It could
be possible to freely switch the magnetization orientation of the top layer using an external
magnetic ﬁeld. The sensor area is coated and patterned with a thin layer of gold for the
biomolecular attachment. The direction of the in-plane component of the fringe ﬁeld due
to the biolabels can be detected as change in resistance in the MTJ cell.
Figure 9.26 shows the schematic representation of the switching mechanism in MTJs
used for the design of MRAM (Butler and Gupta 2004). The top and bottom electrodes
are ferromagnetic layers separated by a tunnel barrier. The antiparallel (RAP ) and parallel
(RP ) alignment layers can be switched using an external magnetic ﬁeld. The change
in magnetoresistance is observed due to relative spin orientation of the electrodes by
changing from RAP to RP . In MRAM, the high and low states correspond to ‘1’ and ‘0’
in non-volatile memory.
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Figure 9.26 Schematic diagram of switching mechanism in MTJ used in MRAM devices. The
top and bottom ferromagnetic layers are separated by an insulating tunnel barrier. The change in
tunnel resistance is observed due to the switching of the alignments of top and bottom magnetic
layers. The high and low resistance states correspond to ‘1’ and ‘0’ in the non-volatile memory
device. (Butler and Gupta 2004)
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Figure 9.27 (a) Schematic diagram of the fabrication process of magnetic tunnel junctions with
cross-sectional (right) and planar (left) views. (b) Layout of the chip and a single tunnel junction.
(Gallager et al. 1997)
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(3) MTJ Fabrication
The performance of an MTJ depends on the size, shape and the geometrical magnetic
parameters. The device fabrication starts with the growth of multilayered ﬁlms using magnetron sputtering on a silicon wafer as shown in Figure 9.27. There are two types of layer
structures in an MTJ: structures with Co-free layers and structures with permalloy free
layers. The Co-free layer structure (MnFe-Py/I/Co) has the following layer sequence on a
Si(100) wafer. Base electrode [200 Å Pt/40 Å Py/100 Å MnFe/80 Å Py]/[oxide (10–30 Å
Al2 O3 )]/top electrode (80 Å Co/200 Å Pt), where Py is permalloy (Ni81Fe19). The Py-free
layer structure (MnFe–Co/I/Py) has the layer sequences on Si (100) wafer Base electrode
[200 Å Cu/40 Å Py/100 Å MnFe/100 Å Co]/oxide (10–20 Å Al2 O3 )/top electrode [200 Å
Py/200 Å Pt]. The tunneling barrier is formed by plasma oxidization of 10–30 Å thick Al
layer in 100 mTorr of O2 for 2–7 minutes. The tunneling occurs in both cases between
the permalloy and the Co layers. The photolithography process deﬁned as follows is used
to pattern the device structures.
The electrodes are deﬁned and patterned using ion milling system as shown in Figure 9.27(a).
The junction areas were deﬁned by patterning the top electrode by second ion milling,
which stops at the top surface of the base electrode. Using RF magnetron sputtering, the
junctions were coated with 1000–1600 Å SiO2 . The junction electrodes were made by a
metallization layer of 200 Å Ag/3000 Å Au, deposited and patterned by lift-off process.
The optical micrographs Figure 9.27(b) show the layout of MTJ on a chip and the
dimensions of a single junction.

(a)

(b)

5 µm

(c)

(d)

12 × 3 µm2
Spin Valve

25 × 25 µm2 hole

Hb
uncovered sensor
5 µm
(e)

covered sensor
(f)

Field generating lines
sensor

0:11:44

Figure 9.28 Magnetic biosensors developed by various groups; (a) BARC II from Naval Research;
(Edelstein et al. 2000) (b) Universität Bielefeld Germany; (c) Stanford single bead detector;
(d) INESC, Lisbon Portugal for the ﬂuid sensors; (e) Philips Research sensor that can distinguish bulk and surface concentrations; (f) IMEC Leuven, Belgium sensor that combines with an
actuator. (Megens and Prins 2005)
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Baselt et al. (1998) developed a GMR strip based on 2.8 µm diameter Dynabeads on
80 × 5 µm2 strips. This concept has been further modiﬁed and has resulted in a DNA
hybridization sensor array known as BARC as shown in Figure 9.28(a). It consists of 64
sensors with eight sensor strips (Miller et al. 2001). Schotter et al. developed a similar
sensor with a large sensing area as shown in Figure 9.28(b). Figure 9.28(c) presents a
single bead sensor developed for the detection of a single DNA fragment by Li et al. (Li
2003a; Li 2003b). The sensor developed for binding the magnetic biomarker sample in the
ﬂuid is shown in Figure 9.28(d). The details of these sensor developments are presented
in Chapter 10.
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10
Biomedical Applications
of Magnetic Biosensors
and Biochips
10.1 Introduction
The advancements in modern technologies especially in microelectronics and biotechnology have revolutionized medical technology. Nanotechnology developments in the
manipulation and control of biomaterials and system designs have made far-reaching
changes in disease diagnosis, treatment and control. Biological tests to detect the presence of speciﬁc molecules become quicker, more sensitive and more ﬂexible when certain
nanoparticles are allowed to do the work as tags or labels. Since the dimensions of large
biomolecules such as proteins and DNA fall in the 1–1000 nm range, nanotechnology is
particularly important in biology. Due to the progress in nanotechnology and the advancements in molecular biology, single molecules can be detected and analyzed. The need for
new technologies for medical diagnosis and the requirement for a decentralized diagnosis
bring disease diagnosis to a different level. Today, disease diagnosis has been moved
from expensive well-established laboratories to cost-effective, disposable, fast and accurate point-of-care testing devices. These portable, accurate and easy-to-use biosensors
have become a high priority for many industries due to the recent advancements in detection of single pathogens or molecules. Biochips and other micro-biosensing devices are
among the few devices that makes this possible. The integration of biotechnology with
microelectronics is becoming the backbone for this evolution. Future diagnostic devices
will rely heavily on silicon microelectronic chips and it is clear that the next triumph will
be biochips for disease detection, diagnosis, monitoring and analysis.
A nanosensor on a chip is a revolutionary idea to implement total chemical analysis
on a single chip. The ability of nanotechnology to make chemical and biological analysis
using single or few molecules has fundamentally changed the healthcare, food safety and
law enforcement sensor systems. The lab-on-a-chip technologies are micrototal analysis
systems in which the sensors are capable of complete processing, including mixing using
microﬂuidic channels, chemical analysis based on few molecules and data outputs and
networking. Since nanotechnology has the proven ability to build switchable molecular
functions, a completely new approach in designing valves, pumps, chemical separations
and detection has been developed. Nanotechnology enabled microﬂuidic systems can
Nanomedicine: Design and Applications of Magnetic Nanomaterials, Nanosensors and Nanosystems
V. Varadan, L.F. Chen, J. Xie
 2008 John Wiley & Sons, Ltd
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Figure 10.1 Schematic representation of a magnetic biochip. (Lee H et al. 2006)

be directed by controlling the surface energy rather than relying on capillary properties
of physical channels and the membranes can be replaced with mechanical valves. The
requirements for complex signal transductions in conventional laboratories are eliminated
by the new approaches in optical, electrical and magnetic detection techniques.
The miniaturization of bioanalytical instruments onto integrated chips has enabled the
study of neural signals (Kaul et al. 2004; Eversmann et al. 2003), tissue dynamics (Bhatia
and Chen 1999), electrochemical activities (Hassibi and Lee 2005), the monitoring of
ion channels (Fromherz 2005), cell manipulation (Manaresi et al. 2003, Lee, H. 2005;
Lee, H et al. 2004), and the probing of DNA (Cailat et al. 1998) using biochips. This
miniaturization generally involves the design of sensors, microﬂuidic ﬂow and mixing
channels and signal detection systems. Figure 10.1 shows a typical example of a biochip.
This is a hybrid IC microﬂuidic system for the manipulation of biological cells with
a microﬂuidic channel integrated over the microcoil array circuits to generate spatially
patterned microscopic magnetic ﬁelds. The magnetic ﬁeld simultaneously controls the
motion of many individual cells which are tagged by the magnetic beads suspended
inside the microﬂuidic system. Efﬁcient and versatile operation of cell manipulation is
achieved using the electronically programmable microcoil array circuits using this chip.
One of the advantages of this hybrid system is that it can bring together a small number
of individual cells with tight spatial control to study cell–cell interactions at the single
cell level. Also, this system permits the assembly of a 2-D artiﬁcial biological tissue by
bringing a large number of cells one by one into a desired geometry at the microscale.
Many different schemes are developed for the detection of biomolecules. Figure 10.2
shows a schematic representation of biomolecule detection schemes using nanoparticles in
biochip devices. Gold nanoparticles are widely used as signal reporters for the detection of
biomolecules in DNA assay, immunoassay and cell imaging as shown in Figure 10.2(a).
Gold nanoparticles are also used in the identiﬁcation of pathogenic bacteria and DNA
microarray technology (Taton et al. 2000). In most cases, the metallic properties of the
nanoparticles are utilized in particle aggregation, photoemission, electrical and heat conductivity, photo imaging and catalytic activity. These properties are applied in biochips
for biomolecule detection, sample preparation, substrate coding and signal transduction
and ampliﬁcation.
Magnetic nanoparticles are found to be a powerful and versatile diagnostic tool in
biology and medicine. As shown in Figure 10.2(b), magnetic nanoparticles are used to
assist the separation, puriﬁcation and concentration of different biomolecules. Capturing molecules such as antibodies and oligonucleotides are immobilized on the surface.
Magnetic nanoparticles are also used to code biomaterials with different colors during
the multiplexing as shown in Figure 10.2(c). The basic approach is to embed a mixture of quantum dots (QD) that emits red, blue and green colors at different ratios into
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Figure 10.2 Overview of biomolecule detection schemes using nanoparticles in biochips; (a) substrate labeling; (b) sample concentration/separation; (c) substrate coding and (d) signal transduction
and ampliﬁcation. (Liu 2006)

microbeads (Han et al. 2001). Theoretically, it is possible to color-code more than a million microbeads using six different QDs and assuming 10 different intensities for each
QD with ﬂuorescence labeling (Xu et al. 2003). However, the present optical detection
systems do not have the required resolution to distinguish all possible intensity combinations. The detection platforms generally suffer from high background ﬂuorescence
and, due to the photosensitive nature of the ﬂuorescent labels, it bleaches when exposed
to light. Fluorescence-free labeling is possible when the nanoparticles are used as signal transducers in electrical detection systems or signal ampliﬁers (Park et al. 2002) as
shown in Figure 10.2(d). Accurate detection of single-nucleotide-polymorphism (SNP)
with a target DNA concentration as low as 500 fM is possible using this technique.
Magnetic immunoassay is based on detecting the magnetic ﬁelds generated by the
magnetically labeled targets. Binding the antibody target molecules or disease causing
organisms to a magnetic nanoparticle and measuring that very weak ﬁeld is the basis
of the magnetic immunoassay. This binding gives magnetic signals while exposed to a
magnetic ﬁeld and hence the antibody bound target can be identiﬁed. The superconducting quantum interference device (SQUID) based on superparamagnetic nanoparticles is
a sensitive, speciﬁc and rapid detection technique for biological samples (Chemla et al.
2000). Magnetic spheres called ‘beads’ are frequently used as biomarkers for DNA detection, cell analysis and antibody–antigen interaction studies. These beads are magnetic
micro- and nanoparticles of sizes down to 100 nm. The materials applied on the bead
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shell in the functionalization procedure, for example, streptavidin molecules, will be able
to bind speciﬁcally to biotin molecules, which in turn can bind selectively to target DNA
or proteins. This opens up the possibility of designing biochips to detect the presence of
many biomolecules by measuring the magnetic ﬁeld based on sensors such as magnetoresistance sensors, magnetic tunnel junctions and giant magnetoresistance sensors. This
chapter presents the basic principle and designs of various biochips based on magnetic
signal transduction for gene and protein analysis, cell analysis, biological warfare and
chemical agent detection and environmental applications. Due to its ability to directly
translate the changes in magnetization directions to changes in resistances as well as
its fabrication compatibility with standard complementary metal oxide semiconductor
(CMOS) processing, the complete biochips could be integrated with CMOS electronics
devices for signal detection along with ﬂow-controlled microﬂuidic channels.

10.2 DNA Analysis
In living organisms, the genes are the working subunits of DNA, the chemical information
database that carries the complete set of instructions of that organism. The DNA consists
of long paired strands spiraled into a double helix. The information in DNA is stored as
codes made of four chemical bases: adenine (A), guanine G, cytosine (C) and thymine (T).
The order and the sequence of these base codes represent the biological instructions
inside the cell. The human genome is composed of 23 distinctive pairs of chromosomes,
approximately 3 billion DNA pairs consisting of more than 30 000 genes. Detection of
DNA becomes the central theme for the diagnosis and treatment of genetic diseases
and forensic analysis. Identiﬁcation of single-base-mismatched DNA/mRNA strands in
complex mixture is very important. It has been proved that most cancers originate from
genetic mutations starting with a single-base change in DNA sequences (Cotton 1997).
Due to its importance in DNA analysis, development of hybridization assays that permits
simultaneous determination of multiple DNA targets becomes of the utmost importance.
Multi-target detection using various optical codings that include optical assays (Park et al.
2002; Taton and Mirkin 2001), Raman dye labeled nanoparticles (Cao 2002), quantum
dot microbeads (Han 2001), bar-coded nanorods (Nicewarner-Pena et al. 2001) and ﬁber
optic DNA arrays (Ferguson 2000) are found to be very promising in DNA detection. The
ultra sensitive electrical detection of DNA using gold nanoparticles (Cheng 2006, Han
2006) and selective molecular hybridization probes (Fuentes 2006; Graham et al. 2003)
are materialized due to the characteristic behavior of the nanoparticles. Single stranded
DNA (ssDNA) immobilized probes have various biotechnological and medical applications such as DNA-driven nanoassembly (Fritzsche and Taton 2003) and the development
of biosensors (Kerman 2004). The choice of the signal transduction medium in a DNA
probe is very important and its selection determines the surface chemistry as well as
practical use of the conjugates. Most of the established mechanisms are based on solid
inorganic supports to capture ssDNA (Riccelli et al. 2001; Peterson et al. 2001).
To understand DNA hybridization and immobilization, it is necessary to evaluate its
kinetics. Kinetics of hybridization studies are limited due to the two-dimensional nature
of the assemblies where the studies are usually carried out. Magnetic nanoparticles offer
special promise due to their ability to direct and manipulate using an external magnetic
ﬁeld as well as their low toxicity and biocompatibility. Gold coated nanoparticles have
the added advantage of utilizing the robust chemistry of the gold surfaces along with
the unique properties of magnetic particles for immunoassay development (Mikhaylova
et al. 2004; Fan et al. 2005) and for the study of the kinetics of the DNA hybridization
(Kouassi et al. 2006).
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Stability of the DNA probe-support bonds and non-reactivity of oligonucleotide bases to
permit hybridization are critical issues for ideal immobilization. Many different methods
for chemical immobilization of DNA probes on various supports were developed (Taira
and Yokoyama 2005; Fixe et al. 2004; Ivanova et al. 2004; Walsh et al. 2001). The
covalent immobilization of aminated probes via an artiﬁcially induced amino group at
the 3’-or 5’ end of the DNA shows a very stable covalent probe-surface bond as well as
very low steric hindrances for hybridization (Fuentes et al. 2004, 2005). It is established
that the DNA probes immobilized on magnetic nanoparticles simpliﬁed the target DNA
for PCR ampliﬁcation (Fuentes et al. 2006).
Signal detection is one of the key features in all analytical platforms and various detection schemes are developed based on different principles as explained in Section 9.1.
Optical, electrical and magnetic detection schemes show very promising results in chemical analysis. However, the portability and higher cost of various optical platforms prevents
their use in biochip devices. As explained in Section 9.4, among various types of magnetic sensors, magnetic tunnel junctions (MTJs) have greater importance due to their
design ﬂexibility in tuning the resistance while changing the tunnel barrier thickness.
Figure 10.3(a) shows the arrangement of the layers in an MTJ. Generally, in a spin valve
sensor, two magnetic layers are separated by a non-magnetic conducting spacer, such as
Cu. However, in MTJs the conducting spacer is replaced with an insulating tunnel barrier
such as aluminum oxide layers. The resistance of the structure depends on the orientation
of the magnetization of the two layers. The structure is fabricated on silicon substrate with
PtMn (15 nm)/CoFe (2.5 nm)/Ru (0.85 nm)/CoFeB (3 nm)/MgO (0.85 nm)/CoFeB (3 nm)
nanolayers as shown in Figure 10.3(a). Using the electron beam and ion beam lithographies, the multilayered structure is patterned to oval-shaped pillars of dimension 200 nm
× 100 nm. The antiferromagnetic layer of CoFe and CoFeB at the bottom act as a pinned
layer. The magnetization of the top CoFeB layer which acts as a free layer can be changed.
Figure 10.3(b) shows the magnetoresistance of the device due to the magnetic ﬁeld applied
at an angle of 30 ◦ from the pinned layer.

(a)

(b)

Figure 10.3 (a) Schematic diagram of the cross-sectional view of the magnetic tunnel junction
diode with the arrangement of the layers. The layer thickness is in brackets. The bottom CoFeB
and CoFe layers anti-ferromagnetically couple through the Ru layer which acts as a pinned layer.
The top CoFeB layer acts as a free layer, the magnetization of which can be changed. The pinned
and free layers are separated by a tunneling MgO barrier; (b) the effect of diode magnetoresistance
due to the magnetic ﬁeld applied at 30 ◦ from the pinned-layer magnetization. (Tulapurkar et al.
2005)
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Figure 10.4 The schematic diagram of the biochip for DNA hybridization detection; (b) SEM
micrograph of a cell; (c) packaged biochip. (Piedade, M. et al. 2006)

Figure 10.4(a) presents the schematic diagram of the biochip matrix array of 16 ×
16 MTJ sensors that are connected in series with the thin-ﬁlm diodes (TFDs). The TFD
in this circuit functions as (i) a switching device to enable connection between the column Cj s and row Ri s of the matrix; (ii) a temperature sensor for each biosensor. The
hand-held platform is integrated with necessary electronics to address the read-out, ﬂuid
ﬂow and temperature controller. The MTJs are kept very close to the TFD to sense
the planar magnetic ﬁeld H transverse to its length. This biosensor consists of 16 ×
16 cell matrix in which the electric current ﬂows from row conductor Ri through the
TFD into the MTJ and ﬁnally to the column conductor Cj . The electric current ﬂowing through the row and column addresses the cell and hence establishes the respective
connection.
The TFDs are fabricated on hydrogenated amorphous silicon with an aluminum oxide
barrier (Lagae et al. 2005). The detection site incorporates U shaped carrier lines (CL)
which helps to generate a magnetic ﬁeld to sweep target biomolecules at low frequencies
over the immobilized probes to increase the hybridization rate as well as to heat the
biochip detection sites.
200 µm × 200 µm TFDs are formed at the interface of a hydrogenated amorphous silicon (a-Si:H) and an aluminum lead along with an antiferromagnetic layer (MnIr 250 Å),
a ﬁxed ferromagnetic layer (CoFeB 50 Å), a tunneling insulating barrier layer (aluminum
oxide 12 Å) and a free layer (CoFeB 15 Å + NiFe 45 Å). The transducer shows a tunneling magnetoresistance ratio (TMR) of 27 %. As shown in Figure 10.4(b), a microﬂuidic

DNA Analysis

427

H
M

U-CL: U shaped
carrier lines

MTJ
U-CL

H

Figure 10.5 DNA hybridization mechanism; (a) magnetically labeled DNA targets at the DNA
probe; (b) DNA hybridization detection by sensing the magnetic ﬁeld created by the labels using
MTJ sensors. (Piedade et al. 2006)

chamber with a volume of 5 mm × 5 mm × 0.5 mm is mounted over the encapsulated
chip. Fluid input and output ports are provided with 2 mm diameter Plexiglas tubing.
The DNA hybridization is detected using MTJ transducers functionalized with a DNA
probe as shown in Figure 10.5. The target DNA tagged with paramagnetic nanoparticles
is transported to the sensing sites using microﬂuidic channels. The alternating magnetic
ﬁeld at the sensing site created by the U-shaped CLs is altered by the hybridized DNA
targets which are bound to the complementary probe DNA. Finally, the magnetic labels
remain bound to the surface of the sensors after washing with buffer solution. The external magnetic ﬁeld induces a magnetic moment on the nanospheres. Since the probe is
connected with the MTJs, the change in magnetic ﬁeld is detected by the MTJs depending
on the number of labels bound to the surface.
DNA sensors can also be materialized using spin valve sensors. The GMR sensors are
integrated to a complementary metal oxide semiconductor (CMOS) biochip to form a
DNA microarray as shown in Figure 10.6. There are more than 1000 sensing elements
in this chip within a 1 mm2 area (Han et al. 2006; Smith and Schneider 2003). The
sensitivity of detection is improved by combining several sensor pixels per biological
sample spot. The in situ probe synthesis (Mcgall et al. 1996) enables large-scale access
of genetic information in single pixel per DNA sequences. The light-directed in situ DNA
synthesis with photo-activatable monomers could achieve densities of the order of 106
sequences/cm2 . This high-density array of oligonucleotide probes is a powerful new tool
for large-scale DNA and RNA sequence analysis. 1008 GMR sensors are divided into
16 subarrays with an area of 120 µm × 120 µm. The signal read out from each pixel
is achieved by both frequency division multiplexing (FDM) as well as time division
multiplexing (TDM) techniques which could easily get 16 outputs/readings.
The performance of the spin valve sensor is highly dependent on the smoothness of
the substrate. One of the major obstacles in fabricating a highly sensitive GMR sensor is
the planarization of the electrodes’ under-layers to obtain the necessary smoothness for
successful deposition. Figure 10.7 shows the AFM images of the under-layer before and
after chemical mechanical polishing (Smith and Schneider 2003). The surface roughness
is found to be changed from 2.9 nm to 0.9 nm after surface polishing.
Figure 10.8(a) shows the schematic diagram of the fabrication procedure of the GMR
sensor. The fabrication of the GMR sensor starts with RIE etching of the Sn3 N4 layer
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Figure 10.7 AFM images of the substrate (a) before planarization, with 2.9 nm roughness; and
(b) after chemical mechanical polishing, 0.9 nm surface roughness. (Smith and Schneider 2003)
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Figure 10.8 (a) Schematic diagram of the fabrication procedure of the GMR sensor; and (b) the
SEM micrograph of the biosensor array. (Han et al. 2006)

to bring the thickness to 400 nm by passivation thinning. The spin valve sensors are
patterned using e-beam lithography and lift-off process. Electrical contacts are etched by
RIE and Ta/Tu/Ta metal contacts are developed onto it. The antiferromagnetic spin valve
sensors are deposited using the ultrahigh vacuum ion beam deposition system. Finally the
SiO2 /Si3 N4 /SiO2 layer is deposited to protect the devices. Figure 10.8(b) shows the SEM
micrograph of the biosensor array. The chip is fabricated using the 0.25 µm BiCMOS
process at the Stanford Nanofabrication Facility.

10.3 Protein Analysis and Protein Biochips
Clinical proteomics is the application of proteomic technologies and informatic tools to
clinical evaluation and analysis. The proteome is a dynamic collection of proteins that
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demonstrate the variation between individuals, between cell types, and between entities
of the same type but under different pathological or physiological conditions (Huber
2003). Clinical proteomics demonstrated the promise to identify new targets for treatment and therapeutic interventions. The biomarker detection for diagnosis, prognosis
and therapeutic effectiveness is achieved through the comparison of proteome proﬁles
between healthy and disease states (Raj and Chen 2001; Palmer Toy et al. 2002). The
translational nature of this technology provides unique challenges and many opportunities to transform the way disease is detected, treated and managed. In order to study
the responses due to multiple external stimuli over time to a protein as well as its
changes within samples from a patient, many technological advancements and new discoveries are required in protein puriﬁcation, identiﬁcation and protein interaction with
other biomolecules.
Conventional characterization methods for protein-molecule interactions such as surface
plasmon resonance (SPR), nuclear magnetic resonance (NMR), afﬁnity chromatography and capillary electrophoresis are time-consuming as well as labor-oriented due to
their collection, separation and identiﬁcation methods. The present methods are based on
labor-oriented processing by division of the original sample into multiple divisions. The
test will be performed on individual samples for most common substances in each step.
This makes the protein analysis more complex.
Protein research has the capability to discover thousands of intact and cleaved proteins
in the serum. Disease related protein analysis for disease diagnosis requires separation
of protein usually from plasma, urine or saliva and its identiﬁcation. The tool for this
in vitro diagnosis (IVD) is a clinical test that has three distinctive development phases
as shown in Figure 10.9(a) from identiﬁcation of the protein to launch of a diagnostic
product. The IVD devices should include all necessary reagents, calibrator materials and
related instruments for in vitro examination in the laboratory after the critical review and
approval from the Food and Drug Administration (FDA) before marketing. The array
format is very important for the automated platforms for multiple protein detection. The
multiplexing capability in protein analysis has the added advantage of ﬂexibility as well
as lower cost and time taken for the precision in analysis. As an example, a sample of
12 µl is generally not sufﬁcient for single protein detection by ELISA. However, it is
enough for the analysis of 17 cytokines using ﬂuorescent bead-based multiplexed assays.
Figure 10.9(b) presents the schematic representation of the strategies behind the design and
development of a protein biochip microarray, in which protein immobilization, selection
of appropriate functional groups, protein expression and puriﬁcation and design of novel
algorithms for data analysis are involved.
Figure 10.10 shows the protein biochip array technology (PBAT) developed by the
Randox Laboratories (Crumlin, UK) to measure 25 analytes simultaneously with a single
drop of sample to the biochip. Multiple speciﬁc legends are attached at the predeﬁned sites
of a 9 mm2 substrate. The antibody/antigen attachment is done by the silanation methods.
Silane reacts with hydroxyl groups on the chip surface followed by the reaction due to
the introduction of a hetero-bifunctional linker. This group is capable of reacting with an
antibody or peptide or nucleotide. The binding is determined by the chemiluminescence
using a charge coupled camera (CCD) imaging system.
The development of functionalized magnetic nanoparticles yields a high throughput
assay that has better accuracy, sensitivity and reproducibility. Particularly in the presence
of abundant proteins, the nonspeciﬁc binding can reduce dramatically the sensitivity of
detection (Tang 2004). Hence, there is always a demand for molecular probes with better
sensitivity and speciﬁcity and nanomagnetic materials are one of the candidate materials
for the design of biological assays. The large surface area to volume ratio along with
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Figure 10.9 (a) The schematic representation of protein three-step clinical diagnostic system along
with exploring technologies at each stage. LC: liquid chiromatography; MS: mass spectrometry;
SELDI: surface enhanced laser desroption/ionization; TOF: time of ﬂight; MALDI: matrix assisted
laser desorption/ionization; IVD: in vitro diagnosis; Ab: antibodies; IN: immunonephelometry; IT:
immunoturbidimetry; PBAT: protein biochip array technology (Dupuy, A.M. et al. (2005)); (b)
schematic representation of microarray fabrication strategy. (Seong and Choi 2003)

the magnetic properties of the magnetic nanoparticles (MNP) demonstrate that antibody
conjugated MNP can be used for the separation of target biomarkers with high speciﬁcity
and sensitivity (Lin 2006; Chou 2005).
Figure 10.11 shows the schematic representation of magnetic nanoparticle based
immunoassay developed for afﬁnity mass spectroscopy.
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Figure 10.10 Protein biochip array technology (PBAT). This biochip is a 9 mm2 solid-state substrate with predeﬁned sites attached with antigens or antibodies. The binding is determined by the
chemiluminescence and is quantiﬁed using a charge coupled camera (CCD). (Dupuy et al. 2005)

The antibody conjugated MNPs were ﬁrst incubated with a biological medium. The
antibody of interest is then covalently linked to the nanoparticle surfaces through a cross
linker bias (N-hyfroxysccinimide ester). The cross linker can bridge between the aminosilane modiﬁed nanoparticles and antibodies. The antibody conjugated nanoparticles are
magnetically separated and washed with PBS to remove any excess reactants. MNP1 of
5–15 nm is synthesized by coprecipitation of FeCl2 and FeCl3 under normal conditions
(Kang et al. 1996). The nanoparticle surfaces are treated to get amino functionality by
sol-gel process using tetraethyl orthosilicate (TEOS). This is followed by the addition
of 3-aminipropyltrimethoxysilane (APS) to produce MNP2 of size 50 nm. A bifunctional linker suberic acid bis-N-hydroxysuccinimide ester (DSS) is used to crosslink the
aminosilane MNPs with anti-serum amyloid P component (anti-SAP) antibody to obtain
conjugated MNPs (anti-SAP MNPs).
Mass spectrometers are used to measure the mass-to-charge (m/z) ratio of the ionized
atoms or molecules. The sample is introduced into the ionization chamber of the mass
spectrometer. After ionization, the samples are extracted into the analyzing region where
they are separated according to the mass-charge ratios using an external magnet. The
structural information of individual molecules can be obtained from the distinctive fragmentation patterns in a mass spectrum. Today, molecular mass can be measured within
an accuracy of 5 ppm or less which is often conﬁrmed by the molecular formula.
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Figure 10.11 Schematic representation of the analytical processing of the multiplexed immunoassay by MEG protected antibody conjugated magnetic nanoparticles and MALDI-TOF MS. MNP:
magnetic nanoparticle; CRP: C-reactive protein; SAA: serum amyloid A. (Len et al. 2006)
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Mass spectrometry is considered as one of the gold standards for the identiﬁcation of
smaller molecules. Among other types of mass spectrometers, matrix-assisted laser desorption/ionization time-of-ﬂight mass spectroscopy (MALDI-TOF MS) is widely used for
protein identiﬁcation due to its high sensitivity (Pasch 2002) as well as its ability to deal
with complex mixtures of unknown structures. The molecular mass of large molecules
such as biomolecules can be measured within 0.01 % of the total molecular mass of
the sample. However, the uses of MALDI-TOF MS in smaller molecules are limited
due to interference from the matrix in the low molecular weight region of the spectrum
(Sun et al. 2006). The detection sensitivity is improved by using methoxyethyl terminated ethylene gycol (MEG) protected antibody conjugated magnetic nanoparticles (Lin
et al. 2006). Since the MEG protected antibody conjugated magnetic nanoparticles can
suppress nonspeciﬁc binding during the separation of protein biomarkers in human sera,
the development of multiplex immunoassay is possible using the same technology.
The multiplexed assay is prepared using a mixture of different antibody conjugated
MNPs and a simultaneous MALDI-TOF MS readout experiment. Figure 10.12 shows the
detection of SAP and C-reactive protein (CRP) in human plasma. SAP is a biomarker
related to Alzheimer’s disease and type-2 diabetes. Healthy human blood contains SAP
concentrations of 0–40 mgL−1 . CRP is an inﬂammatory protein found in human blood,
measuring general inﬂammation in the human body. As shown in the ﬁgure, after the
immunoafﬁnity interaction with 1 ml of plasma, the SAP-MNP conjugates were separated by a magnet and the non-antigenic contaminants were removed by subsequent
washing.
Figure 10.12 presents the MALDI-TOF MS proﬁles of healthy individuals and cancer
patients analyzed for CRP and SAP in plasma. It can be seen from the results that the
CRP peak at m/z = 23042 and SAP peak at m/z = 25462 are signiﬁcant in the plasma
of cancer patients.
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Figure 10.12 MALDI-TOF MS proﬁles of CRP and SAP from healthy individuals and patients
with gastric cancer. (Len et al. 2006)

Virus Detection and Cell Analysis

435

10.4 Virus Detection and Cell Analysis
The detection of viral pathogens is of critical importance in biology and medicine. Viruses
have been viewed as infectious agents causing diseases. However, viruses have also been
utilized for beneﬁcial purposes including gene therapy (St George et al. 2003), vaccine
production (Gluck 2002; Polo 2002), and for the use of nucleic acids as protein cages for
new material synthesis (Douglas and Young 1998; 1999; Douglas et al. 2002). There are
many methods dedicated to the detection of viruses; various methods provide different
detection and quantiﬁcation of different viruses. Traditional virus detection and identiﬁcation has been undertaken in immunological or PCR-based laboratories. Polymerase
chain reaction (PCR) utilizes DNA polymerase to amplify the DNA by in vitro enzymatic
replication. Using the PCR technique, it is possible to amplify a single piece of DNA to a
number that is several orders of magnitude higher by several steps and the use of reagents.
Enzyme-linked immunoabsorbent assay (ELISAs) is one of the primary immunological
techniques for the detection of viruses. ELISA has been widely used as a diagnostic tool
in medicine and plant pathology to detect the presence of any antibodies or antigens in
the sample. In the ELISA technique, the sample with an unknown amount of antigen is
afﬁxed to a surface and is washed with a speciﬁc antibody so that it can bind to the
surface. The antibody attached biomolecule is then detected by adding a ﬂuorescence
marker so that the antigen/antibody complexes can ﬂuoresce in the presence of a light
source and the sample can be detected.
Both these techniques have their own inherent limitations. Even though the PCR technique is well advanced in sensitive virus detection, it is prone to failure and is limited in
its ability to achieve simultaneous multiple virus identiﬁcation (Wang 2002). Immunological analysis need speciﬁc antisera (blood sample containing speciﬁc antibodies) which is
both laborious and time-consuming. A rapid and sensitive detection to identify multiple
viruses in parallel is sorely needed.
Figure 10.13 presents the schematic representation of virus and protein analysis schemes
using microarray technology. The basic design principle is the same for DNA, protein
or cells. The speciﬁc molecular targets are simultaneously detected by deriving their
unique signatures using probes. The probes are chemically attached as array format to
a solid substrate for constructing either a DNA or a protein microarray. The microarray
technique is also used for the detection of cells, glycans and carbohydrates, due to its
signiﬁcant capability in parallel detection. DNA microarrays for viral analysis can be
divided into viral chips and host chips. Both can be applied to detection, identiﬁcation
as well as monitoring the viral populations. The monitoring of viral strains is critical for
maintaining the effectiveness of a vaccine. Monitoring is also crucial for the safety of the
vaccine as well as to track the attenuation of the viruses due to the vaccine.
Even though many methods have been developed for the detection and quantiﬁcation of
different viruses, different detection schemes may have different sensitivites. For example,
the sensitivity of the mouse antibody production test was 10 times higher than that of
the viral plaque assay and 10 000 times higher than that of RT-PCR for the detection of
MHV-A59 virus. However, the detection of the MMVp virus using PCR is 106 times more
sensitive than the viral plaque assay and mouse antibody production test. In short, PCR
based methods are not always the optimal technique for virus detection. More sensitive
and quantitative methods for virological analysis technologies such as electrical biochips
(Albers et al. 2003; Los et al. 2005) and magnetic nanoparticles (Morishita et al. 2005;
Perez et al. 2004; Mornet et al. 2004; Hutten et al. 2004) have been developed. In general,
the electrical technology is based on miniaturized amperometric biosensors measuring the
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Figure 10.13 Virus and protein analysis using microarray; (a) RNA is ﬁrst extracted from the
infected cell. This RNA is labeled and is hybridized to the chip; (b) protein microarray with either
antibodies or antigens as probes. The hybridized chip is scanned and the image is processed to
provide the corresponding proﬁles. (Livingston et al. 2005)

redox enzymatic reactions. RNA detections using electrical biochips are reported with a
sensitivity of 1012 molecules, which is achieved in 25 minutes (Gabig-Ciminska et al.
2004).
The interaction of viruses and metallic nanoparticles is used as a unique building block
for the design of nanosensors particularly taking advantage of change in the nanoparticle’s
optical or magnetic properties upon the viral-induced assembly (Huang et al. 2007). The
nanoparticles act as magnetic relaxation switches due to the spin–spin relaxation time
changes by the surrounding water molecules during self-assembly (Perez et al. 2002;
Allen et al. 2005). This property could be used for the detection of biological targets
such as nucleic acids and proteins via target-induced self-assembly using MRI and NMR
instruments.
When an amine cross-linked iron oxide nanoparticles is placed in an external magnetic
ﬁeld it becomes superparamagnetic. The combined electron spin in such crystals produces
a single large magnetic dipole. This local magnetic ﬁeld gradient inhomogeneity produces
an off-resonance when water protons diffuse into the magnetic core due to the dephasing
of these spins. This increases the relaxation rate, which is directly proportional to the
nanoparticle cross-sectional area. When the individual superparamagnetic nanoparticles
are assembled into clusters, their effective cross-sectional area becomes larger and more
efﬁcient spin dephasing due to the surrounding water protons could be observed. As
shown in Figure 10.14(a) the magnetic nanosensor can act as a magnetic relaxation switch.
Figure 10.14(b) shows the Transmission Electron Microscopy (TEM) and Atomic Force
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Figure 10.14 (a) Magnetic nanoparticles act as relaxation switches; (b)TEM and AFM images of
nanoassemblies and (c) schematic representation of virus-surface-speciﬁc antibodies immobilized
on the magnetic nanoparticles to create magnetic viral nanosensors. When exposed to viral particles,
clustering of the nanoparticles occurs with a corresponding change in the MR signal. (Perez et al.
2003, 2004)

Microscopy (AFM) images of a monolayer of nanosensors. The TEM image shows the
iron oxide crystal cores with an average diameter of 8 nm. The AFM image shows a
similar monolayer cross-linked dextran shell with an average particle size of 50 nm. The
nanoassemblies changes its size to 200–300 nm upon aminated cross-linking.
Figure 10.14(c) shows a magnetic viral sensor consisting of dextran coated superparamagnetic iron oxide nanoparticles, and virus-speciﬁc antibodies are immobilized on the
surfaces of the dextran coated nanoparticles. The average size of the magnetic nanoparticle
is 46 ± 0.6 nm. Anti-herpes simplex virus 1 (HSV-1) virus is attached to the caged dextran
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via N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP). Addition of 104 viral particles
to the nanosensor assembly (20 µg Fe/ml), results in two distinct populations of particles
corresponding to magnetic nanoparticles of size 46 ± 0.6 nm and viral particles of size
100 ± 18 nm, which is detected by the light scattering. After incubation of 30 minutes,
the viral particle population becomes undetectable by the light due to the appearance of
a larger population (494 ± 23 nm).
The measurement of magnetic relaxation of these particles for samples of nanosensors
with 10 µg Fe/ml shows change in spin–spin relaxation time. This measurement could
detect as few as 5 viral particles in the 10 µl of 25 % protein solution without the PCR
ampliﬁcation. This viral-induced nanoassembly of magnetic nanoparticles allows rapid
and sensitive detection of the virus in a solution using the measurement of change in
relaxation time. Due to its dependency on magnetic relaxation time, this method allows
virus detection in complex media such as blood, cell suspension, culture media, lipid
emulsions and whole tissues using NMR and MRI instruments. Another advantage of
the magnetic nanosensors is that unlike ELISA assays, this method does not require
attachment of the virus to a solid surface or a substrate.
Covalent immobilization of oligonucleotides on solid supports is very important in
molecular biology. Many different methods have been developed for chemical immobilization of DNA probes (Cohen et al. 1997; Taira and Yokoyama 2005). Immobilization of
DNA probes on superparamagnetic nanoparticles is found to improve performance because
they permit very high concentration of analysts coupled to their puriﬁcation (Fredriks
and Relman 2000; Corless et al. 2000; Reiss and Rutz 1999; Zhang et al. 2004; Robison et al. 2005). The DNA probes immobilized on magnetic nanoparticles improve the
concentration/puriﬁcation of the target DNA for the PCR ampliﬁcations (Fuentes 2005).
Nanoparticles containing amino groups are activated by coating with a hetero-functional
polymer. It is observed that due to its extreme sensitivity, the detection of hybridized
products could be coupled to a PCR-ELISA direct ampliﬁcation of the DNA bond to the
magnetic nanoparticles. Magnetic nanoparticles with immobilized Hepatitis C virus cDNA
were able to give a positive result after PCR-ELISA detection with 1 ml of a solution
containing 10−18 g/ml of HCV cDNA, which is 2 molecules of HCV cDNA.
The immobilization of aminated DNA probes on aminated magnetic nanoparticles is
based on aldehyde-aspartic-dextran by the following procedures: (i) initially the DNA
probes are immobilized on nanoparticles by a very strong covalent bond to enable them
to be used under drastic experimental conditions such as very high temperatures, organic
media and alkaline conditions. (ii) The DNA probe is separated from the surface using a
long hydrophilic and inert spacer arm which allows a rapid hybridization of the immobilized probe with DNA traces. (iii) The surface of the magnetic nanoparticles is fully inert
to avoid nonspeciﬁc binding of DNA of the surface. These DNA magnetic nanoparticles
are used to detect traces of DNA in the presence of a large amount of non-complementary
DNA by PCR-ELISA technique enabling the detection of 10−18 to 10−19 g of DNA per ml.
As shown in Figure 10.15, the DNA-magnetic nanoparticle conjugates were incubated
at a low concentration of complementary DNA in the presence of excess amounts of
non-complementary DNA. After hybridization of about one hour, the magnetic nanoparticles were washed and directly added to the PCR reaction. The ampliﬁed products were
analyzed using the standard ELISA microtiter plates.
The DNA-magnetic nanoparticle assays show speciﬁc detection of traces of target DNA
in the presence of a large amount of non-complementary DNA by PCR-ELISA. Detection of 10−19 g of DNA per ml might be possible using this method. Also, the magnetic
nanoparticles containing DNA probes immobilized by the above procedure are very sensitive for the puriﬁcation/detection DNA/RNA from biological samples.
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Figure 10.15 Schematic representation of ELISA-PCR assay using magnetic nanoparticles for
DNA detection. (Fuentes et al. 2006)

10.5 Study of the Interactions Between Biomolecules
One of the fundamental goals of medicine is to study the complex spatio-temporal interaction of biomolecules with drugs at the cellular level. The biomolecular interaction is
generally studied using ﬂuorescent labels, both in vivo cellular imaging as well as in vitro
assay detection. However, the intrinsic photochemical properties of these labels and low
bleaching thresholds limit their use for long-term imaging. Also, simultaneous detection
of multiple signals without the use of complex instrumentation and processing is challenging. Array-based bioassay is a highly promising analytical tool for the study of interaction
between biomolecules (Lee et al. 2005). The use of magnetic nanoparticles offers many
advantages for assays due to the possibility of measuring the analytical signals in terms of
magnetization intensity. The use of magnetic nanoparticles also simpliﬁes the preparation
of samples because it is easy to separate any trace amount of molecules from the solution.
The magnetism-based interaction capture (MAGIC) allows the identiﬁcation of molecular
targets based on induced movement of the superparamagnetic nanoparticles inside the
living cell (Won et al. 2005). Magnetic nanoparticles are very attractive because of their
potential use as contrast agents for magnetic resonance imaging (Saini et al. 1987; Stark
1988; Suzuki et al. 1996; Mornet et al. 2004), heating mediators for cancer thermotherapy
(Ito 2005; Yih and Wei 2005), drug targeting (Alexion et al. 2000) and drug discovery
(Saiyed et al. 2003). The interaction of drug molecules with a living cell is very important in drug discovery to understand their therapeutic and adverse effects and to develop
second-generation therapeutic remedies.
Self-assembled monolayers (SAMs) have become an important tool for highly accurate
analysis of biomolecular interactions due to their ability to position selectively immobilized biomolecules (Banno et al. 2004; Houseman et al. 2002). The nonspeciﬁc interaction
of biomolecules can also be prevented using the SAM. Tightly packed organosilane monolayers can be fabricated on a silicon substrate for immobilizing oligonucleotides at both
micro- and nanometer scale (Niwa et al. 2004). The magnetic detection of biomolecular
interaction can be studied using these monolayer modiﬁed substrates along with magnetic
nanoparticles (Arakaki et al. 2004).
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Figure 10.16 Schematic representation of biotin-streptavidin reaction on SAM modiﬁed substrate
(Arakaki et al. 2004). Reproduced by permission of John Wiley & Sons. Inc.

Figure 10.16 presents the schematic illustration of the biotin-streptavidin bioconjugation reaction on SAM modiﬁed substrate. The fabrication starts with deposition of a
20 nm SiO2 layer on a Si(100) substrate. This wafer is placed in octadecyltrimethoxysilane
(ODMS) liquid and heated for 8 hours at 110 ◦ C, resulting in deposition of a 20 Å thickness
organosilane monolayer. The ODMS monolayer is then spin coated with photoresist and
patterned using 350 nm UV light. The patterned substrate is selectively etched using 200 W
oxygen plasma and at O2 ﬂow of 80 sccm for 1 minute. A 3-aminopropultriethoxysilane
(APS) monolayer is formed on the exposed clean oxide surface of the patterned region.
The SAM modiﬁed substrate is immersed in phosphase-buffered saline (PBS, pH 7.2)
which has 5 mg/L sulfo-NHS-LC-LC-biotin for one hour. The substrate is sonicated to
remove the unbounded suﬂo-NHS-LC-LC-biotin. It is then incubated for one hour and
washed with PBS buffer. Figure 10.17 shows the ﬂuorescent images of biotin modiﬁed and unmodiﬁed substrates after reaction with Cy-5 labeled streptavidin. The biotin
immobilization is visualized using a ﬂuorescence microscope through the reaction with
Cy-5 labeled streptavidin. The dots are clearly seen after the reaction as bright spots. As
shown in Figure 10.17(b), no pattern is observed in the unmodiﬁed substrate in which
the biotin is not immobilized. It is clear from this observation that biotin is successfully
introduced on the dots of APS. The speciﬁc reaction between the biotin and streptavidin
could be observed using the monolayer modiﬁed substrate. The hydrophobic nature of the
ODMS monolayer minimizes any nonspeciﬁc interactions of streptavidin in the sample.

(a)

(b)

Figure 10.17 Fluorescent images of biotin modiﬁed and unmodiﬁed substrates (Arakaki et al.
2004). Reproduced by permission of John Wiley & Sons. Inc.
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Figure 10.18 Optical microscope images of magnetic nanoparticles immobilized on substrate
(Arakaki 2004). Reproduced by permission of John Wiley & Sons. Inc.

The reactivity measurements show that 0.6 molecules of streptavidin are reacted in an
area of 10 × 10 nm2 , which has a coverage of 47 %.
Magnetite (Fe3 O4 ) nanoparticles of 200 nm diameter are dispersed in APM solution
(NH4 OH:H2 O2 :H2 O = 1:1:5) and is heated to 100 ◦ C for 20 minutes. The magnetic
particles are then collected using a magnet and are washed and dried at 60 ◦ C. These
particles are suspended in 5 % (v/v) APS solution and are sonicated for 25 hours at 65 ◦ C.
Using the sulfo-NHS-LC-LC-biotin solution, the magnetic nanoparticles are modiﬁed
and the particles are suspended in 1 ml PBS buffer containing 400 µg/ml streptavidin
and incubated for 1 hour. This solution is loaded into a channel on the glass plate as
shown in Figure 10.16. The SAM modiﬁed substrate is placed on top of this glass plate
with the biotin modiﬁed surface facing down to avoid any nonspeciﬁc sedimentation of
particles. The substrate is incubated and rinsed with water. The sample is ready for testing
after washing and rinsing with 2-propanol, 1-butanol and dried at 60 ◦ C. Figure 10.18
shows the optical images of magnetic nanoparticles immobilized on the substrate by the
interaction between the biotin and streptavidin. It can be seen that the biotin dots are
clearly identiﬁable, as shown in Figure 10.18(a). However there is no reaction when
biotin modiﬁed particles are used as shown in Figure 10.18(b).
Figure 10.19 shows images of magnetic force microscopy and scanning electron microscopy of the streptavidin modiﬁed magnetic nanoparticles immobilized on the dot pattern.
Figure 10.19(a) shows the SEM image of a single dot of 4 µm size. Figure 10.19(b)
and (c) show topographic and magnetic images of the particles respectively on a 4 µm
dot. The biomolecular interaction between biotin and streptavidin is successfully detected
using the magnetic nanoparticles and the SAM modiﬁed substrates.

10.6 Detection of Biological Warfare Agents
Detection of chemical and biological warfare agents has signiﬁcant merits in many areas
related to public health, food and environmental control. It is very important to develop
biological warfare detection systems with low cost, very high sensitivity and speciﬁcity,
short analysis time and easy operation. The recent proliferation of chemical and biological
(CB) agents as instruments for terrorism has triggered the development of an early warning
system for CB agents. The early detection of an infectious agent and the identiﬁcation of
individuals exposed to such CB molecules will help to save lives. The early detection of
a CB agent provides a better opportunity to respond and to ﬁnd solutions before the agent
becomes uncontrollable. It is possible to minimize the exposure if such an agent is detected
immediately after its release and to provide medical treatment against those CB agents.
It is clear from the nature of such an agent that, the longer the time after exposure, the
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Figure 10.19 Images of magnetic nanoparticles immobilized on patterned substrates by speciﬁc
interaction (Arakaki 2004). Reproduced by permission of John Wiley & Sons. Inc.

smaller the chances to reverse its damage and chemical effects. The spectroscopic studies
at the millimeter wave and submillimeter wave frequencies have indicated that DNA
and other cellular materials have their own unique resonance to CB agents due to their
localized phonon modes (Woodlard 1999).
Organophosphates (OP) are chemical compounds that are produced by the reaction of
alcohols and phosphoric acid. In the 1930s, OPs were used as insecticides and today out of
almost 900 different bug killers (pesticides) used in agriculture and household applications,
some 37 of them belong to the OP family. Dazinon, disulfoton, azinphos-methyl and
fonofos are commonly used in agriculture and household applications. These chemicals
kill insects by disrupting their brain and nervous system. These chemicals can stop the key
enzyme in the nervous system called cholinesterase from working and kill the insect. The
mechanism of action is irreversible inhibition of acetylcholinesterases (AchE), which is
found in red blood cells in the nicotinic and muscarinic receptors in the nerve, muscle and
the gray matter of the brain. The decrease in plasma cholinesterase results in a decrease
of activity in the central, parasympathetic and sympathetic nervous systems due to the
accumulation of neurotransmitter acetylcholine in the nervous system. OP esters can also
produce delayed neurotoxicity, which takes at least 10 days to develop following a single
acute exposure. The presence of OPs in industrial and agricultural drain waters, spills,
drifts and its release in the event of chemical warfare, pose great risks to human life.
Among various approaches to decontaminate the OP nerve agents, catalytic destruction
(CD) is one of the important methods of decommissioning nerve agent stockpiles, counteracting nerve agent attacks and remediating the OP spills. Even though considerable efforts
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have been directed towards the development of an OP degrading enzyme, its unavailability in sufﬁcient quantities as well as its relatively low stability caused the majority
of practical CD technologies to focus on acid- or base-catalyzed hydrolysis (Yang et al.
1992). The use of lanthanide (Ln) cations facilitates the hydrolysis of phosphodiesters and
hence it serves as Lewis acid to bind and neutralize the phosphodiesters P-O− charges.
However, the formation and precipitation of lanthanide-hydroxide hindered its use above
pH 4 (Bracken K et al. 1997). The development of nanosized carriers with a powerful
α-nucleophile, an oximate group immobilized on the surface as a CD agent which can
disperse in an aqueous medium and could maintain its ability to decompose OP at neutral
pH, is important. A high gradient magnetic separation (HGMS) can be used to separate
the carriers composed of superparamagnetic iron oxide nanoparticles from aqueous suspensions (Moeser et al. 2002). A multi-analyte biosensor counter chip utilizing magnetic
microbeads and GMR sensors to detect and identify the biological warfare agent shows
promising results (Edelstein et al. 2000). The design details of this bead array counter
(BARC) system are presented in Section 9.2.
Magnetite nanoparticles complexed with oximate containing moieties result in a colloidally stable aqueous environment at the neutral pH. These nanoparticles of diameter
∼100 nm can be effectively removed from water by a portable HGMS device for reuse.
The OP agents may also cause damage to the liver as well as to the nervous system.
The most harmful chemicals in this group include sarin, soman, tabun and VX. The
chemical structures of the nerve poisons sarin, soman and diisopropyl ﬂuorohosphate
(DEF) are shown in Figure 10.20. Due to its wide use in agriculture and household
applications, there is considerable concern about reducing the prolusion caused by the OP
esters, which can accumulate in the biosphere and in organisms due to their resistance to
biodegradation. OP compounds in water are neutralized and destroyed by adding bleach
or other chemicals (Yang et al. 1992). Even though several environmentally friendly
decontamination systems have been developed, signiﬁcant reduction of the cost and of
the environmentally harmful nature of the decontaminant has not been achieved. The use
of large volumes of bleaching ﬂuid for decontamination causes logistic challenges and
additional environmental problems.
Nanocrystalline metal oxides such as MgO, Al2 O3 , CaO, BaO, SrO, Fe2 O3 , ZnO, TiO2
and others exhibit destructive chemisorption capability towards acid gases, polar organics
and chemical and biological agents (Wagner and Yang 2001; Lucas et al. 2001). Due
to the possibility of adding surface hydroxides to the surface chemistry of these metal
oxides, metal cations, oxide anions and surface bound OH groups can be produced. The
nanocrystals absorb several fold more molecules per nm2 of crystal surface than their
microcrystal counterparts at a given temperature and pressure due to the higher fraction
of corner and edge sites in the nanocrystalline structure. Nanocrystals also exhibit more
active surfaces for the sorbed polar organic molecules. The reaction of chloroethylethyl
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Figure 10.20 Chemical structure of nerve poisons such as Sarin, Soman and DEF. (Bromberg
and Hatton 2005)

444

Biomedical Applications of Magnetic Biosensors and Biochips

O

O
P

O

NO2

O

OEt O

OEt
OEt

O

O2N

P

+MgO
OEt

Figure 10.21 Destructive adsorption of paraxon using nanocrystalline MgO. (Bromberg 2007)

sulﬁde (Ch3 Ch2 SCH2 Ch2 Cl, a mimic of mustard gas) with microcrystalline MgO does not
occur. However, it is very reactive with nanocrystalline MgO (Lucas et al. 2001). Furthermore, as shown in Figure 10.21, the destructive adsorption of paraoxon by nanocrystalline
MgO is superior in rate and capacity to that of activated carbon. This is due to the polar
nature of the metal oxide surface coupled with a reactive surface which has a high percentage of edge and corner crystal sites, vacancies and defects. The incoming adsorbents
are encouraged to adsorb into the nanocrystalline structure due to its large pore openings
and the accessibility of these adsorbents to the internal nanocrystalline surfaces.
The reactions of OP nerve agents such as VX, Soman and mustard gas with nanocrystalline MgO and CaO is shown in Figure 10.22, (Wagner et al. 1999, 2000). The decomposition of OP agents by MgO and CaO is observed via hydrolysis. The hydrolysis reactions
are analogous to those observed in solution, except that the resulting products are from
surface-bound complexes. However, the spreading stops when the pores are ﬁlled with
liquids that form a wet spot. This causes the reactions to slow down and diffusion becomes
limited until it reaches a steady state. As shown in Figure 10.22, the reaction with the
surface is in stoichiometric, and OP evaporation appears to be the main mechanism. Since
the molecules in the entrapped liquid reach the fresh surface to react, the reactions are
limited by the evaporation rate or the vapor pressure of the liquid.
One of the solutions to overcome this problem is to use a hybrid molecule. Heterogeneous hydrolysis of toxic compounds catalyzed by hybrid inorganic nanomaterials and
polymeric latexes shows promising results (Bromberg and Hatton 2005). The catalytic
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Figure 10.23 Hydropysis reaction of OP by an immobilized nucleophile and the formation of
water soluble organophosphoric acid. (Bromberg and Hatton 2007)

decomposition agents are obtained by the surface modiﬁcation of the magnetic nanoparticles with chemicals and polymers that promote OP decomposition and maintain colloidal
stability. The surface modiﬁcations of the magnetite nanoparticles are obtained with
α-nucleophiles such as oxime and iodosobenzoate groups. Polymer modiﬁed magnetic
nanoparticles of size 6 to 10 nm aggregates and clusters, resulting in a composite particle
of size 100–200 nm, which is optimal for particle removal from the water by HGMS
(Ditsch et al. 2005). The oximate and α-nucleophiles ion bound to the particle decomposes the O-P bonds such as diisopropylﬂurophosphate (DFP), resulting in the formation
of water soluble organophosphoric acid as primary metabolites as shown in Figure 10.23,
(Bromberg and Hatton 2007). Since the phosphoric acids are not efﬁcient inhibitors of the
acetylcholine esterase, this hydrolysis allows a drastic reduction of OP toxicity. The inhibition of the enzyme acetylcholine esterase is the cause of OP toxicity in the nervous system.
The presence of the oxime group in the copolymer can be achieved by using acrolein
that can convert the acrolein oxime by oximation with hydroxylamine. Given the water
insolubility of polyacrolein, oximation was obtained by a seeded copolymerization of
acrolein with an amphiphilic copolymer of 1-vinylimidazole (VIm) and acrylic acid (AA)
as shown in Figure 10.24. The resulting copolymer is capable of stabilizing magnetic
nanoparticles and catalyzing the hydrolysis of OP nerve agents while retaining the product
by ion exchange adsorption.
The use of magnetic nanoparticles to detoxify contaminated military personnel or civilians after a CB agent attack is also projected. Functionalized nanoparticles to bind with
the foreign toxin are injected into the body and are drawn out using a ﬁeld gradient magnetic ﬁeld. Nanoparticles with very high magnetic moment are required to tag the toxin
and drag it out.
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Figure 10.24 The structure of p(VIm-AcOx-AA) copolymer. (Bromberg and Hatton 2007)

10.7 Environmental Monitoring and Cleanup
Environmental applications of nanotechnology generally fall into three categories: (i)
environmentally benign sustainable products; (ii) remediation of materials contaminated
with hazardous substances; and (iii) sensors for detecting environmental agents; microbial agents as well as biomaterials will also fall into these categories. Even though many
applications in nanotechnology have been proposed that have direct environmental implications, remediation of contaminated water using nanoparticles is one of the promising
technologies with many potential beneﬁts (Masciangioli and Zhang 2003). The large
surface area and high surface reactivity of iron nanoparticles provide enormous ﬂexibility for in situ applications. Two distinctive redemption technologies in conventional
systems, namely, absorptive/reactive and in situ/ex situ, are also generally applied in nanotechnology. Absorption technologies remove contaminants by sequestration, while the
degradation of the contaminants into harmless products is achieved with reactive technologies. In Situ technologies involve the treatment of contaminants in place whereas ex
situ refers to the treatment of contaminated material by removing the contaminant into
more secure locations, similar to pumping the ground water to the surface and treating it
with the reactors.
In Situ degradation of contaminants is often preferred due to its cost effective nature.
However, in situ remediations require delivery of the treatment contaminant to sites. Nanotechnology has special relevance due to its potential ability to inject nanosized particles
into contaminated porous media such as soils and sediments as shown in Figure 10.25.
In such cases it is possible to use either in situ reactive zones where the nanoparticles
are relatively immobile, or reactive nanoparticle plumes to contaminated zones if they are
sufﬁciently mobile.
Though many nanoparticles are applicable to in situ remediation, zero-valent iron
(nZVI) is of particular interest due to its particle morphology, reactivity and mobility.
When particle size is smaller than ∼10 nm, quantum conﬁnement arises because bandgap
increases as particle size decreases. The increased reactivity of the nanoparticles is due to
the larger overall surface area, greater density of the reactive sites on particle surfaces and
their higher intrinsic surfaces site reactivity (Navrotsky 2004). Due to these effects, nZVI
exhibits (i) degradation of contaminants that do not react with larger particles; (ii) rapid
degradation of contaminants that are already reacted with larger particles; and (iii) environmentally benign products from the contaminants that are rapidly degraded by larger
materials.
Nanosized iron particles are very effective for transformation and detoxiﬁcation of a
wide variety of contaminants such as chlorinated organic solvents, organochlorine pesticides and polychlorinated hydrocarbons (PCBs) (Elliot and Zhang 2001). Figure 10.26
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Figure 10.25 Schematic representation of the three approaches of Fe particles for groundwater
redemption; (a) conventional permeable reactive barrier made with millimeter sized construction
grade granular Fe; (b) reactive treatment zone formed by sequential injection of nanosized Fe to form
overlapping zone particles that absorb the native aquifer materials; and (c) treatment of non-aqueous
phase liquid (DNAPL) contamination by injection of mobile nanoparticles. The nanoparticles are
shown as black dots and the zones that are affected are shown as pink. (Tratnyek and Johnson
2006)
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Figure 10.26 Schematic representation of the use of nanoscale iron particles for inexpensive and
nontoxic in situ remediation. (Zhang 2003)
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Figure 10.27 (a) Nanoparticle mediated reduction of trichloroethene in water; (b) SEM photograph of nanoparticle cluster. Size bar is 200 nm. (Zhang et al. 2003)

shows the schematic representation of iron nanoparticles for site remediation. Direct subsurface injection under gravity-fed or pressurized conditions can be used to transport the
nanoparticles to the ground water. The nanoparticles can remain in suspension for an
extended period of time in the in situ treatment zone. They can also be anchored onto
a solid matrix such as activated carbon or zeolite for the treatment of water and waste
water.
Figure 10.27 represents the nanoparticles-mediated reduction of trichloroethene in water.
The nanoparticle sample is prepared by deposition of two or three droplets of dilute Fe
nanoparticle containing ethanol solution onto a carbon ﬁlm.
Zero-valent iron (nZVI) is a moderate reduction reagent. Usually it can react with
oxygen in water as shown in the following equations:
+
2Fe0(s) + 4H(aq)
+ O2(aq) → 2Fe2+
(aq) + 2H2 O(1)

(10.1)

−
Fe0(s) + 2H2 O(aq) → Fe2+
(aq) + H2(g) + 2OH(aq)

(10.2)

This corrosion reaction can be accelerated by manipulating the surface chemistry of the
particles. Contaminants such as tetrachloroethene (C2 Cl4 ) can readily accept the electrons
from iron oxidation and be reduced to ethane as follows:
C2 Cl4 + 4Fe0 + 4H + → C2 H 4 + 4Fe2+ + 4Cl−

(10.3)

Table 10.1 shows a number of common environmental contaminants that can be easily
treated by iron nanoparticles due to their effective reduction and catalystic activities
including chlorinated organic compounds and metal ions (Zhang 1999). The hydrogenated
hydrocarbons can reduce benign hydrocarbons by the iron nanoparticles.
The techniques and devices for the detection of chemical and biological agents and
environmental pollutions have to be efﬁcient, safe and rapid for ﬁrst responders to conﬁrm
their presence at an incident and to identify and quantify them. The current chemical
agent detection is based on spot papers or in a few cases a more sensitive chemical vapor
detection system using ion mobility spectroscopy (IMS). IMS usually gives a ﬁrst warning
and subsequently the contaminant is conﬁrmed typically after 6 to 48 hours depending
on the analysis using gas chromatography-mass spectroscopy (GC-MS). False positive
reduction is generally achieved by combining analysis using two or more systems. One
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Table 10.1 Common environmental contaminants that can be removed by
nanoscale iron particles. (adapted from Zhang 2003)
Chlorinated methanes
Carbon tetrachloride (CCl4 )
Chloroform (CHCl3 )
Dichloromethane (CH2 Cl2 )
Chloromethane (CH3 Cl)
Chlorinated benzenes
Hexachlorobenzene (C6 Cl6)
Pentachlorobenzene (C6 HCl5 )
Tetrachlorobenzenes (C6 H2 Cl4 )
Trichlorobenzenes (C6 H3 Cl3 )
Dichlorobenzenes (C6 H4 Cl2 )
Chlorobenzene (C6 H5 Cl)
Pesticides
DDT (C14 H9 Cl5 )
Lindane (C6 H6 Cl6 )
Organic dyes
Orange II (C16 H11 N2 NaO4 S)
Chrysoidine (C12 H13 ClN4 )
Tropaeolin O (C12 H9 N2 NaO5 S)
Acid Orange
Acid Red
Heavy metal ions
Mercury (Hg2+ )
Nickel (Ni2+ )
Silver (Ag+ )
Cadmium (Cd2+ )

Trihalomethanes
Bromoform (CHBr3 )
Dibromochloromethane (CHBr2 Cl)
Dichlorobromomethane (CHBrCl2 )
Chlorinated ethenes
Tetrachloroethene (C2 Cl4 )
Trichloroethene (C2 HCl3 )
cis-Dichloroethene (C2 H2 Cl2 )
trans-Dichloroethene (C2 H2 Cl2 )
1,1-Dichloroethene (C2 H2 Cl2 )
Vinyl chloride (C2 H3 Cl)
Other polychlorinated hydrocarbons
PCBs
Dioxins
Pentachlorophenol (C6 HCl5 O)
Other organic contaminants
N-nitrosodimethylamine (NDMA)
(C4 H10 N2 O)
TNT (C7 H5 N3 O6 )
Inorganic anions
Dichromate (Cr2 O2 −7 )
Arsenic (AsO3 −4 )
Perchlorate (ClO−4 )
Nitrate (NO−3 )

of the advancements in GC-MS, termed matrix-assisted laser desorption ionization time of
ﬂight mass spectrometry (MALDI-TOF-MS), has become more widely adopted. However
advances in miniaturization of a hand-held system have been hindered due to poor mass
resolution.

10.8 Outlook
Developments in nanotechnology for the manipulation and control of biomaterials have
revolutionized disease diagnosis and treatment. Biological tests to detect the presence
of speciﬁc molecules become quicker, more sensitive and more ﬂexible when certain
nanoparticles are allowed to do the work as tags or labels. Portable, accurate and easy-touse biosensors have become a high priority for many industries due to the recent advancements in the detection of single pathogens at the molecular level. This chapter presents
the basic theory of biochips in general and magnetic biochips in particular for gene and
protein analysis, virus detection and the study of the interaction between biomaterials and
magnetic nanoparticles.
The detection of chemical and biological warfare agents has signiﬁcant importance in
many areas related to public health, food and environmental control. The recent proliferation of chemical and biological (CB) agents as instruments for terrorism has led to
the development of an early warning system for CB agents. The early detection of a CB
agent provides greater opportunities to respond and to ﬁnd solutions before it becomes
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uncontrollable. Minimization of exposure to such an agent is possible if it is detected
immediately after release and medical treatment against that CB agent can be provided. It
is clear from the nature of such agents that, the longer the time that elapses after exposure,
the lower the chance to reverse the damage and chemical effects. The last two sections
in this chapter present an overview of sensors for CB agent detection using magnetic
nanoparticles as well as environmental applications of magnetic nanomaterials.
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Appendix
Units for Magnetic Properties
Physical
quantity

Symbol

Gaussian &
cgs emua

Conversion
factor, Cb

SI &
rationalized mksc

Magnetic ﬂux density,
magnetic induction

B

gauss (G)d

10−4

tesla (T), Wb/m2

Magnetic ﬂux



maxwell (Mx),
G · cm2

10−8

Weber (Wb),
Volt · second (V · s)

gilbert(Gb)

10/4π

ampere (A)

103 /4π

A/mf

103

A/m

103 /4π

A/m

Magnetic potential
difference,
magnetomotive
force

U, F

Magnetic ﬁeld
strength,
magnetizing force

H

oersted (Oe),e
Gb/cm

(Volume)
magnetizationg

M

emu/cm3h

(Volume)
magnetization

4πM

G

Magnetic
polarization,
intensity of
magnetization

J, I

emu/cm3

4π × 10−4

T, Wb/m2i

(Mass) magnetization

σ, M

emu/g

1
4π × 10−7

A · m2 /kg
Wb · m/kg

Magnetic moment

m

emu, erg/G

10−3

Magnetic dipole
moment

j

emu, erg/G

4π × 10−18

A · m2 , joule per tesla
(J/T)
Wb · mi

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

456

Physical
quantity
(Volume)
susceptibility
(Mass) susceptibility

Appendix

Symbol

Gaussian &
cgs emua

Conversion
factor, Cb

χ, κ

dimensionless,
emu/cm3

4π (4π)2 × 10−7

χρ, κρ

cm3 /g, emu/g

4π × 10−3
(4π)2 ×10−10

(Molar) susceptibility

χ mol , κ mol

cm3 /mol,
emu/mol

4π × 10−6
(4π)2 × 10−13
4π × 10−7

SI &
rationalized mksc
Dimensionless
henry per meter
(H/m), Wb/(A · m)
m3 /kg
H · m2 /kg
m3 /mol
H · m2 /mol
H/m, Wb/(A · m)

Permeability

µ

dimensionless

Relative
Permeabilityj

µr

not deﬁned

(Volume) energy
density, energy
productk

W

erg/cm3

10−1

J/m3

Demagnetization
factor

D, N

dimensionless

1/4π

Dimensionless

-

Dimensionless

units and cgs emu are the same for magnetic properties. The deﬁning relation is B = H + 4π M .
Multiply a number of C to convert it to SI (e.g. 1 G × 10 −4 T/G = 10−4 T).
c
SI (Système International d’Unités) has been adopted by the National Bureau of Standards. Where two conversion factors are given, the upper one is recognized under, or consistent with, SI and is based on the deﬁnition
B = µ0 H + J , where the symbol I is often used in place of J .
d 1 gauss = 105 gamma (γ ).
e Both oersted and gauss are expressed as cm−1/2 · g−1/2 · s−1 in terms of base units.
f
A/m was often expressed as ‘ampere-turn per meter’ when used for magnetic ﬁeld strength.
g
Magnetic moment per unit volume.
h The designation ‘emu’ is not a unit.
i Recognized under SI, even though based on the deﬁnition B = µ H + J . See footnote c.
0
j
µr = µ/µ0 = 1 + χ , all in SI. Relative permeability µr is equal to Gaussian µ
k
B · H and µ0 M · H have SI units J/m3 ; M · H and B · H /4π have Gaussian units erg/cm3 .
Source: R.B. Goldfarb and F.R. Ficket, U.S. Department of Commerce, National Bureau of Standards, Boulder,
Colorado 80303, March 1985. NBS Special Publication 696 for Sale by the Superintendent of Documents, U.S.
Government Printing Ofﬁce, Washington D.C. 20402.
a Gaussian
b

Index
AC magnetic ﬁeld, 161
adenocarcinoma diagnosis, 166
adenosine triphosphate (ATP), 5
synthase (ATPase), 267
ATPase motor, 267
aerotaxis, 180 (see also magneto-aerotaxis)
agglomeration, 111
alopecia, 157
anatase, 301
anisotropic magnetoresistance, 240, 402
(see also magnetoresistance, giant
magnetoresistance)
current-in-plane, 343
effect, 337
sensor, 343
anisotropy, 256, 274 (see also crystalline
anisotropy, shape anisotropy,
uniaxial anisotropy)
bulk, 44
crystalline lattice, 371
exchange, 44
external induced, 44
magnetic, 43, 218, 237
magnetoelastic, 226
stress, 44
surface, 45
anisotropy energy, 44
density, 48
effective, 46
anisotropy ﬁeld, 58
effective, 247
anodic alumina oxide, 280
template, 231
anodization, 282

antibody, 116
-antigen bonding, 141
-antigen interaction, 390
anti-bonding orbital, 298
antiferromagnetic, 296–298
apoferritin, 90
apoptosis, 139, 164
applied ﬁeld length, 41
arc-discharge, 304
aspect ratio, 11, 221, 222, 304
atom exchange, 93
atomic absorption spectroscopy, 295, 308
atomic force microscopy (AFM), 193, 436
atomic layer deposition, 282
autoclave, 110, 286
avidin, 122
bacterial actuation, 202
Barkhausen jump, 226
Bessel function, 224, 276
binding afﬁnity, 124
bioavailability, 168
biochemistry, 182
biochip, 11, 27, 388
integrated, 393
magnetic, 390
protein, 429
biocompatibility, 14, 37, 38, 109, 131
bioconjugation, 124
biocycling, 157
biodegradability, 37
biodegradation, 108, 131, 169
biodistribution, 169
bioelectrocatalysis, 148
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biofuel cell, 122
biofunctionalization, 116 (see also
biological functionalization)
biolabeling, 119 (see also cell labeling)
biological functionalization, 251 (see also
biofunctionalization)
biological recognition, 116
biological systems, 109
biological vesicle, 138
biological warfare agent, 441
biology, 10
biomacromolecule, 114
biomanipulation, 314 (see also
manipulation, biomolecule
manipulation, cell manipulation)
biomarker, 132
magnetic, 396
biomedical application, 12, 20–33, 216
magnetic nanowire, 259–269
magnetosome, 201
biomedical nanotechnology, 7
biomedicine, 1, 76
biomineralization, 3, 113, 182, 183, 184
biominetic, 113
biomolecule
detection, 393, 401, 422
interaction, 439
manipulation, 262, 264 (see also
biomanipulation, cell
manipulation)
bioreceptor, 329
biosensor, 11, 27, 28, 122, 147, 329 (see
also sensor)
amperometric, 148
magnetic, 329
bioseparation, 119
biosystem, 131
biotin, 122
Bloch-wall thickness, 277
blocking temperature, 104
blood circulation, 76, 130
blood pressure gradient, 76
Boltzmann constant, 161
bonding orbital, 298
bottom-up approach, 3, 8, 253
breast cancer, 163
Brownian relaxation, 140, 163, 334, 371
(see also Brownian rotation)
time, 55, 56; 57

Index

Brownian rotation, 55 (see also Brownian
relaxation)
buoyancy force, 75
calorimetric measurement, 163
cancer nanotechnology, 7
cancer therapy, 159
cantilever, 323
capillary system, 23, 131
capillary viscosimeter, 72
carbodiimide activation, 122
carbon microtube, 218
carbonization, 160
carboplatin, 318
carboxylic group, 122
cation vacancy, 99
cell, 2, 5, 10, 14
analysis, 435
chain, 262
culture, 139, 158
cytoplasm, 137
ﬁxation, 137, 138
imaging, 422
internalization, 119
labeling, 137 (see also biolabeling)
magnetic, 202
malignant, 24
manipulation, 312, 422 (see also
biomolecular manipulation,
biomanipulation)
migration, 136
organelle, 122
proliferation, 164, 166
viability, 139
-particle interaction, 76
central nervous system, 170
centrifugal separation, 21
chemical extraction, 313
chemical nanotechnology, 6
chemical stability, 37, 38
chemical synthesis, 230
chemical vapor deposition, 284
chemistry, 9
chemoembolisation, 163
chemotherapeutic agent, 157
chemotherapy, 154
choroid, 164
chromatography, 120
circular waveguide, 66
circulatory system, 154

Index

coagulation, 159
necrosis, 163
coercive ﬁeld, 42 (see also coercivity)
coercivity, 14, 102, 111, 216, 225, 256,
282 (see also coercive ﬁeld)
coherent rotation, 224
model, 223
coil method, 376–382
colloidal stability, 77
colloidal system, 87
complex magnetic susceptibility, 334, 375
(see also complex susceptibility,
magnetic susceptibility)
in-phase component, 334
quadrature componet, 334
complex susceptibility, 55, 61, 199 (see
also susceptibility, magnetic
susceptibility, complex magnetic
susceptibility)
resonant component, 59
conductivity, 298
contrast agent, 132
coordination, 91, 287
core-shell nanoparticle, 51, 86,108
multi-layer, 52
core-shell system, 13
Couette cell, 71
Couette ﬂow, 71
coupling agent, 125
covalent bonding, 116
critical diameter, 46, 86
effective, 47
critical radius, 222
crossed fringe, 99
cross-linking, 116
crystal growth, 92
crystalline anisotropy, 44 (see also
anisotropy)
energy, 222
length, 41
crystalline ordering, 226
crystallinity, 169, 274
crystallographic correlation, 50
crystallographic orientation, 176
culture reservoir, 189
Curie temperature, 14, 22, 216, 294
Curie-Weiss law, 291
curling, 277
mode, 223
cyclic voltammogrametry, 152

459

cytoplasm, 138, 318
cytoplasmic membrane, 183
cytotoxic agent, 163
cytotoxicity, 118
damping constant, 55, 57
Debye model, 55 (see also Debye theory)
Debye theory, 56, 335 (see also Debye
model)
degradation, 170, 316
demagnetization energy, 224, 274
density, 224
demagnetization factor, 275 (see also
demagnetizing factor)
demagnetization ﬁeld, 274
demagnetization remanence, 50
demagnetizing factor, 219, 220, 222, 223
(see also demagnetization factor)
dendrimer, 153
deoxyribonucleic acid (DNA), 116 (see
also nuclei acid)
analysis, 424
assay, 422
delivery, 79 (see also nonviral DNA
delivery)
hybridization, 424
immoblization, 424
sensor, 427
separation, 314
-DNA hybridization, 401
depinning ﬁeld, 247
detoxiﬁcation, 27
dextran, 147
diagonostic application, 20
diamagnetic material, 42
dipole-dipole interaction, 131
direct detection scheme, 331
disk-shaped magnetic segment, 222
dispersibility, 158
domain, 46
domain wall displacement, 160
dopant, 296
dorsal root ganglion, 320
doxorubicin, 156
drug carrier, 152
drug delivery, 72, 102, 118, 152
magnetic, 78
targeted, 23
drug desorption, 154
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dynamic force microscope, 291
dynamic light scattering, 282
easy magnetization axis, 14, 44, 216, 221,
224, 237 (see also easy
magnetization direction)
easy magnetization direction, 226 (see also
easy magnetization axis)
eddy current, 161
heating, 54
Einstein’s relationship, 70
electrical property, 240
electrochemical cell, 280
electrochemical deposition,
232, 282
electrochemical oxidation, 151
electrochemical redox reaction, 148
electrochemical template synthesis, 230
electrodeposition, 232, 280
electrolyte, 281
electromagnetic micromoter, 258
electromagnetic wave, 66
electron afﬁnity, 91
electron beam evaporator, 323
electron charge density, 298
electron cryotomographic imaging, 185
electron diffraction pattern, 94
electron holography, 193
electron transfer, 150
electron-beam nanolithography, 229
electronic nanotechnology, 6
electroprecipitation, 237
electrostatic afﬁnity, 137
ellipsoid, 220
embolization, 159
emulsion, 153
encapsulation, 278
endocytosis, 166
endocytotic pathway, 138
endovenous treatment, 171
energy barrier, 48
environmental cleanup, 446
environmental monitoring, 446
enzyme, 122, 321
linked immunoabsorbent assay, 435
eukaryotic cell, 185
evaporation condensation, 229
exchange energy, 224, 275
density, 224
exchange-correlation energy, 298

Index

face-centered-cubic (fcc), 91
Faraday effect, 66
fermenter, 188
Fermi energy, 298
ferrite, 38 (see also iron oxide)
spinel, 99, 104
ferritin, 90
ferrocene, 150
ferroﬂuid, 11, 38, 87 (see also magnetic
ﬂuid)
electromagnetic response, 60
susceptibility, 338, 375
viscosity, 69
ferromagnetic coupling, 297
ferromagnetic material, 42, 215
bulk, 222
ferromagnetic property, 102
ferromagnetic resonance, 54, 58–60, 247,
248, 249
frequency, 249
measurement, 247
fetal bovine serum, 137, 320
ﬁeld gradient, 12, 20, 130, 142 (see also
magnetic gradient)
ﬁeld-cooling, 94, 238
ﬁlling factor, 227
ﬁlopodium, 322–323
ﬁrst-harmonic detection, 353
ﬂow cytometry, 164
ﬂuorescence, 136
microscopy, 313
ﬂuorescent dye, 116
ﬂux quantization, 367
superconducting loop, 337
free energy, 222
frequency division multiplexing, 427
frequency mixing method, 364
fully integrated biochips, 417
fully saturated loop, 54
functionalization, 85, 111, 116–126
chemical, 250
magnetic nanowire, 250
magnetosome, 205
selective, 15
surface, 250
galvanic displacement reaction, 279
gastrointestinal disorder, 157
gene delivery, 267
gene expression, 135, 143, 182

Index

gene proﬁling, 143
gene therapy, 25, 159
gene vector, 25
generalized gradient approximation, 298
geomagnetic ﬁeld, 175
giant magnetoimpedance, 362
giant magnetoresistance, 16, 402 (see also
magnetoresistance, anisotropic
magnetoresistance)
effect, 229
ﬁlm, 339
multilayer, 408
sensor, 16, 339–342, 362, 393, 402, 404
glucose oxidase, 122
gradimetric method, 381
gradiometer, 367
antenna, 67
grain bounary, 41
greigite, 175
magnetosome, 175, 176, 183
growth cone, 322
gryphiswaldense, 188
guidance cue, 323
gyromagnetic constant, 55, 58
gyromagnetic ratio, 57, 247
half-metallicity, 105
Hall effect, 336
extraordinary, 356
planar, 353
silicon, 351
Hall effect sensor, 351–362
extraordinary, 356
quantum-well, 358
hard magnetization axis, 221
hard-soft acid-base concept, 250
heat loss, 162
heavy metal contaminant, 204
hematite, 100, 131 (see also iron oxide)
hemocytometer, 320
hemoglobin, 171
heterogeneous nucleation, 287
hexagonal-close-packed (hcp), 92
Hoffmann elimination, 158
Holz-Scherer theory, 50
hot injection, 94
hybrid approach, 9
hybridization, 296
hydrocarbon, 301

461

hydrodynamic diameter, 371
hydrodynamic drag, 75, 267
hydrodynamic force, 75, 141
hydrodynamic parameter, 155
hydrogen bond, 288
hydrogen bonding, 116
hydrogen reduction, 294
hydrolysis, 110, 144
hydrophilic, 109, 278
hydrophobic, 278
hydrophobic particle, 78
hydrothermal method, 109
hydrothermal synthesis, 230
hyperthermia, 22, 54, 159–164, 200
hypertrophic granulation tissue, 163
hypothermia, 102, 130
hysteresis curve, 52 (see also hysteresis
loop)
hysteresis loop, 41, 92, 197, 227, 282 (see
also hysteresis curve, fully saturated
loop, minor loop, unsaturated loop)
hysteresis loss, 160, 196
immobilization, 124
immunoassay, 116, 422
immunosorbent assay, 142
incubation, 306
inductance method, 376
inﬁltration, 307
inoculation, 115, 167
insulin secretion, 138
internalization process, 137
interparticle interaction, 41
intracellular organization, 179
intratumoral injection, 163
intravascular administration, 162
intrinsic viscosity, 71
ion milling, 307
ion-beam nanolithography, 229
ionic bonding, 317
ion-track etched membrane, 230
iron oxide, 12, 20, 99 (see also hematite,
magnetite, maghemite)
Josephson effect, 367
kinematic viscosity, 72
kinetic control, 93
Krieger-Dougherty’s model, 71

462

lab-on-a-chip, 31–33, 387, 421
magnetic, 391
Langevin behavior, 71
Langevin function, 71
Langevin parameter, 71
Larmar precession, 132
lattice distance, 113
lattice fringe, 103
lattice mismatch, 46
layer-by-layer process, 119
leucocytopenia, 157
ligand, 118, 122, 215
liposome, 153
lithographic approach, 8
lithography method, 242
lock-in ampliﬁer, 341
Lorentz force, 336
lymph circulation, 169
lymphatic channels, 169
lymphocyte, 120
lysis, 166
macrophage, 167
maghemite, 12, 20, 38, 76, 131 (see also
iron oxide)
magnet, 138
magnetic actuation, 396
magnetic bacteria, 305
magnetic bead, 390
magnetic colloid, 77
magnetic complex ﬂuid, 50
magnetic dipole, 91, 391
magnetic energy, 159
magnetic exchange coupling, 52
magnetic ﬁeld intensity, 391
magnetic ﬂuid, 50 (see also ferroﬂuid)
magnetic ﬂux density, 155
magnetic force microscope, 193, 246, 323
magnetic force, 75, 260, 397
magnetic gradient, 154, 258, 396 (see also
ﬁeld gradient)
magnetic immunoassay, 368, 423
magnetic label, 136, 329
magnetic length, 41, 51
magnetic manipulation, 20, 75, 398 (see
also manipulation, biomolecule
manioulation, cell manipulation)
magnetic microbead, 21
magnetic microparticle, 73
magnetic microstructure, 192

Index

magnetic moment, 111, 179
magnetic nanoparticle, 73, 390, 391, 422
(see also nanoparticle)
conﬁnement, 260
magnetic nanotube, 16, 273 (see also
nanotube)
magnetic nanowire, 215 (see also
nanowire)
single-component, 216
suspension, 254
magnetic phase diagram, 276
magnetic property, 39, 216
magnetic bead, 332–335
magnetic relaxation, 55, 338, 370
immunoassay, 140
magnetic ﬂuid, 56
magnetic resonance, 132
imaging, 19, 87, 102, 135
magnetic sandwich bioassay, 366
magnetic separation, 21, 72, 142, 390, 393,
394, 396
magnetic separator, 390, 393
magnetic splitting sextet, 296
magnetic susceptibility, 129, 153, 161 (see
also susceptibility)
magnetic suspension, 52
magnetic trapping
cell, 263
nanowire, 255
magnetic tunnel junction, 349, 413, 425
sensor, 349
magnetic viscosity, 60
magnetism, 391
magnetic nanowire, 218
magnetite, 12, 20, 38, 76, 102, 131, 175
(see also iron oxide)
magnetosome, 175, 176, 183
nanowire, 218
magnetization, 14
decay, 105
history, 224
hysteresis loop, 224
loop, 195
relaxation, 91
reversal, 86, 224
time dependence, 47
magneto-aerotaxis, 180 (see also aerotaxis)
magnetocrystalline anisotropy, 92, 95, 107,
226, 247
energy, 274, 275

Index

magnetoelastic energy, 222
magnetofection, 25, 159
magnetofossil, 176
magnetometer, 197–199
alternating gradient, 302
differential ﬂuxgate, 373
single ﬂuxgate, 373
magnetometry, 163
magnetophoresis, 137, 267
magnetophoretic mobility, 76, 141
magnetorelaxometry, 67, 132, 139, 370
ﬂuxgate, 373
magnetoresistance, 16, 298 (see also
anisotropic magnetoresistance, giant
magnetoresistance)
effect, 337
behavior, 274
biosensor array, 393
sensor, 339, 405
magnetoresistive signal, 407
magnetorheological measurement, 72
magnetorheological suspension, 50
magnetorheology, 69
magnetosome, 115, 175, 390
associated protein, 191
bacterium, 189
crystalline structure, 179
cell biology, 185
chain, 186, 192
crystal, 179
formation, 182, 186–187
greigite crystal, 180
isolated, 205
magnetic crystal, 180
memberane invagination, 187
vesicle, 184
magnetosome membrane (mam), (mm),
179, 180, 182, 185, 186
gene, 183
protein, 182
magnetospirillum, 176, 183, 185
magnetostatic energy, 220
density, 141
magnetostatic interaction, 226
magnetostatic length, 41
magnetostriction effect, 45
magnetotactic bacterium, 175, 390
magnetotacticum, 183, 184, 195
magnetotaxis, 180
magnetoviscosity, 72
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major axis, 101
manipulation (see also magnetic
manipulation, biomanipulation, cell
manipulation)
bacterial, 202
biomolecule, 393
magnetic particle, 72
remote, 39
mass spectrometry, 434
analysis, 393
Maxwell bridge, 377
mechanical force, 27
mechanical property, 39
mediator, 150
medical imaging, 21
medicine, 10
Meissner effect, 367
metabolism, 166
metallocene, 301
microemulsion, 290
microﬂuidics, 31, 122, 259, 310
micromagnet array, 262
micropump, 259
microsphere, 162
microtechnology, 273
microvalve, 259
microwave absorption, 248
migration velocity, 191
miniaturization, 273
minor loop, 54 (see also unsaturated loop)
minor axis, 101
mitotic index, 170
mitoxantrone, 157
molecular beacon, 144
molecular imaging, 132
molecular tagging, 105
monocytogenes, 372
monodisperse, 88
morin transition, 288
Mott model, 229
multi-domain, 86
microparticle, 399
particle, 54
structure, 46, 73
multifunctionality, 12, 15, 278 (see also
multiple functionality)
multifunctionalization, 155, 215
multi-layer structure, 16
multiple functionality, 216 (see also
multifunctionality)
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multi-segment nanostructure, 216
multi-segment structure, 14
mutagenicity, 170
nanoalloy, 112
nanobiotechnology, 6
nanocantilever, 393
nanochannel, 280
nanoclinics, 116
nanocomposite, 86, 108
nanocrystal, 3, 85
semiconductor, 3
nanodevice, 129
nanodot, 279
nanoelectromechanical system, 312
nanogel, 158
nanograin, 274
nanomagnet, 11
nanomagnetism, 11, 39–55
nanomagnetization, 40
nanomaterial, 1, 2, 129
biological, 76
magnetic, 11
multicomponent, 12
multifunctional, 7, 29
synthesis, 8
nanomedicine, 17, 18, 157
magnetic, 17, 19
nanometer, 1, 11
nanoparticle, 85 (see also magnetic
nanoparticle)
assembly, 50
nanoplatform, 30
nanopore, 310
nanoporous template, 230
nanoreactor, 89
nanorod, 13, 85, 93
nanoscale, 1
nanoscience, 1, 2
nanosphere, 11, 12, 156
multifunctional, 12
nanospintronics, 296
nanostructure morphology, 40
nanosystem, 129, 314
nanotechnology, 1, 3–8, 129, 169, 273
nanotube, 11, 15, 85 (see also magnetic
nanotube)
nanowire, 11, 13, 85 (see also magnetic
nanowire)
alloy, 235

Index

array, 216, 241, 243
core-shell, 218
dispersed, 216
encapsulated, 217
gated transistor, 393
multi-layer, 13, 216, 217, 234
multi-segment, 216, 218, 222, 229, 234,
250, 267
single, 242, 244
single-segment, 13, 216
two-segment, 13
natural nanotechnology, 4
Néel relaxation, 55, 140, 161, 334, 371
time, 55, 56, 372
nervous system, 319
neurite, 319
neuron, 312
nonspeciﬁc adsorption, 124
nonviral DNA delivery, 25 (see also DNA
delivery)
nuclear magnetic resonance, 430
nuclear pyknosis, 163
nuclear spin, 132
nucleation, 98
nucleic acid, 122 (see also NDA, PNA)
nucleophilic addition, 149
oblate spheroid, 222
organic solvent, 99
organism, 153
organophosphate, 442
oscillation damping, 102
osmolality, 153
Oswalt ripening, 88
paramagnetic doublet, 296
paramagnetic material, 42
paramagnetic particle, 377
Parkinson’s disease, 319
particle morphology, 179
particle-particle interaction, 41
PC12 cell, 322
peak curve, 52
peak-to-peak signal amplitude, 382
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peptide nucleic acid (PNA), 10 (see also
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peptide, 98, 305
permalloy, 301

Index

permanent, single-magnetic-domain (PSD)
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pharmacokinetic parameter, 171
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phase contrast, 289
phase transformation, 92, 102
phase separation, 307
phosphate-buffered saline, 111
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photo-degradation, 145
photosynthesis, 5
phtoanode, 284
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physical adsorption, 315
physical mechanism, 40
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measurement system (PPMS), 382
physical adsorption, 149
physics, 9
physiological condition, 153
physiological effect, 168
physiological parameter, 155
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polycarbonate membrane, 280
polycrystalline material, 86
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polyelectrolyte, 119
polymerase chain reaction (PCR), 435
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magneto immuno-PCR, 209
polymerization, 144
polyol process, 95
precipitation, 290
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protein analysis, 429
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pulsed laser deposition, 288
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quantum, 273
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effect, 2
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radioactivity, 158
radionuclide, 158
delivery, 158
radiopharmaceutical carrier, 158
recognition probe, 144
redox, 112
center, 149
potential, 179
reaction, 150
transformation, 151
relative permeability, 391
relaxation mechanism, 60
relaxation time, 133
characteristic, 47
effective, 58
longitudinal, 56
reliability, 147
remanence, 218
remanent magnetization, 14, 42, 102, 111,
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isothermal, 50
remote control, 39
residual magnetization, 394
resonance ﬁeld, 247
resonance spectroscopy, 299
resonant frequency, 59
method, 377
respiration, 115
reticuloendothelial system, 22, 51, 78, 134
retina, 164
reverse micelle, 89
rheometer, 71
sandwich immunoassay, 266
saturate magnetization, 14, 42, 216, 222,
225, 256
saturation ﬁeld, 14, 216, 218, 225
Scherrer’s formula, 94
secondary detection scheme, 331
second-harmonic detection, 353
seed-mediated growth, 103, 107
selected area electron diffraction, 290
self-assembled monolayer, 146, 439
self-assembly, 3, 90, 238, 253, 256–258
self-contacting method, 242
sensitivity, 145
sensitization-preactivation process, 310
sensor, 338 (see also biosensor)
array, 28, 393
dynamic range, 338
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sensor, 338 (see also biosensor)
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magnetic, 425
sensitivity, 338
solid-state based, 331
separator chamber, 190
shape anisotropy, 44, 218, 226 (see also
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energy, 221
shear viscosity, 72
short-circuited coaxial line method, 63
side effect, 23, 154
signal transducer, 329
signal-to-noise ratio, 374
single crystalline, 94
single magnetic domain, 129
single-domain, 86
particle, 46, 54, 222, 223
site-directed mutagenesis, 114
size-selection process, 89
skin depth, 247
slender ellipoid, 221
slit toroid method, 376
sol-gel, 299
solubility, 169
solvothermal method, 88
soma, 322
speciﬁc absorption rate, 55, 161
speciﬁc loss power, 163
spin polarization, 298
spinal cord, 319
spin-orbit coupling, 44
spin-orbit interaction, 351
spintronics, 105
spin valve sensor, 346, 408, 411
sputtering, 310
squareness, 102
stabilizer, 112
stem cell, 120
stiffness constant, 222
stoichiometry, 113
Stoner-Wohlfarth theory, 50
stray magnetic ﬁeld, 333, 335
stretavidin, 124
sublattice, 100
sublimation, 301
substrate-free sensor, 332
superconducting quantum interference
detector, 366–370
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MRX, 370, 374
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superlattice, 91, 92, 96
superparamagnetic material, 42
superparamagnetic nanoparticle, 54, 73,
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superparamagnetic property, 85
superparamagnetism, 48, 86, 129, 153,
179, 391
surface area, 3
surface chemistry, 215
assembly, 253
surface coordination chemistry, 15
surface modiﬁcation, 37
surface plasmon resonance, 430
surface-to-volume ratio, 170
surfactant, 88
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ferroﬂuid, 334
longitudinal, 57
overall, 56
spectrum, 59
static, 56
transverse, 56
suspended biosensing system, 266
switching ﬁeld, 225
target analyte, 329
targeted detection, 22
template method, 16
temponade, 165
therapeutic application, 22, 215
therapeutic efﬁcacy, 162
therapeutic radionuclide, 153
therapeutic window, 23
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thermal annealing, 91
thermal contraction mismatch, 308
thermal decomposition, 288
thermal ﬂuctuation, 86
thermal noise, 368
thermal reduction, 283
thermo-ablation, 160
thermophilic bacterium, 115
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assembly, 108
magnetic, 27
thiolate group, 116
thiophene acetylation, 122
three-electrode arrangement, 232
time division multiplexing, 427
tissue, 153
top-down approach, 8
toroidal method, 61
torque, 321
magnetic, 391
toxicity, 23, 131, 169–171
trajectory characterization, 200
transfection, 156
efﬁciency, 26
transition line, 276
transition metal, 91, 98, 280
transmission electron microscope (TEM),
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high-resolution (HRTEM), 218
transmission line, 59, 63
characteristic impedance, 63
input impedance, 63
microstrip, 248
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technique, 59
theory, 63
transmission Mössbauer spectrum, 295
transmission/reﬂection method, 66
transplantation, 136
transverse relaxation, 133
time, 56
tumor gland, 167
tumor remission, 157
two-dimensional electron gas, 358
ultrasound treatment, 163
unaxial anisotropy, 227 (see also
anisotropy)
effective longitudinal, 226
unsaturated loop, 54 (see also minor loop)
UV-vis spectroscopy, 313
Vand’s model, 70
vapour-liquid-solid growth, 230
Verwey transition, 238
vibrating sample magnetometer, 42, 102,
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virus detection, 435
vorticity, 69
Wheatstone bridge, 341, 413
xerography, 301
X-ray diffraction, 94
zero-ﬁeld cooling, 94, 238

