Chapter 5
Medical Nanomaterials

Steven D. Perrault

5.1 Introduction

Proponents of nanotechnology claim that it will make broad contributions to medical
technology over the coming years. But an outsider could ask; why would nanotech-
nology be so central to a new generation of devices and medicines? What is it about
nanometer-scale materials that could provide an improvement on the current state-
of-the-art? How can they fulfill current needs within medical practice, and improve
how we are able to detect and treat complex diseases such as cancer?

To answer these questions, it’s necessary to first understand why new medical
technologies are required, and whether it’s worth investing money and research into
replacing the current technologies. We’ll begin this chapter by considering why we
need new medical technologies, and what the potential market for nanomedicine
might be. In the same context, we can look at what the current standards are for
medical technologies. From there, it should start to become clear where nanotech-
nology can find a home and where it may not be appropriate. We’ll then look at how
nanomaterials can be systematically organized and described, and the classes of
materials that are common in nanomedicine. We can then look deeper at some of
these, discuss how they are used in research and how they are being developed
towards clinical applicability. This chapter will review some of the most common
nanomaterials being developed for medical technologies. More importantly, it will
try to provide a framework so that the reader understands why certain directions and
materials are being pursued.
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It’s worth saying that at the time of writing this, nanotechnology research is
likely at the start of a very long road. A search for “nanotechnology” studies in a
journal database shows only a handful of papers published prior to 1990, breaking
above 10 per year in 1991, and 100 per year only in 1999 (Fig. 5.1). The field then
grew rapidly, reaching 1,000 papers published per year in 2005 and twice that just
4 years later. As of 2012, there is an enormous library of well-characterized nanoma-
terials available, and a small number that can be purchased commercially. In gen-
eral, not all aspects of the nanomaterials have been characterised. As our ability to
design and assemble more complex nano-scale devices improves, the number of
studies, applications and products could grow far beyond what anyone today is
imagining. I present some early examples of multi-component medical nano-devices
and molecular engineering approaches to their assembly at the end of the chapter.

5.2 The Need for New Medical Technologies

As of 2008, the leading causes of global deaths included a large number of chronic
and infectious diseases (e.g. cardiovascular disease, diabetes, cancer, HIV/AIDS,
malaria). Because these diseases place such a large burden on individuals and on
health care systems, it makes sense to invest in research that aims to reduce the bur-
den. Some of these diseases are entirely preventable diseases, suggesting that more
investment is needed in education as well as technology. The HIV epidemic has
shown improvement in the past few years thanks in part to preventative programs, as
well as to reduced transmission rates from anti-retroviral therapies [1], and there’s
hope that researchers will discover a vaccine that successfully blocks infection. Other
diseases can already be accurately diagnosed and well-managed using current tech-
nology, even if they aren’t completely treatable (e.g., diabetes). And then there are
diseases such as cancer, where we have had very little success at reducing burden.
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Ominously, the World Health Organization is predicting a dramatic rise in the global
number of cancer cases over the next two decades. This is owing to increased tobacco
use in emerging economies, older and larger populations over much of the globe, and
decreases in other types of mortality [2].

Cancer is in many ways the most challenging of these, owing to its biological
complexity [3, 4]. As our appreciation of its complexity has improved, it has become
apparent that many of the molecular diagnostic tools that we need will have to be
capable of measuring large panels of molecules simultaneously, rather than detect-
ing a single gene or protein. We need to detect genetic mutations, epigenetic modi-
fications to chromosomes, levels of gene transcription into messenger RNA
molecules, levels of translation into proteins, and post-translation modifications. To
fulfill these needs we require new technologies that can measure large numbers of
genes or proteins in a manner that is relevant to clinical practice, and it is hoped that
the properties of nanomaterials can contribute to this goal.

Similarly, we need a new generation of therapeutics designed to impact specific
molecular pathways that are known to be central to a disease. Vaccines are one
example of biologics that have been around for decades, and which have had an
enormously positive impact without any need for nanotechnology. More recently, a
number of antibody- and protein-based biologics have been developed to treat forms
of cancer [5] and arthritis [6]. As well, gene therapy [7] has shown success against
diseases such as severe combined immunodeficiency [8]. Nanotechnology may not
be useful for some of these, but for others it may be absolutely necessary. Success
with gene therapy has been limited to cells that are relatively easy to access, such as
those of the lung, or that can be harvested, transformed and re-implanted. Otherwise,
gene therapy will require a vehicle to deliver the genetic “drug” to sites deeper
within the body. Therapy using RNA-inhibition faces similar challenges, but a
recent and exciting study demonstrated the first success of using it against cancer
via an optimized nanoparticle vehicle [9, 10].

In summary, we need new medical technologies that will allow us to put our
knowledge to use in diagnosing and treating disease on a molecular and cellular
scale. Most current clinical technologies have not kept pace with research, but there
are notable exceptions such as the microarray and some biologic therapeutics.
Developing the technologies needed to enable an era of personalized medicine
will allow clinicians to better predict who many suffer from an illness and allow
for prevention, or to match a therapy with a patient and thereby achieve the best
possible outcome.

5.3 The Advantage of Nanotechnology

Now that we’ve started to consider what is needed to exploit our molecular-
biomedical understanding of diseases, we can ask how nanotechnology might con-
tribute. Nanotechnology involves the engineering of materials having at least one
dimension on a scale of 1-100 nm. These materials provide a number of specific
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advantages that can fulfill some duplicate of the requirements of a new generation
of medical technologies [11].

To begin with, the scale of the materials used in nanotechnology overlaps with the
scale of biomolecules and sub-cellular structures. For example, an immunoglobulin
G antibody molecular has a molecular weight of 152,000 Da and a functional diam-
eter of approximately 11 nm [12]. The ribosomes responsible for synthesizing the
polypeptide chains of proteins are approximately 25 nm in diameter. This overlap in
scale is a first important advantage of nanotechnology, particularly for in vivo appli-
cations. Because of this, we can make nanomaterials that are suitable for use in
normal physiological environments. For example, a nanoparticle designed for intra-
venous injection will have a comparable size to the native biomolecules that are
normally present in blood. This means that they are unlikely to become stuck and
obstruct small vesicles, which was a problem in earlier research that aimed to develop
micron-sized particles as drug delivery vehicles [13]. The size of nanomaterials also
allows us to engineer a highly-specific interaction between it and target molecules or
structures, which is useful for both in vitro and in vivo diagnostic and therapeutic
applications [14]. In some cases, the interaction may need to be optimized to increase
its strength or the number of molecules involved, which we can achieve by optimiz-
ing the molecules on the material’s surface. This is possible in part because the size
of the material is similar and can be tuned such that it displays the molecules in an
appropriate orientation for the target. The size of nanomaterials therefore allows us
to produce devices with increased sophistication and a more refined interaction with
target biological molecules and structures that are central to disease.

A second major advantage is that nanomaterials provide a platform that can be
engineered through a seemingly infinite number of modifications. As mentioned
above, this can include addition of biomolecules on the surface of a material to
define a binding interaction with some target molecule or structure. In other cases,
modifications may take the form of a polymer layer. The addition of poly(ethylene
glycol) to the surface of a material is the most common approach for preventing
non-specific adsorption of proteins to its surface or for increasing solubility of a
poorly soluble drug, and is therefore used on many implantable or injectable devices,
as well as on biological therapeutics [15]. Other modifications include addition of a
layer of metal or polymer that provides a functional property, such as those described
in the next paragraph. The large numbers of modifications that can be made to any
nanomaterial mean that its properties can be highly optimized towards a given
application, greatly expanding its potential usefulness.

A last major advantage of nanomaterials is that many of them gain useful func-
tional properties due to their size falling within the quantum realm (below 100 nm).
Some of these properties are explained by quantum mechanics, such as the interesting
optical properties of fluorescent semiconductor nanoparticles (quantum dots) [16].
Recently, Peng et al. [17] has reported efficient photoluminescent behaviour observed
on graphene quantum dots (Fig. 5.2). The luminescence can be varied by controlling
relevant process parameters [17]. Other materials gain catalytic properties owing
to their high surface-to-volume ratio, such as silver nanoparticles which display
anti-microbial activity (Fig. 5.3) [18, 19]. These electronic, optical and catalytic
functions are perhaps the most exciting properties that nanomaterials have to offer.



Fig. 5.2 Human breast cancer cells (T47D) exposed to graphene quantum dots. (a) Brightfield
image of cancer cells. (b) Nuclei stained in blue, (c) green fluorescence shows accumulation of
quantum dots in the cytoplasm, (d) overlay. [17]
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Fig. 5.3 Interaction between silver nanoparticle and the bacterial cell [18]
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They provide the potential for a range of diagnostic and therapeutic devices that
would otherwise be unimaginable, such as photothermal gold nanorods [20, 21] or
nanoshells that can be used for localized ablation of tissue.

Based on these advantages, we can see where nanotechnology can provide gains
in medical technology. We can achieve greater control over biomolecular interac-
tions, which will be central to advances in personalized medicine. The material
itself provides a platform that can be highly engineered towards a specific goal, such
as modifying its in vivo behavior. Finally, we can exploit the electronic, optical and
catalytic properties of nanomaterials provide functions to devices that would other-
wise be unavailable. We can also see that it may not be useful in every application.
If a therapeutic already has favorable kinetics, creating a nanoparticle formulation
will unnecessarily increase its complexity and cost. If a diagnostic device is already
highly sensitive and meets our needs using current technology, there would be no
rationale for developing a nanotechnology-based alternative. Hopefully this has
begun to build a framework for what we should expect from nanomedicine.

5.4 The Market for Medical Nanotechnologies

Nanotechnology is a fascinating area of research, and the materials themselves are
interesting enough to justify some investment of research time and effort. Beyond
this, we’ve seen that there are clear needs for a new generation of medical devices,
and that nanotechnology has specific advantages that will be useful for some of
these. There is obvious synergy between these advantages and the goals of personal-
ized medicine, which is to predict, treat, and prevent disease on an individual basis
[22, 23]. There is also the opportunity to reformulate many conventional drugs
within a nanoparticle vehicle to improve their pharmacokinetics and specific. In
almost all cases, we would be aiming to integrate our molecular knowledge of dis-
ease with nanomaterials to improve our ability to detect and treat disease.

There is of course already a very large market for medical diagnostics and thera-
peutics. One report estimated annual spending on in vitro diagnostics in the United
States to be $17.6 billion as of 2009 [24]. Much more significant is the market for
pharmaceuticals and particularly for oncology therapeutics, which was estimated at
$104.1 billion in the United States in 2006 [2], nearly six times the amount spent on
all medical diagnostics. Based on this, it’s not difficult to believe that medical diag-
nostics and therapeutics will soon be a trillion-dollar industry, if it isn’t already.

How much of this involves nanotechnology? At the moment there are very few
marketed diagnostic devices that are reliant on nanotechnology. The most common
is likely the lateral flow assay, such as a typical home pregnancy test. This uses
antibodies bound to either gold nanoparticles (or alternatively a dye molecule) to
determine the presence or absence of a compound. However, each test uses very
little material and it is unlikely to amount to a very deep market. The optical proper-
ties of gold nanoparticles have also been used to develop a technology platform
called Verigene [25], marketed by Nanosphere, which can be adapted for detecting
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a wide variety of genetic markers. Nanosphere reported an income of $2-million in
2010, and potentially owns the largest share of the nanotechnology-based diagnos-
tic market. Many other medically-related nanomaterials are also being sold, such as
quantum dots (Invitrogen) and gold nanorods (Nanopartz), but for research pur-
poses only.

By far the largest market for medical nanotechnology is currently in nanoparticle-
formulated oncology therapeutics [26]. These have been used against cancer for
well over a decade now, but account for only $5.6 billion of spending. The formula-
tions currently used in clinics are first generation, and are composed of liposomes,
pegylated liposomes, or protein particles [27]. They are relatively low-technology
and low-engineering designs in comparison to what is being developed in research
labs and even what is currently undergoing clinical trials.

The market for medical technologies is enormous and nanomedicine makes up a
very small portion of this. It seems that there are many opportunities for growth.
Most of the highest potential nanomaterials and ideas are still at the research stage,
and won’t begin to make a serious dent in the diagnostic or therapeutic market for
another decade. However, we can expect that they will begin to displace older tech-
nologies and medicines as we improve our ability to engineer them, exploit their
properties and scale-up production.

5.5 Medical Nanomaterials

As mentioned above, there are many different types of nanomaterials, each of which
can be modified in a seemingly infinite number of ways. It would therefore be over-
whelming to attempt to create a comprehensive description of all the materials that
could potentially be used as part of future nanomedical devices. Instead, we’ll focus
on some general classes and their specific advantages. To make it easier, we’ll begin
by looking at a recently published nomenclature system that provides a basis for
understanding the wide range of available materials.

5.5.1 A Systematic Approach to Understanding Nanomaterials

Until recently there was no unified method available for naming or classifying nano-
materials. A nomenclature presented by Gentleman and Chan in 2009 [28] takes a
hierarchical approach, in which a material is systematically classified based on its
chemical class, geometry, core chemistry, ligand chemistry, and solubility. We’ll
make use of their approach to examine what properties define a nanomaterial.

A first major distinction between the many types of nanomaterials is by their dif-
ferent chemical classes. Nanomaterials can consist of either purely organic
molecules, as is the case with liposomes, purely inorganic or metallic materials, or
some hybrid of the two. This first distinction is important in the development of
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materials that may be used in vivo, as organic nanomaterials designed to biodegrade
would generally be more biocompatible. At the same time, the interesting and use-
ful optical and electronic properties are restricted to inorganic and metallic materi-
als. For example the fluorescence properties of quantum dots [29] make for an
excellent in vivo contrast agent [30], but there are concerns about their toxicity and
long-term persistence within the body [31, 32]. Carbon-based fullerene materials
such as multiwall nanotubes are an obvious exception to this differentiation based
on organic and inorganic material function. Although they are composed purely of
carbon, they offer some interesting electronic properties that are more similar to
metallic nanomaterials [33].

The second consideration for classifying a nanomaterial is geometry. The size
and shape of most nanomaterials is central to many of their important properties.
For example, the optical properties of quantum dots are a product of their semicon-
ductor core diameter [29]. The surface resonance plasmon of gold nanoparticles is
also dependent on their diameter [34], as well as on their shape. Gold nanorods
strongly absorb longer wavelength light than spheroid particles of the same volume,
and translate much of that absorption into heat [35-38]. The catalytic properties of
metal nanoparticles are dependent on surface area, and therefore on their size [39].
Geometry also determines how nanoparticles behave in vivo. It determines their
access to various compartments within the body [13, 40—42], how quickly they will
be recognized by the immune system [43], how they are excreted, and how they
interact with cells [44, 45]. Geometry is therefore one of the most important param-
eters for how a nanomaterial is chosen and designed towards a particular medical
application.

Next, we can consider both the core chemistry and the outer ligand chemistry.
Some materials consist primarily of a single material or crystal structure (described
in part by chemical class), but may also include modifications to that primary struc-
ture. For example, semiconductor materials are often doped with rare-earth metals
in order to optimize their electronic properties [46, 47]. Ligand chemistry defines
what is presented to the outside environment. Because of this, engineering the outer
ligand can change the solubility of a material. This is particularly important for the
many nanomaterials that are highly soluble in non-polar solvents (e.g. quantum
dots), but poorly soluble in the aqueous environments in which they would be used
in an interaction with biomolecules or cells [48]. The outer ligands also determine
how a material interacts with biomolecules and cells, whether there is a specific and
defined interaction (e.g., antibody against a viral protein), or whether the purpose of
the ligand is to reduce non-specific interactions (e.g., to slow immune recognition).
We can see that the core chemistry and outer ligand chemistry are also very impor-
tant for determining what properties a material will have, and how it will behave
within a given environment.

Now that we’ve seen the major design parameters that define a nanomaterial, we
can look more specifically at a few materials more specifically, see how they’ve
been developed over the years and how it is hoped they can contribute to
nanomedicine.
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5.5.2 An In-Depth Look at Various Nanomaterials
5.5.2.1 From Liposomes to Polymer Nanoparticles for Drug Delivery

Liposomes are generally not considered to fall within the realm of nanotechnology
because their dimensions extend far beyond the nano-realm. Although they can be
processed to have diameters as small as approximately 50 nm, liposomes of several
hundred nanometers to several microns are commonly used for a variety of applica-
tions. As well, liposomes are not synthesized and engineered in the same sense as
other nanomaterials, and do not offer the same types of interesting quantum proper-
ties as conventional nanomaterials. Nevertheless, liposomes are an important topic
because they were one of the first particle systems used for drug delivery, a field that
is very prominent in nanomedicine.

Liposomes were first scientifically synthesized five decades ago [49]. They are
composed primarily of amphipathic phospholipid molecules that spontaneously
self-organize into bilayer membranes when in an aqueous environment. The phos-
pholipids can be from a biological source or synthetic, and their mixture within the
liposome formulation can be modified to control properties such as membrane fluid-
ity, curvature, charge and stability. Self-assembly of the phospholipids into a bilayer
membrane causes encapsulation of a volume of the aqueous buffer as a cavity inside
of the membrane, much like cell and organelle membranes that are present in bio-
logical systems. Agents that cannot readily diffuse across the membrane can there-
fore be encapsulated in the inner cavity of the liposome, which can then act as a
vehicle for that agent. The liposome design then determines parameters that are
important to pharmacokinetics, such as circulation half-life, rather than it being
dependent on the agent itself. They are therefore an obvious choice for use as drug
delivery vehicles, and have been used extensively to encapsulate and alter the phar-
macokinetic behavior of many cancer therapeutics.

Through their size, liposomes are also effective at exploiting an inherent property
of tumors. Vascularized tumours typically do not contain well-formed and mature
blood vessels comparable to other tissues. Instead, tumour vessels are tortuous in
their architecture [50], immature and porous [51, 52]. To improve accumulation of
drugs in tumours, we can therefore synthesize particles which have a diameter large
enough to remain within the blood vessels of healthy tissue, but small enough to leak
from circulation into tumour tissue when passing through their leaky vessels. This
property was first discovered by Matsumura and Maeda using dye-labeled albumin
protein [53], and was afterwards characterized by Jain using liposomes [40].

Finally, liposomes were one of the first particle systems to have their surface
modified with PEG in order to increase circulation half-life [54]. This was a major
breakthrough in nanoparticle-based drug delivery because it decreased the fraction
of a dose that ended up cleared by the immune system, increasing the fraction that
could accumulate within tumours. It was these discoveries that led to the first
“nanoparticle” formulations of anti-cancer agents, and to significant reductions in
many of the side effects suffered by patients from earlier forms of therapeutics.
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Although liposomes display these very useful properties, they are lacking in sev-
eral areas. Their minimum diameters are approximately 50 nm and they have only
moderate stability. Moreover, they do not allow for a great deal of engineering,
which limits our ability to rationally design their properties to overcome specific
barriers to drug delivery. Polymer-based particles are therefore an excellent alterna-
tive, as we are unlimited in the types of polymers that can be used, and how they can
be engineered to provide specific, desirable properties. The most common polymer
particles being pursued for drug delivery are composed of biodegradable polymers,
such as poly(lactic-co-glycolic acid) (PLGA). These offer the same advantages as
liposomes in terms of being able to act as vehicles for agents, take advantage of
leaky tumour vasculature and avoid immune clearance by PEGylation. It is also
possible to rationally design their permeability for the encapsulated agent, thereby
allowing for control over release of the agent into the environment [55, 56]. If lipo-
somes can be considered to have contributed to the first generation of nanoparticle
drug formulations, polymer nanoparticles are likely to make up much of the second
generation, and many polymer-based nanoparticles are now in clinical trials for
drug delivery to tumours [27].

5.5.2.2 Gold Nanoparticles as Diagnostic Agents and Therapeutic Vehicles

Colloidal gold or gold nanoparticles have been produced for centuries. Their mag-
nificent interaction with visible light has made them a favorite ink in stained glass
and other types of art. The first scientific report of colloidal gold synthesis (and of
any metallic nanoparticle) was by Michael Faraday, who published the work in
1857 [57]. Amazingly, his syntheses are still in suspension, and are held at the Royal
Institution of Great Britain. More recently, gold nanoparticles have become a favou-
rite nanomaterial for use in a broad range of applications, including as medical
diagnostics and therapeutics. This is because they are relatively straight forward to
synthesize over a broad range of sizes, it is very easy to modify their surface via
adsorption of ligands (e.g., of proteins) or through a thiol-Au bond, and their surface
plasmon can be exploited for diagnostic and therapeutic purposes.

5.5.2.2.1 Synthesis Methods

One of the most commonly used methods for synthesis is that published by
Turkevich in 1951 [58] and further refined by Frens in 1973 [34]. This uses citrate
as a reducing agent and stabilizing surface ligand. Reduction of gold ions in solu-
tion to metallic Au® results in formation of ordered crystals that grow into stabi-
lized gold nanoparticles. Adsorption of an organic ligand (in this case the oxidized
citrate molecules) to their surface stabilizes the particles, preventing them from
aggregating and forming their thermodynamically-favored bulk material. The
reducing conditions can be altered to control the rate of particle formation, and
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through this it is possible to control particle size. Using the Turkevich/Frens
method, batches of gold nanoparticles having diameters between 15 and approxi-
mately 100 nm can be synthesized, although the quality of larger diameter batches
is greatly reduced. An alternative method for synthesis of larger diameter gold
nanoparticles makes use of seeded growth. In this approach, ionic gold is reduced
in the presence of high quality (i.e. near-spherical and highly monodispersed in
size) small diameter “seed” particles, which provide a template onto which the
newly reduced Au® is added. By separating the reactions that are responsible for
initial formation of nanoparticle crystals and for their growth, we could potentially
produce batches that are more monodispersed in size and shape. Early attempts at
seed-based growth used conditions that failed to suitably favour growth of the
existing particle seeds over formation of new particles, resulting in two populations
[59]. We were able to overcome this using hydroquinone as a reducing agent [60],
which has a long history of use in photographic film processing, where it is used to
selectively grow clusters of silver atoms into larger grains. Our method is able to
grow very high quality batches of gold nanoparticles having diameters up to several
hundred nanometers.

5.5.2.2.2 Diagnostic Applications

Gold nanoparticles display an interesting and useful surface plasmon resonance (a
collective oscillation of valance-band electrons) which is different from that of bulk
gold material. The interaction of gold nanoparticles with light is dependent on their
diameter, or more specifically on the number of surface atoms relative to internal
atoms within the crystal structure [61]. Larger particles display red-shifted plasmon
maximum relative to smaller-sized particles, and recently developed hollow gold
nanoshells display near-infrared surface resonance plasmon absorptions [62]. The
plasmon is also highly sensitive to the particle’s local external medium, such that
changes to ligands on the particle surface or to the solvent results in a measurable
shift in the absorption spectra. The dependence of the plasmon on the number of
exposed surface atoms means that aggregation of individual nanoparticles into clus-
ters causes a dramatic red-shifting of their surface plasmon resonance. This prop-
erty provided the basis for development of elegant diagnostic devices in which
aggregation of gold nanoparticles and the resulting colour shift is controlled by
biomolecules present on the particle surface, and through their specific recognition
of target molecules. This phenomenon was first demonstrated by Storhoff, Mirkin
and Letsinger [63] for the detection of nucleic acid single-nucleotide polymor-
phisms, and has now been developed into the Verigene diagnostic device sold by
Nanosphere. A second potentially useful property of the surface plasmon is its abil-
ity to enhance or quench the emission of a fluorophore [37, 64, 65]. Although still
in the research stage, this can be exploited to mask the signal of a fluorescent
contrast agent until released by a biological trigger in vivo, such as the presence
of an enzyme [66].



94 S.D. Perrault

5.5.2.2.3 Therapeutic Applications

Gold nanoparticles are a highly versatile material for use in nanomedical applica-
tions. Besides the various clever ways in which their properties have been used in
diagnostic devices, they have also been used in various forms as therapeutic agents.

As mentioned above, gold nanoparticle display a unique surface plasmon reso-
nance that is dependent on the number of surface-exposed atoms relative to those
within the particle. For solid spherical gold nanoparticles, the maximum absorption
of the plasmon is found in the range of 520-550 nm. However, if the particles are
prepared in a manner such that they are hollow, the plasmon shifts into the near-
infrared range [62]. Unlike solid spherical gold nanoparticles which heavily scatter
light, they efficiently absorb and translate light into heat, giving rise to dramatic
photothermal effects in the local environment. Gold nanorods, which are synthe-
sized to produce an elongated aspect ratio, display a plasmon in the 650-800 nm
range (aspect ratios of 2.5-3.5) and produce similar photothermal effects [35, 37, 38].
In this case, it is the oscillation of surface electrons along the length of the rod (lon-
gitudinal surface plasmon) that gives rise to the photothermal effects. This property
of nanoshells and nanorods is being developed as a cancer therapeutic, in which the
particles are targeted to tumours by systemic or local administration, and are then
optically excited to thermally ablate tissue in a localized manner [67, 68]. Both gold
nanorods and nanoshells are now commercially available, and gold nanoshells are
being tested in clinical trials for thermal ablation by Nanospectra Biosciences, Inc.
Finally, spherical gold nanoparticles have also been used for delivery of conven-
tional molecular therapeutics and neoadjuvants to tumours [69-71]. In this case, the
use of gold nanoparticles provides a highly tunable platform, allowing for a rational
design approach to the vehicle design and a greater efficiency in tumour accumula-
tion. Engineered gold nanoparticles carrying a potent anti-cancer agent (TNF-o)
have been developed as Aurimune nanotherapeutic by CytImmune, and have
recently completed Phase I clinical trials.

Gold nanoparticles are likely to remain a very prominent material within nano-
medicine, owing to their versatility, biocompatibility and useful optical properties.
They are one of the first nanomaterials to be integrated within a saleable diagnostic
device, and are likely to contribute to next generation targeted cancer therapies.

5.5.2.3 Multi-component Nano-devices

Nanoparticle-based tumour targeting is one of the most prominent research areas of
nanomedicine. It is a decades-old field, and there are already numerous nanoparticle-
based formulations of cancer drugs in clinical use [27]. The targeting field has pro-
gressed significantly through a rational design, evidence-based approach. It evolved
from using large particles that would obstruct small capillaries, to smaller PEGylated
particles that could passively exploit the leaky vasculature of tumours [54], to
actively targeting particles in which a biomolecule presented on the particle surface
can specifically bind to antigens present within the target tissue [30, 72, 73], and
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finally to some of the functional nanomaterials that were described above. These
advances have overcome some of the primary physiological limitations of drug
delivery; the poor pharmacokinetics and tumour accumulation efficiency of many
cancer therapeutics. Despite this success, there are additional in vivo barriers to
targeting that reduce the effectiveness of therapeutics beyond the point where tumour
can be completely eradicated within a patient. These barriers include the permeation
of a vehicle or drug through the bulk of a tumour, specificity of targeting for deregu-
lated cells over healthy cells, efficient delivery of the drug into the appropriate com-
partments within target cells, and the multi-drug resistance pathways that expel
toxic drugs out of cells. From this we can see that we may have a long way to go to
achieve truly effective drug delivery. Nevertheless, nanomedicine offers perhaps the
best means of achieving this, because nanomaterials provide a platform that can be
engineered and optimized using a rational approach to overcome these barriers.

In the last few years, researchers have begun to explore the possibility of using
multi-component nano-devices, rather than single nanoparticles, to overcome some
of the barriers to targeting. The first such example of an multi-component in vivo
system was demonstrated by von Maltzahn and Bhatia in 2010. Their approach
makes use of a tumour-homing nanoparticle, which can broadcast a homing signal
from within the tumour via the native coagulation cascade. This homing signal then
attracts a secondary nanoparticle component present in the circulation, increasing its
accumulation within the tumour 40-times higher than conventional controls [74, 75].

A second multi-component system demonstrated by myself and Chan in the
same year [76] uses in vivo assembly of a two component system to favourably alter
tumour accumulation pharmacokinetics of a contrast agent [76]. The first compo-
nent consists of a PEGylated gold nanoparticle that is systemically administered
and passively accumulates in tumour tissue over a 24-h period. The particle size was
engineered such that it was small enough to gain access to tumours through their
leaky vasculature, but large enough to restrict permeation into the tumour’s extra-
cellular matrix [41]. This results in a large accumulation of nanoparticles just out-
side the tumour vasculature, highly accessible to agents in circulation. The particles
were also engineered to present a biomolecule for assembly (biotin) on the periph-
ery of their surface ligands. Contrast agents linked to a secondary assembly compo-
nent (in this case streptavidin) can then leak from the vasculature and assemble onto
the gold nanoparticles within the tumour. In control studies we showed that without
assembly, the molecular contrast agent was small enough to rapidly diffuse through
a tumour mass, decreasing its overall accumulation and limiting its diagnostic
signal-over-noise. Therefore, by using in vivo assembly, we were able to achieve
accumulation kinetics that might be comparable to an actively targeting system, but
without requiring prior knowledge of antigens presented by the tumour tissue itself.

These studies are the first demonstrations of multi-component systems. In gen-
eral, they take an approach in which the complexity of the nanoparticle targeting
device is increased in order to improve targeting. This multi-component, higher
complexity approach may become more prominent in generations of future nano-
devices, whether for drug delivery of other nanomedicine applications. There are
some non-trivial challenges to nanomaterial design and synthesis that limit the
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potential complexity and behaviours that we can achieve, but this author believes
that multi-component systems could overcome some of the most important remain-
ing barriers to targeting.

5.6 Summary and Future Outlook

As was mentioned at the start of this chapter, nanomedicine is likely near the start
of a long journey. Very few of the most exciting ideas and applications have moved
out of research labs and into clinical use, but we are already starting to see a few
examples of nanomaterial-based diagnostics and therapeutics. There is clearly a
need and a market for new medical devices, and nanomaterials offer some unique
advantages that could go a long way towards improving disease detection and treat-
ment. A major limitation to all nanomaterials that are prepared using conventional
chemical synthesis is that they don’t provide angstrom-level control over features
that are central to nanomedicine, such as functionalization with biomolecules.
As researchers overcome this and begin to design and assemble more complex
devices with improved molecular-scale behaviour, we can expect to see major
advances in the types of nanotechnology-based applications, and in our success at
making measurable impacts.
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