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Preface

Following two decades of tremendous advancements in biomedical
research, nanomedicine has now spread from labs to hospital wards
and is already starting to redesign the state of the art in clinical
practice. Many of the technological advancements achieved to date
are offering new unexpected benefits to millions of patients, both
in terms of hyperearly diagnosis as well as in terms of regenerative
medicine; yet those are excellent premises for an even larger impact
on the future of the entire humankind.

Many healthcare providers, business leaders, and lawyers are
well aware that, in the coming years, medicine will be further
implemented by a wide range of novel materials with bioactive
and therapeutic properties, rare diseases will be defeated by cell
therapy, and tissue engineering will overcome the limits of organ
transplantation. Their needs are together similar and multifaceted:
some of these professionals are still looking for a comprehensive
guide to understand in detail this amazing revolution, some are
trying to address new challenges in clinical research, those that will
hopefully lead to the next Nobel Prize, and others are still wondering
how to prevent improper use of these innovative technologies by
patients.

To offer useful answers to the quests of such a mindful audience,
and eventually to seize the entrepreneurial chances offered by
the introduction of nanotechnology into fields as diverse as drug
development, tissue engineering, or personalized medicine, an easy
and crystal-clear guide is mandatory.

Accordingly, this book intends to cover the latest trends in
nanomedicine, while providing the readers with the need-to-know
ethical and commercial factors that are accompanying this epoch-
changing shift in the way medicine is conceived and practiced across



xii | Preface

the globe. With this in mind, we have designed each chapter in
order to offer new interesting insights to a broad, interested public,
represented by scientists, surgeons, or lawyers who are meant to
play a pivotal role in raising the attention to nanospecific issues,
and the entire spectrum of related opportunities, in their own
communities.
To provide our readers with the best-possible information, we
relied upon the expertise of a great and diverse team of authors.
Also, we wish to extend our deepest gratitude to them for sharing
their expertise and for their commitment and diligence during the
entire process. We are also very grateful to Stanford Chong, the
publisher of this work, and to his editorial team for having made the
realization of a book with so many authors a smooth and enjoyable
experience.
Luca Escoffier
Mario Ganau
Julielynn Wong
Tokyo, Washington, and Toronto
July 2015
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Chapter 1

Nanomedicine: The Dawn of a New Era

Mario Ganau,® Marco Paris,? Nicola Nicassio,®
and Gianfranco K. Ligarotti¢

2Department of Surgical Science & Graduate School of Biomedical Engineering,
University of Cagliari, Italy

bGuy‘s and St Thomas NHS Foundation Trust, London, UK

¢King’s College Hospital NHS Foundation Trust, London, UK

dInstitute of Aerospace Medicine, Milan, Italy

mario.ganau@singularityu.org

1.1 Facts and Forecasts

In 1950 one in twelve Americans was over 60 years old; according
to the Pew Research Center, by 2050 this ratio is expected to rise
to one in five. Other developed countries are showing similar trends,
with an associated increase in the prevalence of chronic pathologies,
as such conditions are obviously age related [1]. In the U.S. only
those diseases are already responsible for two-thirds of all direct
healthcare costs. Those concerns do not affect richer economies
only, as even developing countries are facing similar trends, if not in
terms of an aging population, then at least in terms of an increase in
the prevalence of such chronic conditions, in addition to the illnesses
they are accustomed to treating.

Commercializing Nanomedicine: Industrial Applications, Patents, and Ethics
Edited by Luca Escoffier, Mario Ganau, and Julielynn Wong

Copyright (© 2015 Pan Stanford Publishing Pte. Ltd.
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Table 1.1 Forecast of healthcare spending in selected
OECD countries according to the current trend

OECD countries 2030 2050 2070
us. 249 36.7 65.6
UK 13.5 19.9 35.6
Switzerland 18.8 27.8 40.8
France 18.0 26.6 47.6
Italy 14.5 21.3 38.2
Germany 17.4 25.6 45.9
Canada 15.9 23.5 42.0

Recently, a McKinsey Global Institute report projected that
healthcare spending in the U.S. could reach 30% of the GDP by 2030
and suggested that if the current trend continues healthcare systems
will certainly keep on draining an ever-growing and unsustainable
proportion of the nation’s wealth (see Table 1.1), possibly reaching
36.7% and 65.6% of the GDP by 2050 and 2070, respectively
[2,3].

Although difficult to figure out nowadays, the majority of these
forecasts also propose an epochal shift in this trend very soon,
describing the planet earth, yet by 2050, as a world where the
socioeconomic impact due to the increased life expectancy of a
nine-billion-people population will be definitely unburdened by
technology. Such forecasts advocate the exponential growth rate,
over the past two decades, of new technological discoveries that
found an immediate application out of the labs in real life as the main
reason for these more optimistic projections.

Indeed, delivering effective, safe, and affordable healthcare sys-
tems to such a growing population requires the application of a new
paradigm to medicine, one based on high-throughput technologies
replacing the existing diagnostic and therapeutic methods. To this
regard, the innate dream of manipulating matter at the atomic and
molecular scales has already been virtually realized in all branches
of nanotechnology, including optical systems, electronics, chemistry,
and engineering.

The worldwide market for nanoscale devices and molecular
modeling has grown up 28%/year from 2002 to 2007, with a
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35%/year growth rate in revenues, specifically from biomedical
nanoscale devices [4]. To sustain this market the annual US federal
funding for R&D in nanotechnology, which in 2002 barely exceeded
$500 million, almost doubled within a couple of years. On the
other side of the Atlantic Ocean, in the same time frame (2003-
2006), the European Union had set aside €1.3 billion, while the
worldwide investment had reached $3 billion in 2003 only [5, 6].
The National Institutes of Health (NIH) roadmap nanomedicine
initiative first released in 2003 envisioned that this cutting-edge
area of research could begin yielding benefits as early as in the
2010-2020 decade [7]. To support this endeavor a handful of
nanomedicine centers staffed by interdisciplinary scientific crews,
including biologists, physicians, mathematicians, engineers, and
computer scientists, have been created. The aim of these crews
was not only to gather extensive information about how molecular
machines are built but also to create a new lexicon, a new kind of
vocabulary to define biological parts and processes in engineering
terms. Nanomedicine, which literally means applying the basic
concepts of nanotechnology to medicine, exploits the improved and
often novel physical, chemical, and biological properties of materials
at the nanometer scale, and certainly it appears as the next big
thing in this continuum of scientific evolution. Nanomedicine has the
potential to enable early detection and prevention and to essentially
improve diagnosis, treatment, and follow-up of diseases; all these
improvements are especially due to the unlimited applications
in such a complex translational field and based on the expected
solutions to its unmet needs.

Although nanomedicine is still in its infancy intelligent surface
coatings, biosensors made of smart nanoscale materials and drug
nanospheres are just a few examples of the bright potentialities
offered by this multidisciplinary area. Over the next 5-10 years
remarkable advances in molecular medicine will open the doors
to engineered organisms or even microbiological robots. In the
longer term, perhaps 10-20 years from today, the earliest molecular
machine systems and nanorobots may join the medical armamen-
tarium, finally giving physicians the most potent tools imaginable
to conquer not only human diseases but also more physiological
aging processes [8]. Of course, nanomedicine will face a number

5
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of challenges along this path: besides the obvious scientific ones,
the more complex will be probably due to its impact in our society
in terms of ethical standards and legal regulations. In this book
we will discuss these specific topics, which are to be considered
strategic in the forthcoming development and dissemination of
nanotechnology-derived medical solutions.

1.2 Aims of Nanomedicine

The potential applications of nanotechnology for diagnosis, pre-
vention, and treatment of diseases are currently very broad.
Nanomedicine relies on (1) a detailed biology and pathophysiology
knowledge of diseases to enable efficient targeting and therapy, (2)
thorough awareness of physical properties to manipulate matter
at the nanoscale and design new diagnostic/therapeutic systems,
and (3) chemical knowledge to finally provide smart modification
of their surfaces and improve their biocompatibility [9]. Most of
those advantages rely on the miniaturization power of fundamental
techniques. For instance, the resolution of nanotechnology plat-
forms is nowadays 3 orders of magnitude lower than at the time
when the biochip was first developed; as a result the amount of
information that can be put on it has increased by a factor of 10°-
108, thus demonstrating the powerful capabilities of nanoscaling in
biomedical applications [9, 10].

The concepts expressed in Table 1.2 show how techniques
gathered from basic sciences are indeed opening the path toward
a more-than-needed personalized medicine. In fact, differently from

Table 1.2 Medicine versus nanomedicine: a shift in the
problem-solving approach

Conventional approaches Nanotechnology-derived solutions
to medical problems in the medical field
Clinical observation driven Laboratory assay driven

Expensive process of innovation Cheap replication of basic science discoveries
Long design and patterning Rapid synthesis and self-assembly

Less scalable materials More scalable materials
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the existing standard of care, the mass application of new diagnostic
screening and tools in nanomedicine will allow for their fast,
convenient, and inexpensive integration in the clinical practice,
enabling a concrete, previously unseen, patient-centered medicine.
For instance, while the common approach of conventional medicine
is to remove en bloc diseased tissues, nanomedicine is currently
attempting to use sophisticated approaches to either repair specific
cells, one cell at a time, or detect them as soon as treatments are
more effective in order to restore the organ’s function.

Since an understanding of the many practical applications of
nanomedicine requires a comprehensive, systematic approach, and
the field is currently expanding at a very fast pace, we will try to
mention the most innovative aspects in the present introduction and
then expand them in the following chapters.

1.2.1 Improving Diagnostic Tools

Biochip analysis on a multicell level is now well accepted in clinical
diagnostics in several fields: for example, expression chips for the
follow-up of oral bacterial infections have made such a significant
progress to be now used as point-of-care diagnostics. One goal of
medical diagnostics is to progress toward the analysis of single
cells. The added value of this approach becomes clear when it is
taken into consideration that large amounts of primary cells are
usually mixtures of either different cell types or healthy and tumoral
cells, thus making the acquisition of statistically significant results
extremely difficult. The ability to describe one specific cell type leads
to a better understanding of the role of these building blocks in
tissues and organisms and thus their function in cell-cell interaction,
cell differentiation, etc. To this regard, several techniques have been
developed to allow for the study of single cells; just to mention a
few, cloning rings, laser microdissection, and live-cell catapulting
are now available for the isolation of single adherent cells, while
magnetic sorting, column chromatography, and various microfluidic
approaches are commonly used for nonadherent cells [9, 11].
Moreover, the modification of biochip surfaces by nanotechno-
logical methods offers the possibility of designing ever smaller
probes for the analysis of the RNA retrieved from a single cell.

7
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The concept that cells’ behavior under pathologic conditions can
influence their microenvironment by expressing protein fragments,
which eventually make their way into the circulation, or secreting
proteins that interact with each other and directly affect pivotal
metabolic pathways has been known for a while. Indeed, the
activation of oncogenes is a typical feature in diseased patients,
as are the specific proteins so forth expressed, which in turn alter
normal cellular behavior, resulting in the disease phenotype. Only
recently these processes have been at the center of investigation
through mass spectrometry techniques used in combination with
mathematical algorithms to diagnose disease [12, 13]. There is
substantial evidence suggesting that the low-molecular-weight
circulatory proteome contains information capable of detecting
early-stage diseases [14-16]. Current technologies can generate a
good-resolution portrait of the proteomes; nevertheless the identi-
fication of these molecules requires techniques even more sensitive
than current mass spectrometry or enzyme-linked immunosorbent
assay (ELISA) techniques, which are already capable of detecting
concentrations at or below 10712 mol/L. The need for increased
sensitivity in current techniques limits the full exploitation of
such methodologies into clinical practice [17]. On the other hand
emerging nanotechnology solutions that aim to amplify and harvest
these biomarkers are playing a key role in discovering and charac-
terizing molecules for early disease detection, subclassification, and
predictive capability of current proteomics modalities.

Finally, by directly probing cellular properties, controlling and
intensifying their physical and chemical processes, and making
possible real-time direct access to intracellular biological events,
nanomedicine is applying the latest discoveries of basic research at
the nanoscopic level also to transform the conventional diagnostic
approaches to date used in clinical imaging. One of the key benefits
of nanoparticle-based materials applied to a contrast medium, an
important class of imaging aids that are used for direct visualization
of organs and cells, is that they might provide better information
about the extent of infiltrating tumors than state-of-the-art contrast
agents.

Moreover, microscopic imaging is also expected to take ad-
vantage of novel fluorescent dyes meant to yield higher photo-
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luminescence and photostability, therefore providing better direct
visualization of cells and molecules. Supported by integrated
nanoanalytical models, the realm of diagnostics at the molecular
level will be principally focused on the identification of pivotal
biomarkers in ever smaller biological samples. As a result, different
technical developments such as 4-aminolevulinic acid for intraoper-
ative tumor visualization, navigational systems, and intraoperative
magnetic resonance (MR) imaging have been introduced into daily
practice, resulting in the birth of nanoneurosurgical techniques that
are meant to yield significant facilitation in achieving a higher extent
of resection.

1.2.2 Improving Drug Delivery

To date designing nanoparticles for drug delivery purposes has been
the most challenging subfield in pharmacology worldwide. Targeted
and controlled drug delivery relates to the ability to administer
therapeutics to a patient at the right location and time, respectively,
for that individual patient’s need, while avoiding drawbacks to
healthy organs and tissues [18-20].

The inner properties of those delivery systems (size, charge,
surface hydrophilicity, and especially the nature and density of the
ligands on their surface) play a significant role in determining their
circulating half-life and biodistribution. Therefore many developing
approaches are underway to improve the tight regulation of such
novel carriers and to overcome the current challenges represented
by drug insolubility and biological barriers (i.e., the blood-brain
barrier).

The expected advantages are summarized in Table 1.3.

The realm of these delivery systems is rapidly evolving. Let’s
consider nanovectors; their class includes nanopores, micelles,
liposomes, dendrimers drug-polymer conjugates, nanoemulsions,
and many others [21-24]:

e Nanopores could be considered one of the earliest thera-
peutically useful nanomedical devices. They consist of tiny
cell-containing chambers within a single-crystalline silicon
wafer. They are micromachined to present a high density of

9
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Table 1.3 Advantages of nanodrugs

Promises of nanodrugs

Improved delivery of poorly water-soluble drugs

Targeted delivery of drugs

Improved transcytosis of drugs across tight epithelial and endothelial barriers
Effective deliver of large macromolecule drugs to intracellular sites of action
Effective codelivery for combination therapy

Real-time visualization of the pharmacologic targets by incorporating imaging
modalities with therapeutic agents

Improved stability of therapeutic agents against enzymatic degradation from

nucleases and proteases

uniform nanopores as small as 20 nm in diameter; these
pores are large enough to allow small molecules such as
insulin to be loaded and transported but are small enough
to prevent the passage of immune system molecules such as
immunoglobulins.

e Micelles are supramolecular constructs formed through the
self-assembly of amphiphiles forming a core-shell structure
in an aqueous environment. They are typically realized
with polyethylene glycol (PEG) and a low-molecular-weight
hydrophobic core-forming block.

e Liposomes are uni- or multilamellar vesicles with a phos-
pholipid membrane enclosing an aqueous volume; they can
vary in size, surface charge and lipid composition.

e Dendrimers are polymeric complexes comprising branches
around an inner core that possesses properties similar to
macromolecules. They can be functionalized with carbo-
hydrates, peptides, silicon or other chemical groups due
to their high branching. They represent an attractive drug
delivery system due to the presence of a central cavity and
channels between the dendrons where the drugs can be
trapped [17].

e Drug-polymer conjugates. Polymer-drug conjugates were
some of the first nanotherapeutic platforms to be used for
drug delivery. The mechanism of drug delivery involves the
simple conjugation of drugs or proteins to water-soluble
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polymers. Some common polymers used are PEG, N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymers, and
polysaccharides. Those conjugates offer several advantages:
reduced immunogenicity, increased circulation time and
reduced passive targeting. This third advantage is due to
the enhanced permeability and retention (EPR) effect, a
phenomenon that occurs in solid tumors characterized by
defective vascular architecture and compromised lymphatic
systems due to pathologic angiogenetic processes [25].

e Nanoemulsions are dispersions of oil and water in which
the dispersed phase forms nanosized droplets that are
stabilized with a surface-active film comprising surfactants.
While attractive for drug delivery due to their simple for-
mation, thermodynamic stability, and optical transparency,
their structure largely affects the drug release rate.

Due to their small size, nanodrugs are studied to penetrate deep
into tissue through small capillaries or fenestration in the epithelial
lining; one of their purposes is to be actively taken up by cells. The
former strategy, called passive targeting, allows for more efficient
delivery of the therapeutic agent to the desired target site and can
be utilized in tumors or inflamed tissue that are characterized by
a leaky vasculature through which nanoparticles can extravasate
to the diseased site. On the other hand the latter strategy, called
active targeting, exploits the potential to further tune the nanodrugs
through specific ligand conjugation for various disease targets [23,
24].

For passive targeting to be effective, the nanoparticles must
be studied to circulate systemically for extended periods of
time; the nanoparticles therefore must avoid opsonization by the
reticuloendothelial system (RES), and a common method used
to circumvent this process is the conjugation of particles to
the hydrophilic and low-immunogenic PEG polymer. Concerning
active targeting, specific molecular moieties such as epitopes or
receptors overexpressed in certain diseases can be exploited to
enhance the therapeutic effects of nanoparticle drug delivery in
localized diseases [24]. As described in the previous paragraph
active targeting can also be used for diagnostic imaging purposes.

11
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Targeting surface receptors is particularly advantageous whenever
the delivery system is incapable of being effectively taken up by
cells and needs assistance through fusion, endocytosis, or other
processes to pair with their cellular target.

Finally, the greatest advantage that nanodrugs hold is the
possibility to be designed as “smart” systems, meaning that they can
be responsive to external stimuli. For example, nanoparticles can
be designed to dissolve only under specific conditions on in certain
environments, thus releasing their contents in a very spatially and
timely localized manner [22]. Despite the fact that this research
field has been opened by liposomes some time ago, and the work
is ongoing for almost 20 years, the majority of currently approved
nanotherapeutics lack the characteristics of active targeting or
triggered drug delivery: currently approved products for cancer
therapy accumulate in the tumor tissue, thanks to the EPR effect, and
culminate in the release of their payload.

Therefore there is still a long way to go to fully overcome the
challenges of long-term treatment, narrow therapeutic windows,
complex dosing schedules, combination therapies, individualized
dosing regimens, and unstable active ingredients [26]. Ideally,
implantable devices, tailored for specific applications by the
release mechanisms, reservoir geometry, and drug formulation,
could soon provide people with relief from self-medication and/or
recurrent doctor visits by protecting the drug from the body until
administration time and allowing either continuous or pulsatile
delivery of both liquid and solid drug formulations [26].

1.2.3 Improving Surgical Strategies

The emergence of nanotechnology offers a new tool set for
the discovery, engineering, and manufacturing of nanopatterned
surfaces and nanostructured scaffolds for implantable devices.
Nevertheless, nanomedicine is expanding its boarders into surgery
not only by redesigning the way prosthesis are made but also by
introducing new tools for techniques as far as tissue engineering or
bleeding control.

To date, nanotechnology offers novel and improved solutions for
the localized release of the biomolecules and growth factors that are
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needed in any tissue engineering approach and therefore overcomes
many downfalls that micron-structured implants face. To achieve
optimal tissue growth, the natural extracellular environment must
be mimicked for the necessary cell adhesion, mobility, and differ-
entiation to occur [27]. To promote adequate cell differentiation
and proliferation, certain features at the nanoscale are essential.
Synthetic polymers are addressing the quest for tissue engineering
scaffolds; they are capable of serving as bulk mechanical and
structural platforms, as well as enabling the molecular interactions
within the cells that are necessary to induce tissue healing. Most
of those synthetic polymers are nontoxic, consistently available,
inexpensive to create, and easy to alter [28].

However, they often lack the ability to create biological cues as
natural polymers do to induce a desired cell response [29]. For this
reason the cells rely on several topographical and physiochemical
signals. These signals can be provided either by the proteins
contained in the extracellular matrix or by the growth factors that
bind to the receptors present on the cell surface. The cells determine
their behavior through this interaction, adjust their response to the
environment, and regulate their terminal differentiation [27]. As
the cells move over a natural matrix or an artificial scaffold, they
sense the presence of grooves and ridges through the extension
and retraction of filopodia [28]. In response to these phenomena,
the relevance of chemical modifications and physical features at the
nanoscale proves crucial in the development of the ideal scaffold for
the repair and growth of tissue.

Both tissue engineering and prosthesis integration are hugely
affected by concerns related to infection, chronic inflammation,
and poor binding with the surrounding tissue. As a means to
address these issues, nanoscale features have been implemented
to provide enhanced biointegration [30]. Natural tissues contain
various nanometer features because of the presence of collagen
fibrils and other proteins that are less than 100 nm in one
dimension [30]. The nanometer-scaled surface structures enhance
cellular response through mimicking natural tissue. Due to the
tunability and adaptability of the manufacturing processes, several
different scaffold types can be obtained and ideally optimized for
the particular needs and requirements of the individual patient or
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application. Currently, nanomaterials have been proven to assist in
the restoration of several tissues and organs.

Implanted devices within the body either fulfill a structural
requirement, such as a bone replacement, or are implanted into
the bloodstream, such as stents and possibly sensors in the future.
To promote proper integration of the implants within the body, a
nanotexture on the surface of the implants is essential so that the cell
responds by excreting extracellular matrix molecules, humanizing
the implant surface. Long-term implants with rubbing surfaces,
such as joint replacements, generate particles as a consequence of
wear. Various current materials produce microparticles, which lead
to inflammation, while newly developed nanomaterials generate
nanoparticles, which are less detrimental for the body and are much
easier to be excreted and cleared from the system [17].

Hemostasis is a major problem in surgical procedures and
after major trauma: From accidents to the operating room to the
battlefield, uncontrolled loss of blood often means loss of life;
therefore the search for devices able to stop bleeding anywhere
in the body within a few minutes has always been very active.
There are few effective methods to stop bleeding without causing
secondary damage. Ellis-Behnke et al. used a self-assembling
peptide that establishes a nanofiber barrier to achieve complete
hemostasis immediately when applied directly to a wound in the
brain, spinal cord, femoral artery, liver, or skin of mammals. This
approach showed to be effective in stopping bleeding without
the use of pressure, cauterization, vasoconstriction, coagulation,
or cross-linked adhesives within a few seconds (~15 s). The
self-assembling solution, which is nontoxic and nonimmunogenic,
and the breakdown products, amino acids, could fundamentally
change how much blood is needed during surgery of the future
[31].

1.3 Organizations and Open Projects
As shown in this chapter nanotechnology will truly transform

our future, especially in terms of medicine. A number of govern-
mental organizations, academic institutions, centers of excellence,
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and think tanks have therefore been created to speed up the
development of nanomedicine by promoting the beneficial uses of
these revolutionary technologies and reduce misuse and accidents
potentially associated with them. For their useful role in the
scientific community and in society as a whole, and for the useful
resources that they can provide to any interested reader, some of
them will be herein presented.

Following the US initiatives already established during the
past decade (i.e., the already cited NIH roadmap nanomedicine
initiative) Europe has been very active in more recent years.
The European Technology Platoform (ETP) Nanomedicine, an
initiative led by industry and set up together with the European
Commission, is addressing the application of nanotechnology to
achieve breakthroughs in healthcare. The ETP supports its members
in coordinating their joint research efforts and improving commu-
nication amongst the members as well as toward the European
Commission and the European member-states. Noteworthy, one of
the goal of the ETP will be directed toward an active contribution
to the three pillars of the Framework Programme Horizon 2020,
which are industrial leadership, excellence in science, and societal
challenges. Along this path the Nanomed2020 Support Action
project was launched in September 2012. This project, aiming at
building a pertinent European nanomedicine community involving
all key players necessary to define the resources, gaps, and needs
for development and implementation of nanomedical research into
marketable innovations to be used by doctors for the benefit
of patients, is a great opportunity to reinforce the collaboration
with the clinical community, initiate or implement public-private
partnerships, and create novel infrastructures and innovative
funding programs [32].

As shown in Table 1.4, several other forums exist and are very
active worldwide.

Scientific societies completely devoted to the themes of
nanomedicine have started to grow in terms of affiliates and prestige
since the past decade. Their role within the academic community
is certainly fostering this cutting-edge research by providing new
resources, tools, and networks. For instance, the American Society
for Nanomedicine (ASNM), a professional academic and medical
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Table 1.4 List of national and international institutions with specific focus
in nanomedicine

Association institution Web resources

NanoBusiness http://www.nanobusiness.org/Alliance

Canadian NanoBusiness Association http://www.nanobusiness.ca

Asia Pacific Nanotechnology Forum http://www.apnf.org/content.php?content.1

The Royal Society of the UK http://www.royalsoc.ac.uk/landing.asp?id
=1210

Northern California Nanotechnology Intiative  http://www.ncnano.org/

International Association of Nanotechnology http://www.nanotechcongress.com/index.htm

(IANT)
CSIRO: Australia’s Commonwealth Scientific http://www.csiro.au/index.asp?type=blank&
and Industrial Research Organisation—Nano id=Nanotechnology_Home

Science Network
Nano Science and Technology Institute (NSTI)  http://www.nsti.org/about/

society dedicated to the advancement of nanomedicine, aims
to promote research related to all aspects of nanotechnology,
engineering, biochemistry, molecular biology, and medicine and
provide a forum for presentation of basic clinical and population-
based research. Its goals also include educating all professionals
interested in this emerging field through scientific meetings and
publications to enable them to develop nanotechnology and biology
research to treat concomitant medical conditions more effectively;
encouraging primary and secondary preventive measures and
technology to reduce the incidences of various diseases; facilitating
the establishment of programs and policies that will better serve
early diagnosis and early treatment for patients; and promoting and
facilitating the formal training of physicians, scientists, engineers,
molecular biologists, statisticians, and other members and allied
healthcare providers in the fields of nanotechnology, nanobiology,
and nanomedicine research [33].

But these societies are also looking at a broader spectrum of
beneficiaries. To this regard the British Society for Nanomedicine
offers a website to orient both professionals and passionate learners
to a handful of information. The website is organized into three
sections:


http://www.apnf.org/

References

e The Know section has resources linking to scientific papers,
up and coming conferences and regulatory authorities to
help target the global nanomedicine research needs.

e The Explore section provides information about nanomedi-
cine, summaries of scientific articles, and nanonews for
people without a background knowledge of science.

e The Learn section provides learning aids and classroom
activities relating to the principles of nanotechnology as
well as short videos to help with explanations [34].

Finally, while several nongovernmental international institutions
have focused on issues related to the application of nanotechnology
to medical issues, only a few are permanently devoted to those
themes: among them one of the most noticeable is the Foresight
Institute. This leading think tank and public interest organization,
founded in 1986, with the mission, on the one hand, to discover
and promote the upsides of and, on the other hand, to prevent
the dangers of nanotechnology, artificial intelligence, biotech,
and similar life-changing transformative future technologies, still
represents a solid benchmark in its field.
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2.1 Beyond Conventional Diagnostics

Diagnostics play a key role in medicine for the successful prevention
or efficient treatment of diseases. Taking cancer as an example of a
widespread disease, and a leading cause of death in many countries
(especially the industrial ones), it will be difficult to achieve a
meaningful increase in the cure efficiency unless more information
about the pathophysiology can be obtained and timely translated
into appropriate treatments [1].

In fact, clinicians are nowadays at a crossroads where therapeutic
choices are being made considering not only conventional histolog-
ical diagnosis but also the latest insights from molecular biology
[2]. On the basis of clinical observations, for years assumptions
have been made considering that even genetically identical cells
can exhibit significant functional heterogeneity; in the last years a
remarkable body of laboratory evidence confirmed it, raising the
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level of discussion about common pathophysiology of cancer and
degenerative diseases.

The core of diagnostics consists in empowering clinicians with
information coming from accurate biosensors. A biosensor is a
device that combines a biological component with a physicochem-
ical detector used for the recognition of an analyte at a micro-
or nanometer scale. Currently, two main challenges need to be
addressed in order to support the development of new analytical
methods for detection of pivotal pathologic markers: the first one
is a technological tenet and the second a purely qualitative one:

e Miniaturization is the first technical challenge; it mainly lies
in reducing the quantities of biological specimens required
for diagnostic assays, while scaling down the minimum
amount of DNA or proteins that can be directly detected.

e The second consists in increasing the overall knowledge
in the field of protein characterization and its clinical
usefulness by identifying specific pathologic biomarkers
and clarifying the correlation between overexpression or
underexpression of certain proteins and the subsequent
clinical course.

Accordingly molecular diagnostics is rapidly moving beyond ge-
nomics to proteomics, with the aim to identify those posttrans-
lational modifications expressed under pathologic conditions [3].
The proteome and secretome by definition are dynamics and
change both in physiologic and in pathologic conditions; the
ultimate goal of determining them is to characterize the flow
of information within the cells, through the intercellular protein
circuitry that regulates the extracellular microenvironment. Indeed,
the study of proteomics and molecular biomarkers already allows
us to identify direct or indirect predictive factors, and soon it
will hopefully determine which affected pathway could become
a selective therapeutic target. Accordingly, nanotechnology-based
approaches are being extensively explored to discover,; identify, and
quantify clinically useful cellular signatures for early detection,
diagnosis, and prognosis of any pathology.

Because of their clinical importance, the generation at the
nanoscale of new materials suitable for diagnostic purposes has
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always been central in the conversation about nanomedicine. The
potentially better functionality and bioavailability of nanomaterials
led to intense researches oriented toward amorphous materi-
als, semiconductor-quantum dot structures, nanoclusters, and
nanopowders. Those materials are expected to find their place not
only in laboratory assays but also in various in vivo techniques such
as computed tomography or magnetic resonance imaging (MRI). The
increased resolution and sensitivity, enabling earlier diagnosis of
diseases, are expected to lead to cheaper clinical applications also
when applied to site-specific drug delivery. Accordingly this chapter
will cover both the areas of in vitro and in vivo diagnostics and will
create the basis to further understanding their present and future
clinical applications.

2.2 Miniaturization and Functionalization Techniques

The aim of nanodiagnostics is evident even to the common public:
its ultimate goal is to provide a noninvasive, early, and accurate
detection of the biological disease markers in a process of routine
screening. Not only, miniaturization allows for the manufacture
of portable, hand-held, implantable, or even injectable devices. In
addition, as a result of their minute size, these devices need less
sample or reagent for analysis or operation, saving money and
time. Moreover, where materials and processes are inhibited by
lengthy diffusion time, miniaturization provides a mechanism for
abbreviating the latter. A notable example where these microdevices
allow for significant advantages over traditional technologies is in
medical care. For instance, harnessing the ability to precisely and
reproducibly actuate fluids and manipulate bioparticles such as
DNA, cells, and molecules at the microscale, microfluidics offers
opportunities that are currently revolutionizing chemical and bio-
logical analysis by replicating laboratory bench-top technology on a
miniature chip-scale device, thus allowing assays to be carried out at
a fraction of the time and cost, while affording portability and field-
use capability. Emerging from a decade of research and development
in microfluidic technology are a wide range of promising labora-
tory and consumer biotechnological applications from microscale
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genetic and proteomic analysis Kits, cell culture and manipulation
platforms, biosensors, and pathogen detection systems. To date in
vitro analyses are used to monitor the level of inflammatory, viral, or
oncological markers, to monitor the blood availability of prodrugs
or their active forms, and more in general to predict the behavior of
cells under various exogenous stimuli. Furthermore, point-of-care
diagnostic testing, which allows us to test directly at the patient’s
bedside, permits physicians to diagnose a patient’s conditions
more rapidly than conventional lab-based testing. By using these
devices to reduce the time to diagnoses, the physician is able to
make better patient management decisions, leading to improved
patient outcomes and reduce the overall cost of care. Advances
in microelectronics and biosensor tools have been instrumental in
facilitating the development of these diagnostic devices.

Various platforms have been developed to allow for the
simultaneous real-time evaluation of a broad range of disease
markers by noninvasive techniques. Among them two classes of
microtechnological devices developed since the early 1990s, such
as microarray DNA chip and microfluidics systems for lab-on-a-
chip diagnostics, have found their full application following further
miniaturization at the nanoscale. Several techniques from the field of
nanotechnology are nowadays available for the miniaturization and
biofunctionalization of diagnostic surfaces which can find a place
in the screening armamentarium for molecular analyses. Indeed,
many of them appear particularly suitable for high-sensitivity
determination of panels of biomarkers. The main purpose of any
technique for fabrication and biopatterning of surfaces is to create
very small structures (at the micro- and nanometer scale) in a
resist that can subsequently be transferred to the substrate material,
often by etching. Accordingly, in the following sections the basic
concepts regarding photolithography, microcontact printing, dip-
pen nanolithography (DPN), and atomic force microscopy (AFM)
nanografting will be described.

2.2.1 Conventional Photolithography and Beyond

Photolithography and other lithographic techniques enable scien-
tists to create extremely small patterns (down to a few tens of
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Figure 2.1 Scheme of lithographic techniques.

nanometers in size), while maintaining exact control over the shape
and size of the objects created (see Fig. 2.1). Photolithography, a
very cost-effective process used in microfabrication, is one of the
most commonly exploited techniques for patterning of thin films:
in other words it allows us to transfer a geometric pattern from a
photomask to a light-sensitive chemical photoresist on the substrate
[4]. Photolithography is therefore a binary process: it segregates
a surface into regions that are exposed to a modification and
regions that are masked from that modification. Photolithography
has reached wide acceptance in the field of microfabrication because
of the high resolution and variety of pattern attributes that are
possible to obtain, both of which depend on the characteristics of
the photomask. Nonetheless, this technique has the limitation of
requiring clean room processing.

Another lithography technique is the electron-beam lithography,
a practice consisting of emitting a beam of electrons in a patterned
fashion across a surface covered with a film and of selectively
removing either exposed or nonexposed regions of the resist. By
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beating the diffraction limit of light, electron-beam lithography
allows us to make features in the nanometer regimen: for this it was
originally developed for manufacturing semiconductor components
and integrated circuits; nevertheless it found huge application also
for creating nanotechnology architectures. The feature resolution
limit is determined not by the beam size but by forward scattering
(or effective beam broadening) in the photoresist. Noteworthy, the
main drawback of electron-beam lithography is the cost associated
with purchase and maintenance of the system; moreover it is a
slow process, requiring long exposure times, and therefore its key
limitation is due to throughput.

Interference lithography is a technique for patterning regular
arrays of fine features, without the use of complex optical systems or
photomasks. An interference pattern between two or more coherent
light waves is set up and recorded in a recording photoresist; thus
layers corresponding to the periodic intensity pattern emerge. The
benefit of using interference lithography is the quick generation of
dense features over a wide area without loss of focus. Hence, it is
commonly used in biotechnology. A key advantage of using electrons
over photons in interferometry is the much shorter wavelength for
the same energy; for this electron interference lithography may
be used for patterns that normally take too long for conventional
electron-beam lithography to generate. One drawback of both
interference and electron-beam lithography is related to secondary
electrons from ionizing radiation.

Ion-beam lithography is the practice of scanning a focused beam
of ions in a patterned fashion across a surface; while other methods
of classical optical lithography are limited by the diffraction effect
of light for nanolithography, the state of the art of focused ion-beam
lithography limits the throughput for large-area batch fabrication.
Focused-ion-beam lithography can also be used to pattern features
directly to a substrate, without the need for a photomask, by either
selective material removal or deposition. On the other hand, when
compared to electron ion-beam lithography, the patterning speed
offered by this technique is significantly slower because of lower
achievable ion current density.

Finally, soft lithography, a set of techniques for microfabrication
based on printing and molding using elastomeric stamps with
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the patterns of interest in base-relief, found huge application for
fabricating microstructures for biological applications. In fact, soft
lithography overcomes many of the shortcomings of photolitho-
graphy, offering the ability to control the molecular structure of
surfaces and to pattern the complex molecules relevant to biology
(i.e., self-assembled monolayers [SAMs] of alkanethiolates on gold),
and they provide exquisite control over surface biochemistry. As a
result, since its introduction in laboratory practice soft lithography
has proved very convenient, inexpensive, and rapid for fabricating
channel structures appropriate for microfluidics or biochips meant
to pattern and manipulate live cells [6, 7].

Nevertheless, fabrication of complex structures that contain
more than two types of elements is often required for microfluidic
and microelectromechanical systems and necessitates multiple
applications of different lithographic techniques in which each
step must be aligned spatially with previous ones. Noteworthy,
alignment of patterning steps in the fabrication of organic, living,
or soft structures has proven to be cumbersome for many reasons:
the elastomeric stamps used in soft lithography are difficult to
align over large areas, alignment of biological materials requires
sterile working conditions throughout the fabrication process, and
patterning onto devices that are not openly accessible (such as a
sealed microfluidic device) is extremely challenging.

2.2.2 Micro- and Nanocontact Printing

As explained above, for a while photografting of proteins was mainly
obtained from classical photolithographic techniques; in 1993 a
novel approach, called microcontact printing, was introduced by
Whitesides and colleagues for patterning SAMs of alkanethiols onto
gold substrates [6, 7].

To date, microcontact printing is widely used for generating
micropatterns of nanomaterials such as organic molecules and
biomolecules over large surface areas (>cm?). In the microcontact
printing process, a microstructured elastomer stamp is coated with
a solution of a nanomaterial and applied to a substrate of choice;
then after a given period of time in conformal contact (generally
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Figure 2.2 Scheme of microcontact printing: a conventionally fabricated
PDMS stamp serves as the vehicle to transfer the ink of choice, in this case
proteins, upon brief contact; then the transfer of those proteins occurs only
at the sites of conformal contact between stamp and substrate.

overnight), the stamp is removed, leaving a replica of the stamp
pattern on the substrate surface (see Fig. 2.2).

The elastomer stamps are made typically from a polymer
matrix, such as poly-dimethylsiloxane (PDMS) or poly(methyl-
methacrylate) (PMMA), by curing liquid prepolymers on a litho-
graphically prepared master. The elastomeric properties of stamps
made of such polymers ensure conformal contact (intimate contact)
with various substrates.

As the stamps can be structured with almost any pattern,
conformal contact can be achieved in many different geometrically
conformed ways. Moreover, since this technique is carried out
at room temperature, different biomolecules may directly be
transferred in a controlled way onto a variety of substrates, while



http://www.crcnetbase.com/action/showImage?doi=10.1201/b18875-4&iName=master.img-001.jpg&w=288&h=250

Miniaturization and Functionalization Techniques

retaining their biological activity. However, the deposition of liquid
samples followed by drying could be very complex, leading to ill-
defined patterns, protein aggregation, and loss of biological activity
[8]. Noteworthy, this problem has recently been overcome by
extending these concepts to the nanoscale dimensions in a process
referred to as nanocontact printing, so features as small as 40 nm
can now be fabricated by this way [9]. Nanocontact printing has been
achieved by decreasing the feature sizes in the PDMS stamp and
diluting the nanomaterial inks, utilizing special variants of PDMS
stamps, or employing new polymeric material stamps. Another
important factor on obtaining high-resolution prints at the 100 nm
level relates with the ink utilized; to this regard biomolecules
are attractive nanocontact printing inks since their high molecular
weight prevents diffusion during the printing step, resulting in high-
resolution features.

As opposed to the parallel conventional photolithographic
process, nanocontact printing is not diffraction limited and makes
it possible to pattern surfaces with molecular-sized features. A
significant advantage of nanocontact printing lithography compared
to serial techniques such as DPN is that large areas can be
nanopatterned rapidly. Nevertheless, multicomponent biomolecule
nanopatterning is still very problematic with this technology due
to the practical difficulties in accurately aligning multiple flexible
stamps over a large area, while maintaining a nanoscale resolution,
and thus further development is required to solve this problem.

2.2.3 Dip-Pen Nanolithography

While studying a process through which molecules could be
transferred to a wide variety of surfaces to create stable chemically
adsorbed monolayers in a high-resolution lithographic process,
Mirkin and colleagues termed “DPN” a scanning probe lithography
technique where an atomic force microscope tip was used to transfer
alkane thiolates to a gold surface [10, 11].

DPN allows surface patterning on scales of under 100 nm, and
is the nanotechnology analog of the dip pen (also called the quill
pen), where the tip of an atomic force microscope cantilever acts as
a “pen,” which is coated with a chemical compound or mixture acting
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as an “ink” and put in contact with a substrate, the “paper” DPN
enables direct deposition of nanoscale materials onto a substrate
in a flexible manner. Recent advances have demonstrated massively
parallel patterning using 2D arrays of 55,000 tips. Applications
of this technology currently range through chemistry, materials
science, and the life sciences and include fabrication of ultrahigh-
density biological nanoarrays [12].

2.2.4 AFM Nanografting

Nanopatterning of surfaces for biomedical applications has been
of growing interest in recent years, from both scientific and
technological points of view: indeed, diverse biological and medical
applications can be envisioned, such as biochips and biosensors. To
this regard nanotechnology offers not only the reward of smaller
dimensions with more reaction sites but also smaller test sample
volumes and potentially higher sensitivity and higher-throughput
screening for molecular diagnostics.

AFM is a very high-resolution type of scanning probe microscopy,
consisting of a cantilever with a sharp tip (probe) at the micro-
scope’s end, which is used to scan the specimen surface, and a
laser to measure any probe deflection and reflect it from the top
surface of the cantilever into an array of photodiodes; the tip-sample
intermolecular forces are detected as a function of the distance
between the two (see Fig. 2.3).

The atomic force microscope can be operated in a number of
modes, depending on the application: basically AFM imaging may
be divided into static mode (i.e., contact mode) and a variety of
dynamic modes (i.e., noncontact or “tapping”) where the cantilever
is oscillated. The stiffness of the cantilever determines the ratio
between the distance moved and the force exerted by the surface;
therefore this parameter is most relevant for determining the tip-
sample interaction during the majority of atomic force microscope
operation modes.

For instance, medium-stiffness cantilevers are well suited for
a fine patterning of surfaces: if compared to other methods of
nanofabrication, nanografting allows more precise control over the
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Figure 2.3 Schematic illustration of the atomic force microscope: The tip is
attached to a cantilever and is raster-scanned over a surface. The cantilever
deflection due to tip-surface interactions is monitored by a photodiode
sensitive to laser light reflected at the tip backside; the position of the
reflected beam is kept centered in the diode through feedback-controlled
z-changes in the stage.

size and geometry of patterned features and their location on the
surface. The technique of nanografting is usually used on SAMs
and is achieved in the presence of a second replacement surfactant
molecule with a greater affinity for the surface or concentration in
the grafting solution than the molecule being removed by the atomic
force microscope tip. Therefore, once the preformed SAM is removed
from the desired area by the atomic force microscope tip, it will
be replaced with a second surfactant to form a new SAM in the
patterned area.

Noteworthy, some criteria need to be met: the SAM must be
readily removable with the force applied by the atomic force
microscope tip, but more importantly, the second surfactant must
form the new SAM rapidly. It is for these reasons that thiol SAMs on
gold are usually the system of choice for nanografting experiments,
due to the way in which thiols rapidly form homogenous monolayers
on exposed gold surfaces. This strategy may be used for the
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production of nanometer-sized protein patterns on gold surfaces by
exploiting the affinity of biomolecules toward different SAMs [13].

AFM-based lithography methods are attractive nanoarraying
techniques and have shown many potentialities in generating arrays
with significantly reduced amount of capture materials, such as
DNA, peptides, and antibodies. Further, these methods exploit the
atomic force microscope tip (radius of curvature below 10 nm) to
selectively pattern complex structures on the surface and can offer
high sensitivity and resolution.

By varying fabrication parameters, such as the number of
scanning lines at high tip load set in a given surface area, the speed
of the atomic force microscope tip, the concentration of molecules in
solution, etc., and the number of molecules released to the surface
can be appropriately tuned. In the pioneering work of Mirmomtaz,
our group showed that by nanografting DNA nanostructures patches
of predetermined different heights could be reproducibly created
[14]. Moreover recent investigations demonstrated the correlation
between patch height and DNA molecules’ surface density in the
range of 10'2-3 x 10'3 mol cm~2 [15, 16].

The great advantage of AFM patterning is that the same
technique may be used for both patterning and imaging a SAM
as several physical and mechanical properties can be measured
all at once. The topographic height of the patches is used to infer
any change at any step of the nanoassay and, concertedly with
the measurement of the roughness, within and outside the patch,
constitutes a unique method not only to quantify the biorecognition
events but also to rule out the presence of unspecific molecular
adsorption. Other advantages of this technique include

e the possible identification of molecular orientation by
measuring the molecular height with high precision (order
of angstroms) with respect to a supporting substrate;

e the well-defined patterning of homogeneously oriented
molecules; and

e the possibility of printing multiple features in array format,
where different molecules are placed selectively at different
sites [17, 18].
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2.3 Evolution of Biosensors for Diagnostics

Different ways to immobilize DNA molecules or specific proteins
of interest have been the subject of intensive research over the
past years, the strongest efforts being put into the optimization of
nano- to femtomolar detection of bioanalytes onto functionalized
array surfaces. Understanding the structure and function of each
protein and the complexities of protein—-protein interactions will
be critical for shaping the most effective proteomic instruments in
the future. In general, among the complex aspects characterizing
the development of biosensors the most intriguing one is certainly
the individual conditioning of the different elements that must be
assembled: proteins, DNA, and antibodies must in fact maintain
their functional conformation throughout the assay procedure,
despite relevant differences in electrical charge, hydrophobicity,
posttranslational modification, and folding [19]. To date a number
of techniques have emerged as effective tools for the discovery of
key biomarkers; nevertheless a combination of multiple techniques
is mandatory to attain the goal of measuring multiple parameters in
a single living cell, and only the hybridization of proteomic methods
with protocols and devices for cells patterning is finally yielding to
the development of arrays for few cells’ proteomics.

An indispensable requirement for any biosensor is excellent
specificity and sensitivity for biomarker detection; the former can
be defined as the ability of the assay to rule out a condition when
a specific biomarker is absent, while the latter is defined as the
ability of the assay to identify a condition when it is present [20].
These clinical specificity and sensitivity parameters are closely
linked to the method used for measurements and need to be high
(>90%) to avoid false positive or false negative results [21]. The
sensitive biological elements of a biosensor, generally represented
by biologically derived materials or biomimetic components (i.e.,
tissues, microorganisms, enzymes, antibodies, nucleic acids, etc.),
interact throughout specific binding to, or recognition of, the analyte
under study. The detector element or transducer, which works in
a physicochemical way (i.e., optical, piezoelectric, electrochemical,
etc.), transforms the signal resulting from the interaction of the
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analyte with the biological element into another signal that can be
more easily measured and quantified.

Detection elements play a key role in analyte recognition
in biosensors: therefore detection elements with high analyte
specificity and binding strength are required. While antibodies
have been increasingly used as detection elements in biosensors,
some key challenges remain: their immobilization on the biosensor
surface and the optimal method for identifying the antigen-antibody
interaction. According to the array-based optical, mass detection or
radiolabeled readout, micro- and nanobiosensors can be classified
as follows:

optical read-out

radiolabeled read-out

mass detection read-out
mechanical-sensing read-out
DNA-directed immobilization (DDI)

2.3.1 Optical Readout

Optical biosensors account for the most known and widespread
devices and protocols for detection of bioanalytes, including
ELISA, which is particularly useful for a plate-based detection and
quantification of substances such as peptides, proteins, antibodies,
and hormones.

In ELISA, an antigen must be immobilized to a solid surface
and then complexed with an antibody that is linked to an
enzyme; the detection is accomplished by assessing the conjugated
enzyme activity via incubation with a substrate to produce a
measureable product, which generally is a detectable fluorescence
signal. Therefore the most crucial element of the detection strategy
is a highly specific antibody-antigen interaction.

ELISAs are typically performed in polystyrene plates, which
will passively bind antibodies and proteins; having the reactants
of ELISA immobilized to the microplate surface makes it easy to
separate bound from nonbound material during the assay. This
ability to wash away nonspecifically bound materials makes ELISA
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Figure 2.4 Schematic representation of the most common ELISA formats.

a powerful tool for measuring specific analytes within a crude
preparation.

ELISAs can be performed with a number of modifications to
the basic procedure (see Fig. 2.4): the key step, immobilization of
the antigen of interest, can be accomplished by direct adsorption
to the assay plate or indirectly, via a capture antibody that has
been attached to the plate. The antigen is then detected either
directly (labeled primary antibody) or indirectly (labeled secondary
antibody). The most powerful ELISA format is the sandwich assay.
This type of capture assay is called a “sandwich” assay because the
analyte to be measured is bound between two primary antibodies,
the capture antibody and the detection antibody. The sandwich
format is often the preferred one because it is more robust and
equally sensitive then direct or indirect assays [22].

ELISA is nearly always performed using 96-well or 384-well
polystyrene plates and samples in solution (i.e., biological fluids,
culture media, or cell lysates); however, other variants of ELISA exist:

e Enzyme-linked immunospot assay (ELISPOT) refers to
ELISA-like capture and measurement of proteins secreted
by cells that are plated in polyvinylidene difluoride (PVDF)-
membrane-backed microplate wells. It is a sandwich assay
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in which the proteins are captured locally as they are
secreted by the plated cells, and detection is with a
precipitating substrate. ELISPOT is like a Western blot in
that the result is spots on a membrane surface [23].

e In-cell ELISA is performed with cells that are plated and
cultured overnight in standard microplates. After the cul-
tured cells are fixed, they undergo a permeabilization and
blocking processes, and finally target proteins are detected
with antibodies. This is an indirect assay, not a sandwich
assay. The secondary antibodies are either fluorescent, for
direct measurement by a fluorescent plate reader or a
microscope, or enzyme-conjugated, for detection with a
soluble substrate using a plate reader.

2.3.2 Radiolabeled Readout

The measurement of radiolabels by scintillation counting has long
been one of the most reliable methods for accurate, quantitative
measurement in biochemical experiments [24].

Today it has been supplanted by the ELISA method, where as
previously said the antigen-antibody reaction is measured using
colorimetric instead of radioactive signals; however, because of their
robustness, consistent results, and relatively low price per test,
radiolabeled readout methods are again becoming popular [25].

The concepts of radiolabeled readout have been employed in
the context of proteomics, where they offered gains in absolute
sensitivity and dynamic range: for instance, multiphoton detection
methodology, proposed as a tool to routinely and quantitatively
detect radioactive labels on 2D gels, has several characteristics that
are advantageous for functional protein detection:

e First of all, by using single-particle detectors, the sensitivity
for detection of radiolabels can be improved dramatically.

e Secondly, because single-particle detectors can differentiate
the particle energies produced by different decay processes,
it is possible to choose combinations of radioisotopes that
can be detected and quantified individually on the same 2D
gel.
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e Thirdly, this technology is essentially linear over 6 to
7 orders of magnitude (i.e., it is possible to accurately
quantify radiolabeled proteins over a range from at least 60
zeptomoles to 60 femtomoles) [26].

In principle, the implementation of chemical radiolabeling methods
could provide a 100-fold decrease in the amount of biological ma-
terial needed for proteomics experiments, while reducing imaging
times 10-100-fold, with total amounts of radioactivity far below
legal limits [26].

Overall, the quest for ultrahigh sensitivity and quantitative
precision is providing new impetus to proteomics studies: both
micro- and nanoarrays hold the promise of high selectivity and
sensitivity, ease of use, reasonable costs per assay, and good
possibilities for future automation. Nevertheless several drawbacks
still limit the diffusion of radiolabeled readout; the most important
ones are certainly related to the special facility, precautions, and
licensing required: Since radioactive substances are used a gamma
counter is essential to measure the radiation emitted by the
radionuclide, while security issues impose strict protocols for their
stocking and disposal.

2.3.3 Mass Detection Readout

Mechanical interactions are fundamental to biology. In fact on
the one hand mechanical forces of chemical origin determine
motility and adhesion on the cellular scale and govern transport
and affinity on the molecular scale; on the other hand biological
sensing in the mechanical domain provides unique opportunities to
measure forces, displacements, and mass changes from cellular and
subcellular processes [27].

The advances in micro- and nanofabrication technologies
have enabled the preparation of increasingly smaller mechanical
transducers, so nowadays a promising family of biosensors is
represented by micro- and nanomechanical systems, which are
basically cantilever-like sensors: they are particularly well matched
in size with molecular interactions and provide a basis for biological
probes with single-molecule sensitivity, indeed [28, 29]. Recently,

37



38

Diagnostic Challenges of Nanomedicine

detection of mass in the zeptogram range and sensitivity in liquid to
the fraction of nM concentration in real time has been demonstrated
[30].

Despite the fact that biosensors based on nanomechanical
systems have gained considerable relevance in the past decade,
several theoretical and experimental studies, reporting the influence
of the mass transport on antibody biosensors as a function of
analyte concentration and incubation time, concluded that pushing
the sensitivity to the limit of single-molecule detection may not bring
the expected benefit to the overall performance [31, 32].

In fact mass transport can significantly lower the practical
sensitivity of a device by reducing the number of binding events
[33]. Moreover, especially at low concentration, which is typical of
biomolecular experiments, the interaction between target molecules
and the biosensor can play as critical a role as the chemical reaction
itself in governing the binding rate [34].

In the attempt to overcome these limitation Melli et al. developed
a micromechanical sensor (see Fig. 2.5) based on vertically oriented
oscillating beams (or pillars), which make it possible to locate the
sensitive area at the free end of the oscillators [35].

Practically, an array of such pillars (3 x 8 um in plane and
15 um in height) behaves as an array of isolated nanosized sensors
embedded in a quasi-infinite analyte solution: while the top face
of the pillars represents the nanosized active area, the pillars
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Figure 2.5 (a) Functionalized cantilevers and (b) micromechanical pillars.
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themselves can be operated as mass detectors. In particular these
3D structures with dimensions comparable to the diffusion length
of the target molecules have proved to increase the reaction speed
by 3 orders of magnitude, while attaining improvement also in
concentration sensitivity.

2.3.4 Mechanical-Sensing Readout

To conclude this digression on micro- and nanobiosensors it is also
useful to cite that in the past decade, the quest for protein detection
in smaller volumes, along with continuous efforts to monitor specific
interactions between antibodies and antigens employed in an
immunoassay system, has led to the development of several ELISA-
like biosensors, including AFM-based arrays.

AFM is a powerful technique for investigating surfaces by
visualizing their topographic characteristics: hence to obtain quality
images it is critical that the atomic force microscope tip not damage
the surface being scanned; soft cantilevers (<0.04 N/m) allowing
us to image surfaces with very low forces are the most indicated to
avoid undesirable surface modifications.

Even a very low number of target molecules can be reliably
detected using height and/or compressibility measurements: start-
ing from the works of Liu and colleagues it has been consistently
demonstrated that accurate height measurements of nanopatches
before and after sequence-specific hybridization of DNA oligomers
allow for reliable, sensitive, and label-free detection of hybridization
itself [14, 36-38].

Moreover, AFM probes may also be functionalized: in 1997, Allen
et al. were the first to use AFM probes functionalized with ferritin
to monitor the adhesive forces between the probe and antiferritin
antibody-coated substrates [39].

Recently, Volkov et al. demonstrated that a reliable reading
of the immunosignal (a suggested dimensionless combination of
brush length and grafting density) can be obtained from an area as
small as ~3 um?—approximately 4 million times smaller compared
to typical ELISA sensors [40]. Intriguingly, they found that AFM
could reliably distinguish between having the immunosignal from
either antibody and from both antibodies together, attaining a new
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detection limit that was impossible to obtain by using standard
optical methods.

2.3.5 DNA-Directed Immobilization

Diagnostic immunoassays and DNA sensing are driving efforts
to miniaturize biological assays and to conduct them in parallel;
specifically, DNA-based arrays are becoming the leading technology
for high integration and miniaturization of bioassays [41, 42].

The use of DNA microarray technology for proteomics known
as DDI was introduced in 1994 by Niemeyer et al., showing that
covalent DNA-streptavidin conjugates could be utilized for the
reversible and site-selective immobilization of various biotinylated
enzymes and antibodies [43]. Their pioneering experiments demon-
strated that enzymes, such as biotinylated alkaline phosphatase,
beta-galactosidase, or horseradish peroxidase, as well as antibodies,
such as biotinylated anti-mouse or anti-rabbit immunoglobulins,
could be coupled to the DNA-streptavidin adapters by simple, two-
component incubation and that the resulting preconjugates could be
exploited to hybridize complementary oligonucleotides by surface
binding [44-46].

DDI proceeds with a higher immobilization efficiency than
conventional immobilization techniques because of the reversible
formation of the rigid, double-stranded DNA spacer between the
surface and the proteins. The simultaneous immobilization of
different compounds using microstructured oligonucleotide arrays
as immobilization matrices demonstrates that DDI proceeds with
site selectivity due to the unique specificity of Watson-Crick base
pairing; moreover, it allows for a reversible functionalization of the
sensor surfaces with the proteins of interest.

Since DDI technologies and DNA nanoconstruction essentially
depend on similar pre-requisites, which in particular are large and
uniform hybridization efficiencies, combined with low nonspecific
cross reactivity between individual sequences, this microarray
approach has emerged along the past years as a promising tool
for chip-based immunoassays meant to multiplex antigen detection.
In fact, it is well known that the self-assembly of semisynthetic
DNA-protein conjugates in so-called nanoassembled monolayers
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(NAMs) makes it easy to generate unlimited reproducible, config-
urable nanoarrays exploiting precise and reliably protein/antibodie
detection methods.

DDI allows for highly economical use of antibody materials (at
least 100-fold lower than the amount needed for preparing an array
by direct spotting). Therefore taking into account the greater ver-
satility and convenience of handling of the self-assembly approach,
DDI proved to be an advantageous alternative to conventional
techniques for generating versatile and robust protein arrays.

The DDI strategy bears the potential for relatively rapid high-
sensitivity determination of limited panels of biomarkers with
good precision and accuracy. Despite its potential to revolutionize
protein diagnostics, the major problems in the fabrication of such
antibody arrays concern the initial efforts required to reproduce
homogeneously the attachment of the antibody on the DNA
substrate. To this regard, protein recognition could eventually be
carried out in a single step by directly grafting the double-stranded
DNA already bound with the antibody of interest onto the SAM, and
such advancement could significantly reduce both the procedural
steps needed and relative handling time as well as the costs of
analysis in the near future.

Having discussed the basic principles of miniaturization, and
functionalization of micro- and nanodevices for biologic purposes,
in the following sections a formal introduction to the state of the art
of novel tools for in vitro and in vivo diagnostics will be offered.

2.4 In vitro Diagnostics

The current standard for immunoassays and emerging molecular
diagnostics is to analyze one single analyte: specifically, one aliquot
of a patient sample (serum, plasma, or tissue specimens) is
processed and tested for one analyte at a time. Pressure for more
accurate tests supported the extensive research to achieve state-
of-the-art performance of relatively simple assays. As a reflection,
ELISA is one of the most important biochemical techniques used
mainly to detect the presence of antibodies or antigens in a sample
based on antibody-antigen immunoreactions [47].
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Due to its simplicity, low cost, easy reading, acceptability, and
safety ELISA is widely used for detection of cancer protein markers,
pathogens, and other proteins relative to various diseases with a
detection limit from 0.1 ng to 1 pug mL~! [48-50]. However, the
knowledge of specific tumor protein markers is still limited; on the
other hand the level of those markers is very low at the early stage
of several cancers and therefore beyond the detection limit of the
state-of-the art diagnostic techniques.

Moreover, the demand for parallel, multiplex analysis of protein
biomarkers from ever smaller biospecimens, such as those obtained
with computed tomography-guided and stereotaxis biopsies or
after cell sorting of more abundant neoplastic specimens meant to
identify tumor stem cells (i.e., CD133 glial cells), is an increasing
trend for both fundamental biology and clinical diagnostics. The
need for increasing the current detection sensitivity, while searching
for key proteins in smaller sample volumes, is therefore among the
main triggering factors that led to the development of methods for
single-cell analyses. Attempts included miniaturization and mimick-
ing of conventional proteomic protocols as well as exploration of
novel ideas and techniques that enable new types of experiments,
expanding the scientific field of “cells on a chip” in “single cells on a
chip” [51].

2.4.1 Trends in Single-Cell DNA Barcode Analysis

The demand for parallel, multiplex analysis of protein biomarkers
from even smaller biospecimens is an increasing trend for both
fundamental biology and clinical diagnostics [52]. To date, the
most highly multiplex protein assays rely on spatially encoded
antibody microarrays; this approach capitalizes on the chemical
robustness of DNA oligomer strands and on the reliable assembly
of DNA-labeled structures via complementary hybridization [53].
Recently the miniaturization of conventional techniques let to the
development of DNA barcode-type arrays at 10 times higher density
than standard spotted microarrays, potentially enabling for high-
throughput and low-cost measurements.

Generally speaking, the immunoassay region of the chip should
ideally be a microscopic barcode customized for the detection
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of many proteins and/or for the quantization of a single or few
proteins over a broad concentration range. Accordingly, using the
DNA-encoded antibody library technique, Fan et al. developed and
optimized an antibody array applied toward the measurement
of a highly multiplex panel of proteins from small whole-blood
specimens (range of puL obtained through a finger prick). The
versatility of their barcode immunoassay is demonstrated by the
ability to stratify cancer patients via multiple measurements of a
dozen blood protein biomarkers for each patient [54].

This technique was further applied by coupling it with the
immobilization of living cells, with an outlook for a multiplex assay
of citoplasmic proteins. Shin and colleagues, for example, were
able to detect simultaneously not only enzymes, such as phospho-
extracellular signal-regulated kinase (ERK), but also receptors, such
as the epidermal growth factor receptor (EGFR), both key nodes of
the PI3K signaling pathway of several tumors, at concentrations of
10 to 1 ng/mL [53, 55].

The coupling of DNA barcode analysis with immobilization and
characterization of few to single cells represented a remarkable
boost for cancer proteomics; in fact among the advantages of single-
cell analysis the main one is certainly the possibility to foster
qualitative protein measurements but in a quantitative fashion [55].
One example relates to the interrogation of cross talk between
signaling pathways within a cellular population as a paradigm to
understand the overall tumor architecture: in their experiments
Wang et al. assessed how cell-cell contacts and soluble factor
signaling influence interaction among a glioma cell line [56]. In
particular they interrogated the activity associated with PI3K
signaling in a model of glioma cancer (U87 cells line) as a function of
cell-cell separation: their results indicated that only a subpopulation
of cells presented a constitutive activation of EGFR, while the
majority did not. This finding confirmed that such approach allows
not only for a thorough quantitative in vitro analysis of the proteome
of few living cells but also for a simulation of their hypothetical
behavior in vivo: In line with the hypothesis that the expression
of EGFR in a subpopulation of cells represents a trigger for
parenchymal invasion, its expression in the majority or the entirety
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of the tumor would not enhance tumorigenicity but instead would
create a self-inhibiting state.

2.4.2 Trends in Carbon Nanotubes and Their Use in
Microfluidic Devices

Carbon nanotubes (CNTs) since their discovery have been the focus
of research on account of exceptional chemical, mechanical, and
electrical properties that explain their potential use in electrochemi-
cal and optical biosensing. However, manipulation and processing of
CNTs have been limited by their compatibility with other materials.
Considerable efforts have therefore been devoted to the surface
modification of CNTs to pave the way for many useful applications
and to realize the potential applications in successful products,
especially composite manufacturing. The chemical modification,
dispersion, and solubilization of CNTs represent an emerging area
in the research on nanotube-based materials [57].

Several research groups have reported successful and doable
functionalization techniques for single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTSs). SWCNTs
represent a highly effective means of transporting cargos of various
sizes and types across the cell membrane and are gradually playing
a bigger and more important role in the field of nanomedicine.
CNTs are easily functionalized with DNA by either covalent or
noncovalent means. DNA-CNT complexes have been exploited in
biosensing applications for detection of ions, glucose, peroxide,
etc. Morevoer, Ou et al. developed a novel nanoprobe based on
SWCNTs and a fluorescent photosensitizer pyropheophorbide a
(PPa) and used them for cancer cell imaging and therapy in
vitro. In their assays phospholipids bearing polyethylene glycol-
modified SWCNTs that can provide an interface for the conjugation
of PPa were prepared by ultrasonication, and then the polyethylene
glycol-modified SWCNTs were conjugated with PPa by using the
covalent functionalization method to construct SWCNT-PEG-PPa
nanoprobes. The functionalization and stability of SWCNTs was
evidenced by ultraviolet-visible (UV-Vis) absorption spectra and
fluorescence spectra, while imaging of cancer cells with SWCNT-
PEG-PPa nanoprobes was confirmed using two cancer cell lines via
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laser scanning confocal microscope tests, and killing of cancer cells
with SWCNT-PEG-PPa was demonstrated using cytotoxicity tests
[58].

Moreover, CNTs are now entering the field of microfluidics, where
there is alarge potential to provide integrated, tailor-made nanotube
columns by means of catalytic growth of the nanotubes inside the
fluidic channels. To this regard, Mathur and colleagues recently
explored the hot-embossing method for transferring vertically
aligned CNTs into microfluidic channels, fabricated on PMMA. By
this way patterned and unpatterned aligned CNTs were transferred
on the PMMA microchannel with the aim to realize a microfluidic-
based point-of-care device for blood filtration and detection of
biomolecules such as red blood cells filtered using laminar flow
through the microfluidic channels. Hopefully, these and other
methodologies will soon provide new methods to increase the
understanding of cellular pathways involved in many pathologies,
so tremendous advances might be expected within a few years from
now both in degenerative and neoplastic diseases [59, 60].

Finally, CNTs are advocated also for cell tracking by MRI, an
emerging technique in which a contrast agent should label cells
efficiently at potentially safe concentrations, have high relaxivity,
and should prevent alterations to the cellular machinery. Avti et al.
reported the cytotoxicity, cytocompatibility, and cell labeling effi-
ciency in NIH/3T3 fibroblasts of novel SWCNTs synthesized using
gadolinium nanoparticles as catalysts (Gd-SWCNTs) indicating that
Gd-SWCNTs label cells efficiently at potentially safe concentrations
and enhance MRI contrast without any structural damage to the
cells. In their experiments cells incubated with the Gd-SWCNTs at
concentrations between 1 and 10 ug/mL for 48 hours showed no
change in viability or proliferation compared to untreated controls.
Additionally, at these potentially safe concentrations, up to 48
hours, the cells showed no phosphatidyl serine externalization
(preapoptotic condition), caspase-3 activity (point of no return
for apoptosis), genetic damage, or changes in their division cycle.
Localization of Gd-SWCNTs within the cells was confirmed by
transmission electron microscopy (TEM) and Raman microscopy,
showing 100% cell labeling efficiency, with a significant uptake
of Gd-SWCNTs by the cells and a resulting fourfold increase in
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MR signal intensities as compared to untreated cells [61]. These
results easily give the flavor of the rapid evolution witnessed by
nanodiagnostics, which is naturally inclined to translate discoveries
from tools for in vitro detection to those for in vivo analyses.

2.5 In vivo Diagnostics

Theranostics (a word derived from the fusion of therapeutics
and diagnostics) is a proposed process of diagnostic therapy for
individual patients that relies on the concept of find, fight, and
follow. To this regard, in vivo diagnostics is expected to provide data
instantaneously from the patient and to allow for an ongoing disease
development and therapy efficacy assessment [62]. Supported by
remarkable public interest, the need for personalized medicine has
widely created momentum to develop point-of-care diagnostics with
higher sensitivity, specificity, and reliability than ever before.

Advancements in this research area have been fostered by
the latest discoveries in imaging single molecules and in creating
implantable devices. Therefore many miniaturization techniques
previously described in this chapter represent the cornerstone upon
which these diagnostic tools are based [63]. Within the next decade
such devices are expected to result in a significant improvement
in the living conditions of people who need constant medical
monitoring.

On the other hand the fusion of molecular targeting with the
existing diagnostic imaging armamentarium is pushing further the
limits of sensitivity and specificity of conventional techniques such
as computed tomography, MRI, and even nuclear medicine.

2.5.1 Implantable Devices

A variety of illnesses require continuous monitoring in order to
have efficient illness intervention. Physicochemical changes in the
body can signify the occurrence of an illness before it manifests.
Even with the usage of sensors that allow diagnosis and prognosis
of the illness, medical intervention still has its downfalls: late
detection, for instance, can reduce the efficacy of therapeutics.
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Furthermore, the conventional modes of treatment can cause side
effects such as tissue damage (chemotherapy and rhabdomyolysis)
and induce other forms of illness (hepatotoxicity). Biopsies are
required to diagnose pathologies, but because of their invasiveness,
they are useless for frequent patient monitoring, neither are
they useful to adjust therapy according to the patient’s clinical
response to disease management; moreover most of the optical and
electronic features of pathologic markers are not even observable
in macroscopic samples. A completely new approach is therefore
warranted. The ability to repeatedly sample the local environment
for pathologic biomarkers, chemotherapeutic agents, and tumor
metabolite concentrations could improve response monitoring,
early detection of metastasis, and personalized therapy [64].

The state of the art of sensors capable of continuous measure-
ment of analytes in biological media is represented by a wide
range of different devices whose potential use in single cells, tissue
slices, animal models, and humans has been demonstrated. To date
sensors specific for glucose, lactate, glutamate, pyruvate, choline,
and acetylcholine have been realized and tested in laboratory assays.
Unfortunately the criteria for sensor performance are still not
strictly described and uniformly accepted. As a result biosensor
calibration still represents the limiting factor for translation in
clinical practice. For instance, once the issues related to their
biocompatibility were cleared, devices for continuous blood glucose
monitoring were the first biosensors of this kind to reach the human
trial stage. The development of these biosensors dates back to the
early 1990s, but only in the past decade has their miniaturization
led to promising subcutaneuous implantable devices for continuous
glucose monitoring. Several reviews have recently described this
long research journey and the way researchers have created the
basis for a constant readout of blood glucose concentrations and
from this success story the common route to implement the
spectrum of other possible markers detected by those biosensors
[65, 66].

With the aim to build superior health regimes and ensure good
patient compliance these advances in biosensor design and sensing
efficacy need now to be amalgamated with research in responsive
drug delivery systems. The use of drug delivery systems enables
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the lowering of side effects, with subsequent improvement in pa-
tient compliance. Chronic illnesses require continuous monitoring
and medical intervention for efficient treatment to be achieved.
Therefore, designing a responsive system that will reciprocate
to the physicochemical changes may offer superior therapeutic
activity. In this respect, integration of biosensors and drug delivery
is a proficient approach and requires designing an implantable
system that has a closed-loop system. This offers regulation of the
changes by means of releasing a therapeutic agent whenever illness
biomarkers prevail. Detecting an illness before it manifests by means
of biomarkers levels will optimize therapeutic dosing and improve
the management not only of tumors but also of a handful of chronic
illness [67].

2.5.2 Improvements in Conventional Radiology

Development in the area of quantum dots, functionalized nanopar-
ticles, and nanopowders is driving a real revolution in the field of
in vivo imaging [68]. Some of these nanoparticles exhibit vectorial
character and can be used within the human body as markers in
nuclear imaging techniques such as MRI. Nanosized contrast agents
are significantly improving the range of application and resolution
power of MRI. For example, AusCU hollow nanoclusters with an
average diameter of 48.9 £+ 19.1 nm and a shell thickness of 5.8
4 1.8 nm have been developed. These bimetallic agents enhance
the contrast of blood vessels and offer great potential for use as
intravascular contrast agents in MRI angiography [69]. Colloidal
magnetic nanoparticles represent another group of agents for the
visualization of organs by MRI. They combine a small size with
strong magnetism, have high biocompatibility, and can bind to
the desired receptors through an active functional group. When
coupled to cancer-targeting antibodies, nanocrystals showed huge
advantages for monitoring in vivo human cancer cells implanted in
live mice [70].

Another class of innovative nanoparticles is represented by
superparamagnetic iron oxide nanoparticles: after linkage with a
phosphorothiotate-modified oligodeoxynucleotide complementary
to c-fos mRNA they showed to be effective in tracing neurode-
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generative diseases by MRI techniques [71]. A well-established
application of cells labeled with superparamagnetic iron oxide or
ultrasmall superparamagnetic iron oxide in combination with MRI
is the tracking of immune cells (mainly monocytes or macrophages)
during the development of an inflammatory process. Recently
this same technique was applied to the detection of apoptosis,
angiogenesis, and tissue infiltration during the development of
cancer; lastly it was also proposed for stem cell tracking [72-74].

Beside conventional computed tomography and MRI, positron
emission tomography (PET) and other nuclear medicine techniques
also are benefitting from the development of targeted in vivo
nanoimaging methods. For example, while bioactive radiotracer
molecules are required to visualize organs, by development of new
nanotracers meant to label specific genes of interest, nanotechnol-
ogy could address a previously unseen challenge.

2.6 Future Trends

The future of healthcare relies heavily on diagnostics: ideally, very
early detection of unique molecular or protein patterns would allow
for tailored treatments and management of many degenerative and
neoplastic diseases [75]. Indeed, oncology represents the first and
foremost field of application of these novel technologies, hopefully
for the expected high impact, unfortunately for the lack of valid
alternatives.

Recently, an expanded collection of novel markers has emerged
from numerous avenues of research and holds potential to be de-
ployed in clinical practice to improve classification and management
of oncologic patients with an overall amelioration of their clinical
course. Among them, newly discovered stem and progenitor cell
markers are of particular interest because once clinically validated,
they might aid in the differential diagnosis of these tumors as well
as in the monitoring of their responses to therapy (see Fig. 2.6).

Intensive research efforts are recently attempting to uncover
agents that may target subpopulations of these cells with high
tumorigenic potential and increased resistance to current therapies.
Along these lines, the cell surface marker, CD133, and other markers
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Figure 2.6 Role of stem cells in tumor recurrence.

of stem cells, such as Nestin, have been shown to negatively correlate
with outcome parameters [76, 77]. To this regard Singh et al. showed
that CD133+ brain tumor cells can self-renew and undergo lineage-
specific differentiation [78].

However, not only primary tumors are under the magnification
lens: most death in fact occurs from metastases to distant
organs than from their primary localization. Such metastases arise
whenever tumor cells escape the primary microenvironment and
spread via the bloodstream. The study of such blood-borne cancer
cells, also known as circulating tumor cells (CTCs), offers a unique
window into the neoplastic diffusion process. Accordingly, it is
becoming abundantly clear that the biological and clinical value of
CTCs exceeds their mere enumeration [79-81]. Emerging evidence
indicates that CTCs are as much heterogeneous in nature as
the primary tumor and may include a subset of cells that can
successfully form metastases and/or cells capable of reseeding
the primary tumor. For example, a recent study by Liu et al.
demonstrated that human epidermal growth factor receptor 2
(HER2)-positive breast cancer patients with HER2-positive CTCs
have longer progression-free survival after anti-HERZ2 therapies
than HER2-positive patients with HER2-negative CTCs [82].

Unfortunately, most existing technologies do not allow for
capture of live/viable cells that would enable the functional
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determination of such metastatic potential, aggressiveness, and
chemotherapeutic sensitivity. Moreover, to date only epithelial
markers have been extensively studies, and they are likewise
ineffective in capturing cells that are losing epithelial properties
and gaining mesenchymal characteristics [83]. Despite these current
limitations, nanomedicine is not only adding a new layer of
complexity to our understanding of cancer, but certainly it is also
suggesting that we are on the right path to provide clinicians with
highly useful tools for improving the diagnosis and classification of
both primary and secondary tumors.
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3.1 Introduction

Surgery involves the repair, resection, replacement, or improvement
of body parts and functions in numerous ways, so often it is seen as a
subspecialty of human engineering. Although the former statement
is not completely true, there are certainly many areas in which
surgical materials could be improved, but surgeons are generally
unaware of materials available for use, while materials scientists
do not know what surgeons require. As seen in the previous
chapters, the combination of tissue engineering and nanomaterials
has great potential for application to nearly every aspect of surgery.
Noteworthy, tissue engineering will allow cells or artificial organs
to be grown for specific uses, while nanotechnology will help
to ensure maximal biocompatibility; biosensors will be combined
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with improved electrodes and pacing devices to control impaired
neurological functions. To explore all this area of interaction a
Pubmed search was conducted for articles concerning the themes
of “nanotechnology and surgery”: it retrieved a total of 905 articles
published since 1994. Accordingly, in this chapter we will review
some of the areas where surgeons, engineers, and nanotechnologists
have interacted in the past, and will discuss some of the most
pressing problems that remain to be solved in the upcoming
decades.

3.2 Potential Implications in the Field of Nanotechnology
and Regenerative Medicine

Novel nanocomposite polymers are taking the stage in several areas
of regenerative medicine and the speed by which new materials
are proposed is increasing very fast. However, the development of
synthetic tissues from polymeric materials, and their introduction
in clinical practice, requires a thorough understanding of the
basic mechanical and surface properties of each polymer, as
the materials selection and processing techniques can affect the
chemical, physical, mechanical, and cellular recognition properties
of biomaterials. Furthermore, an obvious concern of any prospective
medical device is the suitability of the constituent materials for the
target tissue [1]. Specifically, evaluations of biocompatibility include
identifying any acute toxins that have an immediate, detrimental
effect on the host tissue, as well as longer-term responses of the host
tissue resulting from the prolonged presence of the nanomaterial.

3.2.1 Nanomaterials

Polyhedral oligomeric silsesquioxane (POSS) with a distinctive
nanocage structure consisting of an inner inorganic framework of
silicon and oxygen atoms and an outer shell of organic functional
groups is one of the most promising nanomaterials for medical
applications [2]. Enhanced biocompatibility and physicochemical
(material bulk and surface) properties have resulted in the
development of a wide range of nanocomposite POSS copolymers
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for biomedical applications, such as the development of biomedical
devices, tissue engineering scaffolds, drug delivery systems, dental
applications, and biological sensors. The application of POSS
nanocomposites in combination with other nanostructures has
also been investigated, including silver nanoparticles and quantum
dot nanocrystals. Chemical functionalization confers antimicrobial
efficacy to POSS, and the use of polymer nanocomposites provides
a biocompatible surface coating for quantum dot nanocrystals
to enhance the efficacy of the materials for different biomedical
and biotechnological applications. Interestingly, a family of POSS-
containing nanocomposite materials can be engineered either as
completely nonbiodegradable materials or as biodegradable mate-
rials with tunable degradation rates required for tissue engineering
applications [3].

To give an example, due to its remarkable biocompatibility
and in vivo biostability, a new nanocomposite polymeric material
known as polyhedral oligomeric silsesquioxane-poly(carbonate-
urea)urethane (POSS-PCU) has been proposed as an alternative
to simple poly(carbonate-urea)urethane (PCU) for several surgical
implants, including synthetic heart valve, lacrimal duct, bypass graft,
and recently tracheal replacement. Actually, the reasons for this
success are that the mechanical properties of POSS-PCU, including
tensile strength, tear strength, and hardness, are much superior
when compared to simple PCU. In fact, POSS-PCU (hardness 84+ /-
0.8 Shore A) demonstrates significantly higher tensile strength,
53.6+/-3.4 and 55.94/-3.9 N mm~2 at 25°C and 37°C, respectively,
than PCU, 33.84/-2.1 and 28.84/-3.4 N mm~?2 at 25°C and 37°C,
respectively; its tensile strength and elongation at break result
significantly higher than PCU at both 25°C and 37°C. Moreover,
POSS-PCU shows a relatively low Young’s modulus (25.94/-1.9 and
26.2+/-2.0 N mm~2), which is significantly greater in comparison
to PCU (9.1+/-0.9 and 8.4+/-0.5 N mm~2) at 25°C and 37°C,
respectively, with 100 pum thickness; and its surface appears
significantly less hydrophilic than that of PCU, with relevant impact
in terms of resistance to platelet adhesion [3].

Similar resistance to platelet adhesion was obtained by another
group grafting a 2-methacryloyloxyethyl phosphorylcholine (MPC)
onto a PCU surface via the Michael reaction. By this way, Gao
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et al. created a biomimetic structure characterized by a low water
contact angle and high water uptake, resulting in improved surface
hydrophilicity [4]. In addition, by imaging the grafted surface by
atomic force microscopy (AFM) they showed that the grafted surface
is rougher than the blank PCU surface, which plays a relevant
role not only in terms of antithrombogenicity but also in terms
of calcification resistance efficacy. These few examples, although
very technical, give a flavor of the potential advantages in terms of
long-term performances and durability of those nanomaterials and
therefore of their potential application in any implanted biodevice,
especially those with significant rate of blood contacting [5].

3.2.2 Next Generation’s Prostheses

Tissue engineering is addressing many concerns regarding the
overall performance of routine prosthetic implants, especially
when compared to previous mechanical options, which often
were inflexible and therefore very fragile. The shortcomings of
conventional prosthesis, especially the metallic ones, are well known
and include migration, subsidence, and stress shielding, as well as
obscured postoperative radiologic assessment. Accordingly, the next
generation of prosthesis, thanks to nanoderived smart materials and
the subsequent possibility to enhance cell growth and integration, is
rapidly finding its way in the clinical setting.

Mimicking the characteristics of a human tissue as complex as
the bone matrix is of pivotal importance in prosthetic surgery. The
bone acts as a nanocomposite with an organic (mainly collagen) and
inorganic (nanocrystalline hydroxyapatite [HA]) components and a
hierarchical structure ranging from the nano- to the macroscale;
it provides mechanical support to our body, while transmitting
physiochemical and mechanochemical cues. The clinical repair and
reconstruction of acquired bone defects until recently has been
conducted using autologous and allogenic tissues or alloplastic
materials, with functional limitations. Therefore, the design and
development of biomaterial scaffolds meant to replace the form
and function of native bone while promoting regeneration without
necrosis or scar formation is one of the most challenging area
of research. Nanomaterials and nanocomposites are promising
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platforms to recapitulate the organization of natural extracellular
matrix for the fabrication of functional bone tissues because
their structure provides a closer approximation to native bone
architecture [6].

Inspired by the hierarchical nanostructure of bone, the applica-
tion of nanostructured materials for bone regeneration is gaining
increasing interest, indeed. Unique properties of nanomaterials,
such as increased wettability and surface area, lead to increased
protein adsorption when compared to conventional biomaterials.
Cell-scaffold interactions at the cell-material nanointerface may be
mediated by integrin-triggered signaling pathways that affect cell
behavior. For instance, supported by crystallographic and chemical
studies showing that synthetic HA closely resembles the inorganic
phase found in bones and teeth, nanostructured calcium phosphate
ceramics have found application as bone fillers, cements, and
coatings [7]. Similar nanostructured scaffolds have showed to pro-
vide structural support for autologous cells, while regulating their
proliferation, differentiation, and migration, therefore supporting
the formation of functional tissues. In fact, implant surfaces that
better mimic the natural bone extracellular matrix can stimulate
stem cell differentiation toward osteogenic lineages in the absence
of specific chemical treatments. Both nanosized HA and S-tricalcium
phosphate (8-TCP) have proven in vitro to increase the activity of
alkaline phosphatase (ALP), an early marker of bone formation, and
mRNA expression levels of osteoblast-related genes, such as the
Runt-related transcription factor 2 (Runx-2) and bone sialoprotein
(BSP), in total absence of osteogenic supplements [7, 8].

These nanomaterials have also been exploited in the design
of cages with similar stiffness to human bone in order to reduce
stress shielding of the inside graft, while stimulating adequate
postoperative fusion. To this regard, polylactic acid (PLA) and its
copolymer have a long history of safe clinical use; nevertheless PLA
acidic degradation products can also cause asepsis inflammation,
which could damage the microenvironment of bone formation.
Initial laboratory tests conducted in the past decade showed
that adding increasing percentages of S-TCP to a PLA polymer
matrix stimulated the proliferation of human osteogenous cells and
synthesis of the extracellular bone matrix in a dose-dependent
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manner. In vitro results indicated that in comparison to pure
PLA, TCP-containing composite materials had faster degradation
kinetics, caused less inflammatory reaction, and promoted contact
osteogenesis. Finally, the composite material containing 60% -
TCP demonstrated a similar performance to pure TCP bone grafts
in terms of osteogenesis, being compatible with the production
of intraosseous implants for situations representing high levels
of mechanical strain [9]. Recently, several in vivo studies have
confirmed that the incorporation of 8-TCP into PLA materials can
both enhance its osteoconductivity and buffer acid products [10-
12]. Additionally, nanosized B-TCP has shown improved mechanical
properties and tunable degradability compared to microsized
powders [12]. Therefore, these studies represent a success story of
a potentially promising approach to design nanocomposite fusion
devices combining the advantages of the two or more biodegradable
materials and overcoming the disadvantages of each.

3.2.3 Gene Therapy and Surgical Procedures

Coronary stenting in percutaneous coronary intervention has
revolutionized the field of cardiology because it represents a
less invasive and costly procedure compared to coronary artery
bypass graft. Nevertheless a major problem of coronary stenting
is the risk of neointimal hyperplasia, which leads to restenosis
and creates the basis for late stent thrombosis, two of the most
serious and lethal complications of this procedure [13]. To overcome
these complications drug-eluting stents were introduced into the
market; currently five models are available in the U.S.: the CYPHER
sirolimus-eluting stent from Cordis (approved by the Food and
Drug Administration [FDA] in April 2003), the TAXUS Express and
Liberté paclitaxel-eluting stents from Boston Scientific (approved
by the FDA in March 2004 and October 2008, respectively), the
ENDEAVOR zotarolimus-eluting stent from Medtronic (approved
by the FDA in February 2008), and the XIENCE V everolimus-
eluting stent from Abbott Vascular (approved by the FDA in July
2008). Clinical trials revealed that delivering drugs locally was
effective in inhibiting neointimal hyperplasia, reducing the incidence
of restenosis and providing a better safety profile as compared
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to radiation or systemic drug administration [14]. Following this
trend, gene-eluting stents have recently been proposed as a novel
method of circumventing rather than treating these problems. In
fact utilizing nanotechnology, a sustained and localized delivery of
genes can be obtained, thus mitigating all the problems of restenosis
and late stent thrombosis because of an accelerated regenerative
capacity of re-endothelialization [15]. To determine the potentiality
of this technology clinical trial designs are currently underway,
bearing in mind that as in most gene therapy protocols thorough
long-term surveillance programs need to be cleared to ascertain its
safety and efficacy.

3.2.4 Preventing Postoperative Fibrosis and Excessive
Cicatrization

Surgical procedures might always be affected by excessive scar
formation and postoperative fibrosis, as these inappropriate events
occasionally occur after any surgical procedure, altering the
cicatrization process, disturbing the postoperative course, and
rendering reoperations more difficult and risky. Neurosurgical
procedures (i.e., spinal interventions and craniotomies) are much
affected by this adverse event: the literature describes this
phenomenon as accompanying up to 20% of all neurosurgical
procedures. The scar tissue that forms postoperatively adheres to
the dura mater, penetrates into the spinal canal, and can cause
narrowing symptoms, neurological deficits, and pain. The incidence
and spread of this excessive scar or epidural fibrosis can be
prevented through the modification of the surgical technique by
incorporating endoscopic or microscopic access to minimize the
operative field and the use of isolating substances (autogenous
or heterogeneous) administered intraoperatively [16]. Aiming at
reducing the immunological response and the local inflammatory
process, laboratory tests have recently been conducted with the
local use of membranes presenting a biodegradable nanofibrous
net of poly(L-lactide-co-caprolactone) manufactured by an electro-
spinning process. Experimental and control groups with rat models
followed up for 30 days have confirmed that local cicatrization can
be modified using nanomaterials in particular scar formation and
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Table 3.1 Devices for nanosurgery

Nanodevice Description

Cellular and subcellular surgery

Nanoknives Nanometer cutting-edge silicon nitride knife
Nanotweezers Carbon nanotubes configured as pincers
Femtosecond lasers Ultrashort laser pulse

Optical vortex trap Vortex trap with optical tweezers

Nanoneedles Nanoscale needle attached to atomic force microscope

epidural fibrosis can be limited and modified locally by preventing
local inflammation processes [16].

3.3 Cellular and Subcellular Surgical Procedures

Delivering the surgical precision at the unprecedented cellular
and subcellular length scale is the first and foremost mandate
of nanosurgery; a future goal along this continuum of minimally
invasive surgery is the development of nanodevices capable of
performing surgery at a molecular or atomic level. In the next
pages we will present some of the most reknowned technologies
that are operational at the nanoscale level, such as nanoknives,
nanotweezers, and femtosecond-laser systems. As deducible from
Table 3.1 these nanodevices have the potential to revolutionize the
practice of surgery in a profound and momentous way.

At present, nanoknives have been deployed and used effectively
for microscale cellular surgery, allowing for precise targeted cutting.
Among their greatest advantage is the possibility to constantly
observe their tip in real time, allowing for used feedback, image
capture, and even physiological recording (i.e., by electromyography
techniques). Chang et al. examined the in vivo use of 10 to 100 um
long nanoknives with cutting edges of 20 nm in radius of curvature
during experimental axonal reconstruction. Using those instruments
they were able to make very small incisions (range of 50 to 100 um
long incisions) in nerve tissue in vivo and to repeat those incisions
to progressively pare down the nerve as documented visually and
by the accompanying incremental diminution of evoked motor
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responses recorded from target muscle [17]. Furthermore, these
nanoknives showed to be safe in terms of induced neurotoxicity, as
evidenced by the following robust growth of axons and neurons on
this experimental material in vitro.

Subcellular surgery is much more complex. As described in the
previous chapters, proteins and small-molecule metabolites con-
stantly traffic among intracellular compartments, and it has become
increasingly evident that biological specificity relies heavily on their
spatial and temporal segregation and compartmentalization. Gain-
ing information with regard to the spatial and temporal distribution
and evolution of molecules within cells, therefore, is crucial to the
construction of a quantitative model of cellular function. The ability
to isolate selectively single subcellular compartments for chemical
analysis or transplantation opens new venues for intervening in
the cellular pathologies. Silicon nanotweezers (SNTs), for instance,
are a well-known microsystem for molecular manipulation. They
can be used to trap molecules while sensing their biomechanical
and bioelectrical response in minute operations. SNTs can be mass-
produced by highly parallel microsystem technology and their
exploitation in single-cell nanosurgery has widespread applications
in biology but so far has been limited by difficulty in maintaining
the functionality of the transported subcellular organelles. This
difficulty arises because of the propensity of optical tweezers to
photodamage the trapped object. To minimize radiation damage to
the trapped biological particle, laser wavelengths between ~800 nm
and ~1100 nm are usually used because of the low absorption cross
section of water and biological molecules in this spectral range.
Nevertheless, at the high laser intensities required for trapping
and translating subcellular organelles through the dense cellular
microenvironment, photodamage via multiphoton processes is often
inevitable. Jeffries et al. demonstrated that the use of polarization-
shaped vortex traps alleviates this issue, because this strategy
benefits from the highly nonlinear (fourth power for two-photon-
and fifth power for three-photon-induced damage) dependence
of photodamage on the sharpness of the intensity gradient [18].
The availability of such tools offers unprecedented control in
active nanoscopic manipulation of subcellular structures and seems
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suitable also for in vitro manipulation of nanoparticles such as metal
colloids and quantum dots.

Talking about single-cell laser nanosurgery, among the advan-
tages are the following: (1) There is no physical contact with the
cells, so they remain in a sterile environment; (2) there is high spatial
selectivity so that single organelles can be extracted from specific
areas of individual cells; (3) the method can be conducted in the
cell’s native media; and (4) in comparison to other techniques that
target single cells, such as micromanipulators, laser nanosurgery has
a comparatively high throughput.

3.3.1 Design Improvements of Nanosurgical Instruments

Beside few exceptions, such as SNTs and femtosecond-laser systems,
much of the nanosurgical instrumentarium is still in the developing
phase. Although those instruments serve the needs of proof-of-
concept experiments, more refined equipment will need to be
designed specifically to enable their efficient translation out of the
laboratories in the surgical theater.

A fundamental question concerning the surgical use of mi-
crodevices that have the characteristic size of only several tens or
hundreds of microns is whether such small instruments can be
repeatedly used in an operatory field. For this nanoinstruments
must be mechanically strong and ensure adequate performances.
Commonly, the properties of nanomaterials provide significant
advantages when compared to their conventional benchmarks: the
ultimate strength of silicon nitride nanoknives, which range from 2
to 8 GPa, is actually stronger than bulk steel (on average 0.5 GPa).
Moreover, the nanomaterials chosen for the fabrication of instru-
ments designed for nanosurgery must not be subjected to plastic
deformation, which could alter their performance after repeated
use. As a result, although the manufacture of miniature-scaled
surgical devices is based on well-developed and reasonably mature
fabrication technology, the actual profile of such instrumentation in
vivo and their potential use in cellular- and subcellular-scale surgical
procedures have yet to be optimized.

Regarding the surgical manipulation of cells, one point concerns
the development of miniaturized micromanipulators to economize
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on space utilization around the operative field; another area of crit-
ical need is the development of surgical microscopes with sufficient
magnification to visualize down to unprecedented small scales (i.e.,
isolation of specific parts of neurons such as axons in peripheral
nerve surgery for reconstruction of their functionality) and to
provide optimal working distances between the optical elements
and the tissue. For instance, Chang et al. suggest that the design of
future surgical microscopes for cellular-scale neurosurgery should
include on-board lighting and likely also incorporated fluorescence
imaging, which provides more contrast and far better signal-to-noise
ratios over bright-field imaging [17].

Another useful feature needed for a prompt diffusion of
nanosurgery would be a mechanism to coordinate the spatial
positioning and movement of the surgical field, the operating
microdevices, and the field of view of the surgical microscope.
Finally, ergonomic issues must be considered and incorporated into
more refined systems in order to make them easy to use by the
operator and therefore compatible with proper clinical use.

3.4 Nanorobotics

The use of swarms of nanorobots to perform seemingly miraculous
tasks is a common trope in the annals of science fiction. Among the
auspicated advantages of nanorobots these are the most important
ones:

e Asfaras nanorobots are structured as nonbiological entities
and do not generate any harmful activities, there shall be no
side effects.

e Nanorobots could be useful in any kind of surgery both
under general as well as regional anesthesia.

e Being highly specific and target oriented, they can reduce
drug-related mortality and morbidity.

e As they bind the terminal receptors, there shall be no peaks
and troughs in effects [19].

Although several of these remarkable features are still very much
in the realm of fiction, the main disadvantage associated with
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nanorobots is the burden of initial high cost and complicated
fabrication. Noteworthy, scientists have recently overcome many of
the physical challenges associated with operating on the small scale
and have generated the first generation of autonomous self-powered
nanomotors and pumps.

3.4.1 Miniaturized Propelling Systems

Taking inspiration from biological motors, which have evolved
over a million years to perform specific tasks with high efficiency,
scientists are trying to create synthetic nanomachines mimicking
the function of these amazing natural systems [20]. Living systems
use biological motors to build life’s essential molecules, such as
DNA and proteins, as well as to transport those living blocks
inside cells with both spatial and temporal precision. Some have
even evolved sophisticated mechanisms to ensure quality control
during nanomanufacturing processes, whether to correct errors in
biosynthesis or to detect and permit the repair of damaged transport
highways.

While artificial nanomotors pale compared to nature biomotors,
recent advances indicate their great potential to perform diverse
applications and demanding tasks [21]. Development of artificial
nanomotors is still mainly at the microscale, helical swimmers are
among the brightest examples. They possess several advantageous
characteristics, such as high swimming velocity and precise motion
control, indicating their potential for diverse applications, such as
manipulation of small objects within liquid and flow control in
lab-on-a-chip systems [22, 23]. Furthermore, when it comes to
microsurgery it is essential to develop nanorobots that can be
propelled wirelessly in fluidic environments with good control.
To this regard, the latest prototypes of chiral colloidal propellers
can be navigated in water with micrometer-level precision using
homogeneous magnetic fields. Those propellers are made via
nanostructured surfaces, can be produced in large numbers, carry
chemicals, push loads, and act as local probes.

In a few experimental cases artificial nanomotors have reached
velocities as large as 100 body lengths per second and rela-
tively high powers to transport a “heavy” cargo within complex



Nanorobotics

microchannel networks [24]. Despite this impressive progress, man-
made nanomachines still lack the efficiency, functionality, and force
of their biological counterparts and are limited to a very narrow
range of environments. Improved understanding of the behavior of
catalytic nanomotors will facilitate the design of highly efficient and
powerful artificial nanomachines for complex operations in diverse
realistic environments, making it easy to envision their practical
application in the not-so-distant future [25].

3.4.2 Artificial Cells

Nanotechnology promises construction of artificial cells, enzymes,
and genes. Thus it is spreading its wings to address the key problems
in the field of replacement therapy for those disorders that are
due to deficiency of enzymes, mutation of genes, or any repair in
the synthesis of proteins. Currently nanodevices like respirocytes,
microbivores, and probes encapsulated by biologically localized
embedding have a greater application in treatment of anemia and
infections. Here we provide a list of the first nanorobots proposed
[26-30]:

e Vasculoids: A vasculoid is a single, complex, multiseg-
mented nanotechnological medical robotic system capable
of all transport functions of the blood, including circu-
lation of respiratory gases, glucose, hormones, cytokines,
waste products, and cellular components. This nanorobotic
system could substitute the human vascular system. The
vasculoid system conforms to the shape of existing blood
vessels and serves as a complete replacement for natural
blood.

e Respirocytes: These nanostructures transport oxygen in
human body similar to erythrocytes. Originally proposed
by Robert Frietas in 1996, they are less than a micrometer
in diameter, possibly made of diamond, a biocompatible
material. They also transport carbon dioxide. The proposed
structure consists of three chambers: one would store
oxygen, the other would store carbon dioxide, and the third
would act as a buoyancy chamber, making the structure
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floatable in blood. The structure would also have rotors to
control the intake and exit of carbon dioxide and oxygen
and for a controlled entry of glucose inside the structure to
combine with oxygen and produce energy for the activity
of respirocyte. Even a modification of these respirocytes
is on a design proposal that can quickly remove certain
poisonous substances from the body in poisoning patients
(i.e., CO or nitrobenzene poisoning). As prolonged ventilator
stay is a demon for anesthesiologists and intensive care
specialists because of the associated risk of pneumonia
and dependency, respirocytes have been proposed to speed
up weaning from ventilators. Once they will be practically
operational, they eventually would prove to be a pillar of
strength to the intensivist.

e Clottocytes or artificial platelets would halt bleeding 100-
1000 times faster than natural hemostasis. Besides being
faster than natural platelets, the number required for the
desired activity will also be less. Specially programmed
motile clottocytes would even be able to detect internal
bleeding and spontaneously seal the site, thus giving the
hope that some emergency surgeries might be avoided.
Also, this might help in bringing down the proportion of
mortality in intensive care units that is yielded by silent
uncontrolled bleeding.

e Microbivores (see Fig. 3.1) have been proposed to mimic
white cells and perform phagocytosis of specific bacteria,
viruses, or fungi. Today, physicians are facing the rapidly
emerging problem of antibiotic resistance, many bacteria
are resistant even to the highest class of antibiotics, and
pan-drug resistance is becoming common on microbiology
charts. The microbivore would be able to bind and
target the pathogen with enzymes that would reduce the
microorganism into basic amino acids, fats, and sugars
harmless to the human body, thus offering a valid answer
to rapidly evolving antibiotic resistance.

Until now, a popular dictum in science was that no machine is
more efficient than the human body, but these upcoming inventions



Brain—Machine Interfaces

Figure 3.1 Representation of a microbivore, an artificial white cell of a few
nanometers, floating into the bloodstream.

are probably fated to change this assumption, as the advancement in
their characterization is improving at a fast pace. If these prototypes
will eventually prove to be effective not only in the laboratories but
also at the bedsides, their performances will dramatically change the
way we practice medicine [31].

3.5 Brain—Machine Interfaces

Conventionally, the practice of surgery has always been charac-
terized by the removal of pathology, congenital or acquired. The
emerging complements to the removal of pathology are procedures
for the specific purpose of restoration of function. Indeed, advances
in basic sciences along with a better understanding of anatomy
and physiology are rapidly creating opportunities to intervene in
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Table 3.2 Devices for biological interfaces

Nanodevice Description

Microchips for biological interfaces

Nanowires carbon nanotubes Nanomechanical resonator

Nanoprobes Nanocantilevers with biologic sensing

Nanobiosensors Nanofibers for in vivo monitoring

Carbon transistors Integrated logic circuit assembled on carbon nanotubes

disease processes in a reparative manner, thereby advancing toward
this long-sought-after purpose. Accordingly, the next frontier for
neurosurgery involves developing a greater understanding of the
brain and furthering the surgeon’s capabilities to directly affect
brain circuitry and function. Soon, this has come in the form of
implantable devices that can electronically and nondestructively
influence the cortex and nuclei, with the purpose of restoring
neuronal function and improving the quality of life [32, 33]. A few
examples of such microchips for biological interfaces are reported
in Table 3.2.

Recently, the arena of implantable devices has started approach-
ing the issue of neurorestoration from a nanotechnological and
biomedical engineering perspective. Devices such as deep brain
stimulators, vagus nerve stimulators, and spinal cord stimulators
are now becoming more commonplace in neurosurgery as we
utilize our understanding of the nervous system to interpret
neural activity and restore functions. One of the most exciting
prospects in neurosurgery is the technologically driven field of
the brain-machine interface, also known as the brain-computer
interface, or neuroprosthetics. Once just in a prototype phase,
brain-computer interfaces, which are machines that can decode
the electrophysiological signals representing motor intent, are
becoming concrete medical tools, due to the fast advances in
molecular manufacturing and nanocomputation. In essence, these
constructs can take some type of signal from the brain and convert
that information into overt device control such that it reflects the
intentions of the user’s brain [34, 35].

Although the fields of nanotechnology and nanomedicine remain
in their infancy at present the literature regarding nanoneuro-
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surgery has rapidly expanded. The successful development of this
technology will have far-reaching implications for patients suffering
from a great number of diseases, including but not limited to
spinal cord injury, paralysis, and stroke. Research in the area of
microelectromechanical systems technologies is being principally
conducted in the mesoscale, the realm between nanoscale and
macroscale; although still larger than the nanoscale it seems, to date,
easy to predict that these devices will certainly play an important
role in the future of brain-computer interfaces. To this regard,
the development of quantum computers and their potential to be
thousands, if not millions, of times faster than current “classical”
computers will significantly affect the neurosciences, especially
the field of neurorehabilitation and neuromodulation. Quantum
computers may advance our understanding of the neural code and,
in turn, better develop and program implantable neural devices;
when they will reach the point where we can actually implant such
devices in patients, the possibilities of what can be done to interface
and restore neural function will be limitless [36-38].

To resume, as applications of nanotechnology permeate all forms
of scientific and medical research, new intriguing applications in the
area of neurosciences will continue to emerge; therefore surgeons
of the present and the future must take an active role in shaping the
design and research of nanotechnologies to ensure maximal clinical
relevance and patient benefit [39].

3.6 Conclusions

To conclude, surgery at the beginning of this millennium is
characterized by an extremely rapid development, and there are no
boundaries anymore among the different branches of basic sciences
and medicine, nor between the living human and artificial tissues,
or live surgery and virtual reality. Moreover, with the introduction
of telesurgery there are no more surgical limits among countries
and continents, as well as between earth and space. A new chapter
in the history of medicine is ready to be written; as shown in
the previous pages, nanotechnology and robotics are offering new
unlimited possibilities for minimally invasive procedures. Although
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the future has already arrived, and is bringing a handful of new
paradigms, the good old ethical requirements summarized in the
Hippocrates Oath are to be fulfilled if we want to put the safety and
freedom of our patients first [40].
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Chapter 4

Nanotherapeutics

Julielynn Wong

Center for Innovative Technologies and Public Health, Toronto, Canada
julielynnwongmd@gmail.com

4.1 Introduction

Nanotherapeutics apply the physical and chemical properties of
nanomaterials (1-1000 nm in size) for the prevention and treatment
of diseases [1]. Nanomaterials can be composed of metallic, organic,
or semiconducting particles [2]. Nanotherapeutics are now being
designed to shield drug agents against enzymatic degradation and
immunogenicity, improve delivery of relatively insoluble drugs, facil-
itate the transportation of drugs across biological barriers, actively
or passively target specific cells, deliver drugs to intracellular sites
of action, apply diagnostic and therapeutic functions, and disrupt
interactions between disease pathogen and host [1-5].
Nanotherapeutics have been applied for anesthesia, cancer,
cardiovascular disorders, degenerative conditions, endocrine dis-
orders, infectious diseases, and immune disorders [6]. The areas
of greatest clinical impact of nanotherapeutics are in cancer
and infectious diseases [7-11]. Nanovaccines are currently being
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developed for hepatitis B, tuberculosis, leishmaniasis, diarrheal
disease, and sexually transmitted diseases [12]. Nanovaccines are
also being developed for applications outside of infectious diseases
including type 1 diabetes, cancer, and tobacco cessation.

4.2 Biological, Physical, and Chemical Properties and
Pharmacological Effects of Nanotherapeutics

Compared to their macrosized counterparts, nanotherapeutics are
smaller in size, exhibit a high surface-area-to-volume ratio and can
have adjustable optical, electromagnetic, and biological properties
[13-14]. They can be designed to have different sizes, shapes,
structures (hollow versus solid), chemical components, and surface
chemical properties.

The small size of nanotherapeutics facilitates access to com-
partments of the human body that larger particles (>100 nm)
cannot get into [5]. Nanoparticles between 10 and 100 nm in size
can pass through capillaries without embolizing; avoid entrapment
in the microstructures of the lung, liver and gallbladder; and
escape microfiltration by the kidneys [1]. At this size range,
nanoparticles are large enough to exhibit biological function, while
having a prolonged circulation time relative to their macroscopic
counterparts.

Because of their size, nanoparticles are optimized for drug
inhalation therapy, a route of administration that offers the advan-
tages of bypassing the “first pass effect” of orally ingested drugs,
avoiding the risks of injected drug delivery, and circumventing
the blood-brain barrier [15]. Nanoformulations can create stable
aerosols and facilitate drug passage into pulmonary capillaries [16-
20]. Targeted nanoparticles are being investigated for their ability
to overcome cellular barriers to inhaled drug absorption through
avoiding pulmonary clearance mechanisms or targeting of specific
pulmonary cell types [21, 22].

As a result of their size, nanotherapeutics exhibit enhanced
anticancer activity through a passive targeting mechanism known
as the enhanced permeability and retention (EPR) effect [1, 2]. In
normal tissue, the cells lining the interior of blood vessels are sealed
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and do not permit the passage of cells or particles. In contrast, the
blood vessels of tumors are “leaky” which allows the entry of white
blood cells since these vessels are in a heightened inflammatory
state. This hyperpermeability permits the entry of nanoparticles
(<200 nm in size) as well as the spread of metastatic cells. Tumors
also have abnormal lymphatic vessels, which leads to ineffective
drainage. This results in prolonged retention and accumulation of
nanotherapeutics within the tumor.

As a particle decreases in size, a larger percentage of its atoms are
found on its surface compared to its core [5]. This often leads to an
increase in the particle’s reactivity. A particle’s total surface area also
increases exponentially when particle size is reduced. So a reduction
in drug particle size often renders it more reactive, increases its
solubility, and correlates with better in vivo performance.

The high surface-area-to-volume ratio of nanomaterials permits
their surfaces to be coated with a large number and multiple types
of biorecognition molecules for selective targeting of diseased tissue,
better biocompatibility, and reduced toxicity [2]. Targeting ligands,
such as antibodies, RNA, DNA templates, or chemical affinities,
can potentially improve drug uptake via cell receptor-mediated
endocytosis [1, 3]. A single nanoparticle can be designed to contain
multiple different targeting ligands. This capacity for multiple
affinities allows nanotherapeutics to achieve high effective affinities,
even if only low-affinity ligands are present.

Nanotherapeutics employ “Trojan horse” techniques (i.e,
“stealth” packages) to cross biological barriers (i.e., drug resistance
pumps or the blood-brain barrier) [1]. The blood-brain barrier is
created through enzyme-based mechanisms and the tight junctions
of endothelial cells. One nanoemulsion drug product is reportedly
able to cross the blood-brain barrier [23]. Biodegradable polymeric
nanoparticles coated with antibodies are being developed to be
recognized by brain capillary receptors, pass through the blood-
brain barrier, and deliver their drug contents to the central nervous
system [24, 25].

Hollow or porous cores allow nanomaterials to encapsulate
many drug particles in a single carrier unit [1]. The size, charge,
surface properties, and ligand density and type will influence
the pharmacokinetics of the nanovehicle. By enclosing the active
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agent within a protective nanoparticle shell, one can control the
pharmacokinetics and biodistribution of the drug independent of
the drug’s chemistry. Relative to the payload capacity of other drug
formulations, a nanoparticle can hold a large number of drug or
gene molecules to deliver a highly concentrated dose to a cell.
Nanoencapsulation strategies include polymers containing ab-
sorbed drugs, dendrimers or other nanobased structures chemically
bound to drug agents, and liposomes or micelles containing
nanodoses of toxic or insoluble agents [26-31].

Nanoformulations have been applied to aid in the delivery
of potent but insoluble drug agents [32]. Many promising new
drugs are hydrophobic, large molecular compounds that are
derived from natural products. However, their insolubility leads to
low effective plasma concentrations and impaired bioavailability.
Nanoparticle delivery has proven effective for improving the deliv-
ery and performance of simvastatin (Zocor), a cholesterol-lowering
statin oral medication that is derived from Aspergillus terreus
[33].

Nanotherapeutics can be designed to be “smart,” meaning they
have the ability to respond to their environment. They can be
designed to release drugs in response to local enzyme, chemical,
thermal or photonic triggers.

The rate of drug release can also be adjusted by altering
the composition of the nanobased drug carrier. Polymer-coated
nanoparticles can block the adherence of opsonizing proteins and
slow down drug half-life and clearance rates [2].

Nanotherapeutics could overcome drug resistance in microbes
and cancer cells through three mechanisms [1]:

(i) Nanoparticles with specific surface coatings can bypass cell
membrane transport-based drug resistance mechanisms and
enter cells via endocytosis to deliver a highly concentrated drug
dose within the cell.

(ii) Nanoparticles can encapsulate or be conjugated with drugs, so
these drugs can avoid detection by recognition mechanisms
used in drug resistance.

(iii) Nanoparticles can also carry compounds that block or are toxic
to cell membrane pumps involved in drug resistance.
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These features are being applied in different ways to an
increasing number of drug delivery agents as well as combined
platforms with both diagnostic and therapeutic functions [1]. Most
approved nanotherapeutics (n = 17) employ passive targeting (i.e.,
size and geometry-dependent mode of action) [3, 6]. A 2013 review
identified only one approved nanotherapeutic (Ontak, Seragen, Inc.)
that employed active targeting, defined as “a mechanism of action
beyond purely size-dependent biological or chemical interactions”
[6]. Ontak is a protein nanoparticle that targets interleukin-2 to
combat T-cell lymphoma. Scaling of functionalized nanoparticles has
proven to be challenging due to the technical challenges and high
costs of obtaining pure antibody preparations [1].

4.3 Nanoformulations

Colloids, emulsions, and gels are three nanoformulations that do not
describe the features of the nanoparticles but refer to the physical
state of the transport medium [1].

A colloid describes a mixture in which particles (colloid)
are evenly distributed in a medium (dispersant) of a different
substance. Colloidal nanoparticles are usually between 0.1 and
1000 nm in diameter. The suspended particles can range in size
or weight or be uniform. Many nanoformulations are colloidal
suspensions because this facilitates the delivery of insoluble agents
[34, 35]. Amphotec (SEQUUS Pharmaceuticals Inc.) is Food and Drug
Administration (FDA)-approved colloidal amphotericin B (115 nm),
an antifungal agent administered subcutaneously to treat severe or
life-threatening aspergillosis infections [6].

4.3.1 Nanoemulsions

Emulsions are colloidal mixtures containing liquid globules [1].
Emulsions contain two immiscible liquids phases and can be
prepared through sonication. Emulsifiers (surfactants) can aid in
the preparation of emulsions because they help create a boundary
between the two liquid phases.
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Neoral (Novartis Pharmaceuticals) is an FDA-approved cy-
closporin nanoemulsion (10-150 nm), an immunosuppressant oral
drug used to prevent organ rejection in heart, liver, or kidney
transplant recipients [6]. Durezol (Siron Therapeutics, Inc.,) is an
FDA-approved difuprednate ophthalmic nanoemulsion (110 nm)
used to topically treat anterior uveitis, an inflammatory ocular
condition. RESTASIS (Allergan) is an FDA-approved 0.05% cy-
closporine nanoemulsion given topically to treat dry eyes. Liple
(Mitsibushi Tanabe Pharma Corporation) is a palmitate alprostadil
nanoemulsion (209 nm), which is approved for use in Japan for the
intravenous treatment of peripheral vascular disease.

Forcetria (Novartis Pharmaceuticals) is an FDA-approved in-
fluenza A (H1IN1) nanoemulsion (165 nm) vaccine adjuvant.
Pandemrix (GlaxoSmithKline Biologicals) is an influenza A (H1N1)
nanoemulsion (150-155 nm) vaccine adjuvant approved for use in
the European Union.

Two billion people worldwide are infected with the cancer-
causing hepatitis B virus, which leads to an estimated 600,000
deaths each year [36]. Needle-free hepatitis B vaccines with
a nanoemulsion adjuvant, which contains emulsified detergent
droplets 40 nm in size, are safe and effective in animal models
[37]. This nasoemulsion is stable at room temperature for up
to six months and does not exhibit the irritating side effects of
standard adjuvants. The nasal delivery of this vaccine is pain free
and avoids the risks associated with needles. As well, this vaccine
series can be administered with a reduced dosing schedule [38]. This
nanoemulsion strategy may someday prove effective for vaccines
being developed against smallpox, influenza, anthrax, and human
immunodeficiency virus (HIV) [12].

Nanoemulsion oral vaccines containing MAGE1-HSP70 and SEA
complex proteins slowed tumor growth in mouse models [39].
Another nanoemulsion vaccine with a CpG ODN 1645 adjuvant
reduced the size and occurrence of stomach cancer in mice [40].

Liposomes and micelles are specific types of emulsions in which
the suspended globules are enveloped by an emulsification layer.
Many nanotherapeutics in development employ nanoemulsion or
liposomal formulations [6].
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4.3.2 Liposomes

Liposomes are nanovesicles with a lipid bilayer encircling an
aqueous core. They can contain a single (unilameral) or multiple
layers (multilameral). They are synthesized through a number of
methods, including sonication and electrolyte addition, extrusion,
spray drying, or decompression [41-47].

Liposomes can solubilize drugs and those with phospholipid
bilayers exhibit good biocompatibility and biodegradability [1].
Stealth liposomes have an inert PEG coating that prevents immune
system recognition, which prolongs circulation time and promotes
cell uptake. Liposomes can also be functionalized with targeting
ligands. Targeted liposomes were initially developed nearly three
decades ago [3]. The major drawbacks of liposomes are (1) their
instability and (2) their ineffectiveness in drug-resistant conditions
because they typically do not deliver drugs intracellularly. De-
spite this, liposome-based nanocarriers are commercially available
worldwide [48].

Doxil (OrthoBiotech) is FDA-approved liposomal (87 nm) dox-
orubicin used to intravenously treat Kaposi’s sarcoma, breast and
ovarian cancer, and other solid tumors [6]. Evacet (The Liposome
Company, Inc.) is liposomal (150 nm) doxorubicin approved for
intravenous use in the European Union. Myocet (Zeneus Pharma
Sopherion Therapeutics) is a liposomal doxorubicin-citrate com-
plex, which is a cardioprotective nanoformulation of doxorubicin
[5]. It is given intravenously and is approved in Canada and
the European Union. Lipo-Dox (Taiwan Liposome Company) is
liposomal doxorubicin that is given intravenously to treat solid
tumors. Lipo-Dox obtained foreign approval in 2001 [6].

DanuoXome (Gilead Sciences) is FDA-approved liposomal (45
nm) daunorubicin citrate, an intravenous chemotherapeutic used
to treat solid tumors and HIV-related Kaposi's sarcoma. Dipri-
van (Zeneca Pharma) is FDA-approved liposomal (150-200 nm)
propofol, a general anesthestic compound that is administered
intravenously. AmBisome (Gilead Sciences) is FDA-approved unil-
ameral liposomal amphotericin B (45-80 nm), an antifungal agent
used to treat severe or life-threatening fungal infections. DepoCyt
(SkyePharma Enzon) is FDA-approved sustained release liposomal
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cytarabine, which is administered intravenously for the treatment
of lymphomatous meningitis [5].

4.3.3 Micelles

One can obtain more stable drug emulsions with drug-filled micelles
that contain polymers in the micelle wall. These stable block
copolymer micelles have been applied to many formulations [49-
51], including chemotherapeutic agents and poorly insoluble drugs.
One major advantage of block copolymer micelles is their success
in helping agents evade immune system clearance. However, their
drawbacks include micelle instability, low loading efficiency, poorly
controlled drug release rates, and use of organic solvents during the
production process.

SP1049C (Supratek Pharma Inc.,) is doxorubicin incorporated
into block copolymer micelles and is FDA approved for the treatment
of stomach cancer [52]. Estrasorb (Novavax) is an FDA-approved
estradiol hemihydrate micelle, which is applied transdermally for
the treatment of vasomotor symptoms in menopausal women [5].

Genexol-PM (Samyang) is being studied in advanced clinical
trials (CT00912639) in over 20 patients with advanced solid
tumors that were refractory to standard treatments [2]. Genexol-PM
contains 20-50 nm micelles, which encapsulate paclitaxel, a cancer-
fighting drug. The nanoparticle carrier altered the pharmacokinetics
of paclitaxel, which permitted patients to receive a higher dose
[53]. There appears to be no apparent side effects caused by the
nanoparticle micelle carrier.

4.3.4 Nanogels

Nanogels are colloidal mixtures of a solid suspended in a fluid. They
are composed of hydrogel nanoparticles that contain a network
of hydrophilic cross-linked polymer chains, which are capable of
absorbing large amounts of water to form a gel compound [1].
They can be prepared by precipitation polymerization, cooling
or evaporation of an emulsion. With the removal of the fluid
phase, solid gels are created with nanoscale voids, which can be
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utilized for drug delivery [54, 55]. Nanogels are biocompatible
and biodegradable and can be designed to encapsulate a variety
of bioactive compounds [56-58]. Nanogels can be also be smart
and be designed to release their drugs in response to specific
environmental stimuli.

4.3.5 Dendrimers

Dendrimers are branched nanostructures [2]. Their repeated
branches provide multiple tunable sites for ligands (especially
radioactive functional groups) for targeted and concentrated drug
delivery [59-63]. Their uniform geometry gives rise to uniform dis-
persion rates [64-66]. Dendrimers have been tested as antibacterial
drug carriers for tuberculosis and other mycobacteria [67-69].

Poly(amidoamine) (PANAM) is a commonly used dendrimer for
nanobased drug delivery [70]. Targeting ligands and radioactive
atoms can be attached to the PANAM dendrimer to deliver
selective radiotherapy to tumors. One drawback of single-dendrimer
compounds is that due to their size, they are eliminated by the
liver and the reticuloendothelial system (RES) before they can
accumulate in an effective concentration at their target sites.

Several clinical trials (ClinicalTrials.gov numbers NCT00370357,
NCT00442910, and NCT00740584) are testing dendrimers that
are designed to interfere with interactions between sexually
transmitted disease pathogens and host. Dendrimers can inhibit
the transmission of HIV in primates by binding to the virus
and preventing it from entering the host cell [71]. The mode
of inhibition varies according to the size and surface chemical
functional groups of the dendrimer. Dendrimers with naphthalene
disulfonate enters HIV cells and disrupts vital enzyme functions.
Dendrimers with surface benzene dicarboxylate bind to the HIV
viral capsid, which prevents the virus from entering the human
host cell. Vivagel (Starpharma) is an investigational vaginal gel that
contains a lysine-based dendrimer (5 nm) with surface naphthalene
disulfonate, which delivers the microbicidal SPL7013 to prevent the
transmission of HIV and herpes [72].
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4.3.6 Polymer Conjugates

Polymer conjugates contain three structures: (1) a water-soluble
polymer, (2) a linker, and (3) a bioactive agent (i.e., protein, low-
molecular-mass drug, gene therapy) [1]. Polymers conjugates use
chemical bonding to load drugs onto soluble polymer nanoparticles.
Functional units can also be conjugated on the polymer in order to
impart site-specific selectivity. Polymer conjugates can improve the
delivery of gene, protein, and antibody-based drugs, which are often
limited by a short plasma half-life, instability, or protein-induced
immunogenicity.

Polymer selection is critical because the physical and chem-
ical properties of the polymer often govern the distribution,
metabolism and elimination of the conjugate. The most com-
monly used polymers in conjugates are poly(ethylene glycol)
(PEG), N-(2-hydroxypropylmethacrylamide) (HMPA) copolymers,
and poly(glutamic acid) (PGA).

The biodegradable polymer PEG is one of the most widely used
polymers for protein conjugation, a process known as PEGylation.
PEG conjugation improves protein stability and solubility, while
reducing immunogenicity. PEGylation also prevents renal excretion
and avoids receptor-mediated protein uptake (opsonization) by the
RES, which prolongs plasma half-life and thereby enhances passive
targeting effects. Through this mechanism, PEGylated drugs have a
less frequent dosing schedule.

Polymer conjugates show promise for cancer treatment. They
help solubilize hydrophobic chemotherapeutics (i.e.,, doxorubicin
and paclitaxel), which facilitates systemic delivery. Polymer conju-
gates can be effective against cancer through the EPR effect and
the lysosomotropic drug delivery pathway. Lysosomotropism is
the action of drugs selectively placed in the intracellular partition
between lysosomes and cytosol of targeted cells, which be beneficial
for tumor destruction [73]. Improved anticancer activity and
markedly reduced toxicity have been observed with polymer drug
conjugates [74-76].

Oncaspar-IV (Rhone-Poulenc Rorer) is an FDA-approved agent
containing polymeric nanoparticles bound to pegaspargase, which
is given intravenously to treat acute lymphoblastic leukemia
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[2]. Macugen (OSI Pharmaceuticals Pfizer) is an FDA-approved
PEGylated anti-VEGF aptamer, which is administered intravitreally
to treat neovascular age-related macular degeneration [5]. Adagen
(Enzon) is an FDA-approved PEGylated adenosine deaminase,
which is administered intravenously for enzyme replacement in
severe combined immunodeficiency disease [6]. Pegasys (Nektar
Hoffman-La Roche) is FDA-approved PEGinterferon alfa-2a, which
is administered subcutaneously for treatment of chronic infection
with hepatitis C. PEGIntron (Enzon Schering-Plough) is FDA-
approved PEGinterferon alfa-2b, which is given subcutaneously for
patients with chronic hepatitis C. Somavert (Nektar Pfizer) is FDA-
approved PEGvesomant, which is administered subcutaneously for
the treatment of acromegaly. Neulasta (Amgen) is FDA-approved
PEG-G-CSF, which is administered subcutaneously for the treatment
of febrile neutropenia. Renagel (Genzyme) is FDA-approved poly-
meric sevelamer HCL, which is taken orally for management of
chronic kidney disease while on dialysis. CALAA-01 (Calando) is
an investigational agent (NCT00689065) that contains polymeric
nanoparticles (50-80 nm), which bind to transferrin receptors
and deliver small interfering RNA that interferes with cancer gene
expression [1].

The field of PEG-protein conjugates is expected to continue
to rapidly expand [1]. Innovative forms of polymeric carriers are
being developed for clinical testing. Polymer-protein conjugates are
rapidly becoming an established class of antitumor agents.

4.3.7 Gold Nanoparticles

Gold nanoshells are quantum resonance particles that convert
infrared light (800-1300 nm) into thermal energy [1]. Cells that
are bound to the nanoshells are selectively destroyed by heat.
Nanoshells consist of a dielectric core and a gold shell. The
nanoparticle’s specific optical resonant frequency is determined by
the core-shell ratio. By altering the composition, size, and shell
thickness, one can adjust the nanoshell’s specific absorption profile.

Hyperthermia is a new form of minimally invasive cancer
treatment in which thermal energy is applied for tumor ablation.
This therapy requires controlled targeting of tumors and minimal
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heating of nearby healthy tissue. Gold nanoshells have been injected
into recurrent head and neck tumors and then illuminated in the 700
to 800 nm wavelength range [77]. This leads to electron excitation
and localized thermal ablation of tumors. This technique is currently
under investigation in phase 1 clinical trials [2].

The photothermal approach has also been tested in mice using
rod-shaped gold nanoparticles [78]. Gold nanorods possess prop-
erties that make them well suited for photothermal applications.
Gold is biocompatible and can be easily functionalized to conjugate
with specific biological targets. With an appropriate coating, they
can have long plasma residence times. Gold nanorods have much
greater absorption scattering properties compared to nanoshells.
Unlike gold nanoshells, gold nanorods have minimal cytotoxicity
because they do not interfere with DNA and RNA structures.

Gold nanoshells can be designed to come in stealth packages
[79]. Researchers have induced monocytes to engulf coated gold
nanoshells. These immune cells are released to invade a tumor.
The gold nanoshells are then heated by optical stimulation. The
monocytes act as “kamikaze” agents and destroy the local tumor
cells.

Gold nanoparticles can be functionalized with a variety of ligands
for use as sensors, drug carriers, and gene therapy [1]. Since folic
acid receptors are overly expressed on cancer cells, gold nanoshells
coated with folic acid with different PEG backbones have been used
to target tumors for drug delivery and photothermal treatment
[80].

Coated gold nanoparticles designed to target tumors in vivo
may improve medication tolerance by reducing the entry of drugs
into healthy cells. Aurimmune (Cytlmmune Sciences) is being tested
in clinical trials (NCT00356980, NCT00436410) on patients with
advanced or metastatic cancers that are no longer responsive to
conventional therapies [2]. Aurimmune contains 27 nm sized gold
nanoparticles that are coated with recombinant human tumor
necrosis factor-alpha [TNF-alpha]) in order to minimize toxic side
effects by reducing the accumulation of TNF-alpha in healthy tissue
[2]. Patients who receive systemic infusions of Aurimmune are able
to tolerate a twenty-fold higher dose of TNF-alpha [81, 82].
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4.3.8 Magnetic Nanoparticles

Anticancer drugs could be bound to ferrofluids or nanomagnetic
particles in order to concentrate the active agent to the tumor site by
magnetic fields. The drug can be then detached from the magnetic
carrier to act against the tumor [83-85]. Iron oxide nanoparticles
(NanoTherm, Targeted Nano-Therapeutics) can be heated by an
external magnetic field to deliver localized hyperthermic treatment
for cancer [86, 87]. Magnetically heated iron oxide nanoparticles
(MagForce NanoTherm) can provide hyperthermia therapy in
combination with chemotherapy and radiation therapy for cancer
treatment [88]. This combined approach leads to a lower dose of
chemotherapeutics or radiation.

4.3.9 Improved Cancer Therapies with Nanobased Drug
Carriers

The size, functionalization, and surface properties of nanoparticles
can be fine-tuned to produce therapeutics targeted against specific
tumor cells and with more selective pharmacological effects when
compared to conventional agents [1]. Smaller-sized nanotherapeu-
tics (10-100 nm) are more easily infused into and are slower
to diffuse out of tumors (EPR effect), which have highly porous
feeding vessels and poor lymphatic drainage [1, 2]. Antibody-
coated nanoparticles designed to target tumors in vivo may improve
medication tolerance by reducing the entry of drugs into healthy
cells. Nanoparticles are being used to improve the delivery and
performance of many highly potent anticancer agents derived
from plant sources that are insoluble and toxic and cannot be
effectively delivered across biological barriers. Much of the research
and development in nanotherapeutics focuses on cancer treatment
but most of this is still in the research phase [6]. Failure of
nanotherapeutics in clinical testing remains a significant issue for
research and development in the biotechnology and pharmaceutical
industries [1].

Abraxane (Abraxis BioScience) is an FDA-approved nanoprotein-
based systemic chemotherapy used to treat advanced lung and
breast cancer [6]. Abraxane contains paclitaxel that is bound to
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albumin nanoparticles (130 nm), which minimizes the risk of an
allergic reaction [89].

4.3.10 Encapsulating Nanovaccines

Encapsulating vaccine antigens into bioadhesive nanoparticles
could potentially improve the efficacy of nasal vaccines [90].
Particulate adjuvants can also help to shield the antigen from
degradation during intramuscular delivery and can also stimulate
cell-mediated immunity for viral infections [12].

Biodegradable encapsulating nanoparticles, such as polylactide-
co-glycolide acid (PLGA), have been developed as nonirritating
adjuvants for polymer-based vaccines. The advantages of using
PLGA nanoparticles in vaccines are biocompatibility, an excellent
safety record, and a reduced dosing schedule because of sustained
release of antigen [91].

An oral DNA vaccine for hepatitis B using encapsulated PLGA
nanoparticles was shown to enhance immunity in animal models
[92]. One dose of hepatitis B-encapsulated PGLA nanoparticles
administered to mice could create immunity levels comparable to
three doses of the standard hepatitis B vaccine [93].

Chlamydia trachomatis is the world’s most common sexually
transmitted disease, which leads millions worldwide to suffer
from blindness, chronic pain, miscarriages, and sterility [94]. A
PGLA85/15-encapsulated nanoparticle (~200 nm) vaccine against
C. trachomatis (with 98% encapsulation efficiency) has been shown
to generate an immune response in mice [95].

Enterotoxigenic Escherichia coli is a leading cause of diarrhea in
the developing world, and an encapsulated vaccine has been devel-
oped and tested in mice [96]. This vaccine contains nanospheres
(80-200 nm in size) that encapsulates two enterotoxins. Studies
on mice showed that this vaccine generates a higher and longer
immune response compared to a control.

Tuberculosis is the second leading cause of death by an infectious
agent worldwide [97]. The Rv3619c nanovaccine encapsulates RD
gene products and was developed for tuberculosis. This vaccine has
been shown to generate an effective immune response and reduce
disease burden in infected mice [98].
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Leishmaniasis is a protozoan disease that affects an estimated
350 million people in 88 countries [99]. A single-dose nanovaccine
has been developed against leishmaniasis, which contains chitosan
nanoparticles that encapsulate a recombinant Leishmania superox-
ide dismutase. In mice, this vaccine can stimulate immune activity
levels high effective for disease eradication [100].

4.3.11 Nanobead Vaccines

Nanobeads are defined as solid nanostructures whose surfaces are
coated with antigens [12]. Their advantages include stability during
storage, efficient uptake by antigen-presenting cells, and a lower
dose of antigen to be used [101].

Nanobeads demonstrate a size-dependent effect on the immune
system [102, 103]. Nanobeads 40 nm in size have been shown to
promote higher T-cell responses, whereas nanobeads 50 nm in size
are known to induce both B and T-cell-mediated immune responses
in animal models.

Nanobead vaccines coated with type 1 diabetes-relevant
peptide-major histocompatability complex molecules have been
shown to decrease the autoimmune response against pancreatic
beta cells and reverse the effects of type 1 diabetes on glucose
control in mice [104].

4.3.12 Micronanoprojection Vaccines

Micronanoprojection vaccine delivery technology is painless and
can more effectively deliver antigens to the highly immunogenic
Langerhans cells that reside in the viable layer of the epidermis
[12]. In 2008, Chen et al. developed a needle-free skin patch
that contained microneedles with nanoscale tips coated with a
DNA vaccine. These nanopatches coated with an influenza vaccine
generated strong immune responses in mice [105].

4.3.13 Combined Design Approaches for Nanovaccines

A World Health Organization 2008 report estimated that 5.4 million
deaths globally were caused by tobacco use. An effective nicotine
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nanovaccine could be of huge benefit to the millions of tobacco users
who seek to quit and would generate billions of dollars in healthcare
cost savings [106].

In 2011, phase 1 clinical trials began testing SEL-068, a
self-assembling two-dose nanovaccine against nicotine in healthy
smoker and nonsmoker adults (Selecta Biosciences 2011; Clin-
icialTrials.gov, 2012). SEL-068 is designed to prevent relapse
during tobacco cessation [107]. SEL-068 utilizes both encapsulating
nanoparticle and nanobead design to generate B- and T-cell-
mediated immunity. No dose-limiting systematic toxicities were
seen in preliminary safety studies in monkeys.

4.4 Commercial Advantages of Nanoformulated Agents

Nanoformulated drugs accounted for sales of $3 billion in 2006
according to The Nanotech Report, 5th edition, published by Lux
Research. Nanotherapeutics offer new reformulation opportuni-
ties for active agents that were found to be insoluble or too
toxic in standard oral or injectable forms [5]. Nanobased agents
with superior pharmacokinetics and pharmacodynamics could be
designed to have improved solubility, be delivered to specific
intracellular targets, decrease immunogenicity, and reduce drug
clearance rates. Therefore, failed agents could be nanoformulated to
increase bioavailability, decrease toxicity, and improve compliance
and clinical outcomes. In summary, nanotherapeutics have the
potential to improve the efficacy of existing drug products, prolong
the lifespan of proprietary drugs generate additional revenue
streams, and reduce the time to market for active agents [1, 5].
Applying a nanoformulated approach could significantly impact the
drug commercialization landscape.

4.5 Nanomedicine Publications, Patents, Product
Development, and Companies

In the past two decades, the number of nanomedicine publications
in the peer-reviewed literature has been steadily increasing, with
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accelerated growth starting around 2001 [108]. The number of
nanomedicine patents has exploded since 2000. In 2005, over 200
companies had nanomedicine product sales totaling an estimated
$6.8 billion.

A 2013 review identified 247 likely or confirmed nanomedicine
applications or products [6]. One hundred sixty-nine clinical
institutions (medical centers and universities) and companies are
directly responsible for developing these products or applications.
Fifty-four of these companies or institutions were developing
more than one nanomedicine product or application. Over one-
third of development in the nanomedicine sector was occurring at
institutions and companies with only a single product or application.
Most applications or products used nanomaterials at or below 200
nm in size. A steep drop-off in the number of nanomedicine products
or applications was observed beyond phase II clinical trials.

4.6 Current Challenges and Priorities

Nanomedicine holds the potential to disrupt today’s health care
delivery model through impacting health economics and clinical out-
comes. However, many challenges remain in bringing nanotherapeu-
tics to patients. Seven priorities to support the commercialization of
nanomedicines were identified through the March 2008 workshop
convened by the FDA and the Alliance for Nanohealth in Houston,
Texas [48]:

1. Determine the distribution of systemic nanoparticles in the body
through all routes of administration.

2. Develop imaging techniques to visualize this distribution over
time.

3. Understand how nanoparticles are transported across compart-
mental boundaries in the human body.

4. Validate new mathematical and computer models on the behavior
of nanoparticles.

5. Create a “periodic table” of nanoparticles that predicts risk and
benefit characteristics.
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6. Establish benchmark standards for developing new classes of
nanomedicines.

7. Create an analytic took kit for nanomedicine manufacturing,
materials safety data sheets, and biodistribution profiles using
standardized, validated techniques.

Nanomedicine faces an emerging number of translational, legal,
ethical, safety, regulatory, and intellectual property issues [5, 48].
Experts agree that these challenges should be addressed through
a broad collaborative private-public network of stakeholders,
including industry, academia, professional organizations, patients
and advocacy groups, regulatory bodies, policy makers, clinicians,
technologists, toxicologists, molecular biologists, and medical scien-
tists.

4.7 Nanotoxicity

While nearly 250 nanomedicine products are being used or tested
in humans, it remains uncertain whether the increased production,
handling and exposure of nanomaterials and by-products will lead
to toxic effects in humans and the environment in the long term [6].
It cannot be assumed that nanomaterials will exhibit the identical
toxicological profile of the same compounds at the macroscale
[1].

To date, no conclusive evidence exists that demonstrates that
nanomaterials cause toxicity in humans [2]. Many animal studies
have shown that specific nanomaterials do not create toxic effects
on liver and kidney function or histopathology analyses. More vital
research is needed to understand the biodistribution, immunologi-
cal response, processing, toxicity, and clearance of nanomaterials in
the human body [109, 110].

Health and environmental toxicity concerns will impact the
commercial success and public acceptance of nanotherapeutics.
At present, stakeholders planning to commercialize, invest in, or
regulate nanomedicines lack the resources to guide their decision
making with respect to human and environmental health. Future
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research directed at understanding the effects of nanomaterials in
vivo and in our environment will be critical for commercialization.

4.8 Future Trends

While most nanomedicine products approved before 2000 were
nanotherapeutics, in the past decade, regulatory approval for nan-
otherapeutics has remained constant, while approval for nanobased
devices has significantly increased [6].

While the most active area of research and development of
nanotherapeutics is in drug delivery [5], nanobiologicals (sugar,
proteins, nucleic acid, cell or tissue-based therapies) are predicted to
expand in this sector [6]. Future work on nanovaccine development
needs to demonstrate efficacy in human trials and address issues of
quality control during the production process [12].

In vivo targeting will continue to be a major focus of development
in nanomedicine [6]. Nearly 70 passive targeting products and 19
active targeting products are being clinically studied. Much work
needs to be done to understand the role and importance of different
factors for effective targeted drug delivery [111-113].

Combined nanomedicine treatments will become more common
in the future. These could take the form of combining a nanoth-
erapeutic with current therapies or using a single nanomedicine
application for both diagnosis and treatment.
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5.1 Introduction

As seen in the previous section, nanotechnology holds the promise
to redesign the realm of medicine as we know it nowadays,
because it basically provides new dramatic tools to prevent diseases,
promote health, and alleviate human suffering, which are surely
among our strongest mandate. Having this huge impact, a potential
for both great good or even great harm, the nanofuture certainly
represents the latest stage toward which ethics is called to focus.
Physicist Freeman Dyson once stated, “Progress of science is
destined to bring enormous confusion and misery to mankind unless
itis accompanied by progress in ethics” [1]. Ethics, in fact, has always
provided a rational approach to moral dilemmas, and bioethics has
expanded rapidly in recent decades to specifically address them in
life sciences. Dilemmas in innovation technology are common, and
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no big surprise if they are also gradually arising as part of the initial
diffusion of nanotechnology-driven solutions to healthcare needs
[2]. Aiming to better analyze and understand those dilemmas, while
moving our scientific research at the maximum speed for the sake
of its benefits, in this section of the book we will cover the themes
of risk assessment, risk management, risk communication, and
research and development regulations, and finally we will discuss
the concerns associated with human enhancement.

5.2 Learning from Our Past

To start, let’s raise a certain puzzle about our nanofuture. Defining
in a nutshell the areas where nanomedicine will find its application
is much complex because we have previously seen that they range
from the medical applications of nanomaterials (for delivery of
drugs, improvement of prosthesis, or enhancement of surgical
tools), to nanoelectronic biosensors or neuroelectronic interfaces,
to DNA repair through molecular nanotechnology [3, 4]. So what
actually makes the era of nanomedicine so disruptive in terms
of advancements when compared to the previous technological
revolutions that the ars medica has witnessed in the past?
Specifically, what pushes us to assume that the rise of this new
nanotech era could represent a dramatic breakthrough in our
history, even when compared to the recent hyperdebated biotech
and genetic engineering waves? Is that their application in agrifood,
which is particularly sensitive, seemed to provide no benefit to the
consumers? Or is that the medical use of nanotechnologies will seem
more acceptable to the people and will eventually make them see
the related risks more favorably? We should recognize that those
latter waves of biotech and genetech faced enormous obstacles
in both governance (standards setting and regulatory issues) and
social acceptance because they were perceived as “breaking species
barrier” technologies [5-8]. To avoid repeating errors from the
past, already in 2005 the National Science Foundation had tried to
address these questions by organizing an international conference
entitled “What Can Nano Learn from Bio”—essentially, the lesson
for all future applications of nanomedicine is to ensure that public
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debate maintains a reasonable degree of context, which too often
was lacking in the past [9].

Then, should nanomedicine be truly considered neutral, or
are we underestimating its related externalities? Such a question,
to date, has only speculative answers, and without a bioethical
analysis most of us would struggle to propose rational, robust
explanations. Despite the differences with biotech and genetech
already mentioned, the principal feature of nanomedicine, which
makes the case for discontinuity with previous technological waves,
is the broader field of possible practical and theoretical applications.
By entering the nanomedicine era we are accessing a funnel, from
whom every initial step might be exponentially amplified down the
road. Obviously, the point to undertake an ethical investigation at
the very beginning of this era of nanomedicine is to address such
awkward state of the art. In fact, along with the rise of any new
emerging field of science and technology a careful reasoning helps in
identifying the central ethical principles and precepts that must be
prioritized in shaping the use of those discoveries and determining
the right course of action to benefit from them [10].

5.3 Utopian Promises, Dystopian Fears

Despite its complex and often controversial nature, the starting
point in our endeavor is certainly represented by a thorough risk
assessment. We all are well aware that the fundamental questions
behind each aspect of nanomedicine present ethical quandaries
for the decision makers; thus an obvious question arises: might
this analysis only come from those working in the field, or should
also the general public being involved? This is not a rhetorical
call: from novel diagnostic devices to performance-enhancing drugs,
these dilemmas are impacting our goals, values, and aspirations as a
society. It seems therefore better to get acquainted with the idea that
all the concerned stakeholders, from patients to physicians, from
big pharmas to their customers, are to be faced with those ethical
questions, which if left unsolved, risk abruptly affecting our lives
in the near future [11-13]. To prevent misuses of nanomedicine,
and to guarantee that its whole set of advances would not eclipse
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the possible benefits, all the above-mentioned stakeholders are
requested to be vigilant and proactively involved in a continuous
constructive discussion meant to decide toward which directions
we, as mankind, are willing to head.

Yet, part of the problem has been that many aspects, belonging
to the sphere of nanoscale devices or drugs, have appeared so
impenetrable, sometimes even shaded by a magic curtain, to the
eyes of the public opinion. To this regard, we as scientists must
admit that the actual purposes of nanomedicine have been rarely
explained in a fashion really understandable to the general public, at
least until recently. Therefore more efforts should be put into a new
comprehensive approach, one in which the scientific community
must be more focused on understanding all of the intricacies of
the issues related to the long-term, large-scale diffusion of chip-
on-a-lab essays, nanodrugs, etc., and then committed to share both
their specific pros and cons with the final customers in order to
obtain full awareness (if not proper informed consent) before their
commercialization and use in clinical practice [14, 15].

Thus, an educational challenge is right upon us, and this book
in part holds the ambition to properly start this path. Society has
rapidly changed over the past decades, so thanks to the steps
taken to encourage and foster scientific and humanistic studies in
public schools, the general public is nowadays much better educated
and therefore interested in every aspect of healthcare than it was
years ago. Nevertheless building trust requires not only dedicated
education but also strategic and intense outreach: these are the basis
for an easier transition from an asymmetric to a more balanced
transmission of relevant information between science or medical
professionals and patients.

5.4 Development Regulations

Since fears about nanotechnology take many forms, mapping out
nanorisks, especially those related to its possible toxicity, requires
a strict law regulation of translational research. While some of
the possible scenario sounds truly scary and scientifically unlikely,
some others, however, are both quite realistic and troubling [2].
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One particular hazard of coated nanoparticles is, for instance, that
they can pass easily through most filtering methods currently in
use, thus justifying the concerns for the environmental impact of
those nanospheres, as pointed out by research works undertaken by
insurance companies such as Swiss Reinsurance Company.

What could nanomedicine learn from previous genetic research?
One answer is the widespread acceptation of endeavors such as the
Human Genome Project, which made much progress also because
it published the entire human DNA sequences on the Internet.
This choice demonstrated that those sequences should not be
kept private, nor tied to intellectual property, and ended up also
proving to be effective in encouraging and nurturing a successful
and proactive partnership between private and public institutions.
To this regard, a continuing call for scientists to take greater part
in considering the social equity, privacy, ethical, legal, safety, and
environmental implications of their nanoscience is under our eyes.
The time of engagement for upstream and transparent regulation of
nanomedicine is upon us [9].

5.5 Evolving Our Nature

One final reason why we should care about our capacity to
understand nanotechnological evolution and manage it properly
also in terms of medical issues relates to a more philosophical
concern—the possibility that the sophistication of nanomedicine,
with specific regards for its neurotechnology implications, could one
day affect the concept of free will by modifying some fundamental
aspects of our nature, such as the way we percept sensations,
feel emotions, store and retrieve our memories, or express our
individuality and originality. As we will discuss whether the
conditions for the boundaries of science to eventually transcend
us as human beings would ever been met, several aspects of
transhumanism with regard to the biological (current) limits of life
will be the objects of this section [16-18]. Noteworthy, the lack of
thorough, broad, and reliable scientific evidence that satisfactory
experimental results are safely reproducible in a nonconstrained
(out-of-lab) environment, to date, left us with many doubts on
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whether tech modifications of the human body will be practically
feasible in the near future.

Transhumanists are attempting to spread their radical vision
and could eventually impact nanotechnology’s overall direction; but
still we do not know whether their vision is more likely to cause
problems than benefits for future generations. On the one hand,
both the media and science fiction routinely remind us that several
flaws in genetic determinism and posthumanism are possible and
already in sight; on the other hand we would better consider
that attempting to evolve ourselves without strict international
consensus and appropriate rule of law is highly dangerous [18, 19].

As the lack of universality is destined to affect at least initially
any new technology, which generally tends to be both very expensive
and available only in certain countries, an unfair nanotech-induced
evolution of our species unfortunately risks providing a biological
basis for tech discrimination rather than futuristic social justice.
Beside this terrific egalitarian problem, also the doubts concerning
emotional and psychological drawbacks of transhumanism are far
to be effectively answered. For these, declaring a moratorium
(called for by rgw ETC-Erosion Technology and Concentration
group yet in 2003) on a deregulated human enhancement must
be our compelling mandate to avoid unforeseen and unintended
consequences [20].

5.6 Conclusions

To conclude this introduction to nanoethics, let’s remind once more
that nanomedicine appears so radically innovative that it can really
be compared to a train: in this analogy only those who are already
on board may drive the train forward, whereas all the others still on
the platform are debating pros and cons to decide whether to jump
on board [21, 22]. In this light, we sincerely hope that this section
will increase the readers’ awareness, while helping them to take part
in such a fundamental conversation meant to successfully overcome
the strict dichotomy in thinking between a pure, old-fashioned, and
useless science-driven-only or values-driven-only approach.
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6.1 Overview

The rapid expansion of the nanotechnology and nanomedicine
markets presents complex policy and regulatory issues that tradi-
tional schemes are ill-equipped to sufficiently address. In addition,
existing statutes and regulations leave governments and regulatory
agencies unable to effectively respond to the challenges posed
by nanomaterials used for medical applications [1]. Regulatory
frontiers in the field of nanomedicine include areas such as
product safety, privacy and civil liberties, occupational health and
safety (OH&S), intellectual property (IP), international law, and
environmental law, among others [2].

Uncertainty as to the potential health risks stemming from
nanotechnology-based products has led some observers to suggest
a deliberate slowing of nanotechnology research and development
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until the development and implementation of nanotechnology-
specific policies and regulations [3].

The span of nanotechnology across numerous disciplines and
global markets demands that a range of international organizations
and legal instruments contribute to the compilation of a cumu-
lative and universal nanotechnology and nanomedical regulation
mechanism [2]. Defining the universe of products subject to
nanotechnology and nanomedical regulation alone will require
enormous efforts. Consideration of a more functional definition
of nanotechnology and nanomedicine may also be necessary [1].
The resulting standards and regulatory mechanisms will reduce
ambiguity in nanomedicine and enable public acceptance and
legitimation of the field.

6.2 Standardization of Nanotechnology Terminology and
Characterization Methodologies

The development of nanotechnology and nanomedical products has
progressed rapidly and hundreds of nanomedical-based products
are now commercially available [4]. Despite the revolutionary po-
tential of nanomedicine and the preclinical, clinical, and commercial
successes demonstrated by various nanomedical technologies, the
terminology and methodology used to describe and characterize
underlying nanoenabled therapeutics remains at best inconsistent
and at worst obstructive.

The lack of consistency in defining and characterizing nano-
materials and nanodevices for medical applications is primarily
attributable to the fact that nanomaterials have no common
properties other than a size of about 1-100 nm. The lack
of colloidal stability in nanoparticle suspensions, agglomeration,
polydispersity in nanoparticle size and shape, swelling, and leakage
of encapsulated materials may also contribute to lack of consistent
characterization methodology [5]. Other issues include difficulty
of synthesis and processing techniques, inadequate drug loading
inside of carrier nanoparticles, and a lack of applicability to a variety
of medicinal agents [6]. Furthermore, residual precursor materials
and excess organics present in unwashed or improperly formulated
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suspensions of nanoparticles may have detrimental effects on
medical applications as well as toxic effects on the physiological
system [7].

Considering the current limitations in nanomedical regulation,
further standardization of the field must be completed to verify
the feasibility and ensure the safety of nanomedicine. Advances
in nanomaterial characterization through the enhancement of
standard techniques, as well as the development of novel methods,
must be made in order to drive the optimization of nanotechnologies
for medical applications. Future efforts should focus on regulation
and process control of nanoparticle synthesis and characterization
methods, sustainability of nanoparticle formulations, and long-term
toxicological effects of nanomedical-based products.

6.2.1 Standardization of Nanomedicine Terminology

The multidisciplinary nature of nanomedicine invites a similar
multidisciplinary approach to descriptions and definitions. For
example, while the academic materials science and engineering
community largely views the term “nanophase” as referring to a
special state of subdivision implying that particles or atomic clusters
have average dimensions smaller than approximately 100 nm, many
government groups promote a definition of nanoscale that includes
sizes larger than 100 nm [8].

Some groups with a focus on the biological sciences have
promoted an even larger concept of nanoscale of up to 1000 nm
(1 um) [9]. As another example, the term “carbon nanoparticle” has
been used to describe a range of extremely diverse nanomaterials
such as carbon-60, single-walled carbon nanotubes, and even
diesel-based exhaust. In addition, some regulator definitions of
“nanomaterial” integrate material characteristics other than size,
such as composition, synthesis route, morphology, or biopersis-
tance. The US Environmental Protection Agency (EPA) Office of
Pollution Prevention and Toxics has stated, “In determining whether
a nanoscale substance is a new or existing chemical, the agency
intends to continue to apply its current inventory approaches based
on molecular identity, rather than focus on physical attributes such
as particle size” [10]. In addition, the Council of the European
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Union has defined “nanomaterial” as “an insoluble or biopersistant
and intentionally manufactured material with one or more external
dimensions, or an internal structure, on the scale from 1 to 100 nm”
[11].

6.2.2 Standardization Organizations

Various international standard-developing organizations have at-
tempted to develop and implement terminology systems, character-
ization techniques, material specifications, and business processes
to provide structure and clarity to the field of nanomedicine. A
consensus between such groups on definitions, nomenclature, and
standards for characterization and categorization of nanomaterials
will facilitate the classification and regulation of the nanotechnology
and nanomedical fields [2].

6.2.2.1 ASTM International Committee E56

The American Society for Testing and Materials (ASTM) Interna-
tional formed Committee E56 on Nanotechnology in October 2005
[12]. This committee addresses issues related to standards and
guidance materials for nanotechnology and nanomaterials, as well
as the coordination of existing ASTM standardization related to
general nanotechnology applications. E56 has six technical subcom-
mittees that maintain jurisdiction over the standards and guidance
materials—E56.01 Informatics and Terminology; E56.02 Physical
and Chemical Characterization; E56.03 Environment, Health, and
Safety; E56.04 Intellectual Property Issues; E56.05 Liaison and
International Cooperation; and E56.06 Nano-Enabled Consumer
Products—in addition to E56.90 Executive and E56.91 Strategic
Planning and Review [13].

The committee released its first standard, E-2456-06, Termi-
nology for Nanotechnology, in 2006, which provides definitions
for 13 terms specific to the industry [14]. For example, the prefix
“nano” is defined in three ways: (1) SI units, (2) small “things,’
and (3) a set of concepts that must pertain to nanotechnology or
nanoscience [9]. Some of the other terms defined in E-2456-06

» o«

include “nanotechnology,” “nanoscale,” and “nanostructured” [12].
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E-2456-06 was developed by ASTM International in partnership
with a variety of institutions, including the American Institute of
Chemical Engineers, the American Society of Mechanical Engineers,
the Institute of Electrical and Electronics Engineers, the Japanese
National Institute of Advanced Industrial Science and Technology,
NSF International, and the Semiconductor Equipment and Materials
International [9]. The ASTM maintains that this collaboration
will eliminate redundant resource allocation among a variety of
standards organizations, provide for the pooling of technical experts
in a single standards development venue, and ultimately assistin the
creation of a global nanotechnology terminology framework [12].

6.2.2.2 ISO/TR 12802:2010

The International Organization for Standardization (ISO) is a
worldwide federation of national standards bodies (ISO member
bodies) [14]. In general, the work of preparing international
standards is carried out through various technical committees. Draft
international standards adopted by the technical committees are
circulated to the ISO member bodies for voting [14]. Publication of
an international standard requires approval by at least 75% of the
ISO member bodies [14].

ISO/TR 12802 establishes core concepts for nanotechnology in
a model taxonomic framework. It is intended to facilitate commu-
nication and promote common understanding of nanotechnology
concepts. ISO/TR 12802 was prepared jointly by Technical Commit-
tee ISO/TC 229, Nanotechnologies, and Technical Committee IEC/TC
113, Nanotechnology Standardization for Electrical and Electronic
Products and Systems [14]. Other vocabulary documents developed
by ISO/TC 229 and IEC/TC 113 include the ISO/IEC 80004 series,
which consists of various vocabulary sections [14].

6.2.3 Standardization through Patent Systems

The patenting of nanotechnologies and nanoenabled therapeutics
also functions to regulate terminology and processes within the field
of nanomedicine. As a component of the patent prosecution process,
prior and/or related art is provided to the patent examiner. These
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cited pieces of art are published and made available to the public in
the file history of the patent application. The cross referencing and
publication of these documents creates a network of terminology in
the nanotechnology and nanomedical fields.

6.2.4 Physicochemical Characterization of Nanomedical
Compounds and Devices

The ISO has published a technical report providing guidance on
the physicochemical characterization of manufactured nano-objects
prior to toxicological assessment. TR 13014:2012, Nanotechnolo-
gies: Guidance on Physicochemical Characterization of Engineered
Nanoscale Materials for Toxicologic Assessment, is intended to assist
health scientists and experts to understand, plan, identify, and
address relevant physicochemical characteristics of nano-objects
before conducting toxicological tests on them [15].

6.3 Regulation of Nanomedicine

The use of nanomaterials in therapeutic and prophylactic agents,
food additives, cosmetics, sunscreens, and other medical products
has become widespread with minimal nanospecific oversight or
direction from governmental agencies [1].

6.3.1 US Food and Drug Administration

The US Food and Drug Administration (FDA) maintains that the
“unique size and properties of nano-scale materials do not warrant
new regulation” and “the existing battery of pharmacotoxicity
tests is probably adequate for most nanotechnology products”
[16]. The FDA further asserts that its authorities are “generally
comprehensive for products subject to premarket authorization
requirements, such as drugs, biological products, devices, and food
and color additives” [16].

Nevertheless, the FDA does participate in a variety of research
programs with collaborating federal agencies, with the goal of better
understanding the behavior of nanomaterials in biological systems.
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In addition, the FDA collaborates with the National Nanotechnology
Initiative (NNI), which serves as the central point of communication,
cooperation, and collaboration for all federal agencies engaged in
nanotechnology research [17].

The FDA has also funded a nanotechnology regulatory science
program that further enhances the FDA's scientific capabilities [17].
The FDA’s Nanocore facilities are located in Maryland as well as
at the FDA's Jefferson Laboratories near Little Rock, Arkansas. The
Arkansas Nanocore facility is a joint collaboration between the FDA’s
NCTR and the Office of Regulatory Affairs’ Arkansas Regional Labo-
ratory. Nanocore has been designed to support research scientists
by providing the necessary equipment and educational materials
to facilitate the characterization of nanomaterials [17]. Nanocore
anticipates the needs of researchers through the development
of novel methods to detect nanomaterials in biological samples
following the use of nanomaterials in bioexperiments [17].

6.3.2 US Environmental Protection Agency and US
Consumer Product Safety Commission

In 2014, the US EPA withdrew its proposal to regulate nanotechnol-
ogy under the Toxic Substances Control Act (TSCA) and submitted
an alternative rule for consideration and regulatory review by the
Office of Management and Budget (OMB). The proposed reporting
rule replaces strategies that had been under review by the OMB
since 2010 [18].

The new rules eliminate the requirement on those parties intend-
ing to manufacture, import, or process designated nanomaterials for
new uses to notify the EPA at least 90 days in advance, but retain
the requirement that parties who manufacture nanoscale materials
notify the EPA of certain information, including production volume;
method of manufacture and processing, exposure, and release
information; and available health and safety data. The reported
information is intended to enable the EPA to evaluate the need for
additional regulations under the TSCA [18].

The proposed rule will be published in the US Federal Register
around March 2015. A period of public comment, EPA response, and
additional OMB review will occur prior to the rule being finalized.
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The EPA reporting rule could be the first major US federal rule to
specifically regulate nanomaterials as a category.

The EPA and the US Consumer Product Safety Commission
(CPSC) have entered into a collaborative agreement for worldwide
research to articulate the potential impacts nanomaterials have
on human health and the environment [19]. The collaborative
research is part of a larger international effort with an emphasis
on identifying nanomaterials, characterizing and quantifying the
origins of nanomaterials, determining the ways in which nano-
materials interact with the human body and the environment,
and sharing nanotechnology knowledge through online applications
[19].

The CPSC is also collaborating with other US federal agencies to
develop protocols to assess the potential release of nanomaterials
from consumer products and rules for consumer product testing to
better evaluate exposure [19].

6.3.3 European Medicines Agency

Nanomedicine is not specifically addressed in the European Union
legislation on medicinal products and devices, tissue engineering,
or other advanced therapies. To date, the European Medicines
Agency’s (EMA) existing regulations covering medical products and
the extensive premarket safety assessment have ensured that the
benefits of any nanoenabled therapeutic outweigh any identified
risks or adverse side effects [20, 21].

Recommendations from the EMA's Committee for Medicinal
Products for Human Use (CHMP) have led to the approval of
a number of nanotechnology-based products [22]. Nanoenabled
therapeutics in the form of liposomes, polymer-protein conjugates,
polymeric substances, and suspensions have been provided market-
ing authorizations within the European Union under the existing
regulatory framework (see, for example, Regulation 726/2004 on
authorization and supervision of medicinal products for human and
veterinary use, Directive 2001/83/EC on medicinal products for
human use, Directive 93/42/EEC concerning medical devices, Di-
rective 90/385/EEC relating to active implantable medical devices,
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and Directive 98/79/EC on in vitro diagnostic medical devices)
[23-27].

The CHMP has initiated development of a series of reflection
papers on nanomedicine in order to provide guidance to the
developers of nanoenabled therapeutics [22]. These documents
encompass the development both of new nanomedicines as well as
nanosimilars (i.e.,, nanomedicines that are claimed to be similar to a
reference nanomedicine) [22].

6.3.4 Health Canada

There are no currently no regulations specific to nanotechnology-
based health and food products utilized by Health Canada. Rather,
Health Canada has used existing legislative and regulatory frame-
works to evaluate nanotechnology-based applications [28]. Various
acts may be applicable to nanomaterials, including the Food and
Drugs Act, the Canadian Environmental Protection Act of 1999, and
the Hazardous Products Act [28]. Health Canada has recognized that
new approaches may become necessary as the field of nanomedicine
evolves.

Health Canada has adopted a broad definition for nanomaterials
in the policy statement on Health Canada’s working definition for
nanomaterials [28]. The working definition enables Health Canada
to establish internal inventories, request additional information,
and integrate newly obtained knowledge into regulatory decision-
making processes.

The Health Products and Food Branch (HPFB) of Health Canada
participates in an interdepartmental Health Portfolio Nanotechnol-
ogy Working Group that gathers information and acts as a discussion
forum for issues related to nanomedicine. This working group
contains members from Health Canada, the Public Health Agency
of Canada (PHAC), and the Canadian Institutes of Health Research
(CIHR) [28].

In addition, Health Canada participates in a number of inter-
national initiatives, such as the Working Party on Manufactured
Nanomaterials of the Organisation for Economic Co-operation and
Development (OECD) and Technical Committee 229 of the ISO, as
well as collaborating with international counterparts [28].
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6.4 Conclusion

Nanomedicine is a highly evolving, multidisciplinary technology
spanning across many different industries, a fact that has caused
the regulation of the field to become increasingly difficult. The
continually developing state of environmental regulations, as
governments and agencies attempt to gauge the potential impact
of the manufacturing, use, and disposal of nanomaterials, creates
further ambiguities about the practical implications and liabilities
that developers of nanoenabled therapeutics may face.

Nevertheless, a recent survey by the OECD concluded that
current regulations and legislation are adequate for the assessment
of nanomedicines and other nanotechnology products. The survey
of government bodies from 11 countries, Canada, Australia, Korea,
Japan, Norway, Russian Federation, the U.S., France, Germany, the
Netherlands, and Poland, as well as the European Commission
concluded, “Foods and medical products that may contain nano-
materials or otherwise involve the application of nanotechnology
are covered under existing national and/or regional legislative
and regulatory frameworks” [29]. On the basis of the current
stance on nanotechnology standardization and regulation the
institutionalization of universal guidelines for nanomedicine is
unlikely to occur quickly. Moreover, because the long-term impact
of nanomaterials on the natural environment and human health is
unknown and the multidisciplinary nature of the nanotechnology
field, it is difficult to comprehensively regulate the technology in a
single piece of legislation.

Given the increasing use of nanomaterials in medical appli-
cations, comprehensive legislation must soon be developed. All
jurisdictions should continue to broaden legislation monitoring the
development and approval of nanoenabled therapeutics. In addition,
manufacturers should be required to research and report on the
long-term effects of nanotechnologies. A mandatory safety reporting
scheme should be introduced to monitor and memorialize the risks
of nanomaterials present in medicines. These and other safety
regulations would provide a level of protection for patients until
sufficient research and nanospecific regulations can be imposed.
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The most common instruments to secure investments in high-tech
R&D are patents and trade secrets. Patents can be used to create
a temporary monopoly on a certain invention, while trade secrets
can be used to keep certain technologies or sensitive information
concealed. In addition, database rights can be used to protect certain
collections of research results from undue use. Other intellectual
property rights (IPRs) such as trademarks are only relevant once
the end product nears its market entry. This chapter will give an
overview of the IPRs that are most relevant to the nanotechnology
sector and other high-tech sectors. Due to their importance for
nanotechnology, patents and trade secrets will be discussed more
in detail than utility models, trademarks, design protection, and
copyrights.
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7.1 Patents

Patents are the most commonly used method of intellectual property
(IP) protection in the high-tech sector. Under the European Patent
Convention (EPC) only one kind of patents exists, whereas the US
system encompasses several kinds of patents: utility patents, plant
patents, and design patents. The patents discussed in this chapter
are referred to as “utility patents” in the United States, unless stated
otherwise.

A patent provides the proprietor with a negative right: the right
to exclude. Depending on the jurisdiction in which the patent is
valid, a patentee can exclude others from, for example, making,
using, selling, leasing, importing, and keeping in stock the patented
invention. In addition, the mere offer of any of the acts mentioned
above could be forbidden by the patentee, again depending on the
jurisdiction.

In no way does a patent confer a positive right on the patentee.
If the authorities require regulatory permission to make, use, or
market the invention, this permission should be sought separately
from a patent.

Patents are normally valid for 20 years, although exceptions exist
for patents on pharmaceutical products that have to be subjected
to clinical trials. In the European Union (EU) such pharmaceutical
patents can qualify for a Supplementary Protection Certificate,
which provides additional protection after the expiry of the 20-year
term of the patent. In the United States, a similar provision, known
as Patent Term Extension, exists. These extensions are meant to
compensate for the time during which the 20-year term of the patent
has started but the patented invention could not be marketed due to
the absence of regulatory permission.

7.1.1 Requirements

The right to exclude all others from using the patented invention
can lead to a de facto monopoly for the patentee during the term of
the patent. Because monopolies are undesirable from an economic
perspective, patents are only granted if certain requirements are
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met. These requirements will be discussed briefly in this chapter and
in more detail in Chapters 3 and 4.

Under the EPC, which is directly valid in 38 countries, the
requirements for patentability are that the subject matter for
which the patent is sought is an invention, susceptible of industrial
application, which is novel and involves an inventive step (Article
51 (1) EPC). In the United States, patents can be granted to
“whoever invents or discovers any new and useful process, machine,
manufacture, or composition of matter, or any new and useful
improvement thereof” (35 USC 101). The articles following Section
101 specify the requirement. Europe and the United States share
the following criteria for patentability: (1) patentable subject
matter, (2) novelty, (3) industrial applicability/utility, and (4)
inventiveness/nonobviousness.

7.1.1.1 Patentable subject matter

Under the EPC, the first requirement is that the subject matter for
which the patent is sought is an invention. The EPC does not provide
a definition of “invention” but does name a number of categories
that certainly do not qualify as inventions: discoveries, scientific
theories, mathematical methods, aesthetic creations, schemes,
rules, and methods for performing mental acts, playing games or
doing business, and programs for computers and presentations of
information (Article 52 (2) EPC). For the purpose of this chapter, the
most important excluded category is “discoveries.” As a general rule,
one can say that a discovery is the finding of something that existed
before. If, however, a practical use is found for a discovery, it might
qualify as an invention.

In the United States, the invention or discovery should be a
“process, machine, manufacture, or composition of matter.” Courts
have interpreted these four categories in such a broad sense that
little seems to be excluded. It has been argued that “if you can name
it, you can claim it” [1]. However, abstract ideas, laws of nature,
and physical phenomena, such as the discovery of a plant, are not
patentable subject matter [2].

Because one of the functions of patent law is to stimulate
innovation and provoke new and better products, mere statements
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of facts on existing matter or methods are not patentable, whether in
Europe or in the United States. To qualify for patentability, a practical
use has to be added to the discovery.

7.1.1.2 Novelty

The next requirement is that the invention is new. The novelty
requirement of the EPC is absolute. This means that “everything
made available to the public by means of a written or oral
description, by use, or in any other way, before the date of filing of
the European patent application” is not regarded as novel (Article 54
EPC). The effect of this requirement is that every disclosure made to
third parties not governed by a nondisclosure agreement destroys
novelty and thus destroys patentability if the patent application
has not been filed at the European Patent Office (EPO) before the
disclosure. After the date of filing, you are free to disclose as much
information as you wish. Even if you do not disclose anything
yourself, the entire patent application will be published by the EPO
18 months after the date of filing.

The strict novelty requirement can be particularly burdensome
in a technologically advanced and research-intensive area like
nanotechnology. Submitting a paper that describes the invention
to a magazine destroys novelty regardless of whether the paper is
published or isn't—the magazine editor who reads the paper is also
a third party unless that editor is under a nondisclosure agreement.
The same goes for presenting inventions at a conference or in a
business meeting where persons from outside the inventors’ own
organization are present. Even disclosing your invention to a friend
or complete stranger can destroy novelty, although this risk can be
theoretical because the burden to prove that such disclosure took
place lies with the patent office or the person opposing or litigating
against the patent. Nevertheless these risks should be avoided at any
time.

US patent law can be a lot more lenient in case of the situations
described above. In the United States, there is a so-called grace
period of one year within which you can apply for a patent after
having disclosed your own invention (35 USC 102 (b)). This leaves
some time for evaluation after a publication or market entry.
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Another difference with Europe is the method that is used to
establish who is entitled to a patent in case two or more persons
apply for a patent on the same invention. After the US patent system
was reformed by the America Invents Act [3] in 2011, US patents
are awarded to the “first inventor to file” Combined with the one-
year grace period, this means that if you invent a product on January
1, publish it on March 1, and apply for a patent on May 1, you
can still be granted a patent if another inventor invented the same
product on February 1 and filed for a patent on April 1. In that
case, your publication of March 1 destroys the novelty of your
competitor’s patent application. However, if your competitor files
the patent application before your publication on March 1, then
your competitor is the first inventor to file and will thus be granted
the patent. Unlike under the previous US system, the fact that you
are the first to invent said product is no longer relevant in these
circumstances.

The advantage of the US system is that it leaves more room for
trials and exercises less pressure on the inventor and the patent
attorney. In Europe, the pressure to file the patent application as
soon as possible is a lot higher. However, under the US system a lot
of resources have to be dedicated toward proving that you are the
first to invent. This requires precise administration because it can
easily become the subject of a legal procedure. In Europe no such
discussion exists, because the patent will be awarded to the first
person to submit the application at the patent office, which can be
proven with ease.

7.1.1.3 Industrial application/utility

If an invention can be “made or used in any kind of industry,
including agriculture,” it is deemed to have industrial applicability
(Article 57 EPC). The term “industry” is interpreted broadly and
includes “any physical activity of “technical character” [4]. The
requirement mainly serves to exclude matter that is purely aesthetic
or that cannot work because it operates in contradiction with the
laws of nature, for example, a perpetual motion machine [5]. In US
patent law, a fairly similar requirement exists, known as the utility
requirement.
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7.1.1.4 Inventive step/nonobviousness

The inventive step requirement stipulates that an invention must
not be “obvious to a person skilled in the art” (Article 56 EPC).
In the United States, where it is referred to as the nonobviousness
requirement, no patent can be obtained if the invention “would be
obvious at the time the invention was made to a person having
ordinary skill in the art” (35 USC 103 (a)). The requirement’s raison
d’étre is that society has no interest in granting exclusivity for
inventions that do not advance a technology far enough to merit
exclusivity.

The skilled person adds a subjective dimension to the inventive
step requirement. The advantage is that it makes the requirement
able to evolve with a technology. The knowledge of skilled persons
increases over time, and so does the inventiveness threshold.
The more prior art exists, whether patents, scientific papers,
newspaper articles, or any other information, the more knowledge
is attributed to the skilled person, and the more difficult it becomes
to meet the requirement. The downside of the wide margin of
appreciation that exists when determining the knowledge of the
skilled person is that it creates a lot of space for disputes. Hence, the
inventive step requirement plays an important role in most patent
lawsuits.

7.1.1.5 Disclosure

Once the examiner of the EPO has established that the invention
meets the aforementioned patentability requirements, there are
several other requirements that the patent application has to meet.
One of those requirements is the disclosure requirement. The EPC
stipulates that the patent application shall disclose the invention “in
a manner sufficiently clear and complete for it to be carried out by
a person skilled in the art” (Article 83 EPC). In the United States,
a similar requirement exists that requires the patent applicant to
describe the invention “in such full, clear, concise, and exact terms
as to enable any person skilled in the art to which it pertains [. . .] to
make and use the same” (35 USC 112). In addition, an applicant for a
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US patent also has to describe the best mode in which the invention
can be made.

This requirement serves two main functions, an information
function and a demarcation function. European and US patent
applications become publicly available documents 18 months after
the filing date. As a result, the inventor contributes the technical
information that led to the invention to the public knowledge. The
information should be clear enough to enable a skilled person
to replicate the invention without undue burden. In this way,
competitors who monitor the EPO or United States Patent and
Trademark Office (USPTO) database can get an insight into your
R&D process, but if this requirement would not exist, it would
be possible to obtain a patent that is burdensome for society
without giving society the benefit of the information contained in
the patent. In return for this contribution to the common knowledge,
the inventor receives the temporary right to exclude. In addition,
patents have a demarcation function: you show in the patent what
you claim as your property. If you own a plot of land and want to
prevent people from entering it, you have to make clear somehow
that the land is your private property, the same goes for patents.
If the invention is not described in sufficiently clear terms, courts
can invalidate the patent. Nevertheless, keeping the claims of a
patent slightly ambiguous is attractive, and sometimes necessary,
for a patent applicant. If a court has to decide whether the patent
is infringed, it will look at the claims of the patent. The broader
the claims, the more competing inventions can be held to infringe
the patent. In addition, if the language of the patent is broad and
ambiguous, competitors will get less insight into the applicants R&D
process. Narrow and precise claims, however, may be too easy to
circumvent and render a patent useless. It is understandable that
most patentees aim for as broad as possible claims, but it is very
important to keep in mind that the line between a valid broad claim
and an insufficient disclosure can be extremely thin. Because an
insufficient disclosure can lead to the invalidity of the entire patent,
it is necessary to seek the assistance of highly specialized patent
attorneys, as they are aware of all the nuances and pitfalls in your
particular field of technology.
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7.1.2 Postgrant

Once a patent is granted, it is entirely up to the patentee to decide
how to use—or not to use—it.

Many patents end up in patent a company’s patent portfolio,
never to be looked at again. This is of course not the route
to successful commercialization. To benefit from the patent, a
myriad of possibilities exists. The patent can, for example, be sold
(assignment), the right to make or use the invention can be “rented”
out (license), the patent can be used as a collateral for debts, as
a bargaining chip when being accused of infringement of another
patent, and, of course, the patent can be used to exclude all others
from making, using, selling, etc., the invention. To utilize the patent
in the best way possible, it is essential to implement a patent—or
[P—strategy well before the first patent is granted.

In the case of litigation, a big difference exists between Europe
and the United States. Whereas a single US patent is valid for the
entire United States, European patents (EPs) are often described as
bundles of national patents. Accordingly, a US court has jurisdiction
for the entire United States and a court within Europe only has
jurisdiction for the country in which it is based. If an EP is
infringed in multiple member-states, a separate infringement suit
has to be filed in each member-state where the patentee wants
to forbid the making, using, selling, etc., of the patented invention.
These courts will apply their national patent legislation and legal
precedents formed by case law within that country. As a result,
it is possible that a product is ruled infringing in the UK, while
the same product is ruled noninfringing in Germany. To counter
differing outcomes of patent proceedings within the EU, a unitary
patent (Unitary Patent Protection, UPP) and a unified patent court
(UPC) are under development. If the legislative process proceeds
as planned, applicants at the EPO can request that their patent
be given unitary effect. Unlike the currently existing EPs, EPs with
unitary effect are not subject to national formalities or payment of
fees to national patent offices. UPP will automatically fall within the
jurisdiction of the UPC. For EPs a transitional period of at least seven
years will exist, during which applicants or proprietors can choose
between national courts and the UPC. A ruling of the UPC is valid in
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all member-states. At the moment of writing it is assumed that all
EU member-states except Croatia, Italy, Poland, and Spain will fully
participate in UPP and the UPC.

7.1.3 Exempted Uses

Once the patent has been granted, not every possible use can be
prohibited by the patent holder. In Europe, most countries have
limited the reach of patents. In the United States, exemptions from
patent infringement do exist but their scope is very narrow.

In the various national laws of Europe it is commonly accepted
that patents only extend to commercial use. Commercial must be
understood as meaning “nonprivate.” As a result, the nonprivate
use of a patented invention causes liability for infringement, even
if the entity that uses the invention is a noncommercial entity
such as a public hospital, a university, or a charitable organization.
“Private” is interpreted narrowly and usually only applies to use
within ones personal environment. In the United States, private—
or personal—use is not exempted from infringement. “[W]hoever
without authority makes, uses, offers to sell, or sells any patented
invention, within the United States or imports into the United States”
infringes that patent (35 USC 271). Whether the use is private or
nonprivate is not an issue in terms of infringement.

In addition to the aforementioned private use exemptions, most
European jurisdictions contain a research exemption. Research
exemptions provide that acts that are conducted for experimental
purposes “relating to the subject matter of the invention” cannot
be held infringing. The exact definition of subject matter of the
invention differs between member-states, but in general one can
say that it is allowed to verify the claims of a patent or conduct
research into, for example, improving the patented product as
long as the patented product is not used outside the experimental
context without the permission of the patent holder. Whether the
experiment is conducted by a commercial or noncommercial entity
is not relevant, neither is the intent of the research. If a company
conducts experiments on a patented invention in order to develop a
new product based on that invention, it can still rely on the research
exemption. If the experiment is successful and a marketable product
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is developed in which the patented invention in included, the
product can only be released with the permission of the patent
holder, for example, via a license agreement.

US patent law also contains a research exemption. However, the
exemption is that narrow that the practical use for industries and
even universities is very limited. If an act is part of the legitimate
business of an entity and it is not conducted “solely for amusement,
to satisfy idle curiosity, or for strictly philosophical inquiry,” the
research exemption does not apply [6]. As a result of the legitimate
business requirement, universities can also infringe a patent in the
course of experimentation, because experimentation is part of their
legitimate business.

7.2 Other forms of Intellectual Property

Beside patents, other different types of intellectual property rights
(IPRs) might be envisioned for a more or less effective protection
of nanotechnology innovations. Among them we can mention
copyright, trademarks, integrated circuit layouts, designs, and a
variant of patents, the utility model. Utility models are not foreseen
in all jurisdictions and it consists of a right protecting something
less than an invention, usually an improvement or betterment of an
existing product or process, so it covers some sort of incremental
invention. This kind of intellectual property right is also commonly
referred to as “petty patent” or “small patent.”

7.2.1 Utility Models

If a product has a lesser inventive character, a utility model
can be a good method of obtaining protection. Utility model
applications are generally not examined as thoroughly as patents
and the requirements are usually lower, especially the inventiveness
requirement. A utility model provides a shorter period of protection
than the usual 20 years granted to ordinary patents. For instance,
German utility models are valid for 10 years [7]. As to the possibility
of protecting nanotech-related inventions through utility models,
this could, for example, be useful in instances where the “minor”
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invention involves the employment of nanotech-related materials
instead of a known traditional material. If the invention meets the
less stringent requirements of a utility model and not those of a
patent, the inventor will be able to protect the claimed invention
through this residual kind of IP protection.

7.2.2 Copyright

Copyright can be used to protect the expression of an idea. Such
expression can be a “production in the literary, scientific and artistic
domain, whatever may be the mode or form of its expression, such as
books, pamphlets and other writings; lectures, addresses, sermons
and other works of the same nature; dramatic or dramatico-
musical works; choreographic works and entertainments in dumb
show; musical compositions with or without words; cinemato-
graphic works to which are assimilated works expressed by a
process analogous to cinematography; works of drawing, painting,
architecture, sculpture, engraving and lithography; photographic
works to which are assimilated works expressed by a process
analogous to photography; works of applied art; illustrations, maps,
plans, sketches and three-dimensional works relative to geography,
topography, architecture or science” (Article 2 Berne Convention for
the Protection of Literary and Artistic Works).

So, as is easily inferable from the above definition, copyright
covers most of human ingenuity’s expressions. Because copyright
can only be used to protect the expression of ideas in, for example,
journal publications or conference presentations, it cannot be used
to protect the idea itself. For protecting the ideas from being used
by others, you can only rely on patents and to a lesser degree
on utility models. For copyrights, no formal registration procedure
exists. The protection arises as soon as the work is created and
meets a certain standard of originality, which can differ between
different jurisdictions. However, in the United States, it might be
wise to register the copyright with the Copyright Office because such
registration is necessary in case of a lawsuit. Copyright terms and
the ways in which they are calculated differ between jurisdictions
but are very long compared to patents. For example, in the EU, a
copyright lasts for the life of the author plus 70 years. Contrary
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to popular belief, it is not necessary to use the (©) symbol in
combination with the year of creation and name of the creator—or
any other statement—in order to obtain a copyright. It can be useful,
however, to use this statement in order to prove when the work was
created.

7.2.2.1 Economic rights, moral rights, and other features

For sake of completeness, it is worth mentioning that there are
economic rights and moral rights attached to copyrighted works.
When we talk about the economic rights, we refer to all kinds
of monetary benefits that can be related to the exploitation
of copyrighted materials. Some examples are the licensing or
assignment of the works. As to the moral rights, some jurisdictions
recognize the right of the authors to be mentioned as the creators
of the works and “to object to any distortion, mutilation or other
modification of, or other derogatory action in relation to, the said
work, which would be prejudicial to his honor or reputation” (Article
6bis Berne Convention). Moral rights are usually not alienable.

7.2.3 Trademarks

Trademarks are distinctive signs that are used to distinguish the
products or services of an undertaking from those offered by
others. Their main goal is to avoid confusion about the products
origin among consumers. The word “sign” can be tricky sometimes,
though. In fact, by “sign” usually trademark laws cover things
like music, tridimensional shapes, and alike. To be more precise,
in the EU, for example, Article 4 of the Community Trademark
Regulation provides that “a community trademark may consist of
any signs capable of being represented graphically, particularly
words, including personal names, designs, letters, numerals, the
shape of goods or of their packaging, provided that such signs are
capable of distinguishing the goods or services of one undertaking
from those of other undertakings.”

So, for example, a trademark can easily protect a distinctive
word or the peculiar shape of a bottle of water. For nanotechnology,
the important thing to understand, though, is that trademarks do
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not protect the functional features of a product. These cannot be
trademarked but should be patented instead. Unlike patents, which
have a maximum validity of 20 years, trademarks have a potentially
unlimited life span. As long as the trademark holder extends the
mark in compliance with the applicable procedures, the trademark
will continue to exist.

7.2.3.1 Requirements and characteristics

To get a trademark, the sign in question should be distinctive. By
distinctive we mean that it must not be descriptive with regard
to the product or service that you wish to trademark. So, for
example, “Apple” is a distinctive sign for computers but not for
a fruit seller. If a fruit seller would obtain a trademark to the
word “Apple,” this fruit seller could forbid all others from using
the word “Apple” in relation to the sale of fruits. This, of course,
would be highly undesirable. To prevent that established words are
taken from the public domain and are claimed as private property,
the distinctiveness requirement exists. When filing your trademark
application, you have to designate for which class of goods and/or
services you wish to register the trademark, for example, antibiotics,
carbon, skin care, or transistors. These classes have been established
in the Nice Agreement. The trademark office in Europe, either
the national trademark office of the relevant member-state, or the
Office for Harmonization of the Internal Market (OHIM) and in the
United States, the USPTO, will determine whether the trademark is
distinctive for the relevant product classes.

If the mark applied for is a “reproduction, an imitation, or
a translation, liable to create confusion,” of a well-known mark,
both the European trademark offices and the USPTO will reject
the application (Article 6bis Paris Convention for the Protection
of Industrial Property). In case the mark applied for is identical
to an existing but not well-known mark in the applicable product
classes, the USPTO will reject the application, whereas in Europe it
is the holder of the existing trademark who must file an opposition
to the application trademark office where the application is filed.
Trademark applications that are not identical but similar to existing
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trademarks have to be opposed by the right holder both in Europe
and in the United States.

7.2.4 Industrial Designs

Industrial designs can be used to protect the appearance of a product
but not its functional aspects. Because copyrights and trademarks
can also be used to protect the appearance of products, overlaps
of rights may occur. In fact, it is very common that products are
protected by several independent IPRs at the same time. To be
granted protection in Europe, the design must be novel and possess
a distinctive character (Article 3 (2) Directive 98/71/EC). In the
United States, design patents are available for products that are
“new, original and ornamental” (35 USC 171). The ornamental,
or decorative, character is important because the design does not
protect functional features. Furthermore, US design patents can
only protect products that have a utility in order to exclude purely
aesthetic works from protection through design patents.

Like in copyrights and trademarks, the protection attached to
nanotechnology can be solely indirect. In fact, let us assume that
the unique appearance of a product is determined by the use of
nanomaterials or nanotech-related process; in this case the product,
where it meets the registrability requirements of a design, might
well be protected, but what the protection will cover is exclusively
the appearance itself. So let us say that a piece of furniture is
made using carbon nanofibers and as a result its appearance can
be protected as a design; in this case what the owner will be able
to do is to enforce his or her rights against infringers who copy the
appearance of the product but not the way the product is made.

7.3 Trade Secrets

Because nanotechnology can be hard to reverse engineer, trade se-
crecy may at present be an attractive form of protecting knowledge
in the nanotechnology industry [8]. Trade secrets can be used to
prevent that any kind of commercially valuable information is being
made available to, or used by, others, but once the information has
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become public via an independent discovery, there is nothing that
can be done against the use of that information. The way in which
trade secrets are regulated varies between different jurisdictions,
but the Agreement on Trade Related Intellectual Property Rights
(TRIPs) sets minimum levels of protection that are applicable in
every member-state (153) [9]. In the TRIPs context, a minimum
level of protection means that member-states should provide at
least the protection required by the TRIPs agreement but are
allowed to impose further reaching protection for, say, trade secrets.
Every TRIPs member-state must, at least, provide legal measures
that enable the lawful possessor of information to prevent that
information from being disclosed to, acquired by, or used by others
if that information:

(a) is secret in the sense that it is not, as a body or in the precise
configuration and assembly of its components, generally known
among or readily accessible to persons within the circles that
normally deal with the kind of information in question;

(b) has commercial value because it is secret; and

(c) has been subject to reasonable steps under the circumstances,
by the person lawfully in control of the information, to keep it
secret (Article 39 section 2 TRIPs).

Treating certain information as a trade secret has some obvious
benefits over applying for patent protection for the possessor of
that information. Unlike patents, that are subjected to a disclosure
requirement, a trade secret, by its very nature, does not inform
competitors about past or ongoing R&D activities. Furthermore,
there is no formal procedure that one has to follow to obtain a
trade secret and the subject matter to which it can be applied is
much broader than patents. Patents are only available for restricted
categories of inventions, but trade secrecy can be applied to any
information that meets the requirements of the TRIPs agreement,
although the exact way in which these requirements are applied
differs between different jurisdictions. If it is questionable whether
an invention will withstand the examination proceeding at the
patent office, trade secrecy might be an option. A major advantage
of trade secrets over patents is that the duration of a trade secret
is potentially unlimited, unlike patents, which are restricted to a
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20-year term. The downside of the undefined term is that there
is no certainty on how long the trade secret can be maintained.
If a competitor independently obtains the same information after,
say, one year, a patent would have been a better way of protecting
the invention. A patent could in such case be used to forbid the
competitor to use the invention, whereas a trade secret loses its
entire value as soon as it publicly available. If the invention is of such
a complexity that it would take competitors more than 20 years to
develop it independently, trade secrecy might be more attractive.

The aforementioned lack of a formal procedure does certainly
not mean that trade secrets are easier to obtain and maintain than
patents. To make sure that the information remains a secret, a strict
secrecy policy has to be applied and detailed records have to be kept.
To a certain extent this overlaps with the secrecy and record keeping
that is required to obtain patent rights.
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8.1 Overview of IP Valuation

8.1.1 What s Intellectual Property Valuation?
8.1.1.1 Brief history of IP valuation in the United States

With its origins in the intellectual property (IP) litigation of the
1980s and 1990s, the valuation of IP (primarily patents) in the
United States was initially limited to damages calculations in
legal cases involving claims such as patent infringement. With the
introduction of tax planning involving IP, such as transfer pricing
and patent donations, the valuation of intangibles became critical
in nonlitigation circumstances as well. Companies were required
to include in their tax reporting the fair market value (FMV) of IP
involved in transactions, such as the intercompany transfer of IP
or the donation of a patent to a university. New accounting rules
related to business combinations in the United States, introduced
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in the early 2000s, expanded the need for IP valuations even more,
as companies were now required to report the fair value (FV) of
intangibles that were purchased with a target in a mergers and
acquisitions (M&A) deal. These compliance situations—Ilitigation,
accounting, and tax reporting—carry with them a high degree of
scrutiny by the court or regulating authorities and require a third-
party, IP valuation expert’s opinion in the form of a report or
testimony.

In parallel to the proliferation of tax and accounting rules,
which mandated the valuation of IP in certain transactions, around
the same time (late 1990s-early 2000s) the field of intellectual
asset management (IAM) was starting to gain momentum with US
corporations. Large companies with significant patent portfolios
(like IBM, Dow, and others) were leading the way, and with
the increase in sophistication of active IP portfolio management,
came the need for valuation. The types of activities where a
valuation became increasingly important include spin-offs, in-kind
contributions, licensing, patents sales, and other commercialization
activities. Since many of these activities are not always subject to
tax or accounting reporting, these transactions can be referred to
as noncompliance activities. In these situations, due to the low to
medium degree of scrutiny and the lack of reporting requirement,
the valuation is often done in-house or between the parties without
the involvement of a third-party IP valuation expert.

8.1.1.2 [P valuation methodologies

There are three common methods for valuing intangible assets:
the market method, the income method, and the cost method.
These valuation methodologies were largely borrowed from the
methodologies applied in the valuation of tangible assets (like
real estate, machines, inventories, etc.). As a result, they are more
suitable for tangible assets and some of them are challenging to
implement when intangibles are involved. Each of these valuation
methods is briefly described below.

Market methods are useful where there is a market demand for
an intangible asset and there are other similar intangibles that
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have traded hands under specified market conditions. In these
circumstances, the market price for comparable assets may be used
(with appropriate adjustments) as a measure of the market value of
the intangibles at issue. The market method of valuation relies upon
the availability of comparable external transaction data, which are
sometimes difficult to find. In practice, although it is the preferred
approach for many assets, it is often not possible to use market
approaches if there is no observable active market for the intangible
asset. The market approach is therefore not commonly applied.

Income methods are the most commonly used methodologies in
the valuation of intangibles. Income-based approaches involve
calculating the value of an intangible asset on the basis of the
aggregate income stream that ownership of such intangible asset
will provide. That income stream, net of any costs associated with
its production, is discounted to its net present value (NPV) to
determine the value of the intangible asset. The application of such
methods requires the projection of economic income that is directly
generated by the asset over its economic life. These projections are
converted into the NPV by using a present value discount rate, which
represents the required rate of return over the intangible asset.

Cost methods involve an analysis of all cost components that went
into creating the intangible asset, such as materials, labor, and
overhead. Cost methods are hardly used when valuing intangible
assets, primarily because these methods do not consider future
economic benefits arising from the asset. The application of this
approach is only appropriate for assets that are usually accounted
for by the cost of reproduction, such as software and assembled
workforce.

8.1.1.3 Types of intangible assets

The types of intangible assets that are covered in this chapter
fall into several subcategories. One very useful framework for
classifying intangibles can be found in the United States: generally
accepted accounting principles (GAAP) definitions as found in
Accounting Standards Codification (ASC) 805. The guidelines of
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ASC 805 are used for identifying intangibles involved in business
combinations, such as M&A transactions [1].

Among the ASC 805 intangible asset categories, the most
common groups of assets found in the nanotechnology industry are
the following:

(a) Technology-based intangible assets: Innovations and technolog-
ical advances that are protected by contractual or legal rights.
This group includes the following assets:

e Patented and unpatented technology

e Computer software and mask works

e Databases, including plants

e Trade secrets, such as secret formulae, processes, recipes, etc.

(b) Marketing-related intangible assets: Assets that provide value
to the marketing or promotion of products and services. This
group includes the following assets:

e Trademarks, trade names, service marks, collective marks,
certification marks

e Trade dress (unique color, shape, or package design)

e Internet domain names

e Noncompetition agreements

(c) Customer-related intangible assets: A customer relationship
exists between an entity and its customer if the entity has
information and regular contact with the customer and if it
stands to benefit from future contracts that are reasonably an-
ticipated from that customer. This group includes the following
assets:

e Customer lists
e Order or production backlog
e Customer contracts and relationships

8.1.2 IP Valuation Standards in the United States
8.1.2.1 IP valuation landscape in the United States

Most IP valuations in the United States are done in compliance
situations, for financial reporting, tax compliance or litigation dam-
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ages. There is a fundamental difference between the IP valuation
requirements in compliance versus noncompliance situations. In
compliance situations the valuation is mandatory and is usually
done after the deal has already been finalized. There is a single point
value that needs to be recorded (as opposed to a range of values that
needs to be negotiated). On the other hand, most IP transactions
today are done in noncompliance situations, where there is no
mandatory reporting requirement. If an IP valuation is conducted
under such circumstances, it is not reported nor regulated under any
standards.

Valuations done in noncompliance situations are usually done
in-house for purposes of negotiations, and therefore there would
not be a single point value but rather a range of values that needs
to be negotiated between a buyer and a seller. In recent years, a
large volume of IP transactions involving the sales of patents were
carried out through IP brokers and various kinds of IP funds (such as
patent aggregators, defense funds, etc). There are rarely any formal
[P valuations done in conjunction with these transactions, as most
of them rely on legal claim chart analysis and some heuristic rules
of thumb as to the discounts that should be applied to future cash
flows.

We turn next to discuss in more detail the IP valuation activities
under the most common compliance situations: litigation damages,
financial reporting (accounting), and tax reporting.

8.1.2.2 [P valuation for litigation damages

The litigation of intellectual property in the United States has seen a
sharp increase since the 1990s, both in the number of cases filed
annually and in the cost of litigation. According to the American
Intellectual Property Lawyers Association (AIPLA), the number of
patent infringement cases has doubled in 10 years—from about
1700 in 1995 to over 3300 in 2005 [2]. The number has since leveled
somewhat but is still significantly higher than a decade ago. The
cost of patent litigation has sky rocketed as well; the average cost
of litigating a patent case through trial, according to the AIPLA, is
estimated at $1-$3 million, depending on the amount of damages
and the size of the case.
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The field of nanotechnology is at its early stages of patenting,
and litigation activity has so far been limited. The first case filed
in a potential wave of patent infringement litigations based on
nanotechnology patents, DuPont Air Products Nanomaterials v. Cabot
Microelectronics (filed in Jan. 2007), represents what many feel will
turn out to be a growing trend amongst companies. While it is
difficult to predict how the litigation environment will evolve to
absorb the changes brought by the nanotechnology field, all eyes will
be on the top players and how they react to legal challenges related
to their IP portfolio.

[P valuation analysis is implemented in IP litigation situations
when it comes to damages calculations. The purpose of damages is
to make the plaintiff whole, that is, compensate the injured party
such that it would return to the position it would have been in but
for the infringement of its intellectual property. Generally speaking,
there are four types of IP litigation in the United States: patents,
copyrights, trademarks/trade dress, and trade secrets. Below is
a brief overview of the damages calculation standards for patent
litigation [3].

When the plaintiff can successfully show infringement of a valid
US patent, 35 USC §284 states that “upon finding for the claimant the
court shall award the claimant damages adequate to compensate for
the infringement but in no event less than a reasonable royalty for
the use made of the invention by the infringer, together with interest
and costs as fixed by the court” The case law implementation of
this statute allows for patent infringement damages based on lost
profits, a reasonable royalty or a combination of both depending on
the circumstances of the case.

Much legal guidance, case laws, and precedents exist in the
United States as to how patent infringement damages are calculated.
The first step in quantifying damages in a patent infringement
matter involves the application of a four-part test set forth in Panduit
Corp v. Stahlin Bros Fibre Works, 575 F2d 1152 (6th Cir 1978). In the
Panduit case, the court found that the conditions necessary for the
calculation and recovery of lost profits are the following: a demand
for the patented product, the absence of noninfringing alternatives,
the existence of sufficient manufacturing and marketing capacity on
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the part of the plaintiff, and the plaintiff’s ability to quantify lost
profits.

Should the Panduit conditions not apply, the damages calcula-
tions revert to reasonable royalty. The determination of reasonable
royalty damages involves the construction of a hypothetical negotia-
tion scenario between the parties at the date of the infringement.
Such an analysis is generally conducted through a consideration
of the 15 factors set forth in Georgia-Pacific Corp v. United States
Plywood Corp, 318 F Supp 1116, 1120 (SDNY 1970). These are
economic factors that increase or decrease the reasonable royalty
rate that would have been the result of the hypothetical negotiations.

8.1.2.2.1 Trademark, copyright, and trade secret damages

Damages in trademark, copyright, or trade secrets cases are
estimated using a broader range of measures as compared to
patent infringement damages. For example, the disgorgement of
the defendant’s profits may be an allowable measure of damages
in these types of cases (when such damages are not allowed in
patent cases). Copyright infringement offers an additional approach
to damages not available in other IP matters—statutory damages
that are set at a fixed amount of dollar per infringement.

8.1.2.3 IP valuation for financial reporting

According to US GAAP rules, intangible assets are only reported
on the financial statements when they are paid for in a business
combination transaction, such as an acquisition. As a result, “home
grown” [P assets, like patents and trademarks, are not measured
or reported on the balance sheet of the company that created
them. However, if that company buys another company that owns
patents and trademarks, the acquired intangible assets of the target
company will be valued at their FV and reported on the acquiring
company’s books. That is an interesting anomaly that is frequently
pointed out by members of the IP community; however, it is unlikely
that any changes to that accounting treatment will take place in the
near future, primarily because of the conservative nature of GAAP
rules, and the somewhat speculative nature of IP asset valuations.
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As long as these assets are not priced by a market transaction, their
value is not certain enough for financial reporting purposes.

That being the case, the valuation of IP for accounting purposes
is primarily done in the context of business combinations (such as
M&A deals) and is governed by GAAP pronouncements such as ASC
805 (first introduced in 2001 as Statement of Financial Accounting
Standards 141). The valuation is done as part of the overall process
of purchase price allocation (PPA), when the deal price paid for the
acquired company is allocated among the various assets that are
comprised in that company. All assets of the target company, tangible
and intangible, as well as its liabilities, are identified and valued at
their current FV. When valuing assets at FV, the appraisal needs to
assume their “highest and best use,” which refers to the use of an
asset by market participants that would maximize the value of the
asset, even if the intended use of the asset by the holding entity is
different.

The standard of valuation applied in business combinations is FV,
defined as the price that would be received when selling an asset (or
paid when transferring a liability) in an orderly transaction between
market participants. “Market participants” are defined as buyers and
seller in the principal market for the asset that have all the following
characteristics:

a. Independent and not related parties

b. Knowledgeable, having a reasonable understanding about the
asset (or liability) and the transaction on the basis of all available
information, including information that might be obtained
through normal and customary due-diligence efforts

c. Able to transact for the asset or liability

d. Willing to transact for the asset or liability, that is, motivated but
not forced or otherwise compelled to do so [4]

The FV of all assets (net of liabilities) is then compared to
the acquisitions price, and the residual amount is recorded as
goodwill, which by itself is considered an intangible asset. Goodwill
represents the future economic benefits arising from other assets
acquired in a business combination that are not individually
identified and separately valued. The results of the PPA analysis,
including goodwill, are then reported in the new, combined financial
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statements of the two companies. In the following years, goodwill is
tested annually for impairment, a process that involves a valuation
analysis. If the test shows indication of impairment, then some of the
intangible assets’ FV estimates may be revisited, and certain assets,
or goodwill, may be written off, as necessary.

The US GAAP valuation guidelines state a preference for market-
based valuation methods when market data is available. In reality,
the markets for intangibles are very thin, the assets are uniquely
different from each other, and most transactions are not publically
reported. As a result, most IP valuations done for accounting
purposes rely on income-based approaches. In a recent study done
by the global accounting firm KPMG it was reported that income-
based valuation methodologies are the most commonly used for FV
IP valuation [5]. The study looked at over 300 M&A transactions
between 2003 and 2007 by industry groups. The results of the study
show that the percentage of the acquisition purchase price allocated
to intangible asset (based on the FV valuation analysis) varies
significantly across industries. The study further determines that in
the majority of the industries analyzed, the percentage allocation of
the purchase price to goodwill is typically over 50%.

8.1.2.4 P valuation for tax reporting

The most common application of IP valuation in tax reporting and
planning is related to transfer pricing between affiliated companies.
The intangible nature of IP rights renders them easily movable and
creates the potential for valuable tax planning. This often involves
the migration of IP into favorable tax jurisdictions or into IP-holding
companies [3]. The role of the IP valuation expert is to calculate the
FMV of the IP portfolio when it is the subject of an intercompany
transfer, such as the migration to another country. The IP valuation
expert can also be asked to determine the arm’s length royalty
rates for licensing IP rights between affiliated companies; these are
the royalty rates that approximate the rates that would have been
established between two unrelated parties.

Due to the complexity of global tax planning, the Internal
Revenue Service (IRS) in the United States established a com-
prehensive set of transfer pricing compliance and documentation
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requirements. IRS Section 482, and its accompanying regulations,
lays out the general compliance framework for transfer pricing
schemes involving US companies, including the list of acceptable
valuation methodologies for transfer pricing situations. These
methodologies generally fall into three categories [3]:

1. Transaction-based methods: The arm’s length intercompany
royalties are determined on the basis of the terms of comparable
licensing deals between nonaffiliated companies.

2. Profit-based methods: The arm'’s length intercompany royalty
rates are determined on the basis of the relative contribution
of the intangible asset to the overall combined company’s profit
margin.

3. Cost-sharing methods: Cost-sharing agreements are used to divide
the cost of developing intangible assets between affiliated parties,
based on their respective return from the future assets. The
IRS sets out a list of requirements for cost-sharing agreements’
qualifications, including specific documentation and reporting
rules.

8.1.3 IP Valuation Circumstances in Europe
8.1.3.1 Litigation damages

The laws of IP damages in Europe also rely on the premise of
restoring the injured party to the position it would have been in but
for the infringement of its intellectual property, although the legal
procedures could vary from the United States. For example, in the
United Kingdom, damages hearings constitute a separate trial, which
only kicks in once liability has been established; damages hearings
are therefore less frequent than in the United States as the parties
have a greater motivation to settle [6].

The concept of reasonable royalty damages, based on a hy-
pothetical licensing negotiation between the IP owner and the
infringer, is common in Europe as well. The courts apply a range
of royalty determining considerations, similar to Georgia-Pacific,
although European courts have not clearly established a set of
relevant criteria yet.
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8.1.3.2 Financial reporting

As a result of the international harmonization of accounting
standards, the treatment of IP valuation in business combinations is
similar in Europe and in the United States. All member states of the
European Union (EU) are required to use the International Financial
Reporting Standards (IFRS) system of accounting standards, as
adopted by the EU for listed companies since 2005. The United
States is expected to follow suit in the next few years and transition
into the IFRS from the current US GAAP system. IFRS 3 is the
standard that applies to valuation for business combinations (the
counterpart of ASC 805 in the United States).

Interestingly enough, it should be noted that prior to the EU
adoption of IFRS standards in 2005, the United Kingdom was
one of the only countries where home-grown intangibles (i.e.,
intangibles that were internally developed by the company) could
be measured and presented as assets on the balance sheet. That
is no longer the case as IFRS rules mostly recognize intangibles as
assets for accounting purposes if they were purchased in a business
combination.

8.1.3.3 Tax reporting

Europe is a major hub of transfer pricing activity, as several
European countries are favorite locations for setting up offshore
[P-holding companies. Currently, Switzerland and Ireland are the
preferred locations for US-headquartered corporations, while EU-
based corporations tend to prefer Ireland and Luxembourg. Switzer-
land, Ireland, and Luxembourg have good treaty networks and very
advantageous tax rates. For instance, the tax rate in Switzerland is
determined by negotiation with the local canton and is usually in
the range of 4% to 8% [7].

The valuation of IP assets is critical at the time of transfer of the
[P portfolio into the IP-holding company and needs to be done by
a third-party, independent valuation expert. Each IP asset should
be separately assessed. The IP-holding company needs to have to
function as a real business; otherwise it might be treated as a
“controlled foreign corporation,” in which case its accounts would
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have to be consolidated with those of the parent company and it
would lose the benefits of operating in a low-tax jurisdiction. To
overcome this problem in the EU, the IP-holding company has to
have “functionality,” which is demonstrated by a staff that actively
manages the IP portfolio.

8.2 The Application of IP Valuation in the
Nanotechnology Industry

8.2.1 [P Valuation vs. Evaluation

When dealing with products that are years away from commer-
cialization, there is no easy way to model cash flows for valuation.
Many assumptions need to be made on the probability and success
of future events, sometimes in the very far future. Some of
the assumptions are related to risk, such as technology risk of
development, risk of market acceptance, or regulatory risk. One
common way for dealing with risk is conducting an evaluation of the
technology or IP assets prior to the actual valuation. An evaluation
involves a nonquantitative assessment of factors that are specific to
the technology (development, market, regulatory) or the IP (quality
of patents). A valuation involves the assignment of a precise dollar
value to an IP portfolio, which takes into consideration the results of
the evaluation process.

In emerging industries, like nanotechnology, the need for an
evaluation process is becoming a critical part of the process of
assigning a value to a patent portfolio, or any other IP asset, because
any dollar value is subject to all the risk factors involved in the
commercialization, regulation, and market adoption. It is therefore
common to apply techniques in which a quantitative assessment
(the valuation) is coupled with a qualitative one (the evaluation)
in order to achieve a monetary valuation that can take into
consideration all the variables that characterize the development
and commercialization of nanotechnology products and processes.
When a precise dollar valuation of IP assets is required, a thorough
evaluation process can be the key to improving the accuracy of that
number.
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8.2.2 Valuing an IP portfolio in the Nanotechnology
Industry

When it comes to creating, managing, and commercializing a
nanotechnology IP portfolio, there are some common themes related
to IP portfolio management than run throughout the industry.
Three of these IP management topics stand out as broadly
applicable to a wide range of nanotechnology IP holders around the
world, as the industry follows the path from early stage to maturity:

e Patenting along the nanotechnology value chain
e Technology transfer from university to industry
e Mitigating litigation risk

The following is a brief discussion of each of these topics,
including a discussion of the role that IP valuation and evaluation
can play in supporting these challenges.

8.2.2.1 Patenting along the value chain

The concept of the nanotechnology value chain is closely related
to the interdisciplinary nature of the industry. This concept is
illustrated in a 2003 Intellectual Asset Management (IAM) magazine
article [8]. The authors claim that the key to a strong IP portfolio
is found in patenting across the entire nanotechnology value chain,
taking into consideration the following elements:

e The basic chemical composition

e The physical structure

e The tool for developing that structure

e The method or process for using that tool
e The article of manufacture (end product)

Vertical integration along the supply chain can be done by either
licensing or acquisitions. Both types of transactions require the
support of IP valuation as well as evaluation analysis.

Licensing or acquisitions include a long process of technology
and IP due diligence prior to the transaction, where the IP
in particular is evaluated for quality and robustness. Once the
evaluation process has concluded, the buyer or licensee would need
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to further engage in valuation analysis to determine the terms of the
license agreement, or to value the IP assets as part of the acquired
target.

8.2.2.2 Technology transfer from university to industry

Nanotechnology relies heavily on federal funding, technology
transfer, and university inventions. The transfer of new technology
from university laboratories to the private sector has a long history
and has taken many different forms. Prior to the 1980 enactment of
the Bayh-Dole Act, companies did not have exclusive rights under
government patents to manufacture and sell resulting products [9].
As aresult, companies were reluctant to develop new products when
competitors could also acquire licenses to the same technology. The
government remained unsuccessful in attracting private industry to
license government-owned patents. The Bayh-Dole Act permitted
universities and small businesses to elect ownership of inventions
made under federal funding and to become directly involved in
the commercialization process. This policy also allows for exclusive
licensing when combined with diligent development and transfer of
an invention to the marketplace for the public good.

With the passage of the Bayh-Dole Act, colleges and universities
immediately began to develop and strengthen the internal expertise
needed to effectively engage in the patenting and licensing of
inventions. In many cases, institutions that had not been active in
this area began to establish entirely new technology transfer offices,
building teams with legal, business, and scientific backgrounds. As a
result, many new technologies have been diligently and successfully
introduced into public use. Another significant result of the Bayh-
Dole Act is that it provides a strong incentive for university-industry
research collaborations.

The technology transfer process from university to industry is
primarily done in two ways: licensing and joint ventures (JVs).
In both instances, there is a thorough evaluation process of the
[P that is required to understand the specific encumbrances that
usually accompany IP originating from universities. Licensing terms
can be limited in scope and time. Ownership rights are sometimes
ambiguous, in particular ownership in future IP that relies on the
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original IP that is being licensed or contributed in the original
transactions.

The IP evaluation is followed by an IP valuation analysis
that needs to take place in order to support the execution of
the transaction. In licensing, deals, the parties need to agree on
the royalty rate, royalty terms (lump sum, running royalty, or a
combination of both), and other terms related to the license. In ] Vs,
a university would typically contribute the IP, while the industry
partner contributes the tangible assets (usually cash or equipment).
To figure out what share of the venture each side is entitled to, the
university’s “in kind” contribution of IP needs to be valued, a task
that is usually assigned to a third-party valuation expert.

8.2.2.3 Mitigating litigation risk

The biotechnology and semiconductor industries experienced ac-
celerated patenting activity, followed by litigation, over the last
20 years [10]. This pattern could emerge in the nanotechnology
field, especially in light of the claim overlap due to the unusually
high number of patent applications covering similar technologies.
Bringing a product to market involves navigating patent thickets,
and facing potential litigation down the road as the industry matures
seems highly likely.

Legal experts following the nanotechnology industry vary in
their assessment of the future of litigation in the industry. Some
believe that cross licensing is an effective tool for resolving patent
thickets. The argument here is that by carefully carving the fields of
use in a cross-licensing deal, each party can have an exclusive field
of use that does not overlap with the other party [11]. The 2005 Lux
research study goes on to predict that the nanotechnology industry
will, for the most part, manage to avoid a “self destructive IP war”
through a flood of cross-licensing agreements and other types of IP
licensing.

On the other hand, other legal experts are not as optimistic as
to the mitigating role of cross licensing when it comes to future
patent litigation. Their argument is that cross licensing has worked
in the semiconductor industry due to the oligopolistic nature of
that industry, where there are a relatively small number of large

165



166

IP Valuation

firms with similar products and similar IP portfolios [12]. The
nanotechnology industry is inherently different: there are many
patent holders in a variety of different industries. Two start-ups
trying to commercialize the same product in the same market are
more likely to try and litigate each other out of business, as opposed
to cross licensing, as has been the case in the biotech industry.

IP evaluation takes center stage in enforcement situations. The
quality and scope of the claims as well as other characteristics of
the patent at issue and its relationship to products in the market
(evidence or indication of use) are the main drivers of patent value
in the context of litigation. This is one example where the evaluation
is driving the valuation of the IP assets. Often times there are no
formal valuations done until the time of trial, where damages are
calculated by economic experts. The parties rely on evaluations done
by technical and legal experts to determine their litigation strategy.
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9.1 The Commercialization of Nanotechnology
Innovations

Nanotechnology commercialization embodies the paradigm of the
transfer of innovation from research institutions. So far, it has been
mentioned how critical is the role of universities in the development
of nanotechnologies [1, 2]. Kesan [3], in his recent study on the
information submitted from 1996 to 2003 by 94 US universities
to the Association of University Technology Managers (AUTM),
concludes that the most frequent practice consists of licensing out
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universities’ inventions for recouping the legal expenses incurred
for patenting activities, and, more, in general, pursuing a revenue-
centric approach. He then concludes that universities should
rather think of following different routes like actively pursuing
commercialization activities, adopt an open collaboration scheme,
and adopt royalty-free licensing (for a detailed analysis of nanotech-
nology’s potential and technology transfer strategies in Finland,
see Ref. [2]). Bastani et al. [4], for example, advocate the great
importance of universities in nanotechnology development, and,
consequently, of effective technology transfer initiatives, and suggest
alternative ways to collaborate by fostering the industry-academia
relationship, like the negotiation of partnership agreements right
after the publication of invention disclosures. In fact, in this field,
companies may realize that a solution to a technical problem and its
industrialization may need further refinement and research, which
can be done in parallel with the relevant university. Stewart [5]
argues that there is a difference between biotech ventures and
nanotechnology ones and suggests some alternative ways to license
and commercialize nanotech-based innovations from the university
setting. He advocates the value of nanotechnology as a platform
technology and argues that university spin-offs should focus on one
application and exclude the others, at least at the beginning of the
development.

So far, many attempts have been made to highlight the most
common barriers to the commercialization of nanotechnology-
related innovations [6]. For example, one of them is the report
[7] stemming from the March 29, 2007, workshop organized by
Nanoforum,? in which the commercialization of nanotechnology and
its key challenges have been addressed. According to the report,
more than 4 billion euros have been devoted to nanotech globally
in 2005, and three areas of concern for Europe were identified, as
follows [8]:

e A very low proportion (only 3.5%) of the global nanotech-
nology venture capital was invested in Europe (in 2006).

aNanoforum is a European initiative aiming at linking nanotechnology-related
activities within the European Union. More information is available at http://www.
nanoforum.org/.
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e In terms of publications, the European Union (EU) and the
United States are pretty much equal, but way few patents
have been granted to EU-based applicants.

e The level of industrial investment in nanotechnology from
the EU is almost half of that offered by the United States and
Japan. According to the report, the EU industry invested 0.9
billion euros in 2005, as opposed to 1.8 billions of Japan and
the United States.

In the report it is also highlighted that in terms of patent
production, the EU lags behind the United States, especially because
of the kind of research that is performed, which falls in the realm of
basic or pure research. At the workshop, and in the report then, it
has also reported that the first-to-file system adopted in the EU is
not that conducive to patent production, and researchers, especially
in Europe, still face the patent dilemma, questioning themselves
whether it would be better to publish their work first. The report
concludes [9] that the best way to favor nanotechnology private
funding and commerecialization would be to move forward toward
a more problem-centric approach to attract further interest from
industry.

In the United States, another recent report [10] adopting the
Delphi method?® revealed that nanotechnology should learn from
its bigger brother, that is, microelectromechanical systems (MEMS).
The major findings of this research showed that nanotechnologies
should follow these basic rules to grow smoothly:

“not to create technology for mere technology sake;

e understand market’s unfulfilled needs;

e understand competitive offerings and create a different
product;

e not overstate the ability of nanotechnology to solve prob-
lems, miraculously;

e properly promote novel products” [11].

2The Delphi method is an interactive forecasting method that relies on a panel of
independent experts. They are carefully selected and they answer questionnaires
in two or more rounds. After each round, they are given an anonymous summary of
their forecasts from the previous round so that they can provide revisions to their
earlier work.
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Another report [12] of 2007 commissioned by the US De-
partment of Commerce addressed the barriers of nanotechnology
commercialization. The categories of topics distributed to the
participants were:

“Capital issues/market readiness;
Regulation/environmental, health and safety issues;

Public attitudes and perceptions;

Other issues (workforce, standards, manufacturing, in-
frastructure)” [13].

The major findings stemming from the research are summarized
here below [14]:

Capital issues/market readiness: It is difficult to think that
venture capitalists (VCs) would be interested in ventures
that take more than three years to pay out. There is a need to
merge public and private funding, which are apparently not
working in an organic manner. There is a gap between the
value put by research on their results and the real business
opportunities envisioned by VCs.

Intellectual property: Nanotechnology is a platform tech-
nology and therefore is pretty different from others. The
intellectual property (IP) licensed from universities may not
be sufficient to operate a business, but it is vital though.
Prosecuting and defending patents may be too much of a
burden for a small company:.

Economic development and commercialization: There is a
need for a national initiative to build the nanotechnology
platform. Federal investments should be more planned and
involve universities.

Workforce development and education: It is fundamental
to have skilled people to achieve the envisioned results.
Some talented researchers are not US citizen/residents
and therefore have no access to federal labs, and this is a
problem. It is key to provide business management training
to nanotech entrepreneurs [15].

Occupational health: Health and safety issues should be
dealt with very seriously and right away to prevent fear
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of nanotechnology. Specific laws and regulations may be
required.

Public policy and health: Some people from the public
and the press are afraid of nanotechnology because they
do not know it. The use of nanotechnology in products
should be labeled so that consumers can make informed
choices. People seek involvement from the government in
the decision-making process. New laws and regulations are
necessary to guarantee to the public that there is no harm
in products incorporating nanotechnologies.
Nanotechnology standards: Nanotechnology standards
must be established. Start-ups need assistance from
standard-setting bodies. Standards are necessary for re-
search, production, and disposal of nanoparticles.

Risk management: An integrated system in the United
States is necessary to address all the health and safety
issues of federal agencies involved in nanotechnology.
Environment: There is a need to further investigate the
potential consequences related to the use of nanoparticles
already used in industry.

As to the impact of nanotechnology on companies, it is worth
mentioning that the Organisation for Economic Co-operation and
Development (OECD) has recently issued a publication [16] with
insights from several case studies. The main findings, which
allegedly differ from previous studies on the subject, may be
summarized as follows [17]:

Nanotechnology is an enabler of both new products and
processes, and new services as well.

Nanotechnology may be employed to better existing prod-
ucts and services.

Small companies are more prone to dealing with universi-
ties to develop their nanotech pipelines as opposed to large
ones.

Nanotechnology can help address broader socioeconomic
concerns like clean water, accessible health care, etc.

Large companies have been able to assimilate nanotechnol-
ogy research pipelines based on their existing capabilities in
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terms of R&D and production, and this runs counter to the
traditional company dynamics and technology life cycles.

e Nanotechnology is highly interdisciplinary and requires
many different skills; therefore, small companies with
limited trained personnel may face some problems in fully
developing new products and processes.

e There are several challenges in funding as far as R&D ac-
tivities are concerned, especially due to the long scalability
process [18].

e There are serious challenges for small companies in pre-
senting new technologies to potential customers, especially
when different applications in different industries are
pursued.

e IP might pose serious issues in the future due to the broad
claims of the first patents, which may create barriers to
entry for new companies.

e Concerns about the environment, safety, and health issues
complicate massively the business environment.

e Commercialization raises great challenges [19]; poor scal-
ability of nanotech is probably one of the most serious
challenges, together with the lack of well-trained personnel.

Another major issue about the further development and com-
mercialization of nanotechnologies concerns the role of venture
capital [20]. The great potential of nanotechnology in the next initial
public offering (IPO) wave has been already envisioned. Garrett
[21], for example, analyzes investment trends in nanotechnology
and argues that the companies that are most likely to see an IPO
[22] are those with commercially viable products and a strong IP,
especially strong relationships with large corporations. Chin [23]
provides an insightful set of instructions for private equity funds
in order to avoid the common pitfalls when investing in nanotech
ventures. He also notes that US investments have shorter exit times
than European ones. US firms [24] receive larger funding and US VCs
are able to manage quicker exits. The reason for this seems to be
related to the fact that European VCs are more specialized in closing
deals rather than being managers and this should be one of the
reasons why the US style appears to be more successful. One of the
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largest studies on nanotechnology VC-backed companies is the one
prepared by Munari and Toschi [25]. They analyzed in their work
a sample of 332 VC-backed companies in the 1985-2006 period.
These here below are their major findings:

e Financing: On average, companies in their sample received
5.01 million dollars in their first financing round [26].

e Patents: At the time of the first investment, the companies
had a maximum of 15 patents (in general) and 7 patents
(in the nanotech field), and the mean was 0.84 patents
(in general) and 0.28 patents (in the nanotech field). Just
28% had patents in other fields and only 10% owned
patents in nanotech. The study also shows that IP is not that
fundamental in the first round, but it is definitely important
if in the portfolio there are nanotech-specific patents [27].

e VC competencies: The study shows that VCs with specific
skills in nanotech have more opportunities to appreciate the
value of the idea and patents and therefore more prone to
invest [28].

As to the interest attached to nanotechnology valorization and
exploitation, though, it is sufficient to say that in Europe, as early
as in 2004, the European Commission addressed the importance
of nanotechnology in the field of patenting in the communication
“Towards a European Strategy for Nanotechnology” [29], in which,
among other things, it is stated that the “the management of
IPR can be challenging in a field such as nanotechnology where
interdisciplinarity brings together researchers and industrialists
with different cultures and attitudes” [30].

Indeed, the European Parliament shared the Commission’s view
and in a 2006 report stated that [31] “protection of intellectual
property rights (IPR) in the field of N&N is essential for innovation,
both in terms of attracting initial investment and ensuring future
revenue; calls on the Commission to develop standards for the
protection of IPR and models for licensing agreements” [32].

Thus, the theme of the commercialization of nanotechnologies
has been definitely dealt with and still requires a lot of attention
if all the identified barriers have to be overcome. In the next
section, this study offers a solution for the most common practice
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of commercialization and therefore the one involving technology
transfer from universities and research centers to companies
that are then supposed to further develop and commercialize to
the public the technologies when they ultimately become proven
industrial processes and/or finished products.

9.2 Cost, Price, and Value: Patent Valuation vs. Patent
Evaluation

Depending on who you talk to, Facebook is valued at more than
$50 billion—maybe even as much as $65 billion. Forbes puts the
social networking site’s market value higher than Lockheed Martin,
Boeing, Target, Sony, Nike and the major automakers. But CNN
spoke to some observers who aren’t so bullish. “Facebook’s not worth
$50 billion. I mean, it’s just not,” according to Douglas Rushkoff, an
author and respected teacher on new media. “What people think is
that Facebook in the future might be worth more than $50 billion,
but for Facebook to be worth more than $50 billion it would have to
become a permanent fixture.”

—How Much Is Facebook Really Worth?
(CNN Tech, March 08,2011)? [33]

The task of commercializing nanotechnologies is particularly
difficult when universities and public research organizations (PROs)
are called upon to assign a value to the results stemming from
public research in the commercialization phase. In fact, a sale or a
license of a technology for a price that is below its potential market
value would constitute damage for the national treasury. Since
universities and PROs play a dominant role in the commercialization
of nanotechnology, as a final step of its internal development, the
importance of finding a way to assign a monetary value that could
reflect all the benefits and risks of a certain technology becomes

aInterestingly enough, Facebook’s IPO, which occurred in May 2012, saw the company
reaching a market cap of 115 US billion dollars.
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critical. Thus, this chapter analyzes the most commonly accepted
technology valuation techniques in the literature and currently
employed by professionals. It demonstrates how these methods may
not be always suitable for nanotechnology, by explaining why these
innovations deserve a different approach to value them that could
merge quantitative and qualitative assessments at the same time
by factoring in different variables that are peculiar to nanotech
inventions.

The relationship among nanotechnology, patents, and their value
entails the comprehension of several different factors [34, 35]. Due
to the fact that nanotechnology research is always trying to push
the existing boundaries of science and requires diverse skills, public
research institutions, where these skills are present, undisputedly
dominate the sector of nanotechnology innovations. However, this
implies that universities and PROs are in strong need of monetizing
these innovations to replenish their budgets. Therefore, universities
and other research institutions have originally seen the patenting
of nanotechnology innovations as a new way to monetize their
intangible assets after the hype of the biotechnology era. The result
is that now there are hundreds of technologies waiting to be licensed
or assigned.

The most important thing that must be emphasized at this
stage is the crucial difference between three different and distinct
concepts: cost, price, and value. The cost is the amount of money
necessary to produce a product or perform a process. The price
is the amount of money necessary to purchase a product or see a
process performed and/or delivered. The price of a product can vary.
Take the example of a can of Coke; in a supermarket the price may
be 1 euro, in a bar it may be 2 euros, and 3 or more euros in a fancy
restaurant. Finally, the value [36] of a product is the price that a
person or a company is willing to pay in certain circumstances. So,
a can of Coke in the supermarket might be valued at 1 euro because
of its abundance, but the same can of Coke would be probably worth
1000 euros to a thirsty traveler lost in the desert. A novel invention
may be worth millions of dollars if it is indispensable to a certain
market, but it might be valued at 1 euro if there is no market for it or
if the technology is already obsolete.
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Thus, moving forward, by patent valuation we mean the process
of attaching a value, that is, a figure, to a technology. It is therefore
a quantitative method. When looking at the kind of technology
covered by a patent and at the financing and regulatory hurdles
that the technology may encounter before market entry, we are
making a qualitative assessment. Such an approach is not related
to a figure but to careful considerations drawn after an analysis
of the different sectors concerned. Both valuation and evaluation
are arbitrary since we make projections of the potential generated
income of the technology or we envision what kind of problems
can or cannot be solved in its future employment. It is also worth
mentioning that when attaching a value to a patent, we necessarily
have to consider the potential cost, price, and value of a technology.
However, this is not a valid assumption when we perform an
evaluation. As mentioned before, in this latter case the assessment
is purely qualitative and therefore there is no figure involved. It is
true that an evaluation might change the cost, price, and value of the
technology, but until now this has not been assessed in great detail
because of the generally accepted dichotomy between valuation and
evaluation.

Andriessen [37] proposes another triadic approach introducing
the concepts of value, valuation, and (knowledge) valorization.
The most interesting is the last, which he defines [35, 38] as the
utilization and transfer of knowledge to the commercial sector for
economic benefit. He conceptualizes knowledge as a thing that
might be created, stored, and subject to transactions, and that is why
it is possible to talk about value and valuation.

9.2.1 Patent Valuation

Valuing a business to obtain funding or receive further investment
is a pretty common operation nowadays [39]. Within the realm
of business valuation, then, there might be a core technology that
drives all the business; this is very common in high-tech start-ups,
especially academic ones. In today’s professional practice several
methods are employed to value a patent [40]. Flignor and Orozco
[41] argue that any valuation exercise can be seen as a pyramid
in which the foundation blocks are the purpose (what is the
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valuation for?), the description (what is the asset?), the premise
(what is the asset’s use?), and the standard (who is the potential
buyer?). The valuation purpose may differ greatly. In fact, a valuation
maybe needed for financial reporting, a transaction strategy, during
merger and acquisition (M&A) operations, litigation, bankruptcy,
etc. The valuation description is fundamental as any different type
of intangible asset can lead to a different commercialization strategy.
For example, a copyrighted work with stable revenues might well be
subject to securitization, as it has already happened in the past.? The
valuation premise regards the use of the asset that will be made in
the future, which may be different from the past, especially in the
case of bankruptcy. The valuation standard refers to the definition
attached to the valuation purpose. The most common standard is
the fair market value, that is, the price a willing buyer and a willing
seller would adopt to complete a transaction. The authors move on
by presenting the most common approaches in valuing intangible
assets by presenting the following lists:
Traditional methods [42]:

e Transaction: This is based on the so-called fair market
value, that is, a price that has been agreed upon for similar
transactions.

e Income approach: This is based on the potential cash flows
that an asset can generate.

e Replacement cost: This is based on the cost that should be
sustained to recreate a fungible asset like the one covered
by the legal protection.

Among the newer methods [43]:

e Monte Carlo simulations: These are computational algo-
rithms often used to allow the creation of stochastic or
probabilistic financial models.

e Real options valuation [44]: This is a valuation method that,
contrary to the discounted cash flow analysis, assumes that
the management of a company or the owner of a patent

aSee the history of David Bowie’s bonds, probably the first case of IP securitization,
available at http://en.wikipedia.org/wiki/Bowie_Bonds.
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is active and different decisions might be made during the
life of the asset that can influence its value. In practice, this
method takes into consideration the risks as opposed to the
income approach.

e Binomial pricing model: This method is carried out by
means of using a tree-shaped analysis for a number of
time steps between the valuation and expiration dates. Each
node in the tree represents a possible price at a given point
in time.

Potter [45] illustrates two other valuation methods [46], the so-
called technology factor method and the technology risk/reward
method. The first takes into consideration the apparent shortcom-
ings of the three major valuation methods as it measures directly the
role of the technology within the business being valued; therefore,
the final value is not lumped together with the rest of the business’s
assets. The second uses the value of comparable businesses and then
subtracts the amount of money needed to re-create the technology
at stake.

Kamiyama et al. [47] divided the spectrum of valuation methods
into two macro areas, qualitative and quantitative. The former
provides a rating of an asset on the basis of factors such as the
strength of the patent and its breadth. The latter gives a monetary
appraisal of the asset. They further explain that quantitative
techniques are further divided into the cost approach, the market
approach, and the income approach (Table 9.1). In their work
there is an interesting comparison with all the advantages and
disadvantages related to each method [48]. Some of them are worth
mentioning as they specifically relate to patent valuation.

9.2.1.1 Cost approach

The cost approach is straightforward. In this case the value of
the patent is strictly related to the amount of money spent to
conceive the technology. According to this method there are two
subsets of rules. Some say that the amount of money spent is what
should be taken into consideration, which means the historical costs
occurred. Others adopt a different view, arguing that the costs to be
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Table 9.1 Advantages and disadvantages of valuation approaches

Cost approach Income approach Market approach
Advantages Objective and Extra value as based Practical and easy
consistent on future earnings approach
Disadvantages No correlation Assumptions pretty Details of patent
between the limitative as the transactions very
expenditure and the management is infrequently known
asset’s value passive

Relevant information

not always available

considered should be accrued with the relevant interest until the
day the negotiation takes place. A third option might be to assess
how expensive it would be to conceive the technology today. It
may seem irrelevant, but as the following scenarios will illustrate
the numbers may vary greatly. Let us assume that company A
developed a technology in 1999 by investing a million dollars, and
company B, to reproduce the same technology in 2010, would need
to spend $500,000 dollars. If we want to consider inflation and
update the price of goods and services, the amount would rise
to $1,312,791.12.2 So, it becomes clear that the subapproach the
parties choose to adopt, when valuing their patents, is not that
trivial. In our case company B could pay for the same technology
between $500,000 and $1,312,791.12.

9.2.1.2 Market approach

In theory, the market approach is the easiest approach. It assumes
that the value of a piece of IP should be equal to the value it would
yield in the marketplace. So, what is fundamental is to take a look at
similar transactions that occurred in the market. This task is difficult
in practice, since this type of information is not easily accessible.
Negotiations about IP are oftentimes kept highly confidential and
only rarely are there leaks concerning the details of the transactions.

2Amount obtained using the inflation calculator from http://data.bls.gov/cgi-
bin/cpicalc.pl (last accessed on January 18, 2011). The consumer price index (CPI)
inflation calculator uses the average CPI for a given calendar year.
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In fact, in most cases even the disputes concerning these assets are
settled through arbitration, and therefore, the details of the cases are
kept secret.

9.2.1.3 Income approach [49]

The income approach is divided into different sub-approaches,
royalty relief and discounted cash flow [50], to find the present value
of a technology. Both theories are related to the potential income
the user of the technology might accumulate over a certain period of
time. Relief from royalty provides that if a company loses ownership
of a particular intangible asset, it has to pay a royalty to license it
from someone else. Under this method, the value of the patent is the
capitalized value of the royalties the company does not have to pay
when it owns the patent. However, the amount of money to transfer
should be calculated at present, and the amount of royalties given in
a certain period must be discounted using a predetermined rate to
find the present value of the technology. Thus, first the sum of the
projected cash flows must be identified to then be discounted using
an interest rate. This is usually the rate linked to treasury bonds
or other more or less stable indicators. The discounted cash flow
method is based on the same principle and can be used for both
discrete cash flows and multiple cash flows. It is worth emphasizing
that this method is probably more useful for the type of technology
that is an inherent and necessary part of the production process, in
addition to contributing to the quality of a product and by extension
boosting its sales.

Some considerations about nanotechnology must be mentioned
with regard to the delineated approaches. Nanotechnology does not
just bring novel features into our homes and our daily lives; it is
strongly intertwined with different regulatory aspects that still need
to be resolved. For example, it is still not clear whether products
incorporating nanomaterials should comply with certain specific
rules in the United States and Europe. Sure, numerous regulatory
agencies have circulars and internal directives, stating that they have
round tables and working groups about nanotechnology. However,
in truth, there is currently a lot of uncertainty surrounding the use
of nanomaterials in everyday products, both for consumers and for
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producers. There are not enough studies addressing the potential
toxicity of the products and the few that do exist often come to
conflicting conclusions. So, when attaching a value to a product
incorporating nanomaterials more attention should be paid to the
underlying technology. In fact, when using the income approach,
which is probably the most common, the projections of future cash
flows are directly dependent on the projected sales. These might be
heavily hindered by, for example, more or less stringent regulatory
provisions in the future.

Also, when thinking about future projections, we must rely on
assumptions that may or may not be true. This is a common principle
for all products or services, but nanotechnology is different. In this
world made of invisible components, unexpected events can occur
that may adversely affect the life of a product or service. Let us take a
quick example. It might be that a novel nanotechnology-based paint
for cars that guarantees antiscratch properties would actually result
in a product that is highly inclined to corrosion after a couple of
years. Nanotechnology is in its infancy, so there might not be enough
time or knowledge to assess the side effects of the novel products
being marketed right now. Having said that, let us think for a minute
about the potential consequences in this case. The paint producer
or the car manufacturer could be obliged to repaint the cars after
the corrosion if it occurred during the warranty period. This is a
real-world scenario that might happen with nanotechnology-based
innovations, since the unexpected properties displayed by these
products may well have unexpected consequences. An unexpected
event like the one just mentioned would not only temporarily stop
the sale of the cars employing the novel paint; it would also tarnish
the company’s image, which can be even worse than a potential drop
in its sales. This illustrates that the common income approach might
not be the right way to go for nanotechnology-based innovations due
to their “volatile” nature at this point.

Coleman [51], in a recent work, illustrates a novel hybrid
valuation method that takes into consideration the peculiarities
of nanotechnology. He assumes [52] that nanotech companies are
poor in cash flow, they have few hard assets, and the market is
still very small. Therefore, he introduced additional inputs to take
into considerations. Some of these inputs include company asset-
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specific research, industry and market research, financial analysis,
corroboration of valuation results, and capability benchmarks.
Then, since nanotechnology is creating a totally new market,
he provides an impact-scoring system based on four variables:
business, government, society, and education.

Wartburg and Teichert [53] tried to provide a solution for the val-
uation of nanotechnology-related assets. They assume that nanotech
patents will serve as an important asset for future securitization
operations. They also argue that the nanotech patent landscape
is overcrowded, especially as to the patents covering alternative
structures at the nanoscale. Additionally, they think that considering
the whole value chain, those interested in the commercialization
of nanotech products will have to take into consideration quite
complex patent strategies allowing patent pooling, IP insurance,
and cross-licensing [54]. Lastly, they conclude by advocating the
cooperation among the stakeholders along the entire value chain
to create paths that might be viable and economically profitable
[53].

9.2.2 Patent Evaluation

The term “evaluation” implies something more than a figure
attached to a certain object. In fact, when we evaluate something we
consider different variables, and the kind of output is qualitative and
not purely quantitative as in the case of valuation.? We might think
that when evaluating a technology, the most important variables to
look at are the market, regulatory and legal issues, the technology’s
future, and financing opportunities.

9.2.2.1 Market

The market is the most important factor in a business plan and it
is the most important variable when assessing the potential of a
technology. Therefore, a promising technology will be even more
so if the barriers to entry in the market are low due to little or no

2For another general overview of patent evaluation, see the EPO webpage, Patent
Portfolio Management and Patent Evaluation, available at http://www.epo.org/
patents/patent-information/business/valuation/faq.html.
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competition. On the other hand, the competitive advantage of being
the first one in a market could turn into a disadvantage. After all, the
forerunner is clearing the way for its future competitors who had the
opportunity to learn from its mistakes. Another important factor to
consider is whether the market is ready for a new product, since its
success cannot be taken for granted.

9.2.2.2 Regulatory and legal issues

When evaluating a technology it is crucial to take all the regulatory
and legal issues into consideration. In fact, a technology might
well be groundbreaking and have the potential to improve the
consumer’s quality of life, but if there are regulatory and legal
barriers that do not or only partly allow its commercialization,
the technology’s value will be much lower than expected. For
example, there are a lot of technologies nowadays based on stem
cells, but at the same time many jurisdictions do not allow their
experimentation. So, in these places the technology is theoretically
worth nothing. As a consequence, environmental and safety-related
aspects of a certain technology will probably be the major hurdles to
be overcome in terms of legal and regulatory barriers.

9.2.2.3 Technology

When evaluating a technology it is equally important to analyze
its long-term potential, since there is always a risk it will become
obsolete or not used at all in the close or distant future [55]. Keeping
this in mind, it is key to create different future scenarios to assess
the life expectancy of the technology and its utilization. Just to give
an example, it is foreseen that by 2020 every household in the
United States will have a 3D printing machine. The feedstock for
these printers today consists primarily of plastics. At the same time
plastics are destined to give way to bioplastics in the near future.
From this assumption we can, therefore, infer that a technology
related to bioplastic materials for 3D printers will probably have a
bright future.
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9.2.2.4 Financing

Financing issues are crucial when the technology and its owner are
looking for potential investments. Say that the business plan of a
future company relies on a strong patent/technology that is easily
funded due to its potential future success. It will be easier for the
would-be entrepreneur to find business angels or VC firms that
believe in the investment, and they will probably be more prone to
invest in the business idea.

In light of the above, we can easily comprehend how evaluation
is a broader concept that takes into consideration more variables
than the mere valuation of a product or process. In general
terms, evaluation is a complex analysis that is meant to be like a
strengths, weaknesses, opportunities, and threats (SWOT) analysis,
which ponders the endogenous and exogenous components of the
object to be examined. Among all technology fields, nanotechnology
is probably the most suitable for evaluation techniques. In fact,
nanotechnology opens the door to endless issues relating to the
evaluation of technologies. Indeed, there is so much uncertainty on
the regulatory issues or unexpected behaviors surrounding it that
all the different variables might be affected. For instance, if a new
nanomaterial was able to create a whole new market from scratch,
the regulatory aspects around its use will be crucial. A novel drug
delivery method to cure cancer, which employs nanomaterials, for
example, might be a breakthrough. However, if the Food and Drug
Administration (FDA) or the European Medicines Agency (EMEA)
would find it not suitable for human safety due to its confirmed
or potential toxicity, it might lead the business in question to
bankruptcy if the commercialization is stopped or heavily delayed
for safety concerns. To sum up, the evaluation of nanotechnology-
related inventions is probably the most difficult to determine as the
future of these innovations is still uncertain in terms of latitude,
regulations, drawbacks, and employment.

Therefore, due to the very nature of nanotechnology innovations,
it may be safe to say that the only way to provide a reliable judgment
about the economic potential of these products is to avoid the use of
valuation techniques and rely on evaluation as an adherent method
to gauge potential real-world scenarios. Unfortunately, evaluation is
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a qualitative analysis, and therefore, there is no figure attached to it,
which is why a novel method that could provide a merger between
a qualitative analysis and a valuation with adjustable variables is
needed. This novel method is illustrated in detail in the next section.

9.3 Introducing a Novel Approach: “Present Value After
Evaluation” [56]

In the quest to comprehend what might be a reasonable value
to attach to a technology or patent, a novel evaluation method
and associated tool (i.e, a custom worksheet) called Present
Value After Evaluation [57] (PVAE) is being presented. This novel
approach takes the present value of a patent or technology into
consideration by using the discounted cash flow method and then
adds the following additional variables using a scale from 1 to 5:

e Patent relevance (considers the relevance of the patent in
the final product or process)
e Patent coverage (considers the strength of the patent
according to the claims and existing or potential litigation)
Technology (considers the technology’s future scenarios)
Financing (considers the attractiveness for investors)
Regulation (considers regulatory and legal barriers)
Market (assesses the potential success of the product or
process)

The model contains other five variables that should be made when
using the PVAE tool, namely:

Growth rate (three variables)

Discount rate

Royalty rate

Tax rate

Cost of goods sold (COG) and overheads

To have a more detailed idea of how the PVAE method works,
the following table (Table 9.2) explains in detail the nature of the
variables and the formulas behind them.
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Table 9.2 Explanation of the PVAE tool’s variables

Variable Explanation

Patent It measures the importance of the patent/technology in the product/process (1

relevance = poor; 5 = excellent). Every point assigned to the technology increases or
decreases the PVAE by 20%. It is assumed that the technology has a minimum
relevance of 20% in the product/process in which it is incorporated. This
variable can be applied also to nonpatented technologies. In this case the value
to be assigned to the technology should be 1, assuming that the technology, even
if not patented, may still get protected through patents over its future
improvements.

Patent It measures the quality in terms of capability to resist in a patent opposition or

coverage infringement lawsuit of the patent in the product/process (1 = poor; 5 =

excellent). Every point assigned to the technology increases or decreases the
PVAE by 20%. It is assumed that the patent guarantees a minimum coverage of
20% for the product/process that is patented. This variable can also take into
consideration the different scenarios of the applications being prosecuted before
different patent offices. This variable can be applied also to nonpatented
technologies. In this case the value to be assigned to the technology should be 1,
assuming that the technology, even if not patented, is not infringing on someone

else’s IP.

Growth rate

It indicates the projected increase in sales. It offers three settings, which work at
the same time during the life of the technology/patent. This way the user can

think of different scenarios over the life of the technology/patent.

Discountrate It is necessary to calculate the present value. The discount rate is agreed upon by
the parties considering other transactions and the risk associated with the
technology. The higher the risk, the higher the discount rate.

Royaltyrate It should be consistent with industry standards. The royalty rate, according to
the relevant industry, can easily range between 0.1% and 60% of the sale price;
therefore, this is a critical variable that must be agreed on by the parties.

Tax rate It indicates the potential tax rate to be applied. It varies according to the
jurisdiction in which the taxes are to be paid.

COG, etc. It includes all costs, including overheads and expenses, related to the production
of the product or performance of the process in question.

Technology It measures the potential success of the patent/technology, including future

scenarios (1 = poor; 5 = excellent). Every point assigned to the technology
variable increases or decreases the present value of the cash flows, considering
the relevance of the patent and patent coverage by 5%, and contributes to
provide the PVAE. It is assumed that the technology in question has a minimum
potential future equal to 5% of the PVAE.
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Financing

It measures the attractiveness of the patent/technology for potential
investors (1 = poor; 5 = excellent). Every point assigned to the
financing variable increases or decreases the present value of the
cash flows, considering the relevance of the patent and patent
coverage by 5%, and contributes to provide the PVAE. It is assumed
that the technology in question has a minimum potential in terms of
an investment target equal to 5% of the PVAE. If there is no interest

in approaching potential investors, the value should be 5.

Regulation

It measures the regulatory and normative barriers for the sale of the
product or performance of the process (1 = poor; 5 = excellent).
Every point assigned to the regulation variable increases or
decreases the present value of the cash flows, considering the
relevance of the patent and patent coverage by 5%, and contributes
to provide the PVAE. It is assumed that the technology in question
has a minimum potential in terms of marketability (from a
regulatory perspective) equal to 5% of the PVAE. Regulatory
provisions are related to each jurisdiction or region (e.g., the EU);
therefore, in the case of a patent family, the user can opt for an
average value after careful consideration of all the jurisdictions
concerned or he or she may opt for an individual valuation for each
single country or region. In this case, the final PVAE will probably be
an average of all the PVAEs related to each single patent of the patent
family.

Market

It measures the market potential (in terms of sales) of the
technology (1 = poor; 5 = excellent). Every point assigned to the
financing variable increases or decreases the present value of the
cash flows, considering the relevance of the patent and patent
coverage by 5%, and contributes to provide the PVAE. It is assumed
that the technology in question has a minimum potential in terms of
marketability (from an economic perspective) equal to 5% of the
PVAE. At times, market data is related to specific countries or
regions (e.g., the EU); therefore, in the case of a patent family, the
user can opt for an average value after careful consideration of all
the countries concerned or he or she may opt for an individual
valuation for each single country or region. In this case, the final
PVAE will probably be an average of all the PVAE values related to
each country or region. In measuring this variable, it may be useful

to use Porter’s five force analysis [58], as shown in Table 9.3.

Total PV of cash flows,
considering the
relevance of the patent

and patent coverage

It measures the present value of the technology/patent, considering
the relevance of the patent and patent coverage. It may be equal to
the present value of cash flows as long as the relevance of the patent

and patent coverage has the maximum score (i.e., 5).

(Contd.)
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Table 9.2 (Contd.)

Variable Explanation

PVAE It measures the present value, considering all the other variables
explained above. Therefore, it represents at the same time a
quantitative assessment (expressed in $ or other currency) but after
weighing qualitative variables related to the life and use of the

technology/patent.

Initial cash flow It is the projected amount of sales for the first year of operation by

using the technology/patent.

Table 9.3 Results of Porter’s five force analysis

Porter’s five forces analysis Rating 1.0-5.0
The threat of the entry of new competitors 2.9
The intensity of competitive rivalry 3.6

The threat of substitute products or services 33
The bargaining power of customers (buyers) 3.3
The bargaining power of suppliers 2.8

Average 3.1

Ideally, to find the proper score for the market variable it may be
useful for the user to run Porter’s five force analysis, which considers
the likelihood of a new business to be successful in a given industry;
the higher the score, the lower the likelihood of success. Below, in
Table 9.3, the five pillars of the analysis are enunciated in detail:

The threat of the entry of new competitors
The intensity of competitive rivalry

The threat of substitute products or services
The bargaining power of customers (buyers)
The bargaining power of suppliers

By arbitrarily assigning a value from 1 to 5 (to stick to the ranges
of the market variable in the PVAE worksheet), it is possible to
have a final average value that can be used for the market variable
by rounding it down or up according the value of the decimal.
Every industry force, in the PVAE worksheet, has five additional
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subcategories that can be rated, which is why the values in the right
column might have decimals.

In the PVAE worksheet, we must start with an initial projection
of the first cash flow. When populating the sheet, we have to make
several assumptions concerning the discount rate, growth rate of
the projected sales, royalty rate, tax rate, and percentage of COG
and other expenses. All the other variables are modifiable using a
1 to 5 scale in which 1 is “poor” and 5 is “excellent,” as it can be
easily inferred from Table 9.4 below. Patent coverage and patent
relevance are directly linked to the total present value of cash flows
as opposed to the other variables that occupy a second layer of
importance and provide an average output. In the example shown
in the next table (Table 9.4), we assumed that the initial cash flow
is equal to $100,000 and that all the variables are set on “excellent”
(meaning that the technology is necessary to make the product or
implement the process), that the claims of the patent have a wide
and protectable breadth, that the technology is promising, and that
there are no regulatory and market barriers. So, we are dealing with
an excellent technology in this case. Considering a life expectancy of
15 years, the total of cash flows is $2,867,778 and the total present
value is $2,192,010. In this case, the PVAE after tax, COG, and other
expenses is equal to $1,150,805. The sheet also provides the amount
of royalties collected over time and their present value, which in this
case is $107,226. Thus, in the projected scenario, the present value
of the royalties is almost one-tenth of the PVAE after tax, COG, and

Table 9.4 Table showing the variables chosen for the
given technology/patent

Assumptions

Patent relevance 1-5: 5

Initial cash flow: $100,000

Patent coverage 1-5: 4

Years: 1-5 6-10 11-15
Growth rate: 30% 20% 20%
Technology 1-5 Financing 1-5  Regulation 1-5  Market 1-5
5 5 5 1

Discount rate: 40% Tax rate: 35%

Royalty rate: 10% COG, etc. 50%
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PVAE Before Tax COG, etc.:

,83,476 W PVAE Before
Tax COG, etc.:

S0 $50,000 $1,00,000 $1,50,000 $2,00,000

Figure 9.1 PVAE chart before tax, COG, etc.

other expenses. This is an amazing outcome because it proves that
for a very promising technology, the assignee would earn 10 times as
much than what was paid to the original patentee if the price of the
transaction is equal to the present value of the prospected royalties.
In the chart below (Fig. 9.1), automatically produced by the PVAE
worksheet, the user can have a graphical overview of the values
assigned to the six major variables in this scenario. The selected
variables are represented in the PVAE worksheet that follows (Table
9.5).

In the first scenario it is easy to understand from the table
above that the technology/patent at stake is quite important for
the implementation of the final product/process, very strong from
a legal standpoint, very promising in terms of future development,
definitely risk free from a regulatory perspective, but destined to
enter a very competitive market [59].

The PVAE worksheet also automatically generates useful graphs
that allow the user to have a graphical perspective of the different
scenarios. In the case at stake, the graphs generated by the
worksheet are shown in Figs. 9.2-9.5.

In the second scenario (Table 9.6), we populated our table using
a different evaluation, and we graded the technology by attaching a 3



Table 9.5 PVAE worksheet in the first scenario

Present value after evaluation

Patent relevance 1-5: 5
Initial cash flow: $100,000 Technology 1-5  Financing 1-5  Regulation 1-5  Market 1-5
Patent coverage 1-5: 4 5 5 5 1
Years: 1-5 6-10 11-15
Growth rate: 30% 20% 20%
Before tax, COG, etc. After tax, COG, etc.
Total of cash flows $12,741,535 $4,140,999 Discountrate:  40% Tax rate: 35%
Total PV of cash flows: $728,080 $236,626 Royalty rate: 10% COG, etc. 50%
Total PV of cash flows $582,464 $189,301 Partial PVAE $582,464 $582,464 $582,464 $116,493

considering the relevance
of the patent and patent

coverage:

Present value of royalties ~ $5,324 PVAE before $465,771 PVAE after $151,441

(after tax) tax COG, etc.: tax, COG, etc.:

Year Flows Growth Present value  Year Rate Royalty-tax Total

1 $130,000 30% $92,857 1 10% $8,450 $8,450

2 $169,000 30% $86,224 2 10% $10,985 $19,435
3 $219,700 30% $80,066 3 10% $14,281 $33,716
4 $285,610 30% $74,347 4 10% $18,565 $52,280
5 $371,293 30% $69,036 5 10% $24,134 $76,414
6 $445,552 20% $59,174 6 10% $28,961 $105,375
7 $534,662 20% $50,720 7 10% $34,753 $140,128
8 $641,594 20% $43,475 8 10% $41,704 $181,832
9 $769,913 20% $37,264 9 10% $50,044 $231,876
10 $923,896 20% $31,941 10 10% $60,053 $291,929
11 $1,108,675 20% $27,378 11 10% $72,064 $363,993
12 $1,330,410 20% $23,467 12 10% $86,477 $450,470
13 $1,596,492 20% $20,114 13 10% $103,772 $554,242
14 $1,915,790 20% $17,241 14 10% $124,526 $678,768
15 $2,298,948 20% $14,778 15 10% $149,432 $828,200
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PVAE After Tax, COG, etc.:

630 W PVAE After Tax,
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Figure 9.2 PVAE chart after tax, COG, etc.
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Figure 9.3 Future cash flows and present value.

to all the variables. This means that the technology in question is not
that crucial to the production of the product or the implementation
of the process. It also implies that the claims of the patent have a
medium breadth, that the technology is moderately promising, and
that there might be some regulatory and market barriers. Starting
with the same initial cash flow for the first year of sales, and
considering a life expectancy of 15 years, the total of cash flows is
again $2,867,778, and the total present value remains at $2,192,010.
However, here the total present value considering the relevance
of the patent and patent coverage is $789,123 and the PVAE after
tax, COG, and other expenses is equal to $248,574. The sheet also
provides the amount of collected royalties and their present value,
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Figure 9.4 Cash flows and royalties.
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Figure 9.5 Royalty revenues.

which is again $107,226. So, in this second scenario, the present
value of the prospected royalties is more than one-third of the PVAE
after tax, COG, and other expenses. In the chart below (Fig. 9.6),
the user can have a graphical overview of the values assigned to
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Table 9.6 Variables chosen for the given technology/patent

Assumptions

Patent relevance 1-5: 3

Initial cash flow: $100,000

Patent coverage 1-5: 3

Years: 1-5 6-10 11-15
Growth rate: 30% 20% 20%
Technology 1-5 Financing 1-5 Regulation 1-5 Market 1-5
3 5 3 3

Discount rate: 40% Tax rate: 35%
Royalty rate: 10% COG, etc. 50%

PVAE Before Tax COG, etc.:

3,476 & PVAE Before
Tax COG, etc.:

S0 $50,000 $1,00,000 $1,50,000  $2,00,000

Figure 9.6 PVAE chart before tax, COG, etc.

the six major variables in this scenario. The selected variables are
represented in the PVAE worksheet (Table 9.7).

In the second scenario it is easy to understand from the table
above that the technology/patent at stake is of average importance
for the implementation of the final product/process, possessing an
average strength from a legal standpoint, promising in terms of
future development, somehow risky from a regulatory perspective,
and destined to enter a somewhat competitive market [59].



Table 9.7 PVAE worksheet in the second scenario
Present value after evaluation
Patent relevance 1-5: 3
Initial cash flow: $100,000 Technology 1-5  Financing 1-5  Regulation 1-5  Market 1-5
Patent coverage 1-5: 3 3 5 3 3
Years: 1-5 6-10 11-15
Growth rate: 30% 20% 20%
Before tax, COG, etc.  After tax, COG, etc.
Total of cash flows $12,741,535 $4,140,999 Discountrate: 40% Tax rate: 35%
Total PV of cash flows: $728,080 $236,626 Royalty rate: 10% COG, etc. 50%
Total PV of cash flows $262,109 $85,185 Partial PVAE $157,265 $262,109 $157,265 $157,265
Considering the relevance
of the patent and
Patent coverage:
Present value of royalties ~ $5,324 PVAE before $183,476 PVAE after $59,630
(after tax) tax COG, etc.: tax, COG, etc.:
Year Flows Growth Presentvalue  Year Rate Royalty-tax Total
1 $130,000 30% $92,857 1 10% $8,450 $8,450
2 $169,000 30% $86,224 2 10% $10,985 $19,435
3 $219,700 30% $80,066 3 10% $14,281 $33,716
4 $285,610 30% $74,347 4 10% $18,565 $52,280
5 $371,293 30% $69,036 5 10% $24,134 $76,414
6 $445,552 20% $59,174 6 10% $28,961 $105,375
7 $534,662 20% $50,720 7 10% $34,753 $140,128
8 $641,594 20% $43,475 8 10% $41,704 $181,832
9 $769,913 20% $37,264 9 10% $50,044 $231,876
10 $923,896 20% $31,941 10 10% $60,053 $291,929
11 $1,108,675 20% $27,378 11 10% $72,064 $363,993
12 $1,330,410 20% $23,467 12 10% $86,477 $450,470
13 $1,596,492 20% $20,114 13 10% $103,772 $554,242
14 $1,915,790 20% $17,241 14 10% $124,526 $678,768
15 $2,298,948 20% $14,778 15 10% $149,432 $828,200
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PVAE After Tax, COG, etc.:
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Figure 9.7 PVAE chart after tax, COG, etc.
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Figure 9.8 Future cash flows and present value.

Once again, the PVAE worksheet also automatically generates
useful graphs that allow the user to have a graphical perspective of
the different scenarios. In the case at stake, the graphs generated by
the worksheet are shown in Figs. 9.7-9.10.

In the third scenario, the table (Table 9.8) is populated with
different future variables, and the technology is graded by attaching
a 2 to all the variable slots. The technology in question is, therefore,
definitely not crucial to the production of the product or the
implementation of the process. It also means the claims of the patent
have a medium-low breadth, the technology is not that promising,
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Figure 9.9 Cash flows and royalties.
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Figure 9.10 Royalty revenues.

and there might be some serious regulatory and market barriers.
Starting with the same initial cash flow for the first year of sales,
and considering a life expectancy of 15 years, the total cash flows are
once again $2,867,778, and the total present value is still $2,192,010.
However, here the total present value considering the relevance of
the patent and patent coverage is $350,722, and the PVAE after tax,
COG, and other expenses is equal to $73,652. The sheet also provides
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Table 9.8 Variables chosen for the given technology/

patent

Assumptions

Patent relevance 1-5: 2

Initial cash flow: $100,000

Patent coverage 1-5: 2

Years: 1-5 6-10 11-15
Growth rate: 30% 20% 20%
Technology 1-5 Financing 1-5  Regulation 1-5  Market 1-5
2 5 2 2
Discount rate: 40% Tax rate: 35%
Royalty rate: 10% COG, etc. 50%

the amount of collected royalties and their present value, which is
again $107,226 because they are based on the same amount of sales.
Thus, in this last scenario, the present value of the foreseen royalties
is considerably higher than the PVAE after tax, COG, and other
expenses. These three examples clearly show that using the present
value of expected royalties to determine the price of the technology
for a potential transaction is not a proper evaluation method. In fact,
the variables used to populate the sheet are definitely key aspects
when evaluating the potential of a novel product or process. In the
chart below (Fig. 9.11), the user can have a graphical overview of
the values assigned to the six major variables in this scenario. The
selected variables are represented in the PVAE worksheet (Table
9.9).

In this third scenario it is easy to infer from the table above that
the technology/patent at stake is not particularly important for the
implementation of the final product/process, kind of weak from a
legal standpoint, not that promising in terms of future development,
very risky from a regulatory perspective, but destined to enter a
viable market [59].

Once again, the PVAE worksheet also automatically generates
useful graphs that allow the user to have a graphical perspective of
the different scenarios. In the case at stake, the ggraphs generated
by the worksheet are shown in Figs. 9.12-9.15.

Therefore, the PVAE method shows how it is possible to have
a valuation of a technology or patent that also takes crucial,
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Figure 9.11 PVAE chart before tax, COG, etc.
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Figure 9.12 PVAE chart after tax, COG, etc.



Table 9.9 PVAE worksheet in the third scenario

Present value after evaluation

Patent relevance 1-5: 2
Initial cash flow: $100,000 Technology 1-5  Financing 1-5  Regulation 1-5  Market 1-5
Patent coverage 1-5: 2 2 5 2 2
Years: 1-5 6-10 11-15
Growth rate: 30% 20% 20%
Before tax, COG, etc.  After tax, COG, etc.
Total of cash flows $12,741,535 $4,140,999 Discount rate:  40% Tax rate: 35%
Total PV of cash flows: $728,080 $236,626 Royalty rate: 10% COG, etc. 50%
Total PV of cash flows $116,493 $37,860 Partial PVAE $46,597 $116,493 $46,597 $46,597

Considering the relevance
of the patent and
Patent coverage:

Present value of royalties ~ $5,324 PVAE before $64,071 PVAE after $20,823

(after tax) tax COG, etc.: tax, COG, etc.:

Year Flows Growth Presentvalue  Year Rate Royalty-tax Total

1 $130,000 30% $92,857 1 10% $8,450 $8,450

2 $169,000 30% $86,224 2 10% $10,985 $19,435
3 $219,700 30% $80,066 3 10% $14,281 $33,716
4 $285,610 30% $74,347 4 10% $18,565 $52,280
5 $371,293 30% $69,036 5 10% $24,134 $76,414
6 $445,552 20% $59,174 6 10% $28,961 $105,375
7 $534,662 20% $50,720 7 10% $34,753 $140,128
8 $641,594 20% $43,475 8 10% $41,704 $181,832
9 $769,913 20% $37,264 9 10% $50,044 $231,876
10 $923,896 20% $31,941 10 10% $60,053 $291,929
11 $1,108,675 20% $27,378 11 10% $72,064 $363,993
12 $1,330,410 20% $23,467 12 10% $86,477 $450,470
13 $1,596,492 20% $20,114 13 10% $103,772 $554,242
14 $1,915,790 20% $17,241 14 10% $124,526 $678,768
15 $2,298,948 20% $14,778 15 10% $149,432 $828,200
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Figure 9.13 Future cash flows and present value.
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Figure 9.14 Cash flows and royalties.

nonquantitative variables into account, such as the environmental
and/or human safety concerns that might adversely affect a
technology’s potentially brilliant future. These risks can be quite
intense when dealing with nanotechnology-related products or
processes. Due to the current rather unstable situation of this
market, normative and regulatory barriers could pose serious
commercialization barriers and as demonstrated above, by changing
the qualitative variables the valuation may vary greatly. Indeed,
the nature of nanotechnology at the moment can be further
compromised by unexpected outcomes related to the very nature of
the innovation in question, and these events may change the value
of the product or process incorporating the technology, dramatically.
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Figure 9.15 Royalty revenues.

In the realm of human safety and environmental preservation, these
technologies could imply serious hazards, for example. Moreover, if
a toxic substance is not totally metabolized in the human body, it
can be excreted into the environment and endanger other humans as
well. Unfortunately, if a product is marketed before all the required
or suggested tests, the only way to see whether there are undesired
effects is to wait. In this regard, the use of evaluation techniques and
especially of the PVAE method to ponder all the variables involved in
the commerecialization of nanotechnology-based innovations would
allow value adjustments, depending on potential changes to the
situation. Therefore, licensing agreements could, for example, be
linked to milestones or events that should allow the parties to
change the variables and the values, accordingly.

9.4 Conclusions

Due to the dominant role played by universities and PROs in the
conception and management of nanotech inventions, it is critical
to devise a tool or a set of tools that could guarantee to the
stakeholders that public research, performed with public money, has
been appropriately valued before being licensed or sold to private




Conclusions

or public companies. Nanotechnology, for its intrinsic peculiarities,
seems to be the best candidate for testing the method and tool
proposed in this chapter.

In this regard, the opportunities offered by the PVAE method and
tool are quite remarkable. In fact, by using the total present value
of the foreseen royalties and the PVAE, the user will come to two
figures that can serve as a range to be used during negotiations.
Also, there is no predetermined scenario when using the PVAE tool.
If the technology has all top qualitative variables, then the PVAE
will be greater than the present value of foreseen royalties (taking
into account an average royalty rate). In the opposite case, when the
qualitative variables are poor, it is very likely that the PVAE will be
well below the present value of the expected royalties.

The University of Trieste (Italy) has officially started testing
the PVAE tool in 2011 to provide all potential assignees/licensees
of some selected technologies with a reliable method for the
assessment of the value (post-evaluation) of its posted available
technologies. The tool has been applied indistinctly to various
technologies of the university, including those stemming from
nanotech research. The PVAE seems to be especially effective
in the university-industry setting, where companies usually take
advantage of their stronger position and there is not yet a
simple way of finding an objective range to use as a starting
point for negotiations. The PVAE method constitutes therefore an
interesting option to evaluate technologies or patents that pertain
to particularly “risky” fields, where environmental and human safety
issues might hinder a prosperous future for the technology or patent
in question.

In fact, proper use of the PVAE tool would allow the parties
to a license agreement or assignment to change the variables and
adjust the value to the current situations. For instance, a novel
molecule engineered through nanotechnology could face a hard
time in government approval because of potentially adverse side
effects to humans and/or the environment. In this case, the parties
could simply adjust the technology and regulation variables to make
the value of the innovation more adherent to its current market
potential. It must be said that the PVAE tool, as any other valuation
method, is purely subjective in two ways. First, it is necessary to
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have two parties agreeing to adopt a particular method rather than
another. Once the tool or method is agreed upon, then the parties
must find a common approach to play with variables and parameter
ranges. Since the PVAE tool is based on projections and rates purely
conceived by the parties, it is necessary in the first place that the
parties agree to the numbers to be used in the worksheet and
only then they will get an opportunity to assign a price value (and
then a price) to a given technology by using as a reference the
two values provided by the worksheet. In fact, what is necessary
to comprehend, when the valuation of IP is concerned, is that while
the cost is something undisputable as it is corroborated by factual
findings, the price is determined by one party, and it is market
efficient as long as the other party is willing to pay that given price.
Finally, the value is the most difficult figure to agree upon as the
interests of the parties are necessarily opposite. The seller shall
assign a high value to the product to be sold and the buyer shall try
to find or the possible arguments to show that the value is definitely
inferior to the one asked for by the seller; therefore, the price should
be found in between. The importance of the PVAE method, as said, is
related to the fact that there are two values generated, and therefore,
the parties who agree to use it know they will start negotiating
by using the two figures as confines of the product’s price
latitude.
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principles (GAAP) 153

genes 49, 65,71,90

genetech 112-113

glucose 44,47,71-72

gold nanoparticles 91-92

gold nanorods 92

gold nanoshells 91-92

growth factors 12-13

health 98,111, 122,125,172-173
healthcare spending 4
healthcare systems 4
HIV
see human immunodeficiency
virus
transmission of 89
human immunodeficiency virus
(HIV) 86,89

IAM, see intellectual asset
management
immune responses 94
immunosignal 39
implants 14, 75
infectious diseases 81-82
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innovations
nanotechnology-based
183,204
nanotechnology-related 170

intellectual asset management
(1IAM) 152,163

intellectual property (IP) 115,
119, 136, 142, 144-145, 147,
151-152,155-160, 162-165,
172,174-175,181, 188, 206

intellectual property evaluation
165-166

intellectual property rights (IPRs)
135-136, 138, 140, 142, 144,
146, 148-149, 175

intellectual property valuation
151

intellectual property valuation
151-152,153-165, 206

invention, nanotechnology-related
186

IP, see intellectual property

IPRs, see intellectual property
rights

joint ventures 164-165

leishmaniasis 82,95

life expectancy 185,191, 194, 199

Lipo-Dox 87

liposomes 9-10, 12, 84, 86-87,
126

lithographic techniques 24-25, 27

lithography, soft 26-27

litigation 142,151-152, 155,
165-166, 179

litigation damages 155, 160

magnetic nanoparticles 93
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magnetic resonance imaging (MRI)
23,45-46,48-49

mass transport 38

medical products 124, 126, 128

medication tolerance 92-93

medicinal products 126

medicine 4-6, 14, 16, 21, 75,111,
128

metastases 47, 50

micelles 9-10, 84, 86, 88

microbivores 71-73

microchips 74

microcontact printing 24, 27-28

microelectromechanical systems
75

microfabrication 25-26

microfluidics 23, 27, 45

micronanoprojection vaccine
delivery 95

miniaturization 22-24, 40-42,47

MRI, see magnetic resonance
imaging

nanobead vaccines 95

nanobeads 95

nanocomposites 62

nanocontact printing 27, 29

nanodevices 41, 66,71, 74,120

nanodrugs 10-12,114

nanoemulsions 9, 11, 85-86

nanoenabled therapeutics
120,123,126-128

nanoethics 111-112,114, 116

nanoformulations 82, 84-85, 87,
89,91,93,95

nanofuture 111-112

nanogels 88-89

nanografting 24, 30-31

nanoknives 66-67

nanomedical-based products
120-121

nanomedicine, regulation of
124-127
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nanomedicine patents 97
nanomedicine products 97-99
nanomedicine publications 96
nanomedicine research 16-17
nanoparticle suspensions
120-121
nanoparticles
chitosan 95
functionalized 48, 85
nanopores 9
nanorobotics 69, 71
nanorobots 5, 69-70
nanoshells 91-92
nanosurgery 66, 68-69
nanotech 170,174-175
nanotechnological evolution 115
nanotechnologists 60
nanotechnology
application of 15,17, 128
commercialization of 174-176
molecular 112
nanotechnology-based paint 183
nanotechnology-based products
119,126
nanotechnology commercialization
169-170,172,176
nanotechnology concepts 123
nanotechnology-derived medical
solutions 6
nanotechnology development 170
nanotechnology innovations,
commercialization of
169-175
nanotechnology IP holders 163
nanotechnology IP portfolio 163
nanotechnology patents 156
nanotechnology research 119,
125,177
nanotechnology standardization
123,128
nanotechnology standards 173
nanotechnology valorization 175
nanotherapeutics 81-84, 86, 88,
90, 92-94, 96-99

nanotweezers 66
nanovaccines 81-82,95-96
navigating patent thickets 165
net present value (NPV) 153
neurosciences 75
neurosurgery 74
neurosurgical procedures 65
NPV, see net present value

optical tweezers 66-67
oxygen 71-72

paclitaxel 88,90, 93

patent aggregators 155

patent donations 151

patent evaluation 176, 184

patent infringement 143, 151, 155

patent infringement damages
156-157

patent infringement litigations
156

patent lawsuits 140

patent litigation 155-156, 165

patent pooling 184

patent protection 149

patent relevance 187-188, 191,
196, 200

Patent Term Extension 136

patent thickets, resolving 165

patentability 137-138

patents

nanotech 184
pharmaceutical 136

pathology, removal of 73

PCU, see poly(carbonate-
urea)urethane

PEG, see polyethylene glycol

PEGylation 90

peptides 10, 32, 34

PET, see positron emission
tomography

pharmacokinetics 83-84, 88



photodamage 67

photodiodes 30-31

photolithography 24-25, 27

photomask 25-26

photosensitizer pyropheophorbide
a (PPa) 44, 158

platelet adhesion 61

poly(carbonate-urea)urethane
(PCU) 61

polyethylene glycol (PEG) 10-11,
90

polyhedral oligomeric
silsesquioxane (POSS)
60-61

polyhedral oligomeric
silsesquioxane-
poly(carbonate-urea)
urethane (POSS-PCU) 61

polymer conjugates 90

polymeric nanoparticles 90-91

polymers 11, 28, 60, 84, 88, 90

synthetic 13

positron emission tomography
(PET) 49

POSS, see polyhedral oligomeric
silsesquioxane

POSS-PCU, see polyhedral
oligomeric silsesquioxane-
poly(carbonate-urea)
urethane

PPa, see photosensitizer
pyropheophorbide a

present value after evaluation
(PVAE) 187-192,194-196,
198-201, 205

proteins 8, 10, 13, 22, 27-28,
33-36, 40, 42-43,67,70-71,
90,99

proteomics 22, 33, 36,40

PVAE, see present value after
evaluation

quantum computers 75
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quantum dot nanocrystals 61

radiolabeled readout 34, 36-37
radiolabels 36

regenerative medicine 60-61, 63,
65

safety, human 186, 203-204

SAMs, see self-assembled
monolayers

self-assembled monolayers (SAMs)
27,31-32,41

semiconductor industry 165

sensors 14, 37,46-47,92

silicon nanotweezers (SNTs)
67-68

single-cell analyses 42-43

single-walled carbon nanotubes
(SWCNTs) 44

SNTs, see silicon nanotweezers

solid tumors 11, 87

stent thrombosis, late 64-65

stents, drug-eluting 64

surgical microscopes 69

SWCNTSs, see single-walled carbon
nanotubes

technology-based intangible assets
154

technology factor method 180

technology life cycles 174

technology risk of development
162

technology transfer 163-164,
176

TEM, see transmission electron
microscopy

therapeutic agents 10-11, 48

trade secrecy 148-150

transhumanism 115-116
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transmission electron microscopy
(TEM) 45
tuberculosis 82, 89, 94
tumor cells, circulating 50
tumors 11, 43-44, 48-49, 83, 89,
91-93
primary 50

US patents 139, 141

vasculoid 71

VCs, see venture capitalists

venture capitalists (VCs) 172,
175
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