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\_ Preface

Nanomedicine may be defined as the application of nanotechnology to detect
and to treat disease. As in many other areas of nanoscience, the control of mate-
rials at the nanometre scale allows radically new approaches; these promise to
revolutionise medical practise. The fundamental aspect of nanomedicine
comes from the ability to engineer structures on the molecular scale and so
intervene within cells to alter the biochemical interactions which are the gene-
sis of disease in the body. While the universal property of size-controlled char-
acteristics in nanomaterials will be well known to physical scientists and
engineers, its application within the human body brings us to unfamiliar terri-
tory, in which technology must be viewed as dynamic, ever changing, as it is
subject to the influence of the biological systems in which it is placed. The
application of nanotechnology within biological cells can fundamentally alter
them, but in turn the cell alters the physiochemical properties of the nanomater-
ial. Thus the as-engineered nanoparticle is just a starting point and the charac-
teristics of nanomaterials within nanomedicine must be constantly reassessed if
their diagnostic and therapeutic value is to be fully realised. To highlight this
point, this volume begins with an overview of the basic principles of nanome-
dicine in the context of the most profound of reactive biological systems—the
immune response. This constitutes an organised attack by the whole organism
on the nanoparticulate, foreign bodies. Our bodies have evolved over millennia
to deal with ‘natural’, virus nanoparticulates, and the details of virus—white
blood cell interactions are presented as an illustration of both the power of
nanomedicine and the challenges it must overcome.

Detailed expositions on the use of magnetic and metallic nanoparticles for
theranostics, simultaneous detection and treatment of disease, are presented in
Chapters 2 and 3. Magnetic particles can be used to enhance the contrast in
magnetic resonance imaging techniques, to kill targeted cells through loca-
lised heating or to deliver drugs to specified areas of the body under the guid-
ance of magnetic fields. In a similar manner, gold particles can enhance X-ray
imaging and provide localised amplification of therapeutic effect in radiation
treatments. These examples vividly portray the exciting potential of nanome-
dicine; here science and technology are locating diseased cells, clearly mark-
ing them, for the clinician to see, and helping to selectively kill or reprogram
these rogue cells.

In any area of medical science, it is crucially important to know accurately
the level of dose being administered and this is especially important in nano-
medicine where the nanotherapeutic is delivered directly inside cells.

xi



Preface

Chapters 4 and 5 cover various aspects of the question of dose assessment and
the understanding of particle—cell interactions. In this endeavour, nanotech-
nology provides the analytical instrument as well as the medical intervention.
Nanoscale imaging and quantitative nano-metrology are required, and techni-
ques such as electron microscopy, and quantum dot based, fluorescence imag-
ing are important tools. These chapters on nanoparticle dose reinforce the
need to monitor particle properties in the biological medium and reiterate the
subtle complexities of particle uptake, distribution and alteration within cells.

The volume ends with a look at nanomedicine in the context of the diseased
state as it is manifested across the whole organism. Here a wider look at the
impact of nanotechnology, beyond the single cell, is employed. The question
of how nanostructures can help in targeting and treating human disease in its
complex reality of multiple cell types within varied and evolving biological
niches is addressed. This is a look at nanomedicine from the viewpoint of medi-
cal science, providing a closing chapter that highlights, for physical scientists
and engineers, the viewpoint of the end-user of our technology.

Huw Summers



< Contentsj

Contributors
Preface

1. Nanomedicine —Biological Warfare at the Cellular Level
Huw Summers

1. Introduction
2. Nanoparticles Within a Biological Environment
2.1 How Big is Biology?
2.2 Understanding the ‘Nano’ in Nanomedicine
2.3 Nanoparticle Dynamics in Biological Media
3. A Look at Viruses, the Perfect Bio-Nanoparticle?
3.1 Structure of a Virion
3.2 The Life Cycle of Influenza A
4. Nanotherapeutics: An Overview of the Key Concepts
4.1 Delivery to the Cell
4.2 Attachment
4.3 Internalisation and Intra-Cellular Transport
4.4 Action Within the Cell
4.5 Nanoparticle Interactions with the Immune System
5. A Look to the Future—will we ever Mimic a Virus
References

Part |
Nanotechnology

2. Magnetic Nanoparticles for Targeted Cancer
Diagnosis and Therapy

Marc J. Williams and Serena A. Corr

1. Introduction
2. Size-Dependent Properties
2.1 Magnetic Behaviour
2.2 Synthetic Approaches
3. Targeted Diagnostic Applications
3.1 MR Contrast Agents
3.2 Drug-Delivery Agents
4. Prospects
References

X1

(& N

o}

15
15
18
19
19
19
20
21
21
22

27

29

29
30
31
32
37
37
45
57
58



3. Gold Nanoparticles for Imaging and Radiotherapy
S.J. McMahon and FJ. Currell

. Introduction

. Fundamental Interactions

Imaging

. Radiation Effects on Cells

. Radiotherapy

. Macroscopic Contrast Enhancement
Experimental Studies of GNP Radiosensitisation
. Nanodosimetric Models

The Role of Synchrotrons

10. Open Questions and On-going Research
Acknowledgements

References

ONOU A WN=

©

4. Electron Microscopy of Nanoparticles in Cells
Andy Brown and Nicole Hondow

Introduction
. In Vitro Testing
. Sample Preparation of Cells for Electron Microscopy
. Imaging and Analytical Techniques in the Electron Microscope
4.1 Scanning Electron Microscopy
4.2 Transmission Electron Microscopy
4.3 Volume Electron Microscopy
5. Quantification of NP Uptake
6. Correlative Light or X-ray and Electron Microscopy
7. Final Summary
References

Part Il
Applications

5. Uptake and Toxicology of Nanoparticles
Paul Rees

1. Introduction
2. Nanoparticle Uptake by Cells
2.1 The Nanoparticle Dose Introduced to the Cell Culture
2.2 Dynamics of Uptake
2.3 Uptake Mechanisms
2.4 Cellular Responses to Nanoparticles
3. Factors Which Govern Nanoparticle Uptake
3.1 Cellular Dependencies
3.2 Size and Shape

Contents

65

65
67
70
72
73
76
80
81
86
88
91
92

95

95

96

99
101
102
105
109
111
112
113
114

121
123

123
125
125
126
127
128
128
128
129



Contents

3.3
3.4
3.5

Charge
Surface
Protein Corona

4. Current Issues in Nanotoxicology Research
5. Conclusion

Acknowledgements

References

6. Biological Microniches Characterizing Pathological
Lesions: Impact on Nanoparticle-Based Delivery
of Therapeutics

Ismail M. Meraz, Victor Segura-lbarra, Fransisca Leonard,

Javier

1. The
1.1
1.2
1.3
1.4

1.5
2. The
2.1
2.2
2.3
2.4
2.5

2.6
2.7
2.8
2.9

Gonzalez, Sally Ally, Biana Godin and Rita E. Serda

Cancer Microenvironment
Targeting of Nanoparticles to the Tumour
Passive Targeting
Active Targeting
Designing Nanoparticles to Function Selectively
Within the Tumour Microenvironment
Challenges and Perspectives
Cancer Immune Microenvironment
Immune Phenotype of the Tumour
Tumour T Lymphocytes
Tumour Macrophages
Mechanisms of Immunosuppression
Using Immune Cells to Deliver Therapeutics
to the Tumour
Anti-Cancer Immunity
Role of Nanotechnology in Creating Vaccines
Antigen Presentation and Impact of Nanoparticle Delivery
Rational Design of Nanovaccines

2.10 Impact of Particle Size on Transport to the Draining

2.11

Lymph Node
Impact of Particle Physico-Chemical Properties
on Vaccine Effectiveness

3. Cardiology and Nanoparticle Therapies

3.1
3.2
3.3
3.4
3.5
3.6

3.7
3.8
339

The Heart as a Functional Unit

Cellular Phenotypes and Morphology of Cardiac Tissue
Epidemiology of Principal Cardiovascular Pathologies
CHD, Ischaemia, and Stroke

In-Stent Restenosis

Molecular Profiling of the Heart and Endothelial
Targeting

Targeting Myocardial Infarction

In-Stent Restenosis

Conclusions

130
130
131
132
134
135
135

139

139
141
141
142

143
144
144
144
145
146
146

149
149
150
151
152

152

152
154
154
155
155
156
157

158
158
159
159



Contents

4. The Neurological Microniche 160

4.1 CNS Disease-Specific Nano-Therapies 163
5. Conclusions 164
References 164

Index 175



C Chapter 1 )

Nanomedicine —Biological
Warfare at the Cellular Level

Huw Summers
Systems and Process Engineering Centre, College of Engineering, Swansea University, Singleton
Park, Swansea, United Kingdom

1 INTRODUCTION

Every day of our lives, our bodies are locked in a battle with a myriad of
nano- and microscale pathogens seeking to subvert our cells. On one side of
this battle, viruses, bacteria and other micro-organisms are the causes of wide-
spread and often deadly diseases such as malaria, cholera, HIV/AIDS and
tuberculosis. In response to these threats our immune system constantly moni-
tors for foreign invaders, marking ‘non-self” entities with antibodies and then
destroying them through an army of specialised cells and chemical agents.'
This is the battleground on which Nanomedicine is pursued; nanoparticles,
when introduced to the body, will be seen as foreign bodies and are subjected
to the full armoury of the body’s defence system. They will be labelled with
antibody molecules and then targeted by phagocytic white blood cells which
will engulf them and clear them from the blood stream into organs such as
the spleen, liver and kidneys. Thus, the challenge for nanotechnologists is to
use stealth to avoid these defences so that nanotherapeutics remain in the
blood stream for long enough to reach their destination, enter selected cells
and deliver drugs to their target. This involves crossing biological boundaries
such as the lipid membrane that encapsulates the cell or the nuclear envelope
around its DNA. I have used this language of ‘conflict’ to emphasise that the
interaction of nanoparticles with the body’s organs and cells is an active,
adaptive process in which the particles are subject to chemical attack and
physical removal from the system. In short, nanomedicine may be viewed
as a war between our technology and our bodies, carried out at the molecular
level. Nanoparticles are our weapons of attack with an ability to penetrate the
cell’s defensive barriers and directly modify the networks and pathways of
molecular interaction which are the primary drivers of disease. In response,
the complex and intricate immune system is the body’s first line of defence,
stopping nanotherapeutics from reaching their intended destination. Even if

Frontiers of Nanoscience, Vol. 5. http://dx.doi.org/10.1016/B978-0-08-098338-7.00001-7
© 2013 Elsevier Lid. All rights reserved. 1
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the cell is breached, there are intra-cellular defences such as the endosome—
lysosome system, which can encapsulate particles and lock them away from
the rest of the cell within membrane-bound vesicles. One of the biggest chal-
lenges in nanomedicine is to develop particles that can ‘break out’ of these
membrane cages and so deliver drugs to areas where they can alter the control
machinery of the cell, for example, the nucleus.

The dynamic nature of this battle calls for a constant evolution in strategy.
This is evident in the rapidly expanding research base of nanomedicine: par-
ticles with novel geometries and chemical composition are constantly being
produced through ever-evolving synthesis routes in multi-layer, multifunc-
tional forms that can provide controlled action of a bespoke nature in prede-
fined cells. This innovation is essential as nanomedicines must contend with
the evolutionary adaptation of the innate immune system, selected through
biological fitness to deal effectively with nanoscale invaders and the rapid
responses of the adaptive immune system which can identify specific patho-
gens mount an attack within hours. Figure 1.1 provides a schematic overview
of this battle, detailing the key steps of particle—cell interactions and high-
lighting the tension between the drive to affect therapeutic outcomes using
nanoparticles and the immune response of the host which tends to negate this.

Nanomedicine is a very broad research field encompassing diverse appli-
cation areas such as diagnostics, therapeutics, biomedical devices and medical
imaging.”® In this work, I focus solely on the use of nanotechnology to engi-
neer therapeutics agents, that is, nanomedicines: nanoparticulates that provide
drug delivery systems or that directly act as therapeutic agents.

Fundamental processes

Immune response
and host cell

defences Delivery to
the cell

v

Cell surface
attachment
v

Internalisation

¥

Intra-cellular
release
v

Sustained
effect

FIGURE 1.1 A schematic of the fundamental processes and core concepts in nanomedicine.
(For colour version of this figure, the reader is referred to the online version of this chapter.)



Chapter | 1 Biological Warfare at the Cellular Level

This book is aimed at physical scientists and engineers and so the foray
into medicine takes us into unfamiliar territory. I have therefore chosen the
conceptual model of bio-warfare to give the reader an understanding of the
landscape of nanomedicine—its general outline, common themes and points
of interaction and control. A detailed account of the molecular biology, phys-
iology and pharmacology at the heart of the subject is clearly beyond the
scope of this text, but we can understand how the whole picture fits together
without resolving the detail.

This concept of warfare highlights key themes to be found in nanomedicine
which are likely to be unfamiliar to the physical scientist or engineer working
on nanotechnology:

1. Interaction: Cells are not a passive environment into which nanoparticles
are introduced, they are active participants in any treatment or experiment
and are able to influence their interactions with nanoparticles and adapt
their response.

2. Alteration: Bio-activity can, and usually does, change the physiochemical
properties of the nanoparticle, either through coating of the particle surface
with bio-molecules or through chemical reaction with the material of the
particle shell and core. This requires a different point of view to that usu-
ally employed in nanotechnology, the design and synthesis of engineered
particles to produce certain characteristics are only the first phase of a life
cycle that will see the particle’s properties radically altered upon entry into
a biological system.

3. Adaptation: Change is essential when dealing with dynamic biological
systems able to respond and adapt. Successfully delivering a nanothera-
peutic to a cell and effecting a favourable outcome require the control of
a series of spatial and temporal factors; for example, multifunctional par-
ticles have to locate and attach to the cell surface, then enter the cell and at
some later time release a drug cargo, often in response to an activating
trigger such as pH level. This dynamic of drug delivery must also take
account of the natural cycles of cell growth and proliferation.

The warfare model is best exemplified by the ultimate nanoscale agent—the
virus particle (known as a virion), an evolved, bio-nanoparticle. These are
similar to engineered nanoparticles in scale, geometry and structure, and their
biology offers us a guide through which we can understand nanoparticle—cell
interactions from a familiar vantage point. If anyone doubts the potential of
nanomedicines, they should think of the efficiency with which influenza vir-
ions enter cells and wreak system wide havoc in our body! The example of
the virus particle reminds us that while nanomedicine is relatively new,
human exposure to nanoparticles is not. Our bodies have been fighting viruses
for millennia, evolving multiple defence strategies to minimise their effect. It
is worth pausing to reflect on this: the body is well prepared to evade nanome-
dicines and a decade or so of intense research activity on engineered particles
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cannot match the 300 million years of evolution and the continuing adaptive
ability that has led to perfected viruses that can produce new strains in a time-
frame of a few years.

2 NANOPARTICLES WITHIN A BIOLOGICAL ENVIRONMENT
2.1 How Big is Biology?

While readers of this series are very familiar with the nanometre scale and the
conceptualisation of a ‘billionth of a metre’, they are perhaps less able to
relate this to the biological world.” The fundamental unit in living systems
is the cell and this is the organisational unit from which complex organisms
are constituted, housing the key machinery of protein production and the
essential gene code from which all life ensues. An electron micrograph of a
human cell section is shown in Figure 1.2 to provide a guide to the scale of
various cellular structures. Cells vary hugely in size and shape but as a general
class can be said to be microscale objects; the human fibroblast cell depicted
in Figure 1.2 grows as a flattened film of thickness 1-2 um and a lateral
dimension of ~15 um. Cells are defined by their membrane; this is a bilayer
structure composed of phospholipid molecules, with hydrophobic tail and
hydrophilic head groups, which self-assemble into a double sheet of mole-
cules that is 2-3 nm in thickness.®* Within the cell, the largest sub-cellular
structure is the nucleus, which in mammalian cells is ~6 pm in diameter,' this
houses the cellular DNA in the form of chromosomes.

The DNA molecule itself is truly nanoscale, consisting of a double helix of
nucleotide base units on a backbone of alternating sugar and phosphate

__ =L

FIGURE 1.2 An electron micrograph of an U2-OS, Osteosarcoma cell section.



