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Series Editor Preface

Since years, nanoscience and nanotechnology have become particularly impor­
tant technology areas worldwide. As a result, there are many universities that
offer courses as well as degrees in nanotechnology. Many governments including
European institutions and research agencies have vast nanotechnology pro­
grammes and many companies file nanotechnology-related patents to protect
their innovations. In short, nanoscience is a hot topic!
Nanoscience started in the physics field with electronics as a forerunner,

quickly followed by the chemical and pharmacy industries. Today, nano­
technology finds interests in all branches of research and industry worldwide. In
addition, governments and consumers are also keen to follow the developments,
particularly from a safety and security point of view.
This books series fills the gap between books that are available on various spe­

cific topics and the encyclopedias on nanoscience. This well-selected series of
books consists of volumes that are all edited by experts in the field from all over
the world and assemble top-class contributions. The topical scope of the book
is broad, ranging from nanoelectronics and nanocatalysis to nanometrology.
Common to all the books in the series is that they represent top-notch research
and are highly application-oriented, innovative, and relevant for industry.
The titles of the volumes in the series are as follows:

Human-related nanoscience and nanotechnology

Nanoscience and Nanotechnology for Human Health
Pharmaceutical Nanotechnology
Nanotechnology in Agriculture and Food Science

Nanoscience and nanotechnology in information and communication

Nanoelectronics
Micro- and Nanophotonic Technologies
Nanomagnetism: Perspectives and Applications
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Nanoscience and nanotechnology in industry

Nanotechnology for Energy Sustainability
Metrology and Standardization of Nanomaterials
Nanotechnology in Catalysis: Applications in the Chemical Industry, Energy
Development, and Environmental Protection

The book series appeals to a wide range of readers with backgrounds in physics,
chemistry, biology, and medicine, from students at universities to scientists at
institutes, in industrial companies and government agencies and ministries.
Ever since nanoscience was introduced many years ago, it has greatly changed

our lives – and will continue to do so!

March 2016 Marcel Van de Voorde
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XXI

Nanomedicine: Present Accomplishments and
Far-Reaching Promises

The symbolic dawn of nanotechnology is often ascribed to Richard Feynman’s
address to the American Physical Society in 1959: “There is plenty of room at
the bottom..” Possible applications to medicine rapidly appeared as of major
importance encompassing in vitro diagnosis, in vivo imaging, and therapeutics.
It has been, however, necessary to wait until 1995 to have the first nanodrug
approved by the US Food and Drug Administration – a liposomal formulation
of doxorubicin termed Doxil. At present, there are over 300 nanodrugs in vari­
ous stages of clinical development. All of them, that have been already approved,
rely on passive targeting: These compounds are accumulated in tumor tissue due
to the existence of leaky, abnormally fenestrated blood vessels and also due to
altered lymphatic circulation (EPR (enhanced permeability and retention effect)).
Nanocarriers conjugated with antibodies or physiological ligands and thus spe­
cifically targeted to cells expressing the corresponding markers are the next step
in the development of nanotherapeutics. Such drugs are expected to display a
markedly increased therapeutic index, that is, increased effect on tumor tissue
and decreased general toxicity. Several of them are now in the late stages of clin­
ical studies and should become available soon. Future developments include
theranostics and personalized nanomedicine. Theranostics consist in the pres­
ence of therapeutic and imaging compounds in the same carriers specifically tar­
geted to tumor cells. A major advantage of this technology would be the
possibility of noninvasive monitoring of early response to therapy and thus to
rapid adaptation of the treatment. Personalized nanomedicine will allow the
selection of nanodrugs specifically for each patient according to molecular mark­
ers (“-omics” data). In this respect, RNA interference seems a promising
approach. In parallel to this progress, in diagnostics and therapy, it will be neces­
sary to develop toxicology. The toxicity of a compound changes markedly when
the latter is reduced at the nanometer scale. Besides toxicity, due to their shape –
“asbestos-like” properties of carbon nanotubes – nanoparticle detrimental effects
derive from generation of reactive oxygen species, cellular structure disruption,
and immunological reactions. A great progress in the clinical development of
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nanodrugs would be the availability of in vitro assays able to predict in vivo
toxicity.
Nanoparticles are rapidly extending their use in industry: paints, electronics,

tires, sport equipment, sunscreens, and so on. The possible toxicity of these
compounds present in our environment should be examined. We should also
keep in mind and try to prevent the possibility of most dreadful developments:
the weaponization of the processes and compounds. The future of nanomedicine
is obviously bright. It is bound to become one of our most important tools for
diagnosis and therapy.

Member of the French Academy of Medicine Edwin Milgrom
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Challenges and Opportunities of Nanotechnology for Human
Health
Bert Müller

University of Basel, Department of Biomedical Engineering, Biomaterials Science Center,
Gewerbestrasse 14, 4123 Allschwil, Switzerland

Medical doctors have a wide variety of experiences with patients. Therefore,
they are generally fast in the evaluation of the entire human body. For exam­
ple, looking at the morphology of the human body, they can identify the
chronic inflammatory disease of the axial skeleton, termed ankylosing spon­
dylitis, previously known as Bekhterev’s disease. For many natural scientists
and engineers, these abilities are fascinating and surprising, at once.
For the diagnosis of an increasing number of diseases, however, a more

detailed evaluation, for example, on the basis of radiological data, is necessary.
The amount of high-resolution data obtained is huge and usually overburdens
the medical experts. Interdisciplinary cooperation with computer scientists to
(semi)automatically analyze the imaging data becomes more and more common.
These assessments are often expensive and time-consuming. Nonetheless, the
available clinical imaging modalities even with the best spatial resolution do not
reach the resolution needed to visualize individual biological cells with sizes of
about 10 μm. To this end, it appears dubious, why patients can benefit from
nanotechnology.
Reading the instruction leaflets of currently available sun crèmes or sensitive

toothpastes, we realize, however, that nanotechnology has reached our daily routine.
This book will hardly deal with these well-established, systemic applications, we
have known from pharmacy for decades, but with the impact of nanotechnology on
dedicated future therapies for the most important diseases.
The leading cause of death in our society relates to cardiovascular dis­

eases [1]. Therefore, the first part of this book, which consists of four chapters
from medical experts, that is, cardiologist, internist, immunologist, and natural
scientists, targets current research activities toward nonsystemic treatments.
For example, nitroglycerin is currently administered to widen the constricted
atherosclerotic arteries in a systemic fashion. The vasodilator widens all arter­
ies and veins with serious side effects, including a drastic blood pressure drop.
Therefore, the nitroglycerin dose has to be kept limited. Specific biomarkers

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.



4 1 Challenges and Opportunities of Nanotechnology for Human Health

for this prevalent inflammation do not exist. Consequently, researchers pro­
posed to exploit the wall shear stress increased at constricted arteries with
respect to the healthy parts as purely physical trigger to release drugs from
mechanosensitive containers or particles of nanometer size [2,3]. These nano­
technology-based innovations are sweeping the established cardiovascular
treatments, especially before the patients reach the operating room and endo­
vascular devices for intra-arterial clot lysis, stent implantation, or arterial bal­
loon dilatation could become effective [4].
Second most common cause of death is cancer. It is, therefore, not surprising

that the second part of the book is dedicated to alternative diagnoses and treat­
ments of cancer. Although one can cleverly combine pharmaceutical, surgical,
and radiation treatments to heal patients, alternative strategies to fight against
cancer are more than desirable. The four related chapters depict how contempo­
rary methods and sophisticated materials can contribute to a reliable diagnosis
and, more important, to powerful treatments of cancerous tissues even deeply
inside the human body difficult to reach. Here, the deep understanding of the
physical interactions between the probes such as photons or protons and the
biological matter is essential for the selection and the future development of
treatment strategies for the general public.
The third part of the book relates to the most common diseases, which are

caries, musculoskeletal diseases, incontinence, and allergies. Although they often
do not result in death, they massively influence our quality of life.
Caries is the most common infectious bacterial diseases in the world [5].

The disease first destroys the human enamel, which is a unique biologically
ordered material with hydroxyapatite crystallites being organized into a fibrous
continuum. In healthy state, it remains stable for decades and centuries or
even millennia. Currently, no engineering process exists to biomimetically
repair this unique biological material with a well-defined nanostructural orga­
nization. Therefore, the burden of dental caries lasts for a lifetime. Once the
tooth structure is destroyed, it will usually need restoration and additional
maintenance throughout life. In addition, the economic impact of such thera­
peutic approaches is enormous. The World Health Organization estimated
that the dental treatment costs accounted for 5–10% of healthcare budgets in
industrialized countries and additional costs are caused through absences from
work [6,7]. So far, treatments rely on mechanical replacement of decayed tis­
sue by inert biomaterials such as isotropic polymers or composites. Recently,
the analysis of the healthy and diseased crowns down to the nanometer scale
has led to the necessary anatomical knowledge to develop biomimetic dental
fillings, which contain elongated nanostructures with the orientations present
in dentin and enamel [8]. Furthermore, the detailed analysis of the caries
pathology using X-ray scattering has shown that while bacterial processes dis­
solve the minerals in enamel and dentin, the dentinal collagen network
remains unaffected, enabling the development of treatments to remineralize
the dentin [9,10].
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The musculoskeletal system demands increasingly frequent treatments with
metallic load-bearing implants, which include artificial hips, knees, and dental
implants. In general, these metals integrate well into the bone because the sand­
blasted and etched oxide surface contains a multiplicity of features on the micro-
and nanometer scale, which exhibit similarities to the nanometer-size minerals in
bone. Therefore, it has been stated that the morphology of the implant’s surface
tends to have a greater effect than chemical patterns, when both chemical patterns
and topographic ones are offered to biological cells [11]. The vital role of the
nanostructures in avoiding inflammatory reactions and in reaching cytocompati­
bility was demonstrated using nanopyramids naturally formed in heteroepitaxy of
semiconductors [12,13]. In contrast to metals, high-performance polymers are
radiolucent and magnetic resonance imaging compatible, which allow the diag­
nostic examination of tissues in implant’s vicinity. Only recently, the systematic
polymer structuring on the nanometer scale for centimeter-size implants was
explored [14]. It is relatively easy to produce micro- and nanostructures with a
preferential orientation, which better mimic the anisotropy of the bony tissues
within our body [15]. Therefore, one can reasonably expect that polymeric load-
bearing implants will be employed in near future at least for dedicated cases.
The aging of our society has led to the increasing prevalence of social and

economic burdening by age-related diseases, including urinary and fecal
incontinence. In comparatively simple cases, conservative therapy is successful.
Surgical therapy is advisable for more complex cases, where the extent of surgery
depends on the severity. In severe cases, artificial sphincter systems are applied,
which currently rely on fluid-filled cuffs. So far, they are not part of everyday
surgical treatments owing to the large number of complications, including
wound infection, postoperative pain, and consecutive resurgeries. One of the
main drawbacks is the constant pressure acting on the hollow organ. The natural
counterpart, however, adapts to external factors such as climbing stairs or rest­
ing in bed, so that the function is guaranteed and the tissue can regenerate.
Hence, sensor-controlled devices with the necessary time response have to be
developed [16]. As dielectric elastomer actuators (DEA) not only provide the
necessary forces, strains, and response time but can also simultaneously be oper­
ated as sensors, these artificial muscles have a huge potential to become the basis
of future active implants [17]. There are, however, several challenges to be
solved, mainly related to the high voltages required to drive micrometer-thin
DEA. Sandwiched nanometer-thin elastomer films with ultrathin compliant elec­
trodes have to be made available to fabricate biomimetic artificial sphincters and
finally to successfully treat incontinence.
The book Nanotechnology for Human Health should promote the prosperous

use of nanotechnology in prevention, diagnosis, and therapy of the most relevant
diseases of our century. It should comparably become a tool for research-inter­
ested medical doctors as well as natural scientists and engineers with a strong
affinity to support curing patients [18,19]. In this manner, patients concerned will
benefit from this collaborative initiative of an interdisciplinary team of researchers.
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2.1
Conceptual Dream

The discovery of atomic structure in solids initiated the development of man-made
materials and now allows us to exquisite control over their properties and functions.
Similarly, our understanding of molecular and chemical processes has allowed us to
better understand and predict chemical reactions. Perhaps, the seminal moment
came with Feynman’s lecture to the American Physical Society in 1959: “There is
plenty of room at the bottom.” The prospects for uptake of the nanoscale paradigm
in medicine have galvanized interest, both in academia and industry [1–10].

2.2
A Real World Encounter

Accelerating advances encompassing the nanoscale have enabled us to design
therapeutic agents with ever-increased likelihood of clinical effectiveness [2] and
our understanding of the pathophysiology of disease has also been enhanced.
In the context of cell and tissue organization, such knowledge, coupled with our
understanding of macro- and microanatomy has opened a path to the emerging
field of nanoanatomy. Our newly found nanodomain bridges the gap between the
molecular and the “macro,” and it will be of crucial importance in the future,
given that biology uses supramolecular entities, that is, nanostructures, as key
engines of control and management of the cellular world [11,12]. With better
understanding of the nanoscale we will be better equipped to create nanomaterials
to augment our current armory of diagnostic and therapeutic systems. Further­
more, a thorough structural characterization of the subcellular/supramolecular
will give us considerably greater mechanistic understanding. This will have an

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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impact on internal medicine, but is already seeing application in cardiovascular
and regenerative medicine along with a broader refining of targeted therapies.
Structure–function relationships at the nanoscale also has huge implications for
complex biomimetics, for example, in the reproduction of multifunction sensing
and organ systems to hard tissue design in dentistry and orthopedics [2,13].

2.3
Mapping the Microcosm of Disease

Nanomedicine delivers nanotechnology and nanoscience to practical health care
with unprecedented precision. It exploits the often improved, and often unexpected
physical, chemical, and biological properties of materials at this extreme length
scale. Here, man-made structures match the length scale of many natural functional
units in living organisms, allowing scale-matched interactions [2,14].
As the population ages, in developed nations, and those in developing countr­

ies become more subject to environmental threats and infectious agents, medi­
cine is confronted with exceptional health care challenges. Early diagnosis and
therapy is now of vital importance [15].
By building up strength in nanoscience and nanotechnology, early disease

detection, preventative measures, and targeted therapies can be developed that
will benefit all mankind.

2.4
Delivery at the Clinical “Coal Face”

The immediate practical outcome will be to complement, and indeed augment,
existing therapies [1,16–18]. Nowhere is this more obvious than in the tailoring
of therapeutic carriers to deliver antibiotics in innovative ways to increasingly
resistant microorganisms. In this way, many antibiotic agents that are currently
considered to be coming to the end of their useful lifetimes could see resurgent
use, reducing the demand for expensive de novo drug development. The quality
of life is as important as its longevity, and here also the nanoscale can offer solu­
tions. With failing cellular and tissue structures, it may be possible to supply
nanoscale substitutes in the way that traditional biomaterials are being used for
macrostructures [19,20]. Thus, while say an osteoporotic fracture is seen as a
macroscale failure, in reality it is a failure of organization at the nanoscale, and
is therefore amenable to management at this scale.

A High Precision Aim for Disease Targets

Scientific discoveries in nanomedicine will have to pass through time-consum­
ing development stages, including preclinical and clinical studies, to reach

2.5
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commercialization. However, reengineered agents are emerging and have been
targeted variously to cancer treatment, hepatitis and other infectious diseases,
anesthesia, cardiac/vascular disorders, inflammatory and immune disorders,
endocrine and exocrine disorders, degenerative disorders, and so
on [1,4,21–25]. Perhaps the major part of current research effort is focused on
cancer treatment. We now have high-impact interventions built on nanoscale
medicines and nanocarriers. Preliminary exploitation was applied to imaging
agents and now targeting of drugs and even remotely trackable agents is
becoming feasible [18,26–28].

A Materials Revolution for Clinical Care

Earlier research, developed model systems, laid the foundation for nano
materials and showed the potential for revolutionizing medicine. Preliminary
evidence was provided of reconfigured bulk and surface properties afforded
by nanostructures and how these could be harnessed for better ways of
detecting and managing diseases, and in some cases even preventing them.
In parallel, manipulative and analytical tools have been devised that offer the
underpinning infrastructure. These addressing the unique imaging, manipula­
tion, and interrogation needs of such materials [29–31]. The same, of course,
applies to their natural biological counterparts. The scene is set to apply our
knowhow to advance soft nano-objects based around proteins and other bio­
polymers. Through this strategy we may also have a better understanding of
how biology achieves supramolecular systems. We certainly have a fix on
structure, such as that of the elegant ribosomal machine (Nobel Prize Chem­
istry, 2009), and a full functional understanding may come within reach. An
extreme challenge would be how chromosomal DNA is exposed and read in
real time [32].
Artificial nanostructures able to interfere with such complex, self-assembly

nanosystems may allow for the manipulation of these processes to deliver thera­
peutic outcomes, for example, via gene silencing and gene amplification. With­
out experimentally interacting with biology at the nanoscale in the first place, we
will not be able to understand this all important nanobiology realm.
A combination of advanced tailored nanomaterials and monitoring tools will

provide us with closer information on the dynamics of nano–bio interactions.
We are well placed to delve into even the most elusive of natural nanostruc­
tures [33,34]. A practical advance could be a reinvention of the current surgery
paradigm, where selective addition and removal of components at the cellular
level are affected. A potent exemplar is in neurointervention, where techniques
for neuronal repair and nano scaffolds for axonal growth already seem feasible
for clinical use. Future extended neuronal lifespan and control of nanoaggregate
formation may provide resolution of age-related neurodegenerative disease, most
notably dementia.
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2.7
Robotics for Microrepair and Healing

Future possibilities lie in the use of so-called nanorobots introduced through the
vascular system but having the capability of reaching a specific cell type to
undertake a preset surgical maneuver [35,36]. Already femtosecond lasers per­
form 100 nm incisions in eye surgery and in regard to materials we have hemo­
stasis peptides that can self-assemble as nanoscale protective barriers for sealing
up wounds.
Cross-referencing of the diseased and normal at the nanoscale will also pro­

vide deeper insights. This text provides some representative examples of nano­
technology-based tools, materials, and systems that are set to have an impact on
both biology and medicine.

2.8
A Dialog with Cells

Our ability to transport materials to the cell is essentially a function of length
scale [37,38]. Nanoscale devices might be developed to achieve this for us auto­
matically. While being a hundred or thousand times smaller than a cell and on a
par with biomacromolecules such as enzymes and cell receptors, they might
have a built-in smartness that allows targeting and recognition. The scales for
such machines are already evident with sophisticated, interactive structures such
as hemoglobin at 5 nm, DNA 2.5 nm, and quantum dots 10 nm. In principle, a
nanostructure of 50 nm size could enter the cell, and one of 20 nm size could
traverse a capillary bed. Surface charge, shape, and polarity will modulate these
properties. For the innovative nanoengineer, a combination of surface design,
bulk reactivity, and payload release are all open for massive exploitation and
development. Viruses already achieve such desired combinations, with their
unique negotiation of cell receptors. A progression of this natural technology to
achieve the same with artificial constructs would pay major dividends without
the health risks. Gene therapy, for example, need not take the risky route of nat­
ural viral carriers.
Nanolayers might be usable for masking or protection of cellular surfaces such

as vascular endothelial cells in order to manipulate vascular access. Masking,
however, is a far greater challenge for the artificial particle introduced into the
body, susceptible to all that the body can throw at it by way of masking and
rejection with inevitable loss of efficacy.
The payoff of targeted therapy is a huge one. There is now major analysis of

cancer/patient genomes to tailor therapeutic agents for individual patients. Any­
thing that diminishes toxic drug effects while maintaining potency is a magnet
for research, also presenting is a distinct opportunity for big pharma to advance
our drugs concepts.
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2.9
Stealth Materials for a More Potent Delivery

Nanostructures to package proteins and other biodegradable agents could be
given orally as opposed to the intravenous or tissue injection route. Complex
nanoengineering is required to both protect such agents from degradation and
make them available for intestinal uptake and onward transmission. The dual
need is for protection against chemical defense while allowing for effective pene­
tration of physical barriers. The barrier problem is at its most extreme at the
blood–brain barrier and intact skin. Assistive technologies such as electropora­
tion and electrical fields gradients are showing great promise, for example, for
melanoma, and with a nanotechnology synergy the effects will surely be dra­
matic. Beyond this surely there may be the opportunity to fine-tune delivery to
reach specific subcellular, including nuclear, subcomponents. At close range
weak magnetic and dielectric properties might well serve as strong field manipu­
lative tools. The challenge is the design. Magnetic liposomes and binary shell
polyferrofluids have already provided better particle loading and tissue localiza­
tion through external magnetic fields [24,26,39].
In an era where the drug pipeline is no longer guaranteed, a standard drug

injected into tissue or given intravenously can be made to profoundly alter its
pharmacodynamics without any change in chemistry, simply by associating it
with a nanocarrier. So, there are likely to be drug advances made without the
need for always discovering completely new therapeutic agents. Beyond and
major cost savings in drug development would be a timely development when
we need so many antimicrobials to fit for an era of resistant superorganisms.
The vascular compartment is itself a disease focus. The high incidence of

cardiovascular disease has profound healthcare implications [6]. Thus, carrier
nanoparticles for dealing with atherosclerotic plaques and inflammatory cardio­
vascular disease would revolutionize cardiac medicine. Heart tissue regeneration
via nano particles, for example, releasing tissue regenerative agents just where
they are needed could pay the way for treating more dramatic diseases such as
myocardial infarction and stroke.

2.10
Improved Biointerrogation for a Better Understanding

Many diseases, including cancer, originate from mutations with alterations in
cellular regulatory and metabolic pathways. Early sensitive diagnosis has been
constrained by the lack of biosensors and probes capable of reaching the local
diseased compartment as opposed to, say, the signals coming from that zone,
such as circulating biomarkers. Nanomaterials interacting with specific intra­
cellular signals with some form of optical, magnetic, or electrical relays could
provide early alert for disease [26,35]. In this context, in vivo nanodiagnostics
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will be a major challenge combining the need for device biocompatibility with
the IT element of remote interrogation. Loaded nanoparticles with an indicator
function offer some glimpse of what is possible here. Extension of this concept
to the intact organism or tissue would be a further, major step forward.
The greater emphasis on point-of-care and self-testing for rapid and early

diagnosis also means the diagnostics have to be operationally simple. There is
also a premium on multiparameter testing. Using nanostructures and nanosens­
ing surfaces allows for a sensing system that has exceptional redundancy, provid­
ing robust and fast results. A true “lab-on-a-chip” could be realized using
nanoscale sample handling, and coupling with extreme miniaturization of opti­
cal, electrochemical, and other platforms becomes feasible [2,40]. The patient
then becomes empowered to track their own health status. A further attribute of
nanotechnology would be the provision of nanoporous membrane structures for
scaling down of surface interaction, down to the molecular level. Nanoporous
liquid membranes are already under development for DNA sequence identification.
Nanoendoscopy is a further diagnostic method that has its precursor in the

Pill Cam capsule endoscope. Here, peristaltic movement of a videocamera cap­
sule down the gut yields intermittent imaging of the small intestine. A pill-sized
camera with nanocomponents could be used to replace existing, more invasive,
colonoscopy.
The key strength of nanodevices for sensing is their nonintrusive nature. This

has the added advantage of provoking less biorejection, avoiding tissue disrup­
tion in the patient. Again, disease alerts could be provided earlier, for example,
for those with coronary artery disease to ensure that the cardiac cells are not
under hypoxic stress or in glaucoma through real time intraocular pressure
monitoring with a contact system. In the case of both the central and peripheral
nervous system, nanoneuroprostheses might well be designed for intelligent
functional electrical stimulation (FES) with high spatial resolution.
Nanotechnology could accelerate the move away from laboratory testing. At

the wider societal level the nonintrusiveness could allow use in medical surveil­
lance for preventative medicine in whole populations.

2.11
Crossing the Structure–Function Threshold

Structural and functional imaging such as PET is advancing, but there is an even
greater need for better spatial resolution to image intralesion heterogeneity, tis­
sue viability, and delineation of disease margins. Nanostructures, here as imaging
beacons, offer huge advantages [7,26]. Already, superparamagnetic particles have
been used to effect imaging, but such systems able to respond to local chemistry
could create a revolution in functional imaging. While complex and potentially
expensive, better disease management would bring down overall health care
costs. Recent progress in multifunctional contrast agents using compounds
responsive to biological activity suggests the capability is on the horizon.
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2.12
Living Implants for a Living Matrix

Traditional implant materials have made major headway in therapy. Their lim­
ited surface bio/hemocompatibility, however, compromises their long-term
function. Surface nanostructuring and triggering of desirable, as opposed to
adverse tissue/blood responses, could radically change the device, and patient’s,
lifetime. Such design could include chemical functionalization with the presenta­
tion of sophisticated motifs and subtle types of environmental responsiveness
and remodeling [10,14,41]. Cells react to both surface chemistry and topography,
so engineering of such nanomotifs has decided advantages. In dentistry, dental
implants with nanostructured surfaces might enhance osteoblast adhesion,
esthetic presentation, and provide for on-going drug release and treatment of
periodontal disease.
Tissue engineering uses artificial scaffolds to direct and differentiate cells.

With nanoscale fibers, pores, and decoration, spatial organization and differenti­
ation would enter a quite unprecedented order of control [2,42]. Eventual tissue
mimicry is possible, not just of homogeneous tissue such as cartilage, but of the
refined mesoarchitecture of large organs. Parallel developments in stem cell
research will provide previously unimaginated types of cell composite, with
more elegant nanoarchitectures now able to engineer the local cell environment
for high precision cellular cues for differentiation.

2.13
Taming the Nanointerface

The properties that make nanomaterials so attractive may also make them haz­
ardous to cells and tissues [38]. Concerns have been raised about unintentional
health and environmental impacts. For instance, metal oxide-based nanoparticles
(TiO2, ZnO, Fe3O4, Al2O3, and Cr2O3) and quantum dots have a core made up
of relatively toxic metals (Cd, Se, etc.). So nontoxic analogues are a vital next
step. This again brings in the fundamentals of materials science. Particle resi­
dence times in the human body, may also be a factor, so it will be necessary to
be clear, as with standard drug agents, as to the pathways taken by nanomaterials
in the body over time: how they accumulate, break-down and are excreted, and
the degree to which they cause oxidative stress to the tissues that they contact.
The bystander effect relates to the widening action of radiation on tissues

through cell signaling. Nanobeams, targeting individual organelles of a cell have
been useful tools for studying such communication and also trigger mechanisms,
for example, for DNA. While nanoparticles could also be used in an analogous
way, this also highlights their potency and potential for causing damage if not
properly designed.
Metal ions play a role in cell regulatory processes but can also provoke disease

states through deficiency or excess. They are known to play a part in some
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cancers and in neurodegenerative disease like Alzheimer’s. Therefore, where
nanoscale metallized components are in cell contact, it becomes necessary to
understand the dynamics of ion release and microenvironmental effects. In par­
allel, agents for ion removal may allow therapeutic modulation where ion release
is for therapeutic purposes.
The effect of nanostructures on the aggregation of fibrous proteins such as

amyloid may also be of importance. Not only might they promote neurodegen­
eration pathways, but also a better understanding of aggregation processes may
emerge of natural peptides and mitigation strategies may be of value for the
design of selforganized structures for therapies [27].

2.14
Where are We Now?

Over the past decade, nanomedicine and nanobiology have undergone radical
transformation from fantasy to real science. The days of discussing advances in
this area in the context of nanobots are over, and systems and nanomaterials have
emerged that provide realistic analytical and therapeutic advantages over conven­
tional approaches. We now know that much of biology is executed at the nano­
scale, but our understanding resides at the extreme molecular and macro levels.
Nanostructures used alone, or coupled with active payloads, along with advanced
manipulative tools are the missing bridge between these two worlds. We are mov­
ing from just creating nanostructures to a systems approach where the nanostruc­
tures are spatially positioned. The potential aim of this 3D organization is to mimic
environments that can be seen as natural by tissue, and through this to accelerate
replacement and repair [41]. At the other extreme, we are learning to design nano­
structures that can survive and operate under hostile in vivo conditions.
Some of the foundations have been led to nanostructured scaffolds for the

growth of human dermal fibroblasts, for example, for chronic diabetic wounds
and burns, nanosilver-loaded wound dressings for broad-spectrum antimicrobial
action, image enhancers in radiology. Associated analytical tools for imaging and
manipulation of both particles and biological structures are now advanced in
ways that would have been viewed as science fiction a few years ago.
In the next phase of development, we need to unravel the complexities of the

biointeractions and through this to translate a technological revolution from the
laboratory to the patient.

Where will the Revolution Take Us?

Innovations are likely to shift toward those associated with overall systems and
their applications. It is this shift that will impact on medicine. We will see uses in
both general medicine and surgery. Increasing attention will be toward complex
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functional replacement of tissues that are either not capable of regeneration or
that have sophisticated structures involving multiple cell types. Such structures
have to be spatially and functionally integrated in a way that does not oversimplify
what we have in the natural tissue. The use of nanoarchitectures will progressively
reduce the need for artificial macrostructures and emphasis materials at the nano­
scale. The latter should also allow for greater convergence of diverse material
types into a single monolithic entity. In cancer, we need to identify tumor mar­
gins, micrometastases, and the residuum of tumor burden to a higher level of
sensitivity than is currently possible. In tissue engineering, we need nanomaterials
as the extracellular chaperone for cell guidance, a kind of artificial extracellular
matrix. We need to learn the relation between natural healing and regeneration
and the artificial nanophases we will create, answering such questions as material
degradation rates, surface adsorption/adhesion, and nutrient transport and its
anisotropy. Nanocarrier-aided targeted delivery will need to be designed in a way
that losses in the reticuloendothelial system are not so great as to make therapy
ineffective. This brings nanoscience into mainstream biology and the processes of
phagocytosis and particle membrane interactions. Cardiovascular science may
well show the earliest advances with nanofiber-based scaffolds for vascular grafts,
nanostructured drug-eluting stents, and thromboresistive surfaces.
A key justification is that nanotechnology will aid doctors to address currently

unsolvable problems, for example, sight-restoration in retinal degenerative disease.
In dentistry, orthodontic manipulative nanostructures could manipulate periodontal
tissues, and even the use of nanotechnology-based drug release agents could degrade
organic compounds into harmless odorless structures and also break down calculi.
Despite the ultimate value of in vivomonitoring with nonintrusive nanostructures,

the more accessible, and rapid advances are likely to be seen in in vitro diagnostics.
In vivo toxicity is not a concern here and the diagnostic industry is capable of build­
ing on existing platforms. Improved diagnostics, lower cost, and a reduced materials
burden will widen uptake and act as a further vehicle for stratified medicine.
All of the above will need to combine engineering advances with strategies for

handling the biological environment, both for the benefit of the nanostructure
and the host environment. To facilitate this, it will be necessary to implement
alternative manufacturing approaches. New products, however, will need to
address stringent safety and environmental compatibility standards. The more
potent the action, the more likely is the undesirable effect. Lifecycle outcomes
will also need to be addressed: nanoparticle use means a greater surface activity
and subsequent impact on the environment, making it paramount to develop
appropriate destruction and disposal capabilities in parallel.

Conclusions

Our understanding of the molecular world with regards to medicine has seen an
astonishing development. Through this development we recognize that the

2.16
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spatial orientation and arrangement of this world is also important. Biology is
chiral, directional, spatially alert, and embodies complex anisotropies. The
supramolecular domain represents the stuff of nanomedicine with the emerging
understanding of the solid states. We are now on the threshold of converging the
formalism of solid-state physics with soft matter. This is not just a scientific
refinement but a potential scientific revolution. There are practical implications
for our greater understanding of disease states and through this a better design
of therapeutic agents.
A medical future without nanotechnology would have a reduced toolkit to

tackle intractable conditions. Hospitals will not sustain the even escalating suc­
cess of the past without the input from new methodologies. Nanotechnology
offers readily available solutions. It may be that traditional specialties will
undergo a refinement with the advent of nanotherapeutics. Without the nano­
input, imaging and diagnostics would not keep pace with the escalating need for
high structural resolution and sensitivity. This quality of diagnostic tools is indis­
pensable, if we are to tackle disease at the earliest stage and to identify aberra­
tions that allow for preventative steps – the target of population preventative
medicine. Degenerative conditions, associated with the aging population, espe­
cially, will remain only partially manageable. Modern medicine will initially apply
nanoconstructs and nanoparticles to Cinderella areas where no alternative exists
but with improved engineering of materials the scope will widen. Any extension,
however, needs also to take into account a wider societal and cultural stance on
nanotechnologies, which if not succeeding will create a resistance to uptake to
the detriment of those who need the technology the most. This is where beyond
the science arena societal engagement will be vital and objective assessments
vital as with any trial data used to move to new treatments in the evidence-based
way. A clue to the future comes from our past and the way we have accommo­
dated the toxic and damaging part of radiology, radiotherapy, and therapeutics in
order to benefit from their benefits. The nanotechnology will make no differ­
ence. As a label nanotechnology has been highly beneficial in our better under­
standing of matter, but the message now to government and funders should be
that of funding nanotechnology not as an isolated entity, but as a vital bridge
between the molecular and structural that will help better understand our exter­
nal and internal environment.
This book with the selected topics on nanomedicine will fuel the creativity of

medical doctors, natural scientists, and engineers in analyzing the human body
and developing nanotechnology-based treatments to improve human health.
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Nanotechnology is typically defined by three criteria, which take into account
the production, size, and properties of the elements that comprise the technol­
ogy. Specifically, a nanoproduct is usually man-made, has elements that are in
the nanosize range, and properties that emerge due to nanoscale dimen­
sions [1]. Over the past few decades, nanoparticles have been exploited within
the field of medicine as diagnostic and therapeutic tools [2–4]. In fact, an
increasing number of nanosystems formulated for medical applications are
described in the scientific literature [3,5–7]. Nanoparticles show a wide variety
of potential medical applications, including targeted delivery of drugs, diag­
nostics for in vitro and in vivo use [8,9], and fabrication of scaffolds [3].
Accordingly, a vast range of materials has been exploited in nanomedicine,
such as polymers [10–15], metals [16,17], and ceramics [18,19]. In particular,
several types of nanocarriers have been used for drug delivery purposes, such
as liposomes [20–23], polymeric micelles [10,11,24], gold particles [25,26], sil­
ica particles [27,28], and silicon particles [29–31]. Compared to conventional
drugs nanodelivery vehicles usually enable a higher degree of specificity for
pathological tissue as they are multicomponent systems, which can incorpo­
rate, for example, biosensors, stimuli-responsive drug release mechanisms,
and transport enhancing components. One of the main limitations of thera­
peutic regimens is the incapability to determine which organs and cells are
subject to systemically administered drugs. Indeed, the therapeutic window, a
concentration range in which a drug is clinically effective without causing
detrimental side effects, is largely determined by the extent of which a thera­
peutic agent is delivered to pathological tissue and confined within it.
In addition to nanoparticles, nanosurfaces and nanointerfaces provide solu­

tions for addressing medical problems. For instance, several nanoparticle plat­
forms have displayed promising capabilities for detection of pathological
markers [32], such as virus components [33] and endogenous proteins [34]. In
fact, diagnostic nanosystems can be exploited for early detection of diseases
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and for monitoring response to therapeutic regimens. Moreover, nano­
technology can be applied to regenerative medicine and tissue engineering
through the utilization of nanoscale materials for the fabrication of scaffolds.
Such materials are often used to support three-dimensional tissue cultures for
in vivo applications. To date, scaffolds have been studied for multiple applica­
tions, including wound repair [35], bone augmentation [36], neocartilage forma­
tion [12], cardiovascular repair [37], and pancreatic islet cell transplants [38]. In
conclusion, biological exploitation of nanoparticles is a continuously evolving
field that yields new approaches for the diagnosis and treatment of illnesses. In
particular, nanotechnology has the potential to substantially improve human
health by aiding the development of personalized medicine. This introductory
chapter will describe some of the main applications of nanomedicine, including
drug delivery, diagnostics, and scaffolds for tissue regeneration. The chapter will
conclude with a section discussing the major categories of clinically approved
nanoproducts.

3.1
Drug Delivery

One of the most beneficial properties of nanotherapeutics is their potential to
improve the transport of drugs, which typically show low accumulation at a tar­
get site. Indeed, nanotherapeutic delivery systems display considerable versatility,
which can be exploited to design nanoparticles that preferentially accumulate in
different parts of the body. An important mechanism that determines the biodis­
tribution of nanoparticles is their ability to cross specific biological compart­
ments (Figure 3.1) [39,40]. Most of these compartments are intended to be
discriminative toward foreign substances, which make it difficult for nanopar­
ticles to reach an intended location. In fact, once drugs enter the vascular sys­
tem, they are subjected to degradation, recognized and processed by the
immune system, and excreted through various routes, including renal and bili­
ary. Moreover, after a drug has traveled across the endothelial barrier, it encoun­
ters other transport obstacles including the extracellular matrix and interstitial
pressure. Finally, in order to enter cells, drugs are exposed to further hurdles
such as the cell membrane, internal cell components, and efflux pumps. It is
crucial to understand the mechanisms by which nanoparticles interface these
biological barriers for the design of delivery systems that are able to localize in
an area of interest. In addition, it is important to understand the final destination
of nanoparticles, since they will ultimately be excreted, broken down, or stored
in the body. In order to attain a favorable accumulation of nanoparticles, there
are four major strategies that have been adopted: (1) taking advantage of the
biophysical characteristics of the pathological tissue, (2) exploiting biomaterials
that tend to localize in tumors, (3) attaching targeting ligands to the exterior
surface of nanoparticles, and (4) activating nanoparticles at a particular location
with external energy. Along with the above-mentioned strategies, a next
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Figure 3.1 Schematic representation of trans- impede drug transport. Finally, the third set of
port obstacles that are encountered upon biological barriers, which can be found in the
intravenous administration of drugs (orange) intracellular environment, consists of the cell
in nanocarriers (gray). The first set of biological membrane, efflux pumps, and lysosomal
barriers is present in the circulation. These organelles. Although this schematic shows a
obstacles include enzymatic degradation, diverse range of biological phenomenon that
macrophage engulfment, and the endothelial should be addressed to obtain efficient drug
barrier. The second set of obstacles resides in delivery, it is not intended to provide a com­
the tissue interstitium, where pressure gradi- plete representation of transport obstacles in
ents and extracellular matrix components the body.

generation of multifunctional drug delivery systems is surfacing. This chapter
outlines these approaches in a more detailed manner.

Strategies for Localized Delivery of Nanoparticles

In many cases, pathological cells are present in a difficult-to-reach location and
dispersed throughout healthy tissue. Therefore, the blood circulation must be
utilized for drugs to be delivered to diseased tissue. With reference to nanopar­
ticles used for cancer treatment, approximately 5% of the administered dose suc­
cessfully localizes in the tumor [41]. In contrast, less than 0.01% of systemically
administered antibodies reach their target [42]. Likewise, small molecules typi­
cally accumulate in lower concentrations in pathological tissue in comparison to
nanoparticles. In fact, the use of nanodelivery systems can result in a more than
10-fold increase in the amount of chemotherapeutic agents in tumor tis­
sue [43,44]. Moreover, both effective transport across biological compartments
and accurate identification of the pathological area determine the therapeutic
outcome of nanotherapeutics. Therefore, there is an impetus toward the devel­
opment of improved approaches to simultaneously attain the barrier penetration
and target recognition goals. In this chapter, approaches that attempt to address
both of these goals are discussed in greater detail.
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3.1.1.1 Physical Targeting
The first approach that has been used clinically to improve the localized accu­
mulation of nanoparticles is physical targeting. The general idea of physical tar­
geting is based on the supposition that pathological and healthy tissue show
crucial dissimilarities, such as different hemodynamic characteristics and varying
intracellular transport kinetics. Specifically, this strategy implies the adjustment
of particle properties, namely, geometry, charge, and stiffness. For instance, the
dimensions of nanoparticles significantly influence localization within the body.
Previous studies have shown that nanoparticles in the 1.0–5.5 nm size range
undergo renal clearance, while particles over 100 nm in size tend to deposit in
the liver due to macrophage clearance [13,45]. In addition, the vasculature of
pancreatic tumors typically prevents the uptake of particles that exceed 50 nm in
size [13]. Accordingly, nanoparticles with specific features can be used to shed
light upon how particle characteristics influence biodistribution. To evaluate the
effect of particle dimensions on nanoparticle localization, other features such as
surface charge and stiffness, should remain the same. Notably, since the dimen­
sions and surface charge of nanoparticles could change considerably in biological
fluids, it is crucial to evaluate how nanoparticle properties change following
in vivo administration [46,47]. In this context, it is also important to assess how
the transport of particles differs in healthy and pathological tissue. In fact, trans­
port oncophysics is a term conceived for the analysis of transport in tumor tis­
sue [40]. Such analysis can identify specific characteristics that govern the
movement of molecules, particles, and cells within tumor tissue [40,48]. The
main goal of transport oncophysics is to take advantage of differences in trans­
port characteristics between diseased and healthy tissue. For instance, structural
differences between tumor vasculature and normal blood vessels have been
exploited for physical targeting. In particular, tumors utilize angiogenesis, a
physiological process that results in the formation of new blood vessels from
preexisting vessels, in order to provide nutrients and oxygen to the expanding
mass of tumor cells [49]. A consequence of angiogenesis is the establishment of
immature vascular networks characterized by a higher number of fenestrations
attributable to a lack of tight junctions and pericytes. These fenestrations, which
are typically less than 600 nm in diameter [50], enable most nanoparticles to per­
meate tumor tissue to a greater extent than healthy tissue. This phenomenon is
referred to as the enhanced permeation and retention (EPR) effect [50,51].
Moreover, the enhanced retention of nanoparticles in tumors is generally a
result of atypical hemodynamics [52,53], inefficient lymphatic drainage [52,53],
and increased adhesive features of tumor tissue [39], of which the latter is due to
the characteristic increase of extracellular matrix components in the tumor
microenvironment [54,55]. The EPR effect is the most well known example of
physical targeting, since the majority of nanoparticles take advantage of this phe­
nomenon. For instance, liposomes, which are nanosized vesicles with one or
more lipid bilayers, are usually in the size range of 50–400 nm, thereby enabling
them to pass through fenestrations in tumor vasculature. In addition to improv­
ing biodistribution, liposomes also display several other benefits over their
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conventional drug formulations [56,57], including possible circumvention of
drug resistance as a result of alternative cellular internalization pathways [21].
Interestingly, the EPR effect can also be exploited in pathologies other than can­
cer, such as cardiovascular conditions and infections, since these diseases show
comparable characteristics to those of tumor blood vessels [58–61].
One of the most common strategies for prolonging nanoparticle circulation

time is functionalization with polyethylene glycol (PEG). Indeed, pegylation
decreases particle recognition by opsonins, hence reducing phagocytosis by
immune cells and avoiding potential immune reactions [47,62], consequently
prolonging circulation half-life. For instance, the earliest nanoparticle drug to
receive approval from the Food and Drug Administration (FDA) in the United
States was Doxil, which is a pegylated liposomal formulation encapsulating dox­
orubicin. In fact, Doxil was initially approved in 1995 to treat Kaposi’s sar­
coma, [63] and has since then been used to treat several other cancer types.
Following the approval of Doxil, many more nanotherapeutics have made it to
the market, including albumin-bound paclitaxel (Abraxane), which was approved
by the FDA in 2005 for adjuvant treatment of breast cancer [64]. In addition to
the EPR effect, other forms of physical targeting have been utilized in nano­
technology, including the optimization of particle shape. Notably, traditional
nanodelivery systems, such as liposomes and polymeric nanoparticles, are usu­
ally spherically shaped. However, particles with discoidal geometry generally dis­
play higher tumor accumulation in comparison to spheres [65]. In fact, once
discoidal particles are intravenously injected, they exhibit increased margination
against diseased vasculature and enhanced adhesion to the endothelium com­
pared to spherical particles [66–68]. Indeed, improved adherence to tumor vas­
culature can be obtained with particles that display maximal surface area without
substantially increasing dislodging forces [67,69]. In actuality, the utilization of
disk-like geometries for nanodelivery vehicles is an example of biomimicry, since
platelets that are discoidal in shape [70] are designed to bind to inflamed tis­
sue [39,66]. It is notable that the human body consists of components with
nanosized dimensions that exhibit distinct physical properties, such as shape,
charge, and deformability, which facilitate specific biological processes. To con­
clude, drug delivery by means of physical targeting is a powerful approach that
has already been used by nature for millions of years to ensure efficient and spe­
cific transport of biological elements within an organism.

3.1.1.2 Biomaterials
The second approach for attaining increased accumulation of nanoparticles at a
pathological site involves taking advantage of biomaterials that naturally localize
in diseased tissue. For example, Abraxane exploits the properties of serum albu­
min, which acts as a carrier for endogenous and exogenous molecules with low
water solubility. Albumin tends to accumulate in tumors as a result of both the
EPR effect and receptor recognition on endothelial cells [71]. Moreover, it has
been demonstrated that albumin is internalized in high amounts by cancer cells,
thus enabling transport of albumin-associated molecules to tumors [71].
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Furthermore, the use of endogenous proteins, such as albumin, eliminates toxic­
ity caused by harmful excipients added for drug solubilization. For instance, the
highly toxic solubilizing agent Cremophor EL is included in the standard formu­
lation of paclitaxel used in the clinic [72]. In conclusion, Abraxane has a more
favorable safety profile than conventional paclitaxel due to improved biodistribu­
tion and the lack of toxic excipients. Taken together, it is reasonable to utilize
endogenous biomaterials for drug delivery applications, since these materials
have been developed through natural selection to be compatible with the biolog­
ical environment.

3.1.1.3 Molecular Targeting
The third approach exploited to increase the transport of nanoparticles in dis­
eased tissue is widely known as active targeting [4]. However, this denomination
may be confusing, considering that particles move as a result of the systemic
circulation and are unable to actively find the intended destination. Accordingly,
this strategy implies the attachment of ligands on the nanoparticle in order to
achieve recognition of pathological markers or biomolecules that are specific for
a certain organ [73–76]. A major reason for enhanced accumulation of targeted
nanoparticles is increased confinement in pathological tissue as a result of
molecular binding events. Molecular targeting can also enhance particle inter­
nalization by diseased cells due to interactions between surface ligands and
receptors, which can trigger receptor recycling and nanoparticle uptake [77].
However, active targeting may alter nanoparticle properties as conjugated moie­
ties can enlarge particle dimensions, thereby hindering transport across biologi­
cal compartments [78]. In addition, ligand binding can enhance chemical
reactivity and increase recognition by the immune system [78,79]. Furthermore,
nanoparticles functionalized with molecular moieties may be unable to maintain
their recognition capabilities [80,81]. Namely, after intravenous administration,
nanocarriers encounter plasma biomolecules that form a surrounding
corona [47,82], which can have a predominant effect on particle biodistribu­
tion [81,83]. In fact, it is possible that the protein corona shields surface ligands,
thereby preventing molecular recognition. Therefore, it is crucial to take into
consideration such concerns when designing nanodelivery platforms. However,
the surface of nanoparticles could be designed to specifically bind certain blood
proteins that tend to accumulate in diseased tissue [47,82,84]. Despite several
attempts to design nanotherapeutics that exploit targeting ligands, none have yet
gained FDA approval. However, several nanoparticles that utilize active targeting
are currently in clinical trials [85].

3.1.1.4 External Activation
The fourth strategy for obtaining localized delivery of nanoparticles is the utili­
zation of external energy sources [4]. With this approach the distribution of
nanoparticles is less important, since the therapeutic mechanism can be acti­
vated at a specific site where the external energy is applied. For instance, gold
nanoparticles can be used to thermally ablate pathological tissue in the presence
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of infrared light or radio waves [86,87], while magnetic nanoparticles can be
heated in an alternating magnetic field [88]. The use of external energy to attain
selective heating has also been applied to carbon nanotubes, which are able to
transform infrared radiation into heat [89–91]. Nevertheless, the aforementioned
strategies can generally not be used in conjunction with intravenous injection of
nanoparticles, as particle deposits are insufficient to thermally ablate tis­
sue [87,92]. For this reason, it is probable that such approaches will not be suit­
able for the treatment of metastatic disease, which is the main cause of cancer
morbidity. Moreover, the external activation strategy can also be exploited to
increase infusion of particles into tumor tissue. In this case, nanoparticle­
induced heating can be applied before injection of conventional drugs to achieve
higher tumor permeability [93].

Next-generation Drug Delivery Vehicles

As previously mentioned, transport across biological compartments is one of the
main problems that nanoparticles encounter after intravenous administration.
Optimization of the biophysical properties of nanoparticles can improve their
penetration across barriers, thereby permitting particles to deposit in the target
tissue. Nevertheless, despite the use of physical, biomaterial, molecular, and
external activation strategies, nanoparticles are generally unable to address a
large portion of transport obstacles in the body. Consequently, there is a need to
develop more sophisticated nanodelivery systems that are able to overcome a
broad set of biological barriers. This goal can be reached through the utilization
of various materials with multifunctional properties that can be exploited in a
sequential manner.

3.1.2.1 Sequential Drug Delivery
Two examples of next-generation sequential drug delivery systems include the
nanocell and the multistage vector (MSV). The nanocell is designed to target
tumor cells and tumor vasculature through sequential release of two small mole­
cules, an angiogenesis inhibitor and a chemotherapeutic agent. Namely, the anti-
angiogenic agent combretastatin was contained within a pegylated-lipid envelope
surrounding a poly-(lactic-co-glycolic) acid (PLGA) nanoparticle with doxorubi­
cin. In fact, PLGA is an FDA-approved biocompatible copolymer that permits
sustained drug release. In essence, the nanocell enables the concurrent use of
both chemotherapy and antiangiogenic therapy without impeding intratumoral
delivery of cytotoxic agents, since polymeric doxorubicin nanoparticles are con­
fined within the tumor before the vasculature is compromised [94]. In addition,
this system increases the retention of doxorubicin nanoparticles inside the
tumor due to a vasculature shutdown.
An additional example of a sequential drug delivery platform is the MSV. The

MSV includes three stages, of which the first stage is a porous silicon-based
micron-sized particle that can be loaded with two other stages consisting of
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Figure 3.2 The multistage vector (MSV). (a)
The MSV is composed of three elements: a
porous silicon microparticle, nanoparticles,
and therapeutic agents. (b) Following intra­
venous injection, the first stage silicon particle
binds to inflamed blood vessels and slowly

degrades, releasing the second stage nano­
particles in diseased tissue. The third stage
therapeutic agent is usually released after the
nanoparticles have crossed the cell mem­
brane. (c and d) Scanning electron microscopy
(SEM) images of MSVs.

nanoparticles and therapeutic or diagnostic agents (Figure 3.2) [95,96]. Indeed,
in the past few years, silicon has been exploited for the design of medical devices,
since the material is biodegradable and nontoxic [97,98]. Moreover, silicon parti­
cles can be manufactured with specific geometries to be suitable for a wide range
of applications. As previously mentioned, it was shown that disk-like particles
display greater adhesion to pathological endothelium in comparison to spherical
particles [65,66]. For this reason, MSVs are fabricated as discoidal particles that
can take advantage of specific hemodynamics and structural features of patho­
logical neovasculature in order to preferentially accumulate in tumor endothe­
lium [99]. Moreover, it is possible to functionalize the surface of the MSV in
order to modulate biodistribution, drug release, and degradation. During the
degradation of the first MSV stage, second stage nanoparticles are continuously
released from the silicon particle, subsequently permeating into the tumor inter­
stitium [39]. Next, the nanoparticles release a third-stage payload, which consists
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of a therapeutic or diagnostic agent. One of the major advantages of the MSV is
extreme versatility, as a result of multiple possible combinations of first stage
and second stage vectors. In particular, second stage carriers can consist of
lipid-based micelles [100], liposomes [31,76,101–103], and polymer-based nano­
particles [29,30,104,105]. In addition, the MSV has been exploited for imaging
applications, which include delivery of quantum dots [106,107], contrast
agents [108–110], and carbon nanotubes [107]. The third stage payload can also
be personalized depending on the intended use. For example, chemotherapeutic
agents [100,105], antibiotics [111], small interfering RNAs (siR-
NAs) [29–31,76,101–104,112], and micro RNAs [29] have previously been used
as cargo. In addition, thermal destruction of tumor tissue was achieved by expos­
ing MSVs with gold nanoparticles to infrared light [87]. Furthermore, the first
stage vector can also be modified in multiple ways to provide optimal transport
of drugs. For instance, particle size, shape, pore size, degree of porosity, charge,
and molecular functionalization can be changed to attain various biodistribution
profiles [39]. Overall, the MSV system is a promising tool for personalized medi­
cine as various combinations of nanostructures and payloads can be customized,
permitting an individualized approach to the treatment of disease.

3.1.2.2 Amplified Drug Delivery
Another approach to obtain localized accumulation of therapeutic agents is the
use of an amplification strategy to enhance targeting. For example, Bhatia and
coworkers designed a drug delivery platform where biological processes were
exploited to sequentially amplify targeted delivery [113]. This nanoparticle plat­
form uses nanoparticles or synthetic proteins to activate the coagulation cascade
in the tumor microenvironment. Imaging or therapeutic agents are then deliv­
ered to the tumor by a second set of nanoparticles that are engineered to target
blood clots. When this system was used, the accumulation of therapeutic agents
in tumor tissue was 40 times higher than that achieved with a nonamplified
approach.

3.1.2.3 Biomimicry
Biomimetic therapies are inspired by mechanisms that regulate natural transport
of endogenous and exogenous biological elements in the body. For instance,
pathogens have developed a plethora of strategies to overcome biological barri­
ers. As an illustration, viruses are able to penetrate the nuclear membrane, sub­
sequently integrating their nucleic acids into the chromosomal DNA of the host.
Furthermore, pathogens typically produce symptoms confined to specific organs,
which could partially be due to preferential deposition in certain tissues. For
these reasons, several nanodelivery platforms have incorporated elements from
pathogenic organisms. For example, attenuated pathogens have been used in
combination with nanoparticles to treat cancer. Specifically, a delivery system
termed the microbot was constructed from Listeria monocytogenes bacteria, pol­
ysterene nanoparticles, and plasmid DNA [114]. Although the microbot strategy
displayed low toxicity [114], the use of real pathogens for drug delivery purposes
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will require extensive preclinical and clinical safety evaluations. In the case of
viruses, an example of a biomimetic nanodelivery system is virus mimicking
(VM) nanogel vehicle, composed of a nanoparticle with two hydrophilic polymer
layers encapsulating a hydrophilic layer containing doxorubicin [115]. In addi­
tion, PEG, bovine serum albumin, and ligands for tumor recognition were also
incorporated in this platform. The VM nanogel vehicle expands as the pH
decreases, resulting in endosomal escape and release of doxorubicin. Notably, it
was also found that the nanoparticles were able to infect multiple cells, moving
from one cell to another as cells underwent apoptosis. Whereas this virus-
resembling vehicle displays therapeutic potential in vitro, further experiments
are necessary to assure anticancer efficacy in an in vivo environment.
A third example of a biomimetic nanoplatform is the leukolike vector devel­

oped by Tasciotti and coworkers. This drug delivery system consists of the MSV
coated with cell membrane fragments from leukocytes [116]. After intravenous
administration, the immune system is unable to recognize the drug delivery plat­
form as a foreign object, enabling the particles to evade opsonization, therefore
prolonging in vivo circulation times and increasing tumor accumulation. In addi­
tion, in vitro studies revealed enhanced permeation of leukolike vectors in path­
ological endothelium in comparison to uncoated MSVs [116]. In summary, the
leukolike system can be exploited for the treatment of various illnesses associ­
ated with inflammation.

3.1.3

Implantable Devices

Over the past few decades, the average life span has continued to increase, caus­
ing chronic diseases to become more prevalent. Since this class of illnesses
necessitates continuous administration of medication, drug delivery platforms
that provide sustained release of therapeutic agents over prolonged periods of
time, could substantially improve the well-being of patients suffering from
chronic conditions. In addition, the utilization of implantable devices enables
drug concentration to stay within the therapeutic window, thereby reducing tox­
icity and increasing therapeutic efficacy [117]. Moreover, maintaining a constant
drug concentration in the body can reduce the risk of drug resistance as periods
of recovery, characterized by low drug concentrations, could enable cancer
cells [118] or bacterial cells [119] to evolve mechanisms of tolerance to cytotoxic
agents. Furthermore, the integration of biosensors into implantable devices per­
mits drug release adjustments in response to programmable features and physio­
logical parameters, for example, body temperature and physical activity. In
addition, implantable devices can be placed inside or in close proximity to the
diseased area, hence maintaining high drug concentrations in pathological tissue.
In essence, there is a necessity to design implantable drug delivery systems

that can provide sustained release of therapeutic agents over prolonged periods.
Crucial considerations to make when creating an implantable system include
long-term biocompatibility, biodegradability, stability [117,120], ability to control
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drug release [121,122], and cost-to-benefit ratio compared to the standard of
care. There are two main categories of implantable devices: implantable infusion
pumps and implants [117]. While pumps mostly take advantage of pressure gra­
dients, drug implants employ polymers or metallic materials to release drugs in a
controlled fashion. In the case of polymeric devices, the drug can be uniformly
distributed throughout the polymeric material or contained within a reservoir
surrounded by a porous membrane. In addition, polymer-based devices can be
divided into biodegradable and nondegradable implants. Notably, a major draw­
back of nondegradable systems is that they typically necessitate surgical removal
after completion of therapy.
Although much progress has been made in the field of implantable devices,

there still exists a need to develop new approaches in order to enhance thera­
peutic efficacy. Examples of new strategies include the work of Grattoni and
coworkers, who have designed implantable silicon nanochannel platforms for
drug delivery [123–125]. These devices were composed of a nanofluidic mem­
brane comprising several nanochannels that regulated drug release through
interactions between molecules and surfaces or electrokinetic modulation [126].
These platforms were biocompatible and displayed zero-order drug release
kinetics for over 30 days. A major advantage of nanochannel drug delivery plat­
forms is the possibility to obtain implants with highly specialized and distinct
characteristics, since the size and number of channels can be fine-tuned to
achieve customizable therapeutic regimens to accommodate individual patients.

Diagnostics

The field of nanodiagnostics is defined as the application of nanotechnology in
molecular diagnostics [127] and can be used for in vitro or in vivo diagnosis in
combination with standard imaging techniques. Recently, nanotechnology has
started to play a part in early diagnosis and prevention of medical conditions. In
particular, the use of nano-based diagnostics enables personalization of thera­
peutic regimens, immediate results from diagnostic testing, and real-time moni­
toring of treatment responses [128]. Early diagnosis is important for most
diseases, especially cancer, where the chances of a complete response to treat­
ment diminish over time. Moreover, nano-based tools such as lab-on-a-chip
devices can aid the development of point-of-care testing, which permits rapid
near-patient diagnosis. These devices are typically composed of biological and
synthetic nanochannels or nanopores fabricated through a variety of techniques,
including electron-beam lithography [129], sacrificial layer deposition [130], and
track-etching polymer membranes [131]. This wide variety of fabrication tech­
niques permits the design of versatile and personalized devices, where the geom­
etry and chemistry of nanostructures can be adjusted. For example, nanotraps
consist of engineered silica nanoporous thin films that can be tailored to achieve
on-chip fractionation of a range of biomarkers. Hu and coworkers designed a
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Figure 3.3 Schematic representation of on- upper part of the reservoir. (c) Washing steps
chip fractionation and digestion of proteins in remove proteins that are not confined within
the nanotrap. (a) A biological sample is placed the nanopores, (d) A digestive enzyme is
in a sample reservoir. (b) Low-molecular- added to obtain peptide fragments. (e) Pep-
weight proteins, such as culture filtrate anti- tide fragments are then eluted prior to matrix­
gen 10 kDa (CFP-10) from Mycobacterium assisted laser desorption/ionization time-of
tuberculosis, enter the nanopores, while high- flight-mass spectrometry (MALDI-TOF-MS)
molecular-weight proteins remain in the analysis.

nanotrap to rapidly isolate Mycobacterium tuberculosis (MTB) antigens from bio­
specimens with matrix-assisted laser desorption/ionization time-of flight-mass
spectrometry (MALDI-TOF-MS) [132]. Notably, this nanotrap did not utilize
antigen–antibody interactions as a means to isolate antigens. On the contrary,
the physical and chemical properties of the nanopore film, such as pore size,
pore morphology, and surface charge, were modified to permit detection of low­
molecular-weight peptide biomarkers that are usually found in small amounts in
the blood. Specifically, such peptides are able to enter nanopores through capil­
lary motion, while high molecular weight proteins can be removed by washing as
they remain outside the pores. This method permits enrichment of low-abundant
peptides, resulting in improved mass spectrometry profiles (Figure 3.3). This
nanotrap enabled up to 90% of recombinant CFP-10 (culture filtrate antigen
10 kDa), an antigen secreted by MTB, to be isolated from a quantified solution,
while significant amounts of antigen could be detected in biological specimens.
In addition, the same research group was able to exploit nanotraps in order to
detect hepcidin, which is a biomarker for iron-related diseases, in biological sam­
ples [133]. Another illustration of a device for point-of-care and personalized
diagnostics was developed by Qin and colleagues [134]. This device, termed the
multiplexed volumetric bar-chart chip (V-Chip), utilizes ink bar charts to quan­
tify oxygen created by a chemical reaction, resulting in rapid quantitative detec­
tion of DNA. An advanced version of this system, called the multistage propelled
V-Chip (MV-Chip), was created by incorporating a multistage “rocket-like” pro­
pelling mechanism, which causes signal amplification, subsequently resulting in
enhanced assay sensitivity [135]. The propellant reaction is obtained by a catalase
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initiator that is conjugated to probe DNA, while signal amplification is achieved
with platinum films. In particular, oxygen is produced in a reaction that takes
place between catalase probes and hydrogen peroxide. The oxygen then causes
the hydrogen peroxide to move forward and react with platinum films that con­
tain nanoscale protrusions, enabling rapid decomposition of hydrogen peroxide.
Subsequently, more oxygen is produced and used as a propeller to force hydro­
gen peroxide to react with a second set of platinum films. This platinum amplifi­
cation cascade is taken through three stages, resulting in the production of a
large quantity of oxygen that pushes ink through channels in order to generate
visual bar charts. The resulting bar charts allow direct visual quantification of
nucleic acids without the utilization of electronic or optical equipment.
In addition to nanostructured chips, nanoparticles can also be used for diag­

nosing disease. Namely, nanoparticles can act as labels or probes when bound to
target biomolecules. In particular, quantum dots and gold nanoparticles have
been extensively studied for this purpose. For instance, quantum dots conjugated
with streptavidin or immunoglobulin G (IgG) were used for the in vitro detec­
tion of human epidermal growth factor receptor 2 (HER2) on breast cancer
cells [136]. Moreover, quantum dots have been used extensively for in vivo imag­
ing. For example, intravenously injected quantum dots were used to detect pros­
tate-specific membrane antigen in mice bearing prostate cancer xenografts [137].
Similarly, gold nanoparticles can be functionalized with DNA or proteins, in
order to enable binding to specific targets. Subsequently, these particles can be
detected through plasmon–plasmon resonance imaging, an optical technique
based on interaction between target-bound gold nanoparticles within close prox­
imity of each other [138]. Gold nanoparticles have been used for the detection
of, for example, prostate-specific antigen [139] and amyloid beta-derived diffus­
ible ligands [140]. In conclusion, nanodiagnostics provide opportunities for
faster, more accurate, and cheaper detection of disease. Especially for the devel­
oping world, where resources are limited and hospitals are scarce, point-of-care
testing could dramatically improve healthcare.

Scaffolds

A major problem of transplantation medicine is the expanding gap between the
demand and availability of tissue/organ grafts. Indeed, a solution has yet to be
found to overcome the crucial matter of graft shortage. A major approach to
address this problem is the use of regenerative medicine, which has been defined
as “the replacement or regeneration of human cells, tissue, or organs, to restore
or establish normal function” [141]. With the emergence of nanotechnology, the
past couple of decades have witnessed the development of regenerative medicine
as a promising strategy to repair and regenerate diseased tissues and
organs [142]. For instance, the design of cell-based nanostructured scaffolds is a
promising alternative to avoid graft shortage. Such scaffolds consist of a
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structural matrix that has cells embedded within it. For example, multiple stud­
ies have utilized stem cells, since they have the potential to differentiate, thereby
increasing the likelihood of tissue or organ recovery. Cell-based scaffolds should
resemble the extracellular matrix that is found in the human body. This endoge­
nous matrix provides cells with physical and biochemical support, displaying
unique surface topography, porosity, and stiffness. Scaffolds that sufficiently
mimic the extracellular matrix will increase the ability of cells to adhere, prolif­
erate, differentiate, and migrate. The next sections discuss recent progress
toward the development of nanostructures applied to regenerative medicine in
three major tissues: bone, skin, and nerves.

3.3.1
Bone Tissue Regeneration

Bone tissue is a nanostructured matrix mainly composed of collagen and cal­
cium phosphate, arranged in the form of hydroxyapatite crystals, which form
nanosheets with a thickness, length, and width of 1–7 nm, 15–200 nm, and
10–80 nm, respectively [143]. This matrix also incorporates several types of cells,
including osteoblasts, osteocytes, and osteoclasts. Since several conditions can
cause the loss of bone tissue, such as fractures, infectious diseases, and organic
diseases, there is a need to develop bone substitutes. Notably, bone reparation
and regeneration is a lengthy process and seldom leads to complete recovery of
bone function. In the past, bone regeneration has been attempted through graft
transplantation, which typically has an unsatisfactory outcome due to infections,
donor morbidity, and other threatening complications. Therefore, cell-based
bone scaffolds are a promising alternative for bone replacement and regenera­
tion [36,144,145]. Such scaffolds should be biocompatible, physically and biolog­
ically stable, able to induce osteogenesis, free of pathogens, and free of major
antigenic factors. In order to enable cell embedment scaffolding materials should
also display high porosity.
Several nanostructured matrices have been developed for bone tissue regener­

ation, including those composed of hydroxyapatite nanofibers, carbon nano­
tubes, and nanotitanium. Nanostructured hydroxyapatite can be synthetized
through sol–gel, precipitation, hydrothermal, and electrospinning tech­
niques [146,147]. For example, Tasciotti and coworkers developed a magne­
sium-doped hydroxyapatite/collagen scaffold that induced osteogenic
differentiation of human bone marrow-derived mesenchymal stem cells in vitro
and promoted bone tissue growth in vivo [36]. In addition, titanium implants
coated with nanopolymeric hydroxyapatite were shown to be nontoxic and
increase bone tissue proliferation in vivo [148,149]. An enhancement of bone
growth was also observed when using a nanostructured scaffold employing
hydroxyapatite and collagen in rats affected by calvarial defects [150]. In addition
to hydroxyapatite nanofibers, vertically aligned multiwalled carbon nanotubes
alone or in combination with hydroxyapatite have shown lamellar bone regener­
ation in vitro and in vivo [151]. Moreover, Yao and coworkers designed anodized



3.3.2

353.3 Scaffolds

titanium-based nanotube scaffolds that permit high levels of calcium deposition
when cultured with osteoblasts [152]. Interestingly, the shape of cell-embedded
scaffolds can have a considerable effect on performance. In fact, Wang et al.
demonstrated that spiral-structured nanofibrous poly(epsilon-caprolactone) scaf­
folds displayed higher levels of cell attachment, proliferation, differentiation, and
mineralization in vitro in comparison to cylindrical scaffolds [153]. Furthermore,
to improve the performance of scaffolds, antibacterial agents and growth factors
can be included in the matrix. As an illustration, polymeric-based nanoscaffolds
have previously been designed to release antibiotic agents [154] and bone mor­
phogenetic proteins [155]. In addition, the inclusion of copper–zinc alloy nano­
particles in a hydroxyapatite and chitosan scaffold was shown to improve protein
adsorption, antibacterial properties, and structural stability [156].
The ability of mesenchymal stem cells to undergo osteogenic differentiation,

acquires osteoblastic markers, and secrete extracellular matrix and calcium
phosphate [157] makes them ideal candidates for use in nanostructured scaf­
folds. For instance, mesenchymal stem cells have previously been embedded in
three-dimensional scaffolds composed of porous nanofibrous polylactic
acid [158], electrospun polylactic acid/nanohydroxyapatite [159], and porous silk
fibroin/chitosan [160]. In addition to these nanomaterials, mesenchymal stem
cells have also been seeded with carbon nanotubes [161]. In this case, the align­
ment of the nanotubes had an impact on cell growth and osteogenic differentia­
tion. Although much progress has been made in the bone tissue regeneration
field, there is still a need to improve the design of scaffolds that permit func­
tional replacement of bone tissue.

Skin Regeneration

Over the past few decades, the number of patients suffering with chronic
wounds has increased. Indeed, multiple conditions, such as age, smoking, and
chronic diseases, can increase the prevalence of chronic wounds and impede
their healing process [162]. Non-healing wounds, for example, burns, are more
likely to develop complications such as infections, malignant transformation,
and compromised esthetics. Moreover, quality of life can also be reduced as a
result of chronic pain. The standard treatment for wounds involves utilization of
skin grafts, which can be harvested from the same patient (autograft), another
person (allograft), or another species (xenograft). Among these skin grafts, auto-
grafts typically result in better outcomes, since the immunological profiles
match. On the contrary, allografts and xenografts are used as temporary substi­
tutes, since they are eventually rejected due to immune reactions [163]. In this
regard, several studies have focused on the development of skin substitutes to
avoid complications associated with skin grafts. Indeed, major advantages of
skin equivalents include decreased cross-infection [164,165] and reduced pain,
resulting in shorter patient hospitalization periods and reduced morbidity and
mortality [165,166]. Notably, skin substitutes should display specific
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characteristics, such as sterility, biocompatibility, barrier function, prevention of
water loss, and minimal inflammatory responses [164,167]. Moreover, engi­
neered skin grafts should exhibit precise mechanical and physical features,
including flexibility, resistance to shear and linear stresses, prompt wound site
adhesion, and controlled degradability [164]. In addition, when designing skin
substitutes it is important to consider issues regarding production costs, shelf
life, and storage conditions [168].
With the advent of nanomedicine, several research efforts have been under­

taken to design nanostructured skin substitutes. For example, Chandrasekaran
and coworkers demonstrated that plasma-treated electrospun poly(L-lactic acid)­
co-poly(epsilon-caprolactone)/gelatin nanofibrous scaffolds were able to enhance
skin regeneration through inducing proliferation of embedded fibroblasts [169].
Moreover, Sun and coworkers embedded keratinocytes and fibroblasts in a scaf­
fold composed of rosette nanotubes and hydrogels, and demonstrated efficient
cell proliferation in vitro [170]. Notably, in vivo studies show that the utilization
of cell-embedded scaffolds composed of nanofibrin in a chitosan hydrogel matrix
cause improved wound closure in rats as compared to non-treated wounds [171].
Additionally, a polyvinyl alcohol-based hydrogel containing epigallocatechin gal­
late was shown to increase angiogenesis and re-epithelialization, while decreasing
inflammation in vivo in comparison to controls [172]. Notably, biological com­
pounds that promote skin regeneration can also be embedded into scaffolds. For
instance, Jin et al. designed an adipose-derived stem cell-embedded scaffold
based on core-shell nanofibers with various epidermal induction factors [173].
Future studies will shed light upon the most cost-effective and optimal nanoma­
terials that can be used as alternatives to skin grafts.

3.3.3

Nerve Regeneration

Damage to the nervous system often leads to severe and chronic debilitation.
Due to the intricate nature of the nervous system and the low proliferation
capacity of adult nerve cells, nerve regeneration and recovery are arduous. Auto-
grafts have been used as an approach to heal nerve damage [174,175], although
functional recovery of the damaged area seldom occurs and the donor site is
usually harmed. Although several biomaterials have been assessed for nerve
regeneration [176,177], attempts to reconstruct damaged nerves with the use of
scaffolds typically result in glial scar tissue and low neural tissue regrowth. Neu­
ral scaffolds are generally cylindrical structures that connect the ends of a lesion,
providing support for nerve cell proliferation and for axonal elongation.
Recently, nanostructured scaffolds have gained attention for nerve regeneration
as they can be used to mimic the mechanical and chemical features of the
extracellular matrix in nervous tissue [142]. In particular, such scaffolds should
provide physical and biological support for nerve regeneration by guiding axon
elongation and releasing growth factors [178]. Two of the most commonly used
nanomaterials for neural scaffolds are carbon nanotubes and carbon nanofibers,
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which can be designed to display diameters similar to those of neurites. For
example, it was shown that super-aligned carbon nanotubes permitted enhanced
directional neuronal growth [179]. Notably, attachment of functional groups on
multi-walled carbon nanotubes resulted in changes in neurite dimensions,
branching, and number of growth cones [180]. Neuronal adhesion, guided elon­
gation, and differentiation were also achieved by utilizing a positively charged
single-walled carbon nanotube polymeric film [181]. The film maintained the
electrophysiological characteristics of the neurons, which were able to conduct
electrical signals between each other [182].
Notably, carbon nanofibers display similar characteristics as carbon nanotubes

but they are cheaper and easier to fabricate [14]. For example, a vertically aligned
carbon nanofiber electrode array was shown to induce the formation of electrical
connections between cells and nanofibers [183,184]. Moreover, carbon nanofibers
embedded with stem cells were injected into the brains of rats with stroke dam­
age [185]. Three weeks after injection, the stem cells differentiated into neurons
and minimal glial scarring was observed. In addition, Koh et al. demonstrated
nerve regeneration in vivo by using intraluminal nanofibrous nerve guides coated
with laminin and containing growth factors [186]. Another study used electro­
spun nanofiber scaffolds with self-assembling peptides and pro-regenerative cyto­
kines to achieve increased electrophysiological recovery of nerves in a rat model
of chronic spinal cord damage [187]. In addition, neural tissue scaffolds have also
been fabricated through three-dimensional printing. For example, hydrogel scaf­
folds have been produced by inkjet bioprinting of cells, proteins, and growth fac­
tors [188]. Although important progress has been made in the realm of neural
tissue engineering, considerable challenges remain in this field.

Clinically Approved Nanoproducts

A wide variety of nanoproducts have been developed for use in healthcare and
some of these products have already gained clinical approval. This section dis­
cusses select nanotherapeutics, implantable nanodevices, nanoscaffolds, and
nanodiagnostic devices that are currently on the market. A 2014 review by Weis­
sig et al. identified 43 approved nanotherapeutics [16], while a 2012 review by
Etheridge et al. identified 33 nanotherapeutics and 67 nanodevices on the mar­
ket [189]. However, the exact number of clinically approved nanoproducts is
highly dependent on the classification criteria. For example, Weissig et al. regard
pegylated proteins, protein-drug conjugates, and surfactant-based formulations
as nanotherapeutics [16], although these categories are less frequently consid­
ered to be nano-based drugs. A nanopharmaceutical can be broadly defined as a
nanoengineered medicine that displays nano-scale characteristics that contribute
to therapeutic effects. Based on this definition, approved nanopharmaceuticals
can be classified into four major categories: lipid-based, polymer-based, protein-
based, and metal-based medicines.
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The lipid-based category of approved nanotherapeutics is dominated by lipo­
somes. In addition to the approval of Doxil in 1995, DaunoXome, AmBisome,
Inflexal V, and Depocyt were all approved before the year 2000 [16,190]. Dau­
noxome (liposomal daunorubicin citrate) and AmBisome (liposomal amphoteri­
cin) were approved by the FDA for Kaposi Sarcoma and fungal infections,
respectively. Inflexal V (liposomal influenza virus antigen) was approved in
Switzerland as a vaccine for influenza virus, while DepoCyt (liposomal cytara­
bine) was approved in the United States to treat lymphomatous malignant men­
ingitis. In the year 2000, Myocet (liposomal doxorubicin) and Visudyme
(liposomal verteporfin) received clinical approval [16,190]. Myocet was approved
in Europe for metastatic breast cancer, while Visudyme was approved in the
United States for photodynamic therapy to treat certain ocular disorders. In
2004, the FDA approved DepoDur (liposomal morphine sulfate) for chronic pain
treatment. Recently, Mepact (liposomal mifamurtide) was approved in Europe
for the treatment of non-metastatic resectable osteosarcoma [16,190], while
Marqibo (liposomal vincristine sulfate) was approved by the FDA to treat
relapsed or progressed acute lymphoid leukemia (Philadelphia chromosome-
negative) [191]. Besides liposomes, nanotherapeutics in the form of lipid com­
plexes have also gained regulatory approval, for example, Abelcet (amphotericin
B) for the treatment of systemic fungal infections [16,190].
The second class of approved nanopharmaceuticals is protein-based. Following a

stringent definition of nanotherapeutics, Abraxane would be considered the only
protein-based nanoparticle on the market. As previously mentioned, Abraxane
consists of albumin bound paclitaxel nanoparticles in the size range of 130nm [64].
The third category of approved nanopharmaceuticals comprises a group of

polymer-based nanoformulations. For example, Eligard, a poly(DL-lactide-co­
glycolide) (PLGH) nanoparticle encapsulating leuprolide acetate, was approved
in 2002 for the treatment of advanced prostate cancer [16]. Additionally, Opaxio,
which is a polyglutamate-based nanoparticle conjugated to paclitaxel, was
approved by the FDA in 2012 for the treatment of glioblastoma [16]. Another
approved paclitaxel-containing polymeric nanoparticle is Genexol, which is
based on PEG-poly(D,L-lactide) [15].
The fourth class of approved nanotherapeutics is metal nanoparticles. For

instance, NanoTherm, based on aminosilane-coated superparamagnetic iron
oxide nanoparticles, was approved in Europe in 2010 for local thermal ablation
of glioblastoma [17]. After injection of the NanoTherm solution into the brain,
the brain tissue is exposed to an alternating magnetic field, which causes particle
oscillations that generate heat. Other approved metal nanoparticles include Fer­
idex and Feraheme, which are superparamagnetic iron oxide nanoparticles
coated with dextran that target the mononuclear phagocyte system [16]. The
former was approved by the FDA in 1996 for magnetic resonance imaging
(MRI), while the latter was approved by the FDA in 2006 for the treatment of
kidney disease-related iron deficiency.
In regards to clinically approved nanodevices, a number of intravitreal

implantable devices based on polymeric and silicone nanomaterials have entered
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the market, including Ozurdex, Vitrasert, and Retisert [192]. For instance, Ozur­
dex is a biodegradable implant that was approved in 2009 for the treatment of
macular edema. This device is composed of a Novadur solid polymer matrix,
which is based on PLGA that slowly degrades over a six-month period forming
lactic acid and glycolic acid, while releasing dexamethasone [192]. An example of
an FDA approved nanoscaffold is Vitoss, which is composed of ultraporous beta­
tricalcium phosphate nanoparticles [193]. This three-dimensional structure
induces bone growth, thereby promoting bone reparation.
Moreover, several nano-based diagnostic tests have been approved by the FDA,

including CellSearch, CombiMatrix DNAarray, and Verigene. For example, Cell-
Search was approved in 2004 for identification and quantification of circulating
breast cancer cells in blood samples [194]. Verigene, in turn, was approved in
2007 as a diagnostic test for assaying warfarin metabolism. This diagnostic device
is composed of gold nanoparticles conjugated to nucleotide sequences [193].
In the past two decades, multiple nanopharmaceuticals, implantable nanodevi­

ces, nanoscaffolds, and nanodiagnostics have received clinical approval. A much
larger portion of nanoproducts is currently under clinical investigation and the
next few years are likely to see an increase in the use of nanotechnology in the
healthcare industry. Notably, the implementation of nanotechnology in medicine
requires an interdisciplinary approach. In particular, the integration of medicine,
biology, chemistry, physics, mathematics, and engineering is likely to provide the
best nano-based products for improving healthcare. One of the most promising
aspects of nanotechnology is the ability to provide the field of medicine with
tools for multifunctional approaches to diagnose and treat disease. For instance,
in the context of therapeutics, nanotechnology strategies can bestow drugs with
transport, recognition, and release components, which can all be customized to
permit an individualized approach to treatment. In addition, nanotechnology
enables rapid or real-time theranostic approaches to manage disease. In this
chapter we have introduced the main applications of nanotechnology in medi­
cine, including drug delivery, diagnostics, and tissue regeneration. Additionally,
we have provided an overview of the main classes of clinically approved nano­
products. Currently, medicine is moving toward a multifaceted and personalized
approach to patient care, in which next-generation nanotechnology products will
play a dominant role. As the field of nanomedicine continues to grow, we are
likely to experience radical advances in clinical care.
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4.1
Introduction

At the first glance, the cardiovascular system can be considered as a simple
pump-and-pipe system in charge of delivering enough energy and oxygen to the
organs. However, its dysfunction is the biggest cause of death and morbidity in
the world. Cardiovascular diseases (CVDs) are numerous and complex and
include coronary heart disease (leading to heart attack), stroke, peripheral arte­
rial disease, aortic disease, and congenital heart disease. They lead to reduced
blood flow to the heart, brain, and organs by either thrombosis, that is, blood
clot, or atherosclerosis. Medical emergencies arise when there is an acute short­
age of blood flow, termed ischemia, to for example the heart in the case of heart
attack or brain in the case of stroke. Failure to treat such conditions immediately
leads to oxygen starvation, that is, hypoxia. In between a quarter and half of
patients, this leads to death, and survivors are often left with irreversible damage
to the affected organ with lifelong implications for the patient’s quality of life.
Cardiology has made huge progress in the domain of minimally invasive pro­

cedures, rhythmology devices, and pharmaceutical treatments. Nevertheless, car­
diovascular diseases remain the main cause of burden of disease and mortality in
the world, and even with state-of-the-art treatment patient prognosis can be
bleak. This chapter presents present and future nanotechnology approaches for
the treatment of CVD such as atherosclerosis and heart attack (cf. Figure 4.1),
responsible for about half of all CVD-related deaths.

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
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Figure 4.1 Nanomedicine for cardiovascular diseases. Drug delivery vectors and surgical
implants discussed in this publication, and examples of nanoparticles used in imaging.

4.2
Unmet Needs in Cardiology

One main drawback in the treatment of CVD with pharmacologically active
compounds is that such treatments are often nonspecific. Medication that acts
on the heart muscle, arteries, coagulation properties, or platelet function is
sometimes specific to the organ but not disease specific. This limits optimal dos­
age administration to achieve the desired action because of dose-dependent side
effects presenting a great therapeutic challenge that targeted drug delivery sys­
tems can help to overcome. For example, atherosclerosis, the narrowing of the
vessels by a build-up of fatty lesions that become calcified plaques over time, is a
general inflammatory disease. The thickening of a plaque is influenced by human
metabolism and fundamental hydrodynamics, such as the local blood hemo­
dynamics. Targeting general inflammation in this case does not lead to specific
delivery of a drug. However, changes in the local hemodynamics can trigger
localized release of pharmacological active units from engineered stimuli-
responsive nanoparticles at sites of stenosis [1]. This approach calls for an inter­
esting combination of different scientific disciplines leading to innovative medi­
cal solutions.
Small surgical procedures are routinely used to treat atherosclerosis. For

example, blocked vessels are reopened using a balloon inserted by means of a
catheter, followed by stent implantation to hold the vessel open. Although uni­
versally accepted and established in the operating theater, these treatments still
require optimization to reduce procedure- or device-related complications. For
example, in addition to simply covering stents with polymers containing active
substances to deliver drugs locally, a better understanding of the influence of
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stent geometry on the treated vessel’s blood flow merits particular attention.
This is particularly important since device-related endothelial wall stress can
cause further damage to the treated vessel after surgery. Mechanical stress is a
trigger for inflammation inside the vessel wall’s intima, and responsible for reste­
nosis around the stent by atherosclerosis formation. Recognition by the blood
coagulation system of the stent as a foreign body risks an early in-stent stenosis
by blood clot formation. An appropriate physiological structure of the stent
material could limit both risks. This could be achieved by using nanoparticles
capable of delivering small-molecule drugs, genes, or proteins in a spatio­
temporal manner combined with appropriate nanotopographical structures on a
biocompatible stent material.

4.2.1

Nanomaterials for Medical Applications

Nanomaterials are typically defined as materials comprising particles or pat­
terns with at least one dimension in the 0.1–100 nm size regime. Vesicles
such as liposomes and polymersomes are the slight exception to this rule,
since although they are considered as nanocarriers, that is, nanoparticles that
can be used to transport an active agent, they are often larger than 100 nm.
In the case of anisotropic particles such as carbon nanotubes, micrometer­
scale characteristics may also be simultaneously present. In addition to nano­
particles, nanoscale-ordered topography is of particular importance in tissue
regeneration on, for example, implanted stents, since it has a huge influence
on cell behavior [2].
The diseased heart is an area of high physical stress. Treatment of CVD often

involves administering vasodilators, statins, and thrombolytic drugs directly
into the blood stream, but it is riddled with systemic toxicity problems. Effec­
tive diagnostics, targeting drugs at areas of disease, and ensuring implanted
foreign objects such as stents do not move or cause an immunoresponse over
time are areas of intense research [3–21]. Nanotechnology-based approaches
offer a route into providing stable formulations to deliver such therapeutic
agents and bypass their detrimental systemic side effects. Improving the safety
and/or efficacy by passive or active targeted delivery, and improving solubility
of drug candidates are two of the main goals of nanoparticle drug delivery sys­
tems. In addition to intravenous delivery, nanoparticle coatings and nanopat­
terning of implants such as stents and grafts can be hugely beneficial, for
example, aiding appropriate tissue regeneration and alleviating side effects
such as restenosis [13,22–24].

4.2.2

Nanotechnology Applied to Medicine: A New Medical Discipline for Cardiology?

Nanomedicine, the application of nanotechnology for medical needs, is a highly
interdisciplinary field combining biology, chemistry, physics, and medicine.
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It requires a new understanding of the human body, because no traditional
medical discipline has sufficiently studied the behavior of the body on the nano­
meter scale before. One example is anatomy. If we consider developing a treat­
ment for a coronary artery, we must first understand its anatomy and physiology.
For nanomedical approaches, this requires specialized technology to access this
information and precisely observe and characterize physiology and physio­
pathology on the nanoscale. Many of these tools and competencies are common
to the lab and animal research.
In the chapter, we discuss a cardio-specific subspecialty for nanomedicine, that

is, nanocardiology.

4.2.3
Nano Approaches for Therapeutic Problems

Primum non nocere: Cardiology deals with life and death. The cardiovascular
system’s main task is to provide sufficient hemodynamic conditions to provide
organs with enough energy and oxygen. When it fails, the human body has a
huge range of protective mechanisms to maintain the required vital minimum
and to compensate for the perfusion deficit of all or a part of an organ. Interven­
ing in this complex system to help the patient reestablish normal hemodynamic
conditions can become responsible for further deterioration of the protective
mechanisms. In medicine, the first rule is not to harm the patient.
The second rule in medicine is to help the patient. It sounds trivial but is a

balance in daily medical business and a mainstay of decision-making algorithms.
This balance of not harming but helping is of particular importance in disease
unspecific medication or nontargeted drug delivery procedures. One visible
example relates to some chemotherapeutics in oncology, where a lot of progress
has been made thanks to immunotherapy and nanoparticle drug delivery
systems [25].
For nanocardiology drug delivery systems, one response lies in delivering an

active drug selectively to the diseased organ, decreasing side effects at higher
doses and increasing therapeutic effects at lower doses (see Figure 4.2). The ideal
drug delivery system delivers the optimal treatment concentration at the desired
site exclusively and without any side effects. Technologies using physical instead
of the commonly employed biochemical stimuli could preferentially dispense an
active drug to a stenosed artery in a high shear stress environment, either with a
shear stress-activated mechnosensitive liposome carrier [1] or with a shear-acti­
vated nanotherapeutic aggregate [26].
In the field of invasive cardiology procedures, nanocardiology can help to

better classify high-risk atherosclerotic lesions [27] to present a more differ­
entiated risk–benefit analysis. Furthermore, anionic nanoparticles (NPs) could
lower the cellular uptake of highly oxidized low-density lipoprotein mole­
cules [28]. These approaches may lead to an improved detection of unstable
plaque or vessels, where physiological structures are broken down by
atherosclerosis.
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Figure 4.2 The balance between desired action and side effects to be respected.

4.2.4

Awareness of Risks Introducing Nanotechnology to Patient Treatment

The nanotechnologies presented here have the potential to be translated into the
clinic for the treatment of CVD. However, relatively few nanotechnology
approaches have been approved for use in man. The physical and chemical prop­
erties of bulk materials cannot be translated to the nanometer scale, as the sur­
face/volume ratio becomes significantly large and suface properties dominate in
this size regime. Surface chemistry, often negligible in bulk material, has a large
effect on nanoparticle properties. For example, platinum is an inert metal on the
macroscale but a highly active catalyst on the nanoscale. Little is know about the
long-term risks of implementing nanoscale materials in the human being. There­
fore, it is most important to thoroughly characterize the safety profiles for such
technologies before they are brought to animals or humans [29,30]. Nursing [31]
and medical ethical considerations [32] are beginning to be shared in the medi­
cal community. As the field of nanotoxicology emerges, safety profiles will
become better understood and new legislation will be required to ensure the
appropriate use of these powerful tools to the benefit of the patient.

4.2.5

Decisional Analysis in Nanomedicine Development

An increased need for therapeutics that fight a disease more effectively or
decrease side effects are two main drivers for optimizing existing treatment and
innovating new technologies to improve the length and quality of patients’ lives.
Nanotechnology applied in human beings requires a complete understanding

of medical basic disciplines to get a measurable clinical effect, see Figure 4.3.
Therefore, research projects are often labeled as high risk. This is a financial
issue. On the medical side, nanotechnology has huge potential. Examples include
rendering an already clinically approved material more biologically compatible,
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Figure 4.3 Comprehensive approach for nanoengineering in cardiology.

engineering intelligent material, or targeting the delivery of active drugs at the
disease. Ethical considerations are essential in both basic and clinical research,
and of course when treatments are delivered to the patients.

4.3
Nanoparticles for Treatment of CVD

Nowadays, the use of nanoparticles for therapeutics is a large, diverse, and busy
field. Particle sizes range from a couple of nanometers, for example gold nanopar­
ticles and dendrimers, to over a hundred nanometers, for example liposomes and
polymersomes. Particle composition might include metals such as gold or plati­
num and inorganic compounds such as iron oxide or silica [33,34] or self-assem­
bly of organic molecules such as phospholipids [35], polymers [36,37], and
dendrimers [38]. Shapes can vary wildly, with, for example, gold nanoparticles of
spherical, star, rod, and shell and cage morphologies all commonly reported and
well established [39]. Particles can be solid or contain oil or aqueous compart­
ments. The release of encapsulated therapeutic agents from nanocarriers may be
by passive or active targeting, which could include triggers from biological cues or
external stimuli. Surface functionalization is used not only to tether active mole­
cules to the surface of such particles but also to improve properties such as in vivo
stability, which is vital to ensure, for example, low toxicity, and desirable solubility,
aggregation, circulation, and clearance profiles. Many of the nanoparticles
described here have also shown great promise in imaging CVD, although this is
outside the scope of this chapter [4,8,9,12,15,40,41]. Theranostic formulations
include a therapeutic and diagnostic moiety in a single nanoparticle-containing
platform and can, therefore, track and treat disease simultaneously [42]. The field
of theranostic nanoparticles is a young but promising technique for tackling CVD.

4.3.1

Delivery of Nitric Oxide Small-Molecule Donors

The vasodilator nitric oxide (NO) is frequently administered to reduce hyper­
tension and to open a stenosed vessel that is causing heart pain, a dominant
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symptom in atherosclerosis and heart attack. Due to its relative instability and
short in vivo half-life, it is usually administered via NO precursor drugs such as
nitroglycerin and nitroprusside. However, the in vivo half-life of the NO free
radical is very short and drugs must be administrated repetitively or by a pump
for continuous intravenous delivery. Then, NO acts on the whole arterial tree,
limiting its local action on the stenosis, and often causes hypotension, further
limiting blood perfusion distal to the stenosis. Encapsulating small-molecule NO
donors in nanoparticles presents a solution to this problem. Liposomes are ideal
candidates for such systems. Consisting of one or several phospholipid bilayers
with an aqueous core, liposomes range in size from tens to thousands of nano­
meters. Sutton et al. showed that ultrasound-mediated release of a mixture of
NO and perfluorocarbon gas from cationic liposomes causes NO deposition into
vascular tissue [43]. This triggered potent vasorelaxation in an ex vivo pig model.
The technique could also be used to deliver other vasodilators. Furthermore,
liposomal formulations of the NO donor isosorbide mononitrate were found to
have antimicrobial properties in vitro [44], suggesting that NO donor liposomes
might also be useful in preventing bacterial infections in implanted stents.
Another potentially useful NO delivery method involves long-circulating chi-

tosan-based hydrogel nanoparticles with incorporated NO donors. In an aque­
ous environment, these nanoparticles swell, releasing trapped NO over an
extended period of several hours in hamster models. The rate of release is
dependent on the swelling properties of the hydrogel and decomposition rate of
the NO donor in vivo [45].

PLGA-based Nanoparticles for Gene Delivery

Poly(lactic-co-glycolic acid) (PLGA) is a copolymer that is FDA-approved for,
among other things, drug delivery and diagnostics in a range of diseases [37]. Vari­
ous formulation techniques give access to PLGA nanoparticles of different size,
morphology, and Zeta-potential and allow for incorporation of both hydrophobic
and hydrophilic drugs [36], which make them highly desirable for delivery of pro­
teins, DNA, and RNA. Their in vivo biodegradability is thanks to ester hydrolysis in
the presence of water and degradation rates can be tuned by tuning the polymer
composition. Several examples of protein and peptide delivery exist in the litera­
ture [46–48]. For example, the mutant protein 1K1 has been shown to have strong
angiogenic activity. When formulated into 60–140nm nanoparticles with the
copolymer PLGA, it was possible to alter downstream signaling through the mito­
gen-activated protein kinase pathway, leading to enhanced neovascularization [46].
The anti-inflammatory peptide Ac2-26 has been shown to be protective in

reperfusion injury, when blood flow is reestablished after ischemia caused by
heart attack [47]. Nanoparticles formulated from Ac2-26 and PLGA–PEG block
copolymers and with collagen IV targeting peptide were significantly better at
reducing the concentration of white blood cells (polymorphonuclear neutro­
phils) in extracted serum. Addition of a fluorescently labeled polymer allowed
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the particles to be tracked in explanted specimens, showing preferential localiza­
tion in injured tissue.
Injection of PLGA nanoparticles loaded with insulin-like growth factor has

been shown to provide cardioprotection after heart attack [48]. With one injec­
tion only, prevention of cardiomyocyte apoptosis, reduction in the size of infarc­
tion, and increase in left ventricle ejection fraction was observed in mice. Particle
size was also found to be a factor, with smaller particles of 60 nm proving more
effective than 200 and 1000 nm sizes.

4.3.3

Perfluorocarbon Nanoparticles

Perfluorocarbon nanoparticles are lipid-encapsulated nanoemulsions with per-
fluorinated chemicals in their core [27]. They show promising theranostic pro­
perties and great potential for characterizing high-risk atherosclerotic plaques.
For example, perfluorocarbon nanoparticles are in use for imaging of fibrin in
unstable atherosclerotic plaques. Combined with an antifibrin antibody, high
magnetic resonance contrast is achieved, which allows for the detection of
unstable plaques with higher fibrin content. Ruptured plaques can be identified
with the paramagnetic chemical exchange saturation transfer chelate technique
for magnetic resonance imaging [3]. In another example, fibrin-coated perfluor­
ocarbon nanoparticles have been shown in vitro to provide specific and rapid
fibrinolysis and can be used for acoustic and MRI imaging, and are therefore
proposed as a potential therapy for stroke reperfusion [49].

4.3.4

Targeting Vessel Geometry: a Physics-based Approach

Wall shear stresses (WSS) increase with the degree of stenosis, regardless of path­
ophysiology. Therefore, elevated WSS is potentially a more universal and region-
selective target than biochemical markers. While biomarkers exist that can target
specific organs, it is less trivial to selectively target specific disease pathologies
with the speed required to treat medical emergencies such as heart attack or
stroke. For example, creatinine kinase and troponin are known to be highly sensi­
tive biomarkers for early myocardial infarction detection. But even these routinely
used gold standard biomarkers can be elevated in conditions other than myocar­
dial ischemia. As components of normal myocardial function, they are not useful
for a targeted drug delivery process. Furthermore, possible inflammatory factor
drug targets expressed on diseased artery surfaces, such as vascular cell adhesion
molecule (VCAM-1) or intercellular adhesion molecule (ICAM-1), are not dis­
ease-specific. Fundamental changes to the morphology of stenotic or thrombosed
vessels are a prevalent feature of cardiovascular diseases and can lead to signifi­
cant effects on physical conditions, such as flow dynamics and wall shear stress.
Nanoparticles capable of responding to physical changes present an exciting class
of stimulus-responsive treatments for diseases such as atherosclerosis.
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Figure 4.4 WSS of a critically constricted human coronary artery (a), calculated average WSS (b).
(Reproduced with permission from Ref. [51].)

WSS can be described as the tangential drag force caused by blood flowing
along a vessel wall. It is directly proportional to blood velocity and inversely pro­
portional to vessel diameter. Therefore, in the case of heart attack, where blood
velocity is high and plaque rupture leads to a significantly decreased arterial
diameter, WSS in the coronary arteries increase by at least an order of magnitude
with respect to the healthy situation [50,51]. Typical WSS in healthy vessels are
well understood thanks to computer simulations typically based on clinical obser­
vations and reconstructed 3D images acquired in vivo [52]. Recently, X-ray
tomography, which allows access to reconstructed 3D images of explanted vessels
with micrometer resolution, has also begun to afford suitable data sets for simula­
tion of typical WSS in critically constricted coronary arteries, see Figure 4.4 [51].
In a first proof of concept of this technique, WSS-sensitive liposomes using the

artificial phospholipid 1,3-dipalmitamidopropan-2-yl (2-(trimethylammonio)ethyl)
phosphate (Pad-PC-Pad) were formulated [53] (see Figure 4.5 for chemical struc­
ture), which form lenticular vesicles with point dislocations. Such formulations
can be loaded with a hydrophilic substance, are stable on the bench for weeks,
and preferentially release their cargo in regions of high WSS, as seen in critically
constricted arteries such as those found in pronounced atherosclerosis or heart
attack [1]. The unique properties of these nanocarriers are due to the unusual
chemical structure of the Pad-PC-Pad constituent phospholipids [54]. This effect
has not been reported with naturally occurring phospholipids and is a powerful
example of how nanoengineered materials can answer an unmet medical need.
Another recently published approach uses shear-active nanotherapeutics to

deliver tissue plasminogen activator (tPA), an FDA-approved thrombolytic
drug [26]. Nanoparticles of the polymer PLGA were coated with tPA and formed
into micrometer-sized aggregates that dissociated into individual nanoparticles
at high WSS. The tPA was effectively delivered to fibrin clots in in vivo studies.
These two examples use WSS in different ways, releasing an entrapped cargo

or increasing the surface area and, therefore, the availability of conjugated drug.
Importantly, both techniques offer not only active targeting toward the site of
interest but also a triggerable exposure of the drug at the site.
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Figure 4.5 Structure of Pad-PC-Pad and schematic of the interdigitated bilayer (a). Cryo-TEM of
100 nm Pad-PC-Pad liposomes showing lenticular geometry (b). (Reproduced with permission
from Refs. [1,54].)

4.3.5

Nanoparticles Endogenous to Atherosclerosis Pathology

The exact mechanism of plaque formation in atherosclerosis is not well under­
stood. Recently, Bertazzo et al. discovered that in the early stages of disease,
nanometer-sized calcium phosphate particles are found in tissue samples, by
studying slices of human aortic valve using scanning electron microscopy [55].
As well as illuminating new insights into the early stages of this disease, under­
standing the role of such particles in disease progression opens the door to new
targets for therapeutic agents.

4.4
Nanotherapeutics in Surgical Interventions

In the case of heart attack, tissue death caused by oxygen deprivation is
irreversible, and there is a huge need for treatments that allow regeneration of
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tissue function. These can be broadly grouped into stent coatings to encourage
reendothelialization while minimizing the risk of restenosis, grafts to encourage
electrical stimulation and reestablishment of heart muscle function, aortic valve
replacements, pacemakers, and defibrillators [18,24].
Here, we deal exclusively with the contribution of nanomedicine to improving

patient prognosis after stent implantation.

Nanoparticles in Drug-eluting Stents

Typical treatment of occluded vessels in the operating theater comprises angio­
plasty by inserting a balloon to reopen the vessel, followed by stent implantation
to support the reopened vessel geometry. The first-generation stents were bare
metal; however, restenosis is a large problem, and after surgery the patient must
be treated with an anticoagulant. To overcome the problem of restenosis, viable
alternatives are nanopatterned and nanotherapeutic-containing stents [24]. Poly­
meric drug-eluting stents (DESs) have been implemented, with polymer coatings
such as PLGA that include antiproliferative drugs. Inclusion of drugs such as
sirolimus or paclitaxel reduces proliferation of vascular smooth muscle cells and
inflammatory cells, decreasing the rate of restenosis to less than 10% [5,56].
However, DESs have drawbacks. Although there is a reduced rate of restenosis
in the first 6 months after surgery compared to bare metal stents, the increased
risk of late thrombosis has led to debate in the medical community about which
has the best long-term outcome [57,58].
Current state-of-the-art drug coating techniques are limited to dipping or

coating and are optimal only for highly lipophilic drugs. Delivery of hydrophilic
drugs such as DNA, RNA, and proteins to cells requires crossing the lipophilic
cell membrane. The use of cationic nanocarriers such as liposomes, polymer­
somes, and cell-derived vesicles overcomes this problem. Nakano et al. recently
reported the first active nanoparticle coating on metallic stents, using bio­
degradable PLGA nanoparticles that encapsulated a hydrophilic fluorescent
dye [56]. On incubation with human coronary artery smooth muscle cells, these
polymeric nanoparticles showed almost 100% cellular uptake after only 5min. In
in vivo experiments, the nanoparticle-coated stent showed significant delivery of
the dye to neointimal and medial layers of stented porcine coronary arteries,
whereas no substantial fluorescence was observed in the case of a first-genera­
tion PLGA DES or bare metal stent.
Critically, the ability to intracellularly deliver hydrophilic moieties opens the

door for gene eluting stents. Such gene therapies have the potential to address
many of the current limitations such as proliferation, reendothelialization,
thrombosis, and inflammation [59]. In addition to the inclusion of drug-loaded
liposomes on DES for delivery of, for example, the hydrophilic drug heparin [60],
DNA-loaded liposomes (lipoplexes) for gene delivery on both bare metal and
DES surfaces were investigated [61,62]. It is postulated that such techniques may
improve current DES by regenerating endothelium and inhibiting neointima
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formation, both important factors for reducing in-stent thrombosis. In vivo
delivery of endothelial nitric oxide synthase (eNOS) to the vessel wall was
achieved using lipoplexes comprising lipofectin liposomes and plasmid DNA
encoding eNOS deposited on polymer-coated stents [62]. Although this method
resulted in accelerated reendothelialization, unlike adenoviral eNOS delivery
methods it was unfortunately unable to reduce neointimal formation. However,
intravenous injection of inducible NOS (iNOS) lipolexes before stent implanta­
tion has been shown to inhibit neointimial lesion formation [61]. The activity
profile of such constructs depends on the method used for depositing the liposo­
mal coating.
Other examples include iron oxide nanoparticles and carbon nanotubes. For

example, iron oxide nanoparticles coated with the antimicrobial kojic acid [33]
or the antibiotic nyst were proposed as possible candidates for incorporation
into stents to reduce the risk of infection at the site of implantation [13]. They
can also be used to guide cells within the body. To encourage reendothelializa­
tion, endothelial cells could even be loaded with magnetic iron oxide nanopar­
ticles and guided to implanted stents using magnets [63]. The inclusion of
carbon nanotubes into PLGA at a 50 : 50 ratio was shown to enhance cardiomyo­
cyte function by mimicking the tensile strength and conductivity of native heart
tissue and increasing adsorption of proteins that promote cardiomyocyte func­
tion, compared to PLGA alone [64].

4.4.2

Nanopatterning to Improve Stent Integration

First-generation DESs have been dogged with problems including an elevated
risk of often fatal late-stent thrombosis, and patients must typically be treated
long-term with two anticoagulants such as aspirin and Plavix. These problems
are largely due to incomplete integration of the stent into the vessel due to
underendothelialization leading to potentially fatal thrombosis, sometimes years
after implantation. To overcome this problem, several groups are investigating
the effect of nanopatterning on both DES [10] and bare metal stents, with the
latter seeing a resurgence in popularity among the medial community thanks
to the issue of late-stent thrombosis in DES. It is well known that the nanostruc­
ture of substrates greatly influences cell behavior. Plasma-induced nanopillars
on bare metallic surfaces of MP35N, the most common stent alloy, were found
to significantly increase functionality, lower oxidative stress, and favor the pres­
ence of transmembrane tight junctions and organized monolayer formation of
bovine aortic endothelial cells in vitro, compared to the smooth topology
alternative [23].
These two nanotherapeutic technologies – drug-eluting nanomaterials and

nanopatterning – have great potential to improve patient outcome after stent
implantation, by reducing the risk of late thrombosis, allowing localized intra­
cellular delivery of a variety of drugs and encouraging reendothelialization of
favorable cell phenotypes.
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4.4.3

Nanoparticle Alternatives to Stents

Stents, as with any implant, have the potential to be recognized by the immune
and coagulation systems as a foreign body. This leads to increased risk of intra­
luminal thrombosis and vessel wall inflammatory reaction with late restenosis.
Plasmonic photothermal therapy (PPTT) [65] has great potential to overcome
the need for stent implantation. Irradiation with near-infrared (NIR) radiation
causes coherent excitation of electrons in gold nanoparticles. The subsequent
rapid relaxation leads to localized hyperthermia, which can be used to trigger
cell death. This technique is already popular in localized treatment of cancer,
where tumors can be targeted using the enhanced permeability and retention
effect. Gabinsky and coworkers recently reported a first-in-man PPTT trial
showing significant regression of coronary atherosclerosis [34] using either sil­
ica–gold core/shell nanoparticles incubated with stem cells and embedded in an
implanted bioengineered NP-patch, or silica–gold core/shell and silica–gold
iron-bearing NPs incubated with stem cells and microbubbles. This latter con­
struct was infused into the target coronary artery using a minicatheter before
microbubbles were destroyed using ultrasound and magnetic nanoparticles were
guided to the atheroma using external magnets. Finally, in both constructs,
PPTT using an NIR laser was used to locally burn the atheroma, leading to
shrinkage and artery remodeling. In both approaches, a significant reduction of
plaque burden was observed, with up to 60.3mm3 decrease in atheroma volume
in the NP-patch patients, and physiologic arterial lumen was established and
maintained for at least 12 months postintervention without a classical stent.

4.5
Conclusions

Despite huge progress in the domain of minimally invasive procedures, rhyth­
mology devices, and pharmaceutical treatments, cardiovascular diseases remain
the main cause of burden of disease and mortality in the world. Using nanopar­
ticles and nanocarriers to locally deliver therapeutics to areas of CVD has the
potential to greatly improve the efficacy and safety profiles of known therapeutic
agents. Nanoparticle-containing stents could overcome many of the procedure-
and device-related problems of DES, which, although capable of overcoming
problems of bare metal stents such as restenosis, lead to other problems such as
late in-stent thrombosis. Nanopatterning of stents can improve cell adhesion for
reendothelialization, and there is the possibility to even replace stents entirely
with nanoparticle-based therapies.
Mechanosensitive drug delivery systems that target increased wall shear stress

in constricted arteries have huge potential to target drugs at atherosclerotic sites.
This technique could enable localized vasodilation, fibrinolysis or plaque stabili­
zation, and safely and rapidly limit hypoxic injury causing heart attack
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symptoms. Critically, it could be administered during prehospital care and in
developing countries, where hospitals do not have access to the high-tech equip­
ment needed to carry out small surgeries such as angioplasty and stent
implantation.
Europe is a leader in nanomedicine research activities (see etp-nanomedicine.

eu; clinam.org). However, it is a highly interdisciplinary field, and research is
rarely organized into a university department structure. There is a growing need
for more cohesive nanomedicine research centers on an academic level, and an
interdisciplinary nanomedicine innovating pool is required to unlock its huge
potential. Flexible and quick private financing with organizational structures,
such as those seen in Asian countries, offers a chance for synergic project devel­
opments and could enhance Europe’s reactivity in this field.
Nanomedicine is a discipline that introduces a new scale for physiopathology

understanding. Intelligent treatment devices can be designed for a specific thera­
peutic. Combining classical disciplines to address a specific need has huge
potential for effective and safe treatments. Ethical and safety considerations for
patients and the environment must be a first priority during the development
process of any nanomedicine construct. A more official and structured organiza­
tion of nanomedicine specialization in universities and the private industry will
be helpful for a coordinated innovation process and sharing of collective
knowledge.
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5.1
Introduction

Nanomedicine, the application of nanotechnology in medicine, has spurred high
hopes for new treatment technologies. These technologies can be old favorites in
new clothes. This certainly applies to the field of liposome technology, which
remains an interesting topic through the ages from the early bangosomes to
todays’ nanocontainers. This chapter summarizes our recent efforts in turning
liposomes into smart materials.
Smart materials surfaced during the development of the second generation of

drug delivery systems [1]. The first generation of these systems was introduced
in the 1950s and focused on the controlled and sustained release of drugs using
mechanisms such as diffusion, dissolution, osmosis, and ion exchange [1]. The
second generation of drug delivery systems was introduced roughly 30 years
later. These smart materials were not passive anymore and now reacted to an
external trigger and released the drug molecules in zero order kinetics. Again,
30 years later, we are seeing the first third-generation materials, which are
modulated, that is, the drug release can be turned on and off according to exter­
nal stimuli. As this type of release mechanism is quite smart too, it does not
make sense to label the second generation of drug delivery systems only as smart
materials [1].
Aside from the three generations of drug delivery systems, the general prob­

lem of drug formulation prevailed. In an enthusiastic article from 2010, the
authors discuss the formulation problems with new molecular entities [2]. Here
lies a main hope in nanotechnology, because it should be possible to address
shortcomings of drugs such as poor water solubility or very short blood circulat­
ing half-times or to even improve the properties of previously approved drugs [2].
The first generation of nontargeted nanomedical constructs could already have
advantages over classical drug delivery such as a reduction in side effects and

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
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administration frequency. But out of these first generation nanomedicines, smart
systems may be produced. In addition, theranostic approaches are feasible, com­
bining targeting, visualization, and therapy. A multibillion market is waiting for
smart personalized medical products.

5.2
Liposomes

5.2.1

General Characteristics

In 1965, Bangham et al. reported on cell-like structures that they were able to
formulate from hydrated phospholipid molecules [3]. With this discovery, the
field of phospholipid vesicles (or liposomes) was initiated – a success story at
the nanoscale interface of chemistry, medicine, and physics. Phospholipids are
surface-active agents that are cleverly put together from four components: two
fatty acids, a phosphate ester, and a molecule of glycerol, see Figure 5.1 [4,5].
Three ester functionalities connect the molecules, with the glycerol being the
central connecting molecule. From the beginning, the molecule of phospholipid
was designed to be taken apart and again put together. This principle allows an
organism to adapt very quickly to its environment by synthesizing phospholipids
from the food provided. The process of homoviscous adaptation is, therefore, an
important part of allowing life in different temperature environments on
earth [6].
Phospholipids are amphiphiles with a hydrophobic fatty acyl chain region and

a hydrophilic head group region. In water, the nonpolar CH2 methylene units of

Figure 5.1 The typical glycerol-phospholipid is made of four parts. Here, the structure of 1,2­
dipalmitoyl-sn-glycero-3-phosphocholine can be divided into four interchangeable parts: two
fatty acids, glycerol, and a zwitterionic phosphate ester.
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the fatty acyl chains disturb the hydrogen-bonding pattern of water, creating a
thermodynamic penalty. Therefore, the phospholipids arrange in such a way
that the hydrophilic head groups point into the water phase and the hydrophobic
tails point away from water and preferably interact with other hydrophobic tails.
In addition, in water, the attraction between two hydrophobic molecule portions
is bigger than the attraction between a hydrophobic and a hydrophilic portion.
This effect is basically a van der Waals interaction and is named hydrophobic
effect [7]. Overall, this leads to the formation of several possible phospholipid
arrangements, depending mainly on the phospholipid molecular geometry [8].
The most interesting arrangements are the liposomes, water filled sacks enclosed
by a bilayer membrane. In fact, such liposomes are so ubiquitously found in
nature that they have been termed nature’s preferred nanotechnology [9].
Vesicles are typically formulated from thin lipid films [10]: phospholipids are

soluble in solvents such as methanol, dichloromethane, or chloroform. This lipid
solution is transferred to a round-bottom flask and the solvent is slowly removed
under reduced pressure while rapidly turning the round-bottom flask. This cre­
ates a continuous multilamellar sheet of phospholipids that is visible by eye as a
white film. Upon addition of an aqueous buffer, the phospholipid head groups
are hydrated. This leads to a swelling of the individual lamellar sheets on the
glass wall and to the spontaneous formation of vesicles.
The volume entrapped by a large unilamellar vesicle of 100 nm diameter is

surprisingly small, see Figure 5.2. A lipid vesicle formulated from a standard
POPC phospholipid contains a mere 8.1× 104 molecules in its bilayer membrane
surrounding a volume of 4.16× 10 19 l (approx. 400 zl) [10]. In other words, if
the vesicles are formulated in a buffer containing a 20 μM concentration of a
small molecule drug, on average only five drug molecules will be encapsulated in
a liposome [10]. This has to be put in relation to the typical drug load that is
used today. For example, a pill with a dosage of 500mg paracetamol contains
1.99× 1021 drug molecules. Needless to state that since their discovery in the
1960s, liposomes have spurred high hopes for drug delivery applications that

Figure 5.2 Schematic of a liposome that is self-assembled from double-tail phospholipids. The
true dimensions are depicted in (a). Typically, the membrane thickness is overrated in graphical
representations of liposomes (b).
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would deliver less molecules with higher precision and lower side effects as stan­
dard therapies. As of today, about 13 liposomal drug delivery formulations are
approved for nanomedical applications [5].

5.2.2

Release of Vesicle-Entrapped Molecules

Most liposomes remain tight below the main phase transition of the bilayer
membrane. Typically, this transition is set to above body temperature and the
release of a drug molecule from a liposome can be triggered by any of several
external triggers [5]. These triggers include changes in temperature or pH, intro­
duction of enzymes or redox active substances, photochemical triggers, applica­
tion of ultrasound, and, as is detailed in this chapter, changes in shear forces.
Here is a concise overview of the possible triggers summarized from a recent
review article, cf. Figure 5.3 [5].

5.2.2.1 Temperature as Trigger
At the main transition temperature of the bilayer membrane (Tm), the acyl
chains of the lipids undergo a change from an all-antiperiplanar (or all-trans)
conformer to a chain with several gauche interactions. This leads to a decrease
in membrane packing and an increase in packing defects and lateral density fluc­
tuations. At the Tm, the passive flux through a membrane becomes maximal.
The Tm can be tuned by simply mixing together the correct lipids. A mixture
consisting of DPPC:HSPC:Chol:DPPE-PEG2000 has, for instance, a Tm of
41.9 °C [11]. This means a locally induced mild hyperthermia can lead to a trig­
gered drug release [11].

Figure 5.3 Potential ways to trigger the release of a vesicle-entrapped agent. The ability to
react to external triggers defines these liposomes as second-generation nanomaterials [1].
(Reproduced with permission from Ref. [5].)
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5.2.2.2 Ultrasound as Trigger
Low-frequency ultrasound leads to acoustic cavitation, in which gas bubbles
induce high mechanical forces in the membrane leading to increased trans­
membrane flux [12]. Here, again, mixtures of lipids are used that have a Tm close
to the working temperature and typically contain less well-packed unsaturated
phospholipids [12]. An additional factor is the fluid inside the vesicle, which can
be an ultrasound-sensitive emulsion [13].

5.2.2.3 Enzymes as Trigger
Phospholipase A2 (PLA2) is a family of enzymes that hydrolyze a phospholipid
ester bond at the sn-2 position [14]. The enzymes are overexpressed in several
human cancer types such as prostate, breast, and colon cancer [14]. This implies
the possibility to release a cancer drug at the site, where it is needed. The pro-
drug is attached as tail to a synthetic phospholipid and is released from the sn-2
position via enzymatic cleavage [15].
The action of the enzymes on a liposome additionally leads to the formation of

a lipid transmembrane pore, through which a vesicle-entrapped drug molecule
can escape. This pore formation mechanism is also used by several insect and
snake venoms [16].

5.2.2.4 pH Changes as Trigger
Cancer cells lie in a low pH environment (pH 6–7), and this one to two orders of
magnitude higher proton concentration compared to the rest of the body might
serve as a external trigger for liposomal drug release [17]. Acid-labile groups
such as ortho esters [18] or vinyl ethers [19] undergo acid-catalyzed hydrolysis.
If these groups are strategically synthesized into phospholipid structures, the
resulting liposomes will become leaky after a pH drop because of a change in
the form factor of the lipids [8].

5.2.2.5 Redox Reactions as Trigger
Because of the high sulfhydryl concentration (e.g., glutathione), the cell cyto­
plasm is a more reducing environment than the blood plasma [18]. The reduc­
tion of a dithiol bond in a phospholipid would, therefore, be a suited reaction to
induce membrane permeability. This has, for example, been achieved using a
dithiobenzyl-linked mPEG-DSPE that was present in 3mol% in a vesicle
formulation [20].

5.2.2.6 Photoreactions as Trigger
Light offers an interesting toolbox for liposomal drug delivery, because
diverse reactions are possible such as trans/cis isomerizations, uncaging, and
polymerizations [5]. Diazo compounds can be photoswitched from a trans to
a cis conformation using a 470 nm laser. Using a liposome with 6mol% of a
phospholipid containing two diazotylated acyl chains, it was shown that a
single 10 ns laser pulse was sufficient to induce the total release of encapsu­
lated calcein [21].
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Most smart containers apply an all-or-none opening technique, that is,
once the system is triggered, its entire content is released. Huang and cow­
orkers presented another, milder form of release by simple deformation of
the vesicle [22]. Upon UV radiation, the system develops hair-like protru­
sions similar to cilia found on the surface of bacteria. In the system of
Huang, a helix-forming molecule is masked with beta-cyclodextrins where
upon the masked molecules self-assemble into vesicles. UV radiation triggers
a trans–cis azobenzene isomerization leading to the release of the cyclodex­
trins and the formation of helical vesicle protrusions.

5.2.2.7 Shear Stress as Trigger
The purely physics-based trigger of shear stress is highly attractive for reaching
areas of the human anatomy where no biological or chemical targeting is availa­
ble, for example, in atherosclerotic plaques. Ours and other teams have pre­
sented this approach recently and the next section will explain this concept in
more detail [17,23].
Overall, the liposomal self-assembly construct allows for a high flexibility in

drug delivery approaches, because many amphiphiles can be combined in the
same liposome. Therefore, liposomes are at the forefront of personalized,
reactive third-generation materials for nanomedicine.

5.3
Shear Forces and Vesicles

5.3.1

Influence of Shear Forces on Vesicles

Shear forces are forces that act upon a body in opposite directions. In other
words, one part of the body experiences a force in one direction, while the
other part experiences a force in the opposite direction. This, of course, leads
to significant effects on a soft material body such as a unilamellar liposome,
and because of the quasi-inextensibility of the lipid membrane, the vesicle
has to deform under shear [24]. The shape of the vesicle depends on the
membrane elasticity [25] and on the strength of the applied force: in weak
shear flow, the shape is close to equilibrium and in strong flows the vesicle
resembles a prolate ellipsoid [26] because of the defects in the phospholipid
tilt ordering that have to be present at the poles of a spherical vesicle [27].
The ellipsoid does not remain static but assumes one of the three dynamic
modes: tank-treading, tumbling, and swinging [2]. In tank-treading the over­
all shape of the ellipsoidal vesicle stays static with a constant inclination
angle, but the individual membrane phospholipids rotate along the vesicle
like the chains of a tank [28]. If in addition the vesicle inclination angle
slightly oscillates, the motion is called swinging [28]. Finally, if the vesicle
starts to rotate like a rigid body would do, the motion is depicted as
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tumbling [28]. These types of motion depend also on the difference of the
viscosities of the vesicle internal and external fluids [25].
The liposomal membrane is a quasi two-dimensional liquid, which means that

the shear modulus within the membrane plane vanishes [25]. The elastic mem­
brane deforms in a shear field and assumes an ellipsoidal geometry. The mem­
brane tension is highest at the waist of the ellipsoid and, here, the liposomal
membrane will break if the tension gets too high. Holes form, through which
liquid is ejected, in order to release the membrane tension. Eventually, the holes
will close again because of the quasi two-dimensional liquid character of the
membrane: if a hole is formed, hydrophobic parts of the membrane are exposed
to the aqueous environment and a line tension is build up, which reseals the
hole [25].
The curvature of a vesicle is made from two components: first, the local spon­

taneous membrane curvature from the intrinsic spontaneous curvature of each
molecule and, second, the integrated membrane curvature arising from the dif­
ference in numbers of molecules in the outer and inner membrane leaflet [29].
Even small changes in phospholipid composition across bilayer leaflets can lead
to significant shape changes in GUVs [30], because only minute concentration
differences can be balanced out by the curvature energy [27]. These shape fluc­
tuations get significantly bigger near instability boundaries [27].
However, a hexagonal, interdigitated bilayer membrane will have no curvature

and a large bending modulus. If such a membrane is forced into forming vesi­
cles, they are predicted to take polyhedral geometry with flat faces and sharp
bends at the edges [31]. These edges should show defects of the inner membrane
leaflet. The high curvature of the edges should be compensated by admixing a
double-tail phospholipid with small amounts of a single-tail detergent with a
large head group [32]. Indeed, when standard large unilamellar phospholipid
vesicles from eggPC were doped with 1mol% Brij 76, the vesicles became shear
sensitive and would fuse at 10 000/s for 20min [32]. However, in the absence of
shear forces, these vesicles would revert to their basic spherical geometry. For
medical purposes, it would be preferable if a vesicle would exist that shows the
faceted geometry from the beginning and, therefore, could immediately release
its cargo when shear forces are applied.

Shear Force-Responsive Vesicles

Pad-PC-Pad is a synthetic 1,3-diamidophospholipid, see Figure 5.4 [33]. Com­
pared to the natural 1,2-diesterphospholipids, the two fatty acyl chains of Pad-
PC-Pad are forced wider apart [5]. This distance leads to an interdigitation of
the fatty acyl chains of the phospholipids in the opposite membrane leaflets [34].
Through this physical cross-linking of the two membrane leaflets via phospho­
lipid chain interdigitation, we created a capsule with finite shear elasticity [28].
Furthermore, the vesicle cannot be described by the area difference elasticity
model [29], because the inner and outer membrane leaflets are intrinsically
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Figure 5.4 Release of 5(6)-carboxyfluorescein from selected vesicles. The spontaneous release
of the dye was measured in days. The shear stress-triggered release was measured in seconds.
The lines in the graph serve as guide to the eyes.

connected. According to Noguchi a faceted vesicle should form. Indeed such
structures are seen in cryo-TEM images represented in Figure 5.5 [23]. At the
edges of the facets, membrane defects should form. It is expected that the appli­
cation of shear forces attenuate the defects and lead to transient membrane pore
formation.
Three vesicles were formulated from the natural and artificial phospholipids,

eggPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and Pad-PC-Pad,
see Figure 5.4 [23]. Each vesicle was filled with the self-quenching fluorescent
dye 5(6)-carboxyfluorescein, a dye that allows measuring the release across a ves­
icle membrane [35]. At rest, the eggPC vesicle was leaky and the DPPC and Pad-
PC-Pad vesicles remained tight over several days. When the vesicle suspension
was shaken in a vortex shaker, both eggPC and Pad-PC-Pad vesicles did release
a significant portion of their cargo and the DPPC vesicles remained tight, cf.
Figure 5.4. Compared to the two natural phospholipid vesicles, the Pad-PC-Pad
vesicles represent a new type of vesicle that reacts to shear stress as a trigger. As
described in Chapter 4, such vesicles have unique potential for targeted drug
delivery to the site of severe stenosis in arteries [23].
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Figure 5.5 Cryo-TEM image of Pad-PC-Pad vesicles. The faceted form of the vesicles is clearly
visible. (The picture was taken by Dr. Takashi Ishikawa at the Paul Scherrer Institute,
Switzerland.)

5.4
Conclusions

We have still a long way to go until responsive materials can be incorporated
into future autonomous (robotic) devices as described in [36]. Nonetheless, sig­
nificant advances have been made with the three generations of nanomaterials.
Self-assembled nanocontainers offer the very high flexibility needed both to

address various medicinal questions and to personalize the drugs. Moving from
classical passive self-assembly to guided self-assembly allows for nanocontainers
with new properties such as vesicles that react to shear stress and have unlimited
possibilities in nanomedicine for human health.
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6.1
Introduction

Micro- or nanovesicles (NVs) are nanosized spherical vesicles defined by a lipid
bilayer and continuously shed from the surfaces of both quiescent and stimu­
lated cells. NVs are ubiquitous and were successfully isolated from all extracellu­
lar spaces in humans. Initially, NVs were considered to be cell debris of no
biological significance, intended for clearance and disposal by phagocytes. Over
the past 30 years, however, it became increasingly evident that NVs take part in a
unique and versatile form of intercellular communication. To overlook the rapid
advances in our understanding of NV biology, an International Society of Extrac­
ellular Vesicles was founded in 2011.
NVs convey intercellular signals either by the surface interactions (cell–NV

contact) or by the transfer of surface molecules and intravesicular content, such
as mRNA, micro-RNA, proteins, lipids, and metabolites. The biological effects of
NVs depend on the cell of origin, the nature of the stimulus that triggered their
release and the compartment they were released into. Aside from intercellular
communication, the shedding of NVs allows parent and target cells to rapidly
lose or gain a particular surface phenotype. NVs can be targeted to specific cells.
Given that they encapsulate a multitude of extra- and intravesicular signaling
cues, their uptake can lead to global cellular reprogramming. The paracrine,
endocrine, hemostatic, immune, and inflammatory functions of NV have been
shown in multiple studies [1,2]. Apart from their physiological role, the clinical
significance of NVs lies in their potential to serve as a diagnostic or prognostic
marker of disease and, possibly, a platform for the development of semisynthetic
nanovesicles. Thanks to their nanoscale size and the potential to express
targeting ligands, native exosomes or semisynthetic vesicles have potential for
nanomedical applications.

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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In this chapter, we discuss the role of NVs in inflammation and coagulation,
provide representative examples of their biological function and place them in
clinical context. Specifically, we focus on (i) immune-modulatory function of
neutrophil NVs (PMN-NVs) released in gout, (ii) the proinflammatory effects of
erythrocyte NVs (RBC-NVs), which accumulate during RBC storage, and iii) the
induction of the clotting cascade by the inadvertent release of platelet NVs
(PLT-NVs) during therapeutic T-cell depletion in kidney transplantation.

6.2
Nomenclature and Definition

Nanosized vesicles perform a wide range of physiological tasks. They are hetero­
geneous with no distinctive structural features, uniform size, or phenotypic traits
and vary significantly only in their mechanism of release and action. Aside from
being smaller then 1 μm and enclosed by a double membrane, they have little in
common. It is, therefore, understandable why a comprehensive functional defini­
tion and nomenclature still remains elusive. Over the past 30 years, with each
new discovery multiple names for each vesicle subgroup were given, always with
emphasis on their size (microparticles, microvesicles, and nanovesicles), their
possible function (such as calcifying matrix for bone formation), tissue of origin
(e.g., proteasome from the prostate), or their mode of formation (preformed:
exosomes, versus budding and shedding from the cell surface: ectosomes),
cf. Table 6.1 [1]. Although the distinction based on the mechanism of release

Table 6.1 Overview of the biophysical properties of nanovesicles.

Features Exosomes Ectosomes Apoptotic vesicles

Size 30–100 nm 100–500 nm 200–1000 nm

Buoyant density 1.13–1.19 g/ml ND 1.16–1.28 g/ml

Electron
microscopy

Cup shaped Bilamellar round
structures

Heterogeneous

Sedimentation 100 000 g 10 000 g 1200–100 000 g

Lipid composition Cholesterol
sphingomyelin
ceramide

Cholesterol
DAG
PS

Heterogeneous

PS
Main protein
markers

Tetraspanins (CD63
CD9)
Alix

CR1
Proteolytic enzymes
No CD63

Histones

TSg101
FLOT1
TNFAR1

Intracellular origin Multivesicular bodies Plasma membrane Plasma membrane

Type of generation Constitutive Cell regulated Cell death
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has functional consequences, it is often difficult to differentiate between these
two types of vesicle formation, when studying vesicles in vivo. The professional
society, which is devoted to the field, decided to name itself the International
Society for Extracellular Vesicles with a corresponding journal. Extracellular
Vesicle (EV) is possibly a reasonable terminology for a biological reality that has
no defined ends to date.
Due to the current limitations in vesicle isolation and analysis, the morpholog­

ical definition of a nanovesicle as a spherical, double membrane, and submicron-
sized vesicle seems to be most accurate and inclusive. Given that most vesicles
range from 30 to 500 nm, the field should, however, adopt the more accurate
nano terminology. All microvesicles should be called nanovesicles.

Stimulus for Vesicle Release

The process of ectocytosis was first defined by Stein and Luzio in 1991, as the
shedding of NVs from the surface of neutrophils during sublytic complement
attack [3]. Since then, this form of NV release was consistently observed in
erythrocytes [4], neutrophils [5], and platelets [6]. Given that NVs released by
cells under complement attack are enriched in C5b–C9 (assembled lytic com­
plex made of complement factors), ectocytosis is potentially a self-preserving
mechanism, which allows cells to evade and survive complement attack by selec­
tively shedding C5b–C9 in the form of NVs. Interestingly, vesicle release occurs
in erythrocytes and platelets, which lack complex organelles and subcellular
structures [4] (see Figure 6.1).
The C5b–C9 complex introduces a pore in the cell membrane and initiates

flux of ions between the intra- and extracellular compartments. The influx of
Ca2+ in the vicinity of the C5b–C9 complex induces local ectocytosis. This
involves lateral and vertical redistribution of plasma membrane constituents and
depolymerization of cytoskeleton ultimately resulting in the budding of a vesicle
and expulsion of C5b–C9. As a result of lipid redistribution, the outer mem­
brane of ectosomes is enriched in phosphatidylserine, sphingomyelin, and
cholesterol. The sorting of proteins does not show a consistent pattern and is
cell specific.

Figure 6.1 Release of erythrocyte NV during sublytic complement attack.
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Ectosome release is frequently associated with activation of complement,
but complement is not the only trigger for vesicle release. Recently, T cells
stimulated by a cognate antigen were shown to release NVs carrying the
TCR. Subsequently, this NV-bound soluble TCR was able to engage with the
antigen–MHC complex, form a functional immunological synapse, and
deliver stimulatory signals to antigen presenting cells independent of the par­
ent T cell [7].
The release of exosomes was first described in the 1980s by the group of R.

Johnstone in reticulocytes as a mechanism that allowed the specific elimination
of transferrin receptors [8,9]. At the same time, many other researchers
described spontaneous release of vesicles from tumor cells in culture and could
demonstrate a similar mechanism of formation and release [10]. Cancer cells
frequently evade immunological surveillance or promote metastasis by releasing
exosomes. Recently, exosomes derived from breast cancer cells were shown to
induce malignant transformation in nontumorogenic epithelial cells by reprog­
raming the target cell transcriptome with miRNA. The transfer of miRNA
between malignant cells and cells of the immune system has widespread implica­
tions in cancer immunology.
Over the years, it became increasingly clear that vesicle release is a conserved

mechanism across all cells, albeit serving different purposes. NVs are released
even by prokaryotes. Bacteria can transmit virulence factors from one bacterium
to another by shedding outer membrane vesicles (OMVs) [11–13]. In addition to
DNA and RNA, these OMVs contain various other bacterial cell wall compo­
nents [14]. This can be potentially exploited to develop vaccines once OMVs
have been rid of all their infectious or toxic potential [15].
Many excellent reviews describe the field in depth from different perspec­

tives [16–21]. We provide an overview about the physiological role such EVs
may play and provide some examples looking at specific pathologies, where EVs
may play a significant role.

6.4
Overview of Extracellular Vesicle Biology

For years, the release of NVs by living cells has been considered a mechanism to
dispose of unnecessary or damaged intracellular or membrane-bound molecules.
In addition to this, the release of microparticles by activated platelets was found
to participate in hemostasis. This finding suggested that vesicles were not just
cell debris but may be essential for various biological functions and responsible
for specific pathologies. Indeed, in recent years, it became clear that vesicles
from various sources play an important role in inflammation, hemostasis, and
cell death. Consequently, the focus in the field shifted from the cellular house­
keeping functions of NVs to assessing their wider pathophysiological significance
in disease.
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A typical example is bone formation. The process of calcification occurs in the
so-called matrix vesicles that bud off the plasma membrane of osteoblasts and
chondrocytes. Phosphatidylserine (PS) has a high affinity for calcium, and the
PS–calcium complex along with phosphates nucleates to form hydroxyapatite
crystals, which are essential for mineral formation on extracellular collagen
fibers [22]. Without matrix vesicles, we would have soft bones and teeth. Patho­
logical ectopic calcification occurs in many diseases including arteriosclerosis.
Here, local cells such as pericytes and endothelial cells undergo oesteoblastic
differentiation and initiate the process of calcification.
Urine is known to contain large quantities of NVs. Many research groups

are trying to identify their exact origin within the nephron, [23,24]. The use
of NVs as biomarkers for glomerular and tubular diseases is an attractive
proposition, but it still remains elusive. Although to this point no function
has been attributed to urinary NVs, one might postulate that they act as
trophic factors for lower parts of the nephron/urinary tract or act as an anti­
bacterial shield.
NVs released by dendritic cells might induce efficient T-cell immune response

when loaded with a cognate antigen. Indeed, they may present arrays of particu­
late antigens in addition to helper molecules enhancing the interaction and activa­
tion of immune cells [25,26]. NVs shed by tumor cells have been shown to
transfer specific antigens to dendritic cells, which could potentially induce a
tumor-specific T-cell immune response [27]. This led to much enthusiasm among
immunologists and oncologists initially. Later, however, it became increasingly evi­
dent that tumors exploit NVs to inhibit inflammation and the immune response
by various mechanisms including the expression of specific immune inhibitors
blocking NK cells or, less specifically, by the expression of PS, a molecule known
to inhibit macrophage and dendritic cell activation [10,28]. Despite this, could
NVs be modified and used to vaccinate against tumor? The concept would be
that only foreign or modified autoantigens would be recognized by the immune
system. A future avenue would be to produce NVs expressing specific tumor
neoantigens, that is, modified protein sequences expressed from mutated genes of
tumor cells, with surface proteins that enhance the immune response or block
inhibitory signals, for example, CTLA-4 or PD-1 blockade [28]. Finally, NV must
be able to circulate in the body and reach distant immune territories responsible
for the immune response, for example, lymph nodes and spleen. Whether
the immune-modulation by NV can aid in clearing tumors in humans remains to
be established; however, findings in animal models would suggest that this is pos­
sible, and the recent data in melanoma patients are encouraging [29].
Erythrocytes, leukocytes, platelets, and endothelial cells release NVs in blood,

even under normal conditions. However, the different leukocytes release NVs
mainly in the extravascular compartment particularly at local inflammatory sites
in tissues after having actively left the blood circulation. Let us illustrate in more
detail the role of NVs of three origins, that is, polymorphonuclear(PMN) leuko­
cytes, erythrocytes, and platelets in human pathologies.
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6.5
NVs of Polymorphonuclear Leukocytes

Similar to other NVs, PMN-NVs were initially described as a means by which
PMN leukocytes confer resistance to a complement attack by expelling C5b–C9
complexes by ectocytosis of vesicles. The shedding of vesicles has later been
identified as a generalized phenomenon of neutrophil activation independent of
the complement system. The soluble C5a complement factor and bacterial pep­
tide fMLP are known to induce one of the strongest shedding responses in neu­
trophils [30]. Regardless of stimuli, the release of PMN-NVs is actually triggered
by transient influx of Ca2+ into the cells and is closely related to the
redistribution of phospholipids across plasma membrane. In the quiescent cell,
phosphatidylserine (PS) is actively translocated into the cytosolic leaflet of the
plasma membrane by an enzyme called flippase [31]. Upon activation, the influx
of Ca2+ activates a lipid scramblase and inhibits flippase promoting the trans­
location of PS to the outer leaflet. The change in lipid distribution is followed by
the release of PMN-NVs from the surface of cells and consequently PMN-NVs
express PS on their surface. The expression of PS on PMN-NVs remains stable,
since unlike cells, NVs lack the resources/energy to reestablish the asymmetrical
distribution of lipids. The expression of PS on PMN-NVs is of great functional
importance.
PMN-NVs are known to be anti-inflammatory and achieve their immuno­

suppressive effects by employing several independent mechanisms. First, PMN-
NVs actively recruit annexin A1, a PS-binding protein in plasma, to their surface.
Annexin A1 subsequently impairs the transmigration of circulating neutrophils
in response to IL-1beta by inhibiting the interactions between neutrophil and
endothelial cells [32]. Second, PMN-NVs deliver and induce the release of pro-
resolving lipid mediators from macrophages termed resolvins, which reprogram
antigen presenting cells to an anti-inflammatory phenotype [33]. Third, PMN-
NVs express PS. PS is known to engage various receptors, including the MerTK
(Mer receptor tyrosine kinase), which inhibits inflammatory responses to TLR
ligands in macrophages and dendritic cells [34]. Similar response has been
observed for other PS-expressing NVs or apoptotic cells [2,35,36]. Lastly, in
addition to PS, PMN-NVs foster these anti-inflammatory effects by inducing the
release of TGFβ in target cells. The release of TGFβ is independent of PS and
relies on another membrane component of the PMN-NVs that has not yet been
identified [37,38]. The relative contribution for all these mechanisms in vivo
remains unknown.
The clinical relevance of PMN-NVs lies in their profound ability to suppress

inflammation early on in its course. This mechanism is particularly effective in
peripheral tissues with extensive complement activation, which induces neutro­
phil influx and NV release. Therefore, in conditions such as gout, large amounts
of PMN-NVs are found in the synovial fluid of patients at the time of an acute
attack. Interestingly, gouty attacks tend to resolve spontaneously and leave mini­
mal residual damage to the joint. It has been recently shown that the release of
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Figure 6.2 Neutrophil NV limit inflammation in gout by inhibiting C5a priming of the
inflammasome.

PMN-NVs contributes to this self-limiting nature of gout [39]. In gout, monoso­
dium urate (MSU) crystals precipitate in joints and activate complement leading
to the generation of C5a. This highly active chemotactic and anaphylatoxic factor
primes the resident cells for the release of IL-1β [40], which is the principal cyto­
kine driving gouty inflammation [41]. Although C5a drives the pro-inflammatory
response, it can also trigger the release of PMN-NV, which contain inflammation
and initiate is timely resolution [39]. The release of PMN-NVs completes what
essentially is an internal regulatory mechanism in gout, where C5a simulta­
neously induces and resolves inflammation, see Figure 6.2. In a broader context,
PMN-NV release may limit excessive inflammation in response to both exoge­
nous and endogenous danger signals. The pathophysiological relevance of PMN-
NVs likely extends to conditions other than gout. It is remarkable that the cells,
which frequently cause tissue damage in attempt to fight off bacterial infections,
responsibly release signals that limit excessive inflammation in the early stages of
their activation anticipating the need for effective counterregulation.

Erythrocyte NVs

Erythrocytes can be stored up to 42 days before transfused according to most
regulatory authorities. During this period of time, although erythrocytes remain
stable, they are known to undergo an aging process, which involves the release of
NVs by ectocytosis [42,43]. In fact, erythrocytes lose up to 20% of their hemoglo­
bin content in the form of erythrocyte NVs during storage and these vesicles are
given in significant amounts to patients along with erythrocytes at the time of
transfusion. Evidently, the number of these NVs increases with storage time.
Over the past few years, there have been several works reporting that when
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transfused, older stored, compared to fresh, erythrocytes may have detrimental
effects with a higher frequency of clotting disorders and increased morbidity and
mortality in patients [44–47]. However, the issue remains controversial, since
various other studies did not show significant differences [48,49]. Erythrocyte
NVs are formed in blood or provided during erythrocyte transfusion, thus are
mainly in the circulation as opposed to those of PMN-NVs, which are mainly
found in tissues. Exposed to plasma containing annexins and platelets, the anti­
inflammatory properties of erythrocyte NVs due to the expression of PS may
play a minor role in the acute phase of transfusion [38]. It is known that PS
surfaces initiate coagulation with PS serving as a platform for thrombin genera­
tion [50]. In addition, erythrocyte NVs bind complement fragments suggesting
that they activate complement as well [38].
In a murine transfusion model, erythrocyte NVs purified from stored cells

amplified systemic inflammation in endotoxemic mice. As expected, transfusion
of erythrocyte NVs led to the generation of thrombin. The clotting phenome­
non, however, was not the primary pathology. Thrombin induced by erythrocyte
NVs acted as a direct complement C5 splitting agent and released C5a, a factor
known to aggravate systemic inflammation and produce leukocyte aggregation in
the lungs. The specific sequence of events demonstrated the complex interplay
between the coagulation and the complement systems, which are too often
looked at as separate entities. Consequently, the treatment of mice with a throm­
bin anticoagulant, such as lepirudin, prior to transfusion, alleviated the proin­
flammatory effects of transfusions by suppressing systemic C5a generation [51],
see Figure 6.3. Although such an approach could be tested in more animal mod­
els, it would be difficult to translate even positive findings to human pathologies,
since transfusions are mostly required for bleeding patients, in whom anticoagu­
lation is not indicated.

Figure 6.3 The transfusion of erythrocyte NV triggers the sequential activation of the clotting
and complement cascades, which amplify systemic inflammation.
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The anti-inflammatory and immunosuppressive properties of erythrocytes
toward activated macrophages and dendritic cells are due to the expression of
PS as well [38]. It is unclear how these NVs, which are rapidly cleared from the
circulation by Kupffer cells, would react and affect other cells. Some publications
suggested that aged erythrocytes accelerate the development of tumors, that is,
erythrocyte transfusion as such, all transfusion or erythrocytes include a variable
load of NVs, reduce the survival in patients with colon carcinoma [52,53].
Although it is difficult to establish a direct link between erythrocyte NV transfu­
sion and tumor development, the speed of tumor growth is likely to indirectly
correlate with the immune competence.

Platelet NVs

Platelet NVs are released by activated platelets and constitute the dominant pop­
ulation of circulating NVs in humans [54]. The origin, quality, and properties of
platelet NVs may differ depending on the stress, to which they are exposed. For
instance, platelets simply stored prior to transfusion shed homogeneous NVs,
which differ from those induced by strong activators such as complement. NVs
released by activated platelets support hemostasis by generating thrombin on
their negatively charged PS expressing surface. Early studies demonstrated that
NV depletion prolonged the clotting time of human plasma and that activated
platelets generated MV capable of activating thrombin in platelet-poor plasma.
Patients with Scott syndrome can illustrate the functional significance of PS and
platelet NV release for efficient clotting. These patients have a primary bleeding
disorder caused by the inability of platelets to translocate PS to the outer leaflet
of their plasma membrane. The budding of NVs is reduced as well [55,56].
The release of platelet NVs is induced by platelet stimuli such as thrombin or

ADP. The shedding of NVs is, however, much stronger during complement acti­
vation on the surface of platelets. Platelets exposed to sublytic concentration of
C5b–C9 were shown to release large amounts of small membrane vesicles capa­
ble of binding clotting factors and assembling the prothrombinase enzyme com­
plex. This form of platelet activation may be relevant not only in idiopathic
thrombocytopenic purpura (ITP), an autoimmune condition with antibodies
against platelet surface antigens that initiates classical complement pathway acti­
vation and C5b–C9 deposition [57], but also during T-cell depletion therapy
with antithymoglobulin (ATG), which cross-react with platelet antigens [58].
ATGs are T-cell depleting antibodies used for hematopoietic stem cell and solid
organ transplant patients to prevent graft versus host disease (GvHD). Although
designed to target T cell, ATG recognizes a wide range of epitopes, including
those present on platelets. Consequently, the rapid infusion of ATGs triggers
massive release of platelet NVs and frequently cause side effects associated with
the overt activation of the clotting system called disseminated intravascular coa­
gulopathy, which is mostly subclinical [59–61]. The release of NVs by platelets
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Figure 6.4 Platelet NVs, induced by antithymoglobulins and complement, lead to a state of
hypercoagulability.

exposed to ATGs in plasma is mainly due to complement activation with the
binding of C5b–C9 to the platelet membrane leading to ectocytosis. Given that
platelet NV release relied on complement activation, the use of a monoclonal
anti-C5 antibody may prove to be beneficial in preventing thrombotic complica­
tions during ATG therapy, see Figure 6.4 [62].
All remains a question of balance. Although platelet NVs induce thrombosis,

when they accumulate beyond a certain threshold, during physiological steady
state PS on NVs might be responsible for baseline immune modulation. In vitro,
platelet NVs have been shown to downregulate activated macrophages and mod­
ify the development of dendritic cells [36]. In addition, they foster the differenti­
ation of CD4+ T cells into functional T regulatory cells, well known to control
immunity [63]. These observations suggest that a continuous low level of platelet
NVs represents a mechanism of inflammatory control and peripheral tolerance
to low danger signals but evidently only up to a given threshold.

6.8
Conclusions

A complete overview of all functions of NVs found in humans would require a
complete book for itself. Indeed, the field is exploding. We are only at the begin­
ning of understanding when and how they are produced and what their func­
tions are. It is worth emphasizing that communication between cells via NVs
has over years been ignored, but it is now at the forefront. Indeed, a full orga­
nism needs constant regulation and for this makes sure that communication
occurs at all levels: directly by cell–cell contact, by fluid phase molecules (pro­
teins, lipids, metabolites, etc.) that can travel at a distance, and by NVs that not
only travel at a distance but also expose surfaces and may serve as containers for
transferring molecules (e.g., RNA) that would not resist the harsh enzymatic
environment of the extracellular space. Looking at NVs from this angle, it is
evident that much has still to be discovered as recently illustrated in the finding
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of NVs with ectosomal properties in the immunological synapse [7]. It is also to
be expected that anomalies in the formation, release, or content of NVs will be
responsible for pathologies as indicated by the Scott syndrome.
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7.1
Introduction

Nanomedicines are often recognized by the immune system as foreign, leading
to immune reactivity upon in vivo use. While this reactivity may have adverse
effects on both the nanomedicine and the host, for immunologists it opens a
new horizon to novel and yet poorly understood immune phenomena. This
chapter focuses on three ill-understood adverse immune reactions to nanomedi­
cines, that is, the complement activation-related pseudoallergy (CARPA), the
triggering of specific anti-drug antibody (ADA) formation (immunogenicity),
and the accelerated blood clearance (ABC phenomenon). These phenomena rep­
resent major immune barriers to the clinical use of immune reactive nanomedi­
cines, and, when they stimulate each other in a circle, called immune stimulatory
vicious cycle (ISVC), they can underlie severe toxic phenomena. For these rea­
sons, their understanding and prediction by various in vitro and in vivo tests is
essential for the safety and clinical success of nanomedicines. The goal of this
chapter is to summarize the essentials on these phenomena, their molecular and
cellular mechanisms, and to review the state of the art in their laboratory evalua­
tion and prediction.
Nanomedicine, that is, the utilization of nanotechnology in medicine, is one of

the most promising and intensely developing fields in biological sciences today.
One of its visions is to use drug delivery systems in the nanodimension (10 9–
10 6m, <100 nm in at least one direction) to selectively target only abnormal
cells and organs, and, thus, avoid side effects. There are numerous ingenious
nanocarriers in clinical development that achieve this goal, yet a lack of informa­
tion on their toxicities and environmental impact still slows down their advance
into the clinic. In particular, the enlarged surface area and increased tissue and
cell penetration of nanoparticles may lend them unique, unpredictable toxicities,
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Figure 7.1 Adverse immune effects of nanoparticles, classified according to their impact and
time course. The pathways and side effects detailed in this chapter are shaded with color.

including novel yet poorly understood immune side effects [1,2]. Figure 7.1 cate­
gorizes the mentioned three adverse immune effects according to their impact
and time course.

7.2
The Immune Stimulatory Vicious Cycle

Complement activation leading to CARPA, immunogenicity leading to ADA for­
mation, and nanoparticle opsonization leading to the ABC phenomenon, each
represents an abnormal immune activation that mutually accelerates each other
in a vicious cycle, tentatively called immune stimulatory vicious cycle.
The different steps in ISCV are shown in Figure 7.2. These steps have been

known for a long time and individually explored in substantial detail. It has also
been recognized that C activation plays a causal role in ABC, that is, the abnor­
mal pharmacokinetics of PEGylated liposomes [3–6]. Nevertheless, to the best
knowledge of the author, the interdependence of these phenomena in a self-
aggravating circular chain has not been emphasized to date. It should be added
that the rate-limiting step in the cycle is immunogenicity, which takes place over
days to weeks. Hence, the full manifestation of the ISCV symptoms is seen after
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Figure 7.2 The immune stimulatory vicious cycle caused by certain nanoparticles. The numbers
indicate different steps in the cycle.

days to weeks following the first exposure of reactogenic nanoparticles to the
blood.
Focusing on the processes in ISVC, the first step, C activation leading to

CARPA, has been a subject of studies since the mid-1990s. Numerous papers
and reviews detailed the processes involved, namely, the various pathways of C
activation, the liberation of anaphylatoxins C3a and C5a, the stimulatory actions
of anaphylatoxins on mast cells, basophils, secretory macrophages and other
cells, the release of vasoactive mediators (histamine, thromboxane, leukotrienes,
and PAF) from these cells and the effects of these mediators on endothelial, and
smooth muscle and other effector cells causing the typical symptoms of pseu­
doallergy [7–18]. In step 2 of Figure 7.2, the C activation results in C3b deposi­
tion on nanoparticles, which initiates the alternative pathway amplification loop
of the C cascade, and, thus, leads to more C activation. Furthermore, as a potent
opsonin, C3b enhances the uptake of nanoparticles by the RES, that is, it initiates
the ABC phenomenon.
In step 3 of ISVC, C activation promotes immunogenicity via a large number

of different effects on antigen presenting cells (APCs), B and T cells (see
Table 7.1) [19–36]. For this reason, C activation is often quoted as a bridge
between innate and specific immunity.
The resulting production of ADAs by B cells (step 4) leads to deposition of

these antibodies on nanoparticles (step 5) accelerating their uptake (ABC) via Fc
receptors on RES cells (step 6) and further stimulating C activation via C1q
binding (classical pathway activation) in step 7, thus closing the vicious cycle.
The consequences of ISVC are detrimental from many aspects, including the

risk of severe CARPA with pain and discomfort, psychological stress on patients
and health care professionals alike, financial loss in emergency care, denial of a
potentially life-saving therapy to patients, and bad reputation of an otherwise
useful state-of-art drug. Nevertheless, ISVC has a positive side as well for the
benefit of immunologists. Namely, its study provides new insights into some
mechanisms in innate immunity, such as nonspecific immune recognition and C
activation by foreign particles, anaphylatoxin effects and anaphylactic shock,
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Table 7.1 Stimulation of specific (adaptive) immune response by C activation.

Effects of C activation Target cell(s) References

Facilitation of the cooperation between APC T cells and APC [21,33]
and T cells

Stimulation involving CD21/CD19/CD81 B cells follicular dentritic [23,32–34]
signaling cells

Stimulation involving CD21/CD35 signaling

Increasing cell survival via CD21/CD19/Tapa- B cells [28–31]
1 signaling

Stimulation of germinal center formation in B cells, T cells [24,25,35]
lymph nodes

Increased cytotoxicity against CR2 (CD21)+ CD8 T cells [19]
target cells via surface-bound C3b

Acceleration of antibody affinity maturation B cells [36]
via ligation to CR2

Induction of IL-1 and IL-10 production Monocytes [20,27]

Suppression of IL-6, IL-12, TNF-α Monocytes, macrophages, [22,26,27,35]
dendritic cells, PBMC

ADA formation via T-independent B-cell stimulation, and so on. In fact,
research on CARPA led to the recognition of tachyphylactic hypersensitivity
reactions (HSRs) to some nanomedicines, enabling their prevention by tachy­
phylactogenic pretreatment with placebo [37,38]. Also, the concept of ISVC
represents a new concept in an uncharted cross section of immunology, pharma­
cology, and toxicology.

7.3
The Cause of Immune Recognition of Nanomedicines: Similarity to Viruses

A thought-provoking recognition in nanotoxicology is that the ultimate cause of
immune recognition of nanoparticles is their relatively large size, which, consid­
ering their prefix nano, Greek word implying very small, is a paradox. In fact,
nanomedicines are one–two orders of magnitude larger than conventional, small
molecular weight drugs. As shown in Figure 7.3, their size in the 25–300 nm
range exactly overlaps with the size range of pathogenic viruses, closely mimick­
ing these pathogens, against which the immune system developed efficient
defense over millions of years.
On the same token, reactogenic nanomedicines can be perceived as artificial,

or pseudoviruses, which are fought by the immune system via pseudoallergy. This
simply playing with words; however, the association of nanomedicines with
viruses on the basis of physical similarity should be a reminder to their potential
immune reactivity.
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Figure 7.3 Similarity between nanomedicines and viruses. Electron micrographs of human
pathogenic viruses on the nanometer-size scale (Reproduced with permission from Ref. [13].
Copyright 2011 Elsevier).

7.4
Processes in the Immune Stimulatory Vicious Cycle

The next sections provide further details on major processes in ISVC: CARPA,
immunogenicity, ADA formation, and the ABC phenomena.

7.4.1

Complement Activation-Related Pseudoallergy

7.4.1.1 Definition and Basics
CARPA is essentially identical to the immune reactions termed infusion
reaction, anaphylactoid, anaphylactic reaction, nonimmune HSR, nonallergic
reaction, and idiosyncratic reaction. The introduction of a new name and its
mnemonic acronym is in keeping with a long recognized and emphasized need
to revise the classification of HSRs [12,39–42], as well as their extensive nomen­
clature, which is often redundant, cryptic, and controversial [16]. As pointed out
recently, there are 12 descriptive or quantitative terms to describe HSRs [16].
Figure 7.4 shows that CARPA is an adverse immune stimulation caused primar­
ily by intravenously administered drugs that contain liposomes, micelles, or poly­
mers either as vehicle or active ingredient.

7.4.1.2 Historic Leads
Complement activation as a possible cause of HSRs to radiocontrast agents was
proposed in the late 1970s [43–45]; however, unfortunately, the concept was not
pursued to gain wide acceptance. Subsequent studies on anaphylatoxins by Hugli
et al. in the 1980s provided ample evidence that overproduction of these highly
vasoactive small proteins explain the symptoms of anaphylactoid reactions and
anaphylactic shock [46–48], but for some reason anaphylatoxin liberation was
not linked to drug-induced HSRs at that time. In an independent line of research
starting in the late 1960s, Alving et al. showed that liposomes can activate the C
system [49–55] and that C activation by a liposomal vaccine can cause anaphy­
lactoid reactions in pigs [56]. However, again, the phenomenon was not consid­
ered a mechanism of drug-induced HSRs. In the late 1990s and early 2000s,
Rabinovici, Phillips, Goins and Awasthi were principal authors in numerous
studies on the physiological effects of liposomes and liposome-encapsulated
hemoglobin (LEH) in rats, showing essentially all symptoms of CARPA [57–77].
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Figure 7.4 The place of CARPA on the map of scheme represents an attempt to collect all
clinically relevant nanotoxicities: categoriza- variables that determine or characterize the
tion of toxic reactions according to particle toxic effects of nanoparticles. Abbreviations
type (green heading), cells and organs used only in this figure: DCNSSs, drug carrier
afflicted (blue heading), route of exposure nanosystems; SLNPs, solid lipid nanoparticles;
(purple heading), and type of immune CNTs, carbon nanotubes; Q-dots, quantum
reaction, if it occurs (black heading). The dots.

Nevertheless, the role of C activation behind these changes was not considered
in these studies except for in one [68], where the thrombocytopenic effect of
liposomes in rats was attributed to C activation on the basis that decomplemen­
tation of the animals prevented the effect.
The next critical lead in the progress of the CARPA concept was a series of

clinical reports in the 1990s on unusual HSRs in patients treated with liposomal
medicines, including the anticancer drug Doxil. It was puzzling in these
reactions that the patients were not shown to be allergic to these drugs, the
reaction arose at the first exposure, and that the symptoms soon vanished in
most cases, so that the infusion could be continued [78–83]. Table 7.2 shows
the symptoms recorded, which showed great individual variation in patients.
Among them, the cardiovascular, bronchopulmonary, hematological, and muco­
cutaneous manifestations are also seen in the animal models of CARPA.
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Table 7.2 Symptoms of CARPA.

Cardiovascular Bronchopulmonary Hematological Mucocutaneous Gastrointestinal Neuropsycho-somatic Systemic

Angioedema Apnea Leukopenia Cyanosis Nausea Back pain Chills

Arrhythmia Bronchospasm Granulopenia Erythema Vomiting Chest pain Diaphoresis

Cardiogenic shock Coughing Rebound Flushing Metallic taste Chest tightness Fever
leukocytosis

Hypertension Dyspnea Rebound Rash Diarrhea Headache Sweating
granulocytosis

Hypotension Hyperventilation Thrombocytopenia Rhinitis Cramping Feeling of imminent Wheezing
death

Hypoxia Laryngospasm Lymphopenia Swelling Bloating Fright Rigors

Myocardial Stridor Urticaria Panic Feeling of warmth
infarction

Tachycardia Respiratory distress Nasal congestion Rigors Loss of
consciousness

Ventricular Shortness of breath Pruritus Anxiety Death
fibrillation

Edema Sneezing Tearing Confusion

Syncope Hoarseness Conjunctival Dizziness
erythema
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7.4.1.3 Foundation of the CARPA Concept
The first proposal of causal relationship between C activation and hemodynamic
and blood cell changes in rats following liposome injection came from the labo­
ratory of Carl Alving in 1994 [7]. The conclusion was based on a remarkable
parallelism between C consumption and hypotensive effects of liposomes, taken
together with the fact that C activation can cause hypotension in rats [46,47,48].
Then, as mentioned above, Goins et al. showed in 1997 that the thrombocytope­
nic effect of liposomes was prevented by decomplementation of the animals,
providing direct evidence for the causal role of C activation [68]. These rat stud­
ies were recently extended to show C activation progressing hand-in-hand with
hypotension and blood cell changes [84,85].
In addition to rats, numerous pig studies served evidence for C activation

underlying the physiological changes caused by i.v. liposomes [8,9,37,86,87]. The
efficacy of soluble C receptor type 1 (sCR1) to prevent liposome-induced hemo­
dynamic changes represented direct proof [8], while the indirect evidence
included the mimicking of CARPA by the C activator zymosan and human
C5a [86] and the quantitative correlation between in vitro C activation and
in vivo reactogenicity in pigs [37,87].
In man, a correlation between C activation and HSRs to Doxil was shown by

Chanan-Khan et al. [88], while a recent preliminary study extended this clinical
research to Taxol, Taxotere, and Rituxan [89]. It was suggested that testing the C
activating effect of these drugs in the serum or whole blood of patients (screen­
ing) can be used to predict the risk of CARPA in individual patients [89]. Today,
there is a long list of nanoparticulate and/or protein-containing nanomedicines
that are known to activate C and also cause HSRs in patients [14,18,90],
although clinical studies on their correlation were done only for the drugs men­
tioned above. Table 7.3 provides a timeline for the progress of the CARPA con­
cept until 2015.

7.4.1.4 Prevalence, Symptoms, and Features
According to US statistics, allergic reactions to drugs occur in up to half a mil­
lion patients per year, 77% of which is non-Ig-E mediated [102,103]. Pseudoal­
lergy can have different mechanisms, that is, receptor-mediated and direct
stimulation of mast cells [12], but the exact ratio of CARPA within pseudoallergy
is unknown. However, a fraction even much lower than 77% of 500 000 patients
still imply C-mediated acute illness in hundreds or thousands of patients every
year in the United States of America, and proportionately less in other countries
with advanced health care. Roughly, this translates to thousands of reactions
every day. If we consider an estimate of 0.01–0.1% death rate in CARPA, this
means many people dying every day because of these reactions.
Depending on the drug and its administration, the symptoms of allergic drug

reactions (Table 7.2) vary among patients. Nevertheless, there are some com­
mon, unique features that distinguish CARPA from classical allergy. These
include the following: (i) CARPA arises mostly at the first time, with no prior
exposure, (ii) it decreases or disappears upon reexposure (tachyphylaxis), (iii) it
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Table 7.3 Milestones in the progress of the CARPA concept.

Event Period References

Proposal of the role of C activation in radiocon­
trast reactions

Unveiling of the biological effects of anaphyla­
toxins that include the symptoms of CARPA

Studies on complement activation by liposomes
in vitro and in pigs in vivo

Exploration of the adverse cardiopulmonary,
hemodynamic, biochemical, and hematological
effects of liposomes in rats

Clinical observations on HSRs to Doxil and
other liposomes

Report on the involvement of C activation in the
adverse physiological effects of liposomes in rats

Indirect and direct evidence for a causal role of
C activation in HSRs to various nanoparticulate
drugs (mainly Taxol and Doxil) in vitro and
in vivo. Reviews on CARPA

Regulatory recommendation of CARPA assays
as preclinical safety tests

Further addressing the regulatory relevance of
CARPA assays; proposals that CARPA repre­
sents a blood stress and that it underlies HSRs to
intravenous iron therapy and that in pigs it is
mediated by pulmonary intravascular macro­
phages (PIM cells).

1976–1978

1984–1987

1969–1989

1989–2004

1995–2001

1994

1998–2014

2014

2014–2015

[43–45]

[46–48]

[49–56]

[57–77]

[78–83]

[7]

[8–10,12–14,38,86,88,91–99]

[100]

[14,16,18,101]

spontaneously resolves in most cases, (iv) the strength of the reaction critically
depends on the speed of infusion, (v) it responds to steroid and antihistamine
premedication, (vi) the reaction rate is high (>2%), and (vii) the reaction is
unpredictable by standard allergy tests. Among these features, the statement
that CARPA mostly arises at the first treatment implies that there may be excep­
tions, that is, patients in whom the reaction arises at the second or third treat­
ment. However, in these cases it is difficult to discern the impact of
immunogenicity, that is, immunoglobulin (IgG and/or IgM) response to the first
administration of the drug.

7.4.1.5 Mechanism
As implied by its name, CARPA is an allergic reaction whose rise is related to C
activation. It is not real allergy, as by textbook definition, real allergy is mediated
by IgE. The word related in the name of CARPA is therefore critical, as it
expresses uncertainty regarding causality, that is, whether C activation is the
only cause of HSR or there are other co-stimuli as well. In fact, the relationship
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between C activation and HSRs in this special subtype of pseudoallergy most
likely involves stimulation of secretory cells by particle binding to their cell sur­
face pattern recognition receptors (i.e., double hit) [13]. Another indirect contri­
bution of C activation to CARPA might be cell sensitizing for other contributing
processes, for example, endothelial cells for contraction or dilatation by vaso­
active mediators. It is important to emphasize that CARPA is likely a conse­
quence of the combination of C activation with other allergy triggers whose
actions coincide with those of anaphylatoxins.
Over the past few years, several reviews [14,16,18,84] and book chap­

ters [15,17,99,104] were published showing different schemes of the CARPA
chain and physiological changes involved. Taken together, one can identify three
pathways (classical, alternative, and lectin) of C activation by nanoparticles; two
anaphylatoxins (C3a and C5a) liberated upon C activation; at least four vaso­
active peptides (histamine, thromboxane, PAF, and leukotrienes) released from
three types of anaphylatoxin reactive cells (macrophages, mast cells, and baso­
phil leukocytes); three types of reactive blood cells (granulocytes, platelets, and
monocytes) causing circulatory changes via three processes (leukocyte-platelet
aggregation, microthrombus formation, and adherence to endothelial cells);
three effector cells (endothel, smooth muscle, and glandular epithelial cells)
directly involved in the symptoms in four major reactive organs or organ sys­
tems (heart, lung, circulatory system, and skin): a minimum of twenty-five pro­
cesses and variables influencing the spectrum of individual symptoms, not
including the contribution of second hit on macrophages [13].

7.4.2

Immunogenicity and Formation of Antidrug Antibodies

Immunogenicity means the capability of a drug or agent to induce a specific
immune response, which can be antibody-mediated (humoral) or cell-mediated
(cellular), or both. Accordingly, immunogenicity is assessed by measuring the
production of specific antibodies or specific T-cell responses. Where immunoge­
nicity becomes critical, in addition to vaccine research, is the field of biopharma­
ceuticals, whereupon monoclonal antibodies and other proteins are used via
repeated or chronic administration protocols. Some of the patients treated this
way mount an immune response against these drugs, mostly via production of
ADAs. These antibodies can change the pharmacokinetics of the drug after the
first or second administration and thus interfere with its therapeutic effect. In
addition, ADAs can lead to adverse immune effects, sometimes they cause severe
toxicities, including CARPA. Examples of such severe adverse responses to pro­
tein therapies include the antierythropoietin ADA-induced pure red cell apla­
sia [105]. Since the impact of immunogenicity can be quite severe, regulatory
agencies have issued guidelines for immunogenicity screening of therapeutic
proteins and biologicals [106,107].
Unlike with biologicals, the immunogenicity of nonbiological complex drugs

(NBCDs), such as liposomes [108], is not widely recognized. Fortunately, no
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catastrophic immunogenicity-related side effect has been reported to date for
any liposome or other nanomedicine in the market, although PEGylated lipo­
somes and some drug–polymer conjugates are highly immunogenic in animal
models (see below).

7.4.3

Accelerated Blood Clearance (ABC Phenomenon)

7.4.3.1 Essentials and Background
The ABC phenomenon, as its name indicates, is the accelerated clearance of
nanoparticles from blood, a change from the expected long circulation
stealth-type pharmacokinetics to rapid T1/2, sometimes minutes instead of
days or weeks. The phenomenon is due to rapid uptake of nanoparticles by
macrophages of the RES, mainly because of their opsonization in blood via C
activation and C3b deposition and ADA deposition (steps 2 and 5 given in
Figure 7.2). The phenomenon has been the subject of numerous studies by the
Japanese group of Ishida et al., who dissected its mechanism to the utmost
molecular detail. The ABC phenomenon has been shown to occur with PEGy­
lated liposomes [3,4,109–122], micelles [123], microemulsions [124], and
proteins [125].
Historically, the first observations on ABC upon repeated administration of

99mTc-polyethylene glycol (PEG) liposomes were reported by Dams et al. [126],
whose studies revealed the formation of a plasma factor following the first dose
of such liposomes. However, at that time, the plasma factor was not yet identi­
fied as immunoglobulin [126]. In a parallel report, Laverman et al. [127] distin­
guished the induction phase and the effector phase of the ABC phenomenon.
Later, Ishida et al. identified in rats and mice the plasma factor as immuno­
globulin, mainly anti-PEG IgM with minor contribution of IgG [3,109–111].
Thus, the ABC phenomenon has been recognized as a consequence of PEGy­
lated nanoparticle-induced immunogenicity.

7.4.3.2 The Immunogenicity of PEG-Conjugated Nanomedicines
Coating of particles with various PEGs, termed PEGylation, is the state-of-the­
art technology for extending the circulation time of proteins and liposomes
via inhibition of their uptake by the mononuclear phagocyte system (MPS)
[128,129]. However, PEGylation may also lend immunogenicity to the carrier to
which it is conjugated, and vice versa, the carrier lends immunogenicity to PEG.
Given the wide use of PEGylation, the latter effect, that is, the immunogenicity
of PEG, has got exceptional attention over the past decade and the validity of its
measurement is still debated [130].
As mentioned, Ishida et al. have clarified many details of the immunogenic­

ity of PEGylated nanoparticles, including the fact that the ADAs causing the
ABC phenomenon are mainly IgM subtype antibodies produced by marginal
zone B cells in the spleen [114,131]. Because the production of these antibod­
ies does not require T-cell help, the process is referred to as thymus
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independent (TI) immunogenicity [132]. Consistent with TI B-cell response,
the ABC phenomenon was shown to be present in T-cell-deficient (BALB/c
nu/nu) mice but not in T- and B-cell-deficient (BALB/c SCID) mice [133,134].
TI anti-PEG IgM can be directed against both PEG and the phospholipid
backbone in case of liposomes, with binding sites being close to the liposomal
bilayer [125]. Moghimi et al. showed that in case of mPEG coating, it is the
phosphate group of phospholipid head groups that binds the anti-PEG
IgM [135]. Although TI B-cell responses lack memory, and the antibodies pro­
duced have low affinity to the antigen, the strong C1q binding to IgM and
subsequent C activation explains the ABC and acceleration of C activation,
when anti-PEG ADA binds to nanoparticles. Thus, IgM binding to PEGylated
nanoparticles help their clearance by RES via at least two mechanisms: C3b
opsonization and Fc receptor-mediated uptake (step 6 in Figure 7.2). As to the
route of immunization with PEGylated nanoparticles, i.v. and s.c. administra­
tions are both effective [133].

7.4.4

Mechanism of PEG Immunogenicity

There are two types of TI responses depending on whether mediated by T-1 or
T-2 antigens. T-1 antigens activate B cells in a concentration-dependent manner:
at low concentration, they induce antigen-specific IgM, while at high(er) concen­
tration they act as potent B-cell mitogens, leading to polyclonal IgM produc­
tion [136,137]. In contrast, T-2 antigens activate only mature B cells and induce
specific IgM and IgG after extensive cross-linking the cell surface immunoglobu­
lins [136,137]. Such activations are typically caused by repetitive surface mole­
cules on a carrier, the latter acting as adjuvant. This type of immune response
does not involve class switching and affinity maturation and, hence, long-term
memory. Based on the fact that some IgG also takes part in the immune
response against PEGylated nanoparticles [3,109–111] and that the PEG coat on
the surface of nanoparticles may be seen by B cells as pattern-forming repetitive
surface structures, it is possible that PEGylated nanoparticles set in motion both
T-1 and T-2 B cell responses.
Regarding the role of particle surface morphology in TI B-cell stimulation,

what seems likely to be a critical factor is the spacing of surface epitopes. Studies
with polymer-conjugated dinitrophenyl (DNP) antigen showed maximal B-cell
response when the spacing of DNP conjugates on the polymer was at
5–10 nm [138]. Furthermore, the number of repeat epitopes was also critical,
with a minimum of 10–20 DNP units needed for immune response [138]. Based
on the above polymer–DNP model, one might hypothesize that only those
PEGylated liposomes are immune reactive where the PEG moieties are spaced
on the vesicle surface in a density that interdigitates and, hence, cross-links the
B-cell receptors (surface IgM). This then triggers their proliferation to antibody-
producing plasma cells, which, in the absence of further signaling via T cells,
typically leads to a transient IgM response, see Figure 7.5.
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Figure 7.5 Mechanism of ADA production against PEGylated liposomes via TI immunogenicity.

Particle Features Influencing the Immune Side Effects of Nanomedicines

Previous reviews provided long lists of particle features influencing C activation
and CARPA by liposomes [10–13,18,94,139]. These lists included large versus
small size (multi- versus unilamellar) vesicles, inhomogeneity, endotoxin con­
tamination, the presence of aggregates, the presence of doxorubicin (or, assum­
edly, similar amphipathic weak base) in the extraliposome medium that
promotes aggregation, oversaturating (>50%) amounts of cholesterol in the
membrane, PEGylation of liposomes via negatively charged phospholipid anchor,
for example, phosphatidyethanolamine, and coating of liposomes with
polyaminoacids.
As for immunogenicity and ABC phenomenon caused by PEGylated nanopar­

ticles, most studies found maximal immune response at PEG mole ratios
between 5 and 10%. Ishida et al., for example, found the optimal dose for ABC
induction at 5mol% mPEG2000-DSPE in liposomes [140], Li et al. [141] at 9
versus 3%, while Zhao et al. [142] found that solid lipid nanoparticles (SLNs)
containing 10mol% PEG induced stronger ABC than 5mol% PEG-SLNs. In
addition to PEG surface density, the molecular weight and, hence, chain length
of PEG was also found to have critical impact on immunogenicity and ABC. In
a study by Ishida et al. [111], 2K-PEG liposomes caused faster hepatic
clearance of a second dose than 5K-PEG liposomes, while Shimizu showed that
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30K-PEG-bovine serum albumin induced higher anti-PEG IgM response and
greater C activation than 2K-PEG-BSA [120].

7.6
Experimental Analysis of the Adverse Immune Effects of Nanomedicines

7.6.1

Measurement of C Activation

There are several approaches to measure C activation by liposomes and other
nanoparticles in vitro, the easiest being the incubation of particles with normal
human serum (NHS) followed by the measurement of C split products with one
or more ELISAs (C3a, C5a, SC5b-9, Bb, C4d, and iC3b). The sheep red blood
cell (SRBC) hemolysis assay is less expensive and is also less sensitive than the
ELISAs, but it is applicable and useful, and in case of animal studies, it is the
only applicable C activation assay next to a recently commercialized ELISA
(PAN-C3) that measures C3 consumption in pigs, dogs, rats, mice, and in essen­
tially all animal species that utilize C3 as a central protein in C activation [143].
Nevertheless, in vitro C assays provide only partial, semiquantitative evaluation
of the risk of CARPA, since they report only on the activity of afferent arm of
the process, the extent of anaphylatoxin formation. The efferent arm, the body’s
response to anaphylatoxins, remains unknown. These can be measured only in
in vivo animal models.

7.6.2

Prediction of Immunogenicity

The animal studies discussed in relation to immunogenicity highlight the pos­
sibility to predict in man the immunogenicity of PEGylated liposomes or other
nanoparticles. If a product is immunogenic in rats and mice, there is no
known reason for assuming that it will not be immunogenic in man. However,
what is less certain and still not explored in experimental studies, what is the
clinical impact of liposome immunogenicity in man? Clinical experience on
this issue is available only for therapeutic proteins, but not liposomes or other
nanomedicines. The doubt regarding the clinical relevance of natural and
induced anti-PEG antibodies in man [130,144,145] has been based, in part, on
the clinical success of PEGylated proteins and the archetype PEGylated lipo­
some, Doxil [146]. Regarding PEGylated proteins, it should be noted that
many of them, if not the majority, do cause CARPA in up to 5–10% of
patients [90], very similar ratio to that seen with liposomes [90]. As for Doxil,
one explanation is that doxorubicin in liposomes suppresses the B-cell
response to the dug. This hypothesis has indirect support via the clinical
observation on the reduced rate of immune reactions against cisplatin, when it
is coadministered with Doxil [147].
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Prediction of CARPA

Preliminary clinical studies raise the possibility that CARPA in man may be
roughly predicted by in vitro assessment of C activation and the presence of cer­
tain biomarkers in the screening serum or plasma of patients [88,89,148]. The
studies that provide basis for this claim include the measurement of plasma ter­
minal complex (SC5b-9) levels as a biomarker of C activation in cancer patients
in vivo, while they were treated with Doxil [88], and another recent clinical study
where three parameters of C activation (C3a, C5a, and SC5b-9) were measured
in cancer patients treated with rituximab (Rituxan) and Taxanes (Taxol and Tax­
otere) [89]. In both studies, we observed the presence of HSRs and C activation
in a high percentage of patients (>30– 50%), but C activation occurred in higher
percentage than HSRs, suggesting that it cannot be the sole cause or rate-limit­
ing factor in HSR. In fact, only major C activation displayed direct relationship
with HSRs, for example, in the Doxil study only an elevation of SC5b-9 five–ten­
fold higher than baseline and, in addition, the infusion speed was also a critical
factor in the rise of HSRs. In the Rituxan and Taxol study, we found a major rise
of C3a to correlate best with HSRs [89], while in the biomarker analysis study,
low level of factor H was among the significant changes that characterized
reactive sera [148]. These endpoints data made sense as CARPA predictors, but
not enough to prove conclusively their sufficient sensitivity and specificity for a
clinically valid laboratory or bedside test. More clinical studies will hopefully
lead to identifying the best CARPA predictive biomarkers.
Parallel with the human studies delineated above, substantial efforts have been

devoted to establish animal models of CARPA, see Figure 7.6. These models,

Figure 7.6 Essentials of CARPA: (a) animal models, (b) role of anaphylatoxins, (c) blood cells
involved, and (d) symptoms in pigs.
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also listed in Table 7.2, enable both screening of drugs for CARPAgenicity and
exploring biomarkers and the mechanism of the reaction. Thus, studies have
been conducted in pigs [8,37,38,86,87,149,150], dogs [151], rats [84,85], and
mice [152], inducing CARPA with a variety of soft and solid nanoparticles,
including coated and bare, targeted and untargeted, liposomes, micelles, poly­
mers, dendrimers, carbon nanotubes, and so on [150].
Among the animal models, the porcine model has got the most attention,

since it turned out to be a highly sensitive yet astonishingly consistent model of
CARPA [8,37,38,86,87,149,150]. It reproduces most symptoms of human
CARPA, as given in Table 7.4, and provides conveniently measurable and quan­
tifiable end points, most significantly the rise of pulmonary arterial pressure
(PAP) (Figure 7.6).

Table 7.4 Identities, similarities, and differences between CARPA in men and pigs (reproduced
with permission from Ref. [150]).

Comparison Reaction features Symptoms

Human Pig

Identical Some cardio- Difficulty of breathing, hypo- or hypertension, arrhyth­
pulmonary and mia, tachycardia, bradycardia, edema
hemodynamic
alterations

Body temperature Fever

Blood cell changes Leukopenia/leukocytosis, thrombocytopenia

Skin changes Erythema, rash

Range of minimum 1–10 μg/(kg s)
reactogenic PL dose
in infusion or bolus

Similar Blood chemistry Rise of SC5b-9 Rise of TXB2

Cardiopulmonary Shortness of breath, fatigue, diz- Rise of PAP
and hemodynamic ziness, fainting, swelling of the
alterations ankles, abdomen or legs, cyano­

sis, chest pain, passing out, or
dizziness

Time course Symptoms start within 10min PAP rises between
after infusion and subside 3–15min, returns
within 30–60min to normal within

30–60min

Minimum reacto­ 0.15mg/(kg min) phospholipid 0.01mg/kg bolus
genic phospholipid initially
dose

Different Sensitivity to Yes Yes
emulsifiers

Reaction frequency < 10% > 90%
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In particular, the symptoms observed during CARPA in pigs include hemo­
dynamic, hematological, laboratory, and skin changes, referred to as CARPA tet­
rad [150], see Figure 7.6. Among the hemodynamic symptoms, the rise of PAP is
the most prominent and reproducible measure of CARPA, which is invariably
present with all reactogenic liposomes and other nanoparticles. However,
depending on the reaction trigger and intensity of reactions, the PAP waveforms
can substantially differ, which reflects the complex pathomechanism [150].

Decision Tree to Guide the Evaluation of the CARPAgenic Potential of Nanomedicines

We have previously suggested a basic algorithm, a decision tree to guide the
evaluation of the CARPAgenic potential of liposomes and other drug candidates,
which is shown in Figure 7.7. According to this scheme, the test agent (drug
candidate) is first incubated with a few normal human sera (NHS) to explore
possible major C activation. If the result is positive, the agent is likely to carry a
high risk for CARPA in vivo. As for the threshold for considering C activation as
major, an activation factor (e.g., a rise of sC5b-9 above baseline over 20–30min
incubation at a temperature of 37 °C) of 5–10-fold may be a realistic predictor of
clinical reaction, since such rises of SC5b-9 were shown to correlate with clinical
symptoms of patients treated with Doxil [88]. However, the correlation between
C activation by a drug in vitro and the clinical symptoms in vivo remains to be

Figure 7.7 Decision tree about the risk of
CARPA. Abbreviations: NHS, normal human
sera; blue entries are tests: C ELISA = ELISA of
C activation byproducts (C3a, C5a, sC5b-9, Bb,
C4d). plus and minus signs, reaction and no
reaction, respectively, where major is defined
in the text. >n = large number of human NHS;

SAFE means that the tested drug candidate is
unlikely to cause CARPA, while slow infusion
means the possibility to develop a safe admin­
istration protocol by slow infusion. STOP
means high risk for CARPA. (Reproduced with
permission from Ref. [14]. Copyright 2014
Elsevier.)
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established in the future with higher precision. If the in vitro C assay in NHS is
not showing C activation, based on the substantial individual variation of C
response, testing in a much larger number of NHS in the range of 10–100 can
be recommended, and/or testing in sensitive large animals (pig and/or dogs)
with bolus administration.

7.8
Outlook

The field of nanomedicine suffers from a fear from long-term toxicities or other
unidentified adverse effects. As specified by the EU Commission’s Scientific
Committee on Emerging and Newly Identified Health Risks (SCENIHR), the
contributing factors to this shortcoming are the “lack of methodologies for expo­
sure estimation, hazard identification and risk assessment” [153,154]. This cri­
tique very much applies to the immune side effects discussed in this chapter,
since the mandated preclinical toxicology tests fail to predict them and measure
their risk. The present summary of progress and methods may help advance in
this field.
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8.1
Introduction

The efficacy of both the conventional chemotherapy and that of the targeted
therapy using small molecules is very often hampered by the poor pharmaco­
dynamic properties of the molecules and, importantly, their toxicity. Now, the
access to innovative nanostructured objects with particular functional properties
not only allows us to reformulate old drugs but also allows the formulation of
other drugs that were not suitable for systemic administration.
Nanovectors can target cancer cells while avoiding healthy tissues. They

can be engineered in order to be rapidly cleared from the body or, on the
contrary, to remain in circulation for extended period of time. In addition,
nanomaterials can also combine multiple modalities of cancer diagnostic and
treatment such as radiosensitization or photodynamic therapy. Finally, they
can also deliver the drugs directly in subcellular compartments and avoid the
multidrug resistance system. The specific and passive accumulation of these
nanomedicines in tumors is due to the so-called enhanced permeability and
retention (EPR) effect. Several attempts were made also to introduce specific
ligands on their surfaces in order to generate an active targeting and uptake
by the receptor-overexpressing tumor cells only, but the efficacy of this strat­
egy is not yet completely established. Only, a very restricted amount of tar­
geted formulations are tested in humans so far. The interest and limitations
of this strategy will be presented in this chapter, based on the description of
representative examples.
Delivery of drugs or contrast agents to tissues, cells, or intracellular molecular

targets is a major challenge, particularly for poorly soluble drug candidates. In all
cases, it is important to obtain first a favorable tumor/normal tissue ratio of
accumulation of the delivered molecules and second the lowest nonspecific
accumulation to reduce toxicity and contaminating signal.
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Targeted molecules can be schematically grouped into two categories: small
molecules that diffuse freely until they reach their target and large macromole­
cules that exhibit difficulty in reaching the target but that carry a large cargo and
are often multifunctional.
Because small, targeted molecules enter easily into cells, their biological func­

tions and toxicity will rely on their specific activity and on rapid washout.
Accordingly, during the past decade, targeted therapies such as epidermal
growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) represented a
crucial innovation that has significantly altered the quality of life and overall sur­
vival rate of cancer patients. Unfortunately, they still present some side effects
and frequently result in resistant tumors and relapse.
In contrast, several efficient small molecules do not function properly after

systemic administration because of their poor solubility, fast metabolism, and/or
rapid clearance from the bloodstream [1] or because of efficient detoxification
pumps on tumor cells, such as P-glycoprotein, conferring a multidrug resistance
(MDR) phenotype. Although the use of nanocarriers constitutes an interesting
alternative for alleviating these problems, nanovectors tend to diffuse very poorly
within tissues. Fortunately, nanoparticles (NPs) can accumulate passively in
tumors due to the so-called enhanced permeability and retention (EPR) effect
initially described by Yasuhiro Matsumura and Hiroshi Maeda in 1986 [2,3],
which allows stealth macromolecules with a MW>40 kDa (>5 nm) to accumu­
late in tumors.
Starting from such NPs that accumulate passively in tumors, it is also possible

to add specific tumor-homing ligands on their surface. This can increase their
targeted accumulation in the tumor vasculature and, importantly, augment their
internalization by target tumor cells. This strategy has resulted in the design of
some NPs with improved therapeutic performances compared to their passively
targeting counterparts, but to date the gain is still uncertain and only a restricted
number of targeted NPs were translated for clinical evaluation [4].
Before we focused on how the presence of a ligand can affect the targeting

efficiency, it is necessary to understand how untargeted NP function and how
the EPR effect operates.

8.2
Enhanced Permeability and Retention Effect

8.2.1

Biological Point of View

The EPR effect is primarily not only due to an elevated systolic blood pressure
that pushes blood into tumor tissue but also due to tumor angiogenesis, which
dictates the blood vessel’s density and properties. This pathologic angiogenesis
produces a tumor endothelium lacking pericytes, presenting a large fenestration



1298.3 Physicochemical Factors that Influence NP Passive Properties

(±100 nm) and thus leaky blood vessels. In addition, because lymphangiogenesis
is not very active in tumors, lymphatic drainage is inefficient. Although the
impact of the EPR effect is unquestionable, albeit variable in mice, its importance
or existence in humans remains under discussion. For example, it has been
described that only human sarcoma tumors could present tumor accumulation
of liposomes, whereas breast, lung, ovarian, head and neck, and glioblastoma
tumors showed lower accumulation of liposomes than in the surrounding tis­
sues [5]. Tumors grow rapidly in a confined environment (and this is particularly
true in animal models as compared to human tumors), inducing pressure on the
surrounding stroma and extracellular matrix that leads to an increase in elastic
stress and to a 10- to 100-fold increase in interstitial fluid pressure (IFP) in the
tumor as compared to healthy surrounding tissues. Accordingly, the convection
flow, which can be represented by the difference in pressure between the thera­
peutic solution and the tumor, will push the fluid (and cancer cells) away from
the tumor and into the surrounding tissue. This pressure gradient reduces the
transport of macromolecules away from vessels [6,7] and should thus be over­
come by an elevated blood pressure.

8.2.2

Biophysical Perspective

The EPR effect also depends on the physicochemical properties of nanovec­
tors (e.g., size, electric charge, etc.) that will allow NPs to move relatively
freely. The first rule that applies to large molecules is that they must remain
in the blood circulation for longer than 6 h to benefit from the EPR effect [3].
This is the reason why chemists have made great efforts to adapt their size
and to create a surface as invisible as possible to avoid capture by the reticu­
loendothelial system (RES); in addition, a large diameter will prevent rapid
elimination through the kidneys. This stealth quality, while preventing elec­
trostatic interaction with extravascular matrices once in the tumor micro­
environment [8,9], will also reduce the capacity of the NPs to interact with
the target cell. The NPs will thus remain entrapped in the interstitium until
they are degraded or until they are endocytosed. It is, thus, tempting to
introduce a targeting molecule onto nanovectors at this step because the lig­
and could interact with the target receptor and allow intracellular delivery, as
presented below [3,5,10–17].

8.3
Physicochemical Factors that Influence NP Passive Properties

As shown in Figure 8.1, in addition to the presence of ligand, several parameters
influence the properties of an NP, for instance, size, charge, shape, and
hydrophobicity.
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Figure 8.1 Factors such as size, electric charge, surface coating, and the presence of targeting
ligands can influence the biodistribution and intracellular uptake of nanoparticles.

8.3.1

Influence of the Size of the NP

Because the fenestration of the tumor-specific endothelium is around 100 nm,
the NP smaller than this cut-off will be able to diffuse passively between endo­
thelial cells. Macromolecules smaller than 6 nm accumulate more rapidly and
penetrate deeper in the tumor than larger molecules; however, this is very transi­
tory [18], and they are rapidly filtered through the kidneys [19] as demonstrated
with imaging probes. Within 24 h, the majority of small-size imaging probes are
usually filtered by the kidneys with a clearance efficiency greater than 50% of the
injected dose (%ID) and a poor nonspecific accumulation in the main organs.
This is the case for most of the hydrophilic intravenously injected and FDA-
approved contrast agents used in humans for MRI, CT, SPECT, or PET imaging
as well as for the near-infrared dyes used for optical imaging in preclinical stud­
ies. NPs of diameters smaller than 6 nm, such as gold nanoclusters [20,21] or
gold NPs [22], quantum dots [19], silica [23], or gadolinium-polysiloxane­
containing ultrasmall NPs [24,25], are also very rapidly cleared via the kidneys;
however, despite their efficient renal clearance, ultrasmall inorganic NPs may be
of great interest in theranostic applications, discussed below. Note that because
of their small size and molecular weight below 40–50 kDa, such small NPs do
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Figure 8.2 Variability of the EPR effect in mice bearing different types of subcutaneous tumors
(reproduced with permission from Ref. [28]. Copyright 2013 Elsevier Inc, graphical abstract).

not formally fall into the category of EPR-sensitive macromolecules. A recent
and excellent review presents a broad view of our understanding of the behavior
of such inorganic NPs [26].
We also investigated the EPR effect attained with larger NPs ranging from 25

to 100 nm. Although the smallest nanoemulsions (25 nm) disappeared from the
blood circulation faster than the larger ones (50 and 100 nm) due to a rapid
elimination and wider tissue distribution [27], the biodistribution profiles of all
these particles were similar after 24 h and a positive but highly variable EPR
effect was generally detected in different tumor types [28], see Figure 8.2. This
was also observed using polymeric micelles with diameters of 30, 50, 70, and
100 nm [29]: all the micelles penetrated highly permeable tumors in mice, but
only the smallest was able to penetrate poorly permeable tumors.
Clearly, the size and surface area of the NP also impacts the number of ligands

that can be attached, cf. Figure 8.3, and thus NP reactivity and biological func­
tion. In addition, the surface elasticity and rigidity of the NP can change its bind­
ing efficiency toward the tumor cells [30]. The aspect ratio, that is, the ratio
between the length and the diameter of an NP [31], may also play a very impor­
tant role. Spherical NPs will not diffuse like rod-shaped or filamentous nanoob­
jects, and their interaction with the microenvironment and on the cell surface
will differ, providing variable targeting properties [31].

Surface Modification and Opsonization

As soon as they are diluted in serum-containing medium, NPs interact with
serum components and in particular with abundant proteins that will form a

8.3.2
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Figure 8.3 Basic evaluation of the number of ligands that is physically possible to attach on
NPs of different sizes, and the at scale representation.

corona. The quality, amount, and presentation of proteins in the corona are usu­
ally the main cause of the biological responses of nanovectors. Abundant pro­
teins such as serum albumin, antibodies, or fibrinogen will be largely responsible
for the formation of the corona, but these largely represented proteins may not
have necessarily the most important biological activities. Less abundant proteins
with high affinity for a receptor may sometime be very active. Among the pro­
teins of the corona, IgG or proteins of the complement system [32], are termed
opsonins because they are recognized and phagocytosed by RES cells and partic­
ularly macrophages present in the liver (Kupffer cells) and in the spleen. Their
presence in the corona thus results in an unfavorable short circulation half-life
and to a reduced EPR effect. Furthermore, the presence of the corona also affects
the presentation of the ligands on the NP surface and usually reduces its accessi­
bility and its targeting potential [33].
The formation of the corona can be reduced either by grafting the hydrophilic

polymer polyethylene glycol (PEG) or, less frequently, by using polysaccharides,
for example, dextran and chitosan, onto the NP surface [30]. The presence of
PEG polymers is efficient in reducing opsonization and generating an augmented
half-life in the circulation [34,35], ultimately leading to an augmented therapeu­
tic activity [36]. However, several publications also describe that the PEG coating
can generate an immune response, complement activation [37,38], and possible
appearance of anti-PEG immunoglobulins [39]. This immunoglobulin could be
responsible for the accelerated blood clearance (ABC), although a recent study
indicated that the ABC phenomenon is not due to the opsonization of NPs with
anti-PEG IgM [40,41].
A recent study also investigated the quality of the protein corona formed on

intravenously injected liposomes and compared it with the situation in vitro [33].
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This was achieved using bare, non-PEGylated, PEGylated, or antibody-targeted
liposomes. The authors observed that the variety of proteins in the in vivo corona
was more than that in vitro and that the presence of these proteins significantly
reduced the activity of the targeting antibody, confirming previous
observations [42].
In previous work, we also demonstrated that the nature (length) and net elec­

tric charge of PEG polymers linked to the surface of a 50 nm large silica NP
strongly impacted biodistribution after intravenous injection in mice [43], under­
lining the importance of the size of PEG polymers and of the net electric charge
on the surface [44].

Electric Charge

The tumor microenvironment presents different compartments with variable
electric charges. In general, the glycocalyx renders the tumor blood vessels nega­
tively charged as does the hyaluronic acid present in the interstitial space. In
contrast, collagen fibers have a slightly positive charge. Thus, the presence of
positive or negative electric charges on the surface of an NP will (i) increase its
affinity for compounds or cell membranes presenting the opposite charge [45]
and (ii) reduce its mobility within extracellular matrices. Neutral particles (zwit­
terionic) will lie in between these two situations and diffuse faster [46].
In mice, the presence of positive charges is usually associated with a stronger

tumor accumulation. Using mesoporous silica NPs, which present a net negative
electric charge after PEGylation or a positive one after the addition of polyethy­
leneimine (PEI), Meng et al. demonstrated that the presence of the positive
charge improved EPR-mediated accumulation in tumors [47]. Such an effect
could be related to the fact that positive charges favor electrostatic interaction
with the negative charges of the glycocalyx of tumor-associated endothelial
cells [48–50], but with a very poor diffusion within the tumor mass [51]. This is
now being exploited in clinical trials using EndoTAGTM, a cationic liposome for
the delivery of embedded paclitaxel for the treatment of pancreatic cancer [52],
advanced cancers and liver metastasis [53], and recently in triple-negative breast
cancer [54], and head and neck cancer [55]. Thus far, the results indicate that
the use of these liposomes is safe, although their therapeutic impact was not
obvious in phase I/II trials.
We demonstrated that the presence of negative charges due to the grafting of

PEG-COOH onto silica-based 50 nm large NPs prevented their elimination by
the RES [43]. Moreover, the use of shorter PEG250-COOH instead of PEG2000­
COOH also allowed RES evasion, yet it dramatically augmented elimination
through the kidneys; this reduced half-life in the blood is associated with a lower
EPR accumulation.
A very good example of a negatively charged NP largely used in clinic is

Abraxane®, a 130 nm particle composed of human serum albumin nonspecifi­
cally bound to paclitaxel [56]. Note that although it has been described that its
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uptake could be mediated by albumin receptors such as gp60 and possibly by the
secreted protein acidic and rich in cysteine (SPARC), Abraxane® is usually not
considered an actively targeted NP [57,58]. The role of SPARC still remains an
open debate [59].
Since positively charged NP are expected to target the tumor vasculature but

diffuse less in the interstitial tissues than neutral ones, it could be of potential
interest to design NP with positive charges that could become neutral once they
enter the tumor interstitial space.

8.3.4

Density of Ligands

The strength of the noncovalent binding of a ligand to its receptor is defined as
its affinity. This affinity of each ligand is not augmented, when it is presented by
an NP. In fact, it is very often decreased because of eventual chemical modifica­
tions [60], steric hindrance, and possible inadequate presentation. It was demon­
strated that PEGylation of EXP3174 with PEG 5000 reduced its affinity by 580
times. EXP3174 is a nonpeptidic ligand that binds the angiotensin receptor with
a nanomolar affinity. However, if its grafting density on the surface is carefully
tuned, the presentation of multiple copies of EXP3174 can generate a very strong
cooperative effect, which represents its avidity. This cooperative effect derives
from the fact that once the first ligand is bound, it increases the chances for
others to find their target in the microenvironment. Indeed, when eleven copies
of PEGylated EX3174 were covalently attached to 17 nm× 7 nm rod-shape quan­
tum dots, the cooperative effect was capable of completely reversing the loss of
affinity owing to the PEGylation [60]. It was also demonstrated that avidity can
improve the efficiency of low-affinity ligands [61]. Multivalency also induces
receptor clustering, which enhances the active internalization of nanosys­
tems [62,63]. The ligand density should thus be finely defined [63,64], because,
when the density is too low or too elevated, the binding efficiency of the targeted
NP is suboptimal [65]. A rough calculation and a schematic representation of the
number of molecules that can be mathematically attached to a given surface area
are presented in Figure 8.3. The actual definition of the most efficient number of
ligands per NP should be carefully investigated on a case-by-case basis [5].

8.4
Targeted NPs

Only a restricted number of actively targeted NPs are used in clinical trials [5].
However, as observed in the nonexhaustive list of common targets and targeting
ligands recovered from a rapid search in PubMed, see Table 9.1, numerous pub­
lications describe the potential of this approach in vitro and in preclinical mod­
els. I will not present an extensive analysis of each system, as excellent recent
reviews can be found [5,66,67], but I will rather attempt to present some selected
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Table 9.1 Results of PubMed queries

Query performed with keywords

Targeted nanoparticles

Folate receptor-targeted nanoparticles

Integrin-targeted nanoparticles

EGFR-targeted nanoparticles

HER2-targeted nanoparticles

Transferin receptor-targeted nanoparticles

CD44-targeted nanoparticles

PSMA-targeted nanoparticles

uPAR-targeted nanoparticles

Peptide-targeted nanoparticles

Antibody-targeted nanoparticles

Folate-targeted nanoparticles

RGD-targeted nanoparticles

Aptamer-targeted nanoparticles

Transferrin-targeted nanoparticles

Lectin-targeted nanoparticles

Hyaluronic-acid-targeted nanoparticles

Glucose-targeted nanoparticles

Galactose-targeted nanoparticles

Total

6223

279

273

161

113

85

75

40

17

1425

908

526

176

146

138

125

108

69

43

In cancer

3377

237

173

147

102

53

61

37

16

841

550

417

128

106

92

42

80

31

16

Percentage

54

85

63

91

90

62

81

93

94

59

61

79

73

73

67

34

74

45

37

works that describe the importance and complexity of using nanomedicines with
targeting ligands of increasing molecular weight (small molecules, peptides, pro­
teins, etc.).

8.4.1

Choice of Target Receptor

The most frequently chosen receptors are folate receptor (FR), integrins and in
particular αvβ3 integrin, EGFR receptor, HER2, urokinase receptor (uPAR),
transferrin receptor, CD44, and prostate-specific membrane antigen (PSMA), as
they are cell-surface receptors and usually overexpressed in tumors.

8.4.2

Targeting Folate Receptor Using Folic Acid as an Example of a Small Ligand

Folic acid (FA, folate, also called vitamin B9), is an essential nutrient required for
the biosynthesis of nucleotides and for cell proliferation. Two membrane-bound
isoforms of FR have been identified in humans: α and β. FRα (FOLR1) has a
dissociation constant (Kd) of 0.1 nM for FA and is overexpressed on the surface
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of several cancers, including breast, kidney, lung, brain, and in particular in
>90% ovarian cancers [68]. FOLR1 shows limited expression in normal tissues.
It is normally present only on the apical surface of epithelial cells [69] and is thus
poorly accessible from the bloodstream. FR+ tumor cells expressing >106 recep­
tors present them on the basal surface, and activated macrophages are known to
present between 100 000 and 200 000 receptors [11]. An anti-FOLR1 monoclo­
nal antibody (farletuzumab) has entered clinical phases for the treatment of
ovarian [70,71] and lung cancers [72]. Folic acid has been developed as a drug
delivery system under the name of vintafolide (EC245), in which it is associated
with a vinca alkaloid via a short hydrophilic peptide spacer and a disulfide-con­
taining self-immolating linker [73–76].

8.4.2.1 Folic Acid Receptor-Targeted NPs for Drug Delivery
Folic acid was attached to poly(ethylene glycol)-poly(ε-caprolactone) to form
large 70 nm micelles that also contained doxorubicin (Dox, 4.57wt.%) covalently
transported via a hydrazone linker (FA-hyd-PECL-hyd-Dox) [77]. Because of the
presence of the hydrazine linker, Dox release is under pH control and should
occur in the acidic environment of endosomes only after intracellular internal­
ization. This resembles the disulfide self-immolating bridge present in the vinta­
foldine compound, although it reacts to pH rather than to a redox reaction.
Indeed, 70% of the Dox content is released after 10 h at pH 5.0. Of note, this is
also associated with swelling of the NP that may be beneficial for improved
retention of NPs and eventually initiation of the drug release process in the
acidic microenvironment of tumors, but such a phenomenon is not documented
in the publication. The process is associated with an augmented IC50 of the for­
mulated Dox (0.51mg/ml) that is three times higher than free Dox (IC50,
1.51mg/ml). The half-life of the formulated Dox is also significantly augmented
(14 versus 1.5 h for free Dox), and its body distribution is largely affected. In
particular, a 10-times augmented concentration of Dox in the tumor was found
to be due to the targeted formulation, reaching a sustained concentration of the
targeted particles of more than 6 μg/g in 24 h. In the absence of folic acid, the
untargeted formulation also increases tumor targeting by the EPR effect, but the
peak of concentration is reduced to 6 h. In terms of active targeting, the presence
of folic acid reduced the accumulation of micelles in the liver, heart, spleen, and
lungs, while augmenting its accumulation in the tumor. Overall, this was associ­
ated with a reduced general toxicity after treatment with a dose of 5mg/kg of
Dox and a dramatic increase in the survival rate after 45 days with targeted
micelles (60%) versus naked micelles (30%); conversely, all the mice were dead at
Day 33 with free Dox. These results are in the same range as that obtained with
vintafolide because several SMDCs (small-molecule drug conjugates), such as
vintafolide, which are being studied, provide safe delivery of 10–20-fold more
drug to FR-expressing tumors compared to the unconjugated drug, when the
latter was dosed at MTD (C. Leamon, personal communication). It is thus rea­
sonable to assume that SMDCs that present a 1 : 1 ratio of FA:drug diffuse more
efficiently than large 70 nm FA-hyd-PECL-hyd-Dox NPs, even though the latter



1378.4 Targeted NPs

will deliver a larger amount of drug/vector. However, this comparison between
the two types of vectors stands for the delivery of small drugs such as Dox, but
SMDCs are expected to be less adapted than NPs for the delivery of larger drugs
as well as poorly soluble or unstable payloads.
Another level of complexity in the formulation of Dox was recently pub­

lished [78] and is based on the folic acid-mediated targeting of mesoporous silica
NPs. Because mesoporous NPs contain empty cavities, they can be loaded with
drugs that, however, will usually leak out as easily as they are loaded. In this
study, folate-covered mesoporous NPs were covered by gelatin, which masked
the holes and the surface of the NPs. PEGs were added to gelatin to improve
bioavailability and the EPR effect. Folic acid is embedded and inaccessible.
Therefore, such a nanomedicine will passively target a tumor via the EPR effect
and encounter a favorable gradient of tumor-associated matrix metalloprotease 2
(MMP-2), which digests the gelatin and thus uncovers the folic acid. Thereafter,
the folic acid enhances the internalization of NPs and the specific delivery of
Dox. When injected intravenously, these NPs show improved performance in
terms of Dox antitumor activity, without systemic toxicity.
The importance of nanomedicine in regard to NP multifunctionality was also

recently demonstrated using a sequentially active multitargeted nanovector [79].
In this study, paclitaxel (PTX) was delivered in vitro and in vivo in mice using
large, 200 nm FA-targeted dendrimers. In addition to targeting FA, the liberation
of PTX was under the control of cathepsin B, a protease overexpressed in
tumors, which was achieved through a cathepsin B-cleavable tetrapeptide conju­
gating PTX to the poly(amidoamine) dendrimer in the core of the particle.
Targeting NP with a small ligand was a successful strategy and resulted in the

rapid clinical translation of a self-assembling 100 nm polymeric NP (BIND-014)
that delivers docetaxel for cancer therapy via the active targeting of prostate-spe­
cific membrane antigen. Despite its name, PSMA is also expressed in other can­
cers [80] and BIND-014 is now in phase II trials in patients with NSCLC,
urothelial carcinoma, cholangiocarcinoma, cervical cancer, and squamous cell
carcinoma of the head and neck. The polymeric matrix consists of PEG-poly(D,
L-lactic acid) (PEG5k-PLA16 k) mixed with PEG5k-PLA16k-ACUPA in a 97.5 to
2.5% ratio. The ACUPA (S,S-2-[3-[5-amino-1-carboxypentyl]-ureido]-pentane­
dioic acid) moiety is a PSMA substrate analog inhibitor. The pharmacokinetic
profile of BIND-014 did not differ among mice, rats, monkeys, and human [81]
and showed a blood circulation half-life of 20 h. The plasma levels of docetaxel
were 100 times more elevated when administered in humans as BIND-014 com­
pared to its usual solvent-based formulation. In terms of therapeutic efficacy in
humans, the initial results are very promising [81].

8.4.2.2 Folic Acid Receptor-Targeted NPs as Contrast Agents
For imaging purposes, the folic acid-targeted peptide derivative EC20, similar to
that used for vintafolide, was labeled with 99mTc [82] and used for SPECT imag­
ing [83]. In parallel, folic acid labeled with FITC was injected in patients for
intraoperative near-infrared optical-guided surgical resection of ovarian
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cancer [84]. Based on the status of the receptors and the success of targeting, it
is thus tempting to generate targeted nanoobjects, as recently performed [11],
whereby folic acid was used to generate folate-PEG3400-DSPE liposomes of
100 nm loaded with a near-infrared dye (DiD) or with 3H. In this preclinical
study, two FR+ tumors were engrafted subcutaneously in mice. The animals
also presented either ulcerative colitis or inflamed injured muscles to investigate
how the targeted NPs behaved in the inflammatory milieu. The results clearly
established not only that the folate-targeted and nontargeted NPs accumulate
more efficiently at sites of inflammation than in solid tumors but also that the
presence of the ligand was indeed improving targeting.

8.4.3
Targeting Integrin with Peptides

The integrin family is composed of 24 αβ heterodimeric members that mediate
the attachment of cells to the extracellular matrix (ECM). Only eight recognize
the RGD tripeptide sequence and in particular αVβ3, an integrin selectively over-
expressed on the surface of neoangiogenic endothelial cells and in (migrating)
tumor cells. One of the best studied RGD-peptide ligands for αVβ3 integrin is c
(RGDf-N(Me)-V), which is also known as EMD121974 or cilengitide. This RGD
peptide displays affinity in the subnanomolar range. Importantly, cilengitide dis­
plays a 1000-fold preference for αVβ3 over αIIbβ3, a very similar integrin
expressed on platelets [85]. The multivalent binding of αVβ3 leads to their clus­
tering, which in turn activates various kinases and signaling events [62].
Cilengitide [86–89] and several monoclonal antibodies, such as anti-αVβ3

(Vitaxin, Abegrin (etaracizumab) [90], CNTO-95 (intetumumab), and c7E3),
were evaluated for possible antiangiogenic activity in clinical trials. To date,
most have failed to demonstrate efficacy, and some even accelerated tumor
progression, as demonstrated in prostate cancer patients [91]. Cilengitide
failed in phase III trials because of a lack of antiangiogenic activity in glio­
blastoma [92]. It was also described that RGD-peptides or mimetic could
present not only a very modest antiangiogenic activity at concentrations
higher than 1 μM but also proangiogenic activity, if delivered at too low
(nanomolar) concentration, in which case they promoted VEGF-mediated
angiogenesis [93]. Indeed, intravenous injection of a dose of 200mg/kg of
RGD mimetic or cilengitide in mice was associated with micromolar plasma
concentrations in a few hours, which rapidly decreased to nanomolar levels
that persisted for 16–24 h after administration. This phenomenon should be
kept in mind, when using targeted molecules that bind and cross-link homo-
or heterodimeric receptors, thus generating different intracellular signaling
cascades in a dose-dependent manner.
Nonetheless, RGD-based molecules are interesting targeted vectors for imag­

ing, as was described for PET imaging in patients using 18F- or 68Ga-labeled\
Galacto-RGD [94–97]. These studies demonstrated a high level of detection of
primary tumors (80–100%), but with reduced detection for distant metastasis or
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invaded lymph nodes. However, inflammatory regions were also detected, and it
is thus difficult to distinguish between benign and malignant lesions. Further­
more, atherosclerotic plaques were also detected [98] because activated macro­
phages express the integrin.
We also demonstrated the importance of RGD-based multimeric peptides for

near-infrared optical imaging and PET and SPECT imaging of tumors as well as
for the imaging of physiological and pathological angiogenesis in mice [99–105].
Concerning therapeutic applications, we reported that RGD-based peptides can
be useful in optical-guided tumor surgery of head and neck cancer [106], perito­
neal carcinomatosis [107], and infiltrative fibrosarcoma in cats [108]. We also
proved the delivery of toxic peptides [109–111]. However, these studies noted
that the 1: 1 ratio between the targeting RGD moiety and the toxic peptide was
not sufficiently strong. Because we found that it was necessary to deliver larger
amounts of the drug at the same time, we decided to generate a targeted NP. We
used in parallel an NP of a size smaller than 5 nm [112,113] or as large as
50 nm [12]. Several other groups are also working in this direction, and numer­
ous publications report the synthesis and use of RGD-targeted NPs (reviewed
in [67]). In particular, a silica-based NP smaller than 7 nm was used as a multi-
modal NIR optical imaging and PET imaging contrast agent (labeled with
124I) [114] in the presence of an RGD-targeting ligand. In preclinical models,
these targeted NPs provided a twofold increase in the targeting of a melanoma
subcutaneous tumor with an overall modest 1.5% ID/g in 4 h due to the presence
of RGD. This study was further extended to a phase I clinical trial in
humans [16], which essentially confirmed the pharmacodynamics data obtained
in mice but provided very modest tumor detection, with short retention times in
a melanoma metastasis present in the liver [16]. These preclinical data are in
agreement with our own, which also indicated a twofold increase in RGD-medi­
ated targeting of U87MG glioblastoma subcutaneous tumors using gadolinium-
based small rigid platforms [112]. Similarly, we also obtained a tumor versus skin
fluorescence ratio of 1.53± 0.07 at 24 h after intravenous administration of large
35 nm lipid NPs in mice bearing subcutaneous tumors that overexpress very
high levels of αVβ3 integrin. However, using larger NPs of 120 nm, the presence
of RGD peptides did not augment active targeting [115] in vivo, as evidenced
using 19F MRI.
These results are thus disappointing and raise questions concerning the added

value of the presence of RGD in terms of gain in the efficacy of accumulation of
NPs in tumors. Importantly, this targeting may be more helpful for the delivery
of therapeutic agents, as demonstrated for siRNA [116]. The remainder of this
chapter focuses on the work that has been performed using RGD-targeted gold
NPs, because they serve as an example of promising inorganic theranostic agents
that combine both diagnostic and therapeutic activities.

8.4.3.1 RGD-Targeted Gold NPs
Gold (Au) is a very interesting product, because its assembly can produce NPs of
different shapes in a controlled manner. AuNP shapes include nanoshell,
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nanorod, nanocage, nanostar, and nanopopcorn [117], and they are used for
drug delivery and imaging applications. Because of their high atomic number,
small size, and chemical properties that make them amenable to functionaliza­
tion, AuNPs have unique properties for medical purposes [118]. In particular,
these nontoxic inert particles can serve as prodrugs because they absorb photons
as a function of their size and aspect ratio and release this accumulated energy
by converting it into heat [119] used for phototherapy under near-infrared illu­
mination [120] or because of their radiosensitizing effect under X-ray
irradiation [20,21,121,122]. They can serve as contrast agents both for X-ray
imaging, with a three times greater attenuation than iodine, and for photo-
acoustic imaging, allowing tumor detection and imaging prior to remote
activation [120].
Chen et al. used 26 nm large AuNPs to develop a chemical method of PEGy­

lation that allowed the controlled addition of RGD-targeting ligands [123].
They proved in vitro that the presence of an increasing amount of RGD was
associated with an increased efficacy of gold internalization in a dose-depen­
dent manner, but this effect was mainly linked to unspecific binding when the
peptide/AuNP ratio exceeded 50. Under optimized conditions, the presence of
RGD increased internalization by 18 times. Starting with 32 nm large gold
nanoclusters, another group covalently added RGD and Dox, thus forming
larger Au-cRGD-DOX nanoclusters (58 nm of hydrodynamic radius) [124].
These targeted NPs were interestingly able to deliver Dox to the target cells,
in contrast to Au-DOX NPs, and more importantly to generate a dual toxic
effect by combining a near-infrared-induced thermal toxicity as well as Dox­
mediated chemotherapeutic activity. This strategy was efficient in mice models
after intratumoral or intravenous injection of the targeted NPs, confirming
previous results that demonstrated the importance of gold nanorods in hyper­
thermia treatment of tumors [125,126] and the initial work by Hirsch
et al. [127]. In a recent study, the impact of gold-mediated hyperthermia on
tumors was evaluated noninvasively using a dendrimeric RGD-targeted multi-
modal nanoprobe followed by MRI. This study demonstrated that RGD target­
ing is indeed not only capable of inducing a high tumor/background ratio but
can also serve to evaluate the therapeutic impact of a given treatment on the
tumor vasculature [128].
Because it can provide photothermal destruction of malignant tissues and

because of its apparent lack of toxicity in preclinical studies, gold is expected to
be crucial in clinical applications. Nonetheless, long-term toxicity studies need
to be performed [117] and a more precise standardization of the procedures
needs to be implemented [129]. It should be noted that the covalent labeling of
antibodies with 50 nm gold NPs prevented their capacity to generate the anti-
body-dependent cellular cytotoxicity (ADCC) that is normally present and part
of the antibody-mediated antitumor effect [130]. Thus, the use of antibody-
targeted gold NPs may not be feasible if we want to retain the innate and full
activity of the therapeutic antibody. Nonetheless, this may also be the case with
the covalent labeling of many other antibodies.
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8.4.4

Protein-Targeted NPs

Among the eight targeted NPs used in clinical phases [5], four of them (MBP426,
CALAA-01, SGT-53, and SGT-94) were directed against transferrin receptor
(TfR).

8.4.4.1 Targeting Transferrin Receptor
Transferrin (Tf) is a soluble protein that delivers iron to cells via its binding to
TfR with an affinity ranging from 1 to 10 nM. Because cancer cells actively pro­
liferate, they require iron and thus overexpress TfR [131], though it is normally
ubiquitously expressed. After clathrin-mediated endocytosis, iron is released into
early endosomes, and TfR is then recycled back to the cell surface. TfR is also
abundantly expressed in the cerebral endothelium, where it can facilitate iron-
loaded transferrin uptake from the bloodstream and its release into the brain
parenchyma [132]. Depending on the transferrin content from low via moderate
to high, NPs can fail to engage TfR on endothelial cells (low Tf content), adhere
to the endothelium without being transferred (elevated Tf content), or undergo
receptor-mediated transcytosis (moderate Tf content). This bell curve that corre­
lates the Tf biological efficacy to its density on the NP surface is thus similar to
that observed using RGD.
MBP-426 (Mebiopharm) is a transferrin–liposome–oxaliplatin conjugate. Trans­

ferrin is covalently attached via a pH sensitive N-glutarylphosphatidylethanol­
amine (NGPE) linker that allows oxaliplatin release in acidic (pH 5.5) endosomes
(T. Fujisawa, Mebiopharm, personal communication). After the completion of a
phase 1 and 1b studies on a total of 49 patients (clinical trial ID: NCT00355888),
it is in phase 2a on 19 patients as a second-line treatment for gastric, gastro­
esophageal, and esophageal adenocarcinomas (clinical trial ID: NCT00964080) in
combination with leucovorin (folinic acid or FA) and fluorouracil (5-FU). The
treatment was well tolerated (no over Gr 2 peripheral neurotoxicity reported) and
a tumor reduction of more than 30% (PR) was observed in a patient resistant to
platinum.
Based on initial preclinical works in mice and nonhuman primates [133–136],

CALAA-01, a four-component NP [137], was made using the RondelTM patented
small RNA delivery technology. It was made of linear, cyclodextrin-containing
cationic polymers (CDP s) targeted by transferrin (Tf) and siRNA was manufac­
tured and tested in humans [138]. It was manufactured in two vials that were
mixed just before injection so that the components could self-assemble. Vial 1
contained the polymers conjugated to human transferrin. Vial 2 contained a
siRNA directed against the M2 subunit of ribonucleotide reductase
(RRM2) [139]. Here also the preclinical pharmacokinetics data obtained in mice,
rats, and nonhuman primates correlated well with those obtained in the
24 patients of the first clinical trial ever made in humans using siRNA. It should
be noticed that the NP exhibited similar biodistribution and tumor localization
in the presence or absence of the transferrin targeting ligand [135]. However, the
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transferrin-targeted siRNA-NPs reduced the expression of their targeted gene
relative by 50% compared to the nontargeted NP in preclinical studies, suggest­
ing an improved cellular uptake due to the presence of active targeting. Because
of adverse effects in this clinical trial [4], the development of the CALAA-01
product using the RondelTM technology was then stopped and redirected to
another delivery system that uses a Roche DPC technology product for the treat­
ment of hepatitis B.
In terms of proteins, antibodies are major candidates for targeted delivery.

Although antibodies have been the most widely investigated targeting ligands
in the clinic, their use in NPs presents several drawbacks because of their
important size as well as the fact that they are naturally designed to be rap­
idly cleared from the blood, once they bind to their antigen by the immune
system. Indeed, the presence of a specific antibody does not always improve
the global biodistribution and overall accumulation in the tumor [140]. The
use of subfragments of antibodies missing the Fc domain (Fab fragments) or
the one that contains only the antigen recognition domain (single-chain vari­
able fragment scFv) should alleviate some of these problems and it has been
shown that the presence of an scFv can augment blood circulation time and
improve the biodistribution of targeted NPs [141]. Based on this concept,
SGT-53 and SGT-94 nanovectors were studied. SGT-53 and SGT-94 are two
formulations containing (1,2-dioleoyl-trimethylammonium-propane (DOTAP)
and dioleoyl phosphatidylethanolamine (DOPE)) forming 60–100 nm large
cationic liposomes and are able to target the TfR via a single-chain antibody
fragment (TfRscFv). These liposomes are loaded with a plasmid expressing
the tumor suppressor gene p53 (SGT-53) or the tumor suppressor gene
RB94 (SGT-94) [142]. This scFv was preferred to transferrin itself, because it
has a reduced molecular weight and size, and because it is a recombinant
protein rather than a blood product [143,144]. In mice, SGT-53 was capable
to deliver the plasmid to different tumors after a systemic injection and to
provide antitumor activity, when combined with docetaxel. It was then trans­
lated to a phase I clinical trial in patients with advanced solid tumors [145].
It is now evaluated alone and in combination with topotecan and cyclophos­
phamide either in pediatric patients with recurrent or refractory solid tumors
(clinical trial ID: NCT02354547) or in patients with metastatic pancreatic
cancer in combination with gemcitabine/Nab-Paclitaxel (clinical trial ID:
NCT02340117)) and in phase II study in combination with temozolomide for
treatment of recurrent glioblastoma (clinical trial ID: NCT02340156). This
latter study in particular demonstrates that because they target the TfR over-
expressed in the cerebral endothelium, these immunoliposomes can cross the
blood–brain barrier by TfR-mediated transcytosis and transfer the trans­
ported plasmids not only in the glioblastoma tumor cells but also in the
tumor-associated cancer stem cells (CSCs), which have been implicated in
resistance to treatments and recurrence [146–148]. Based also on preclinical
basis [142], SGT-94 entered a phase I study in patients with solid tumors
(clinical trial ID: NCT01517464).
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8.4.4.2 Targeting the Epithelial Growth Factor Receptor
PEGylated liposomal doxorubicin (Doxil®/Caelyx®) loaded with doxorubicin and
presenting covalently linked Fab fragments of cetuximab (anti-EGFR ILs­
dox) [149] were also used in a phase I clinical trial in patients with solid tumors
(clinical trial ID: NCT01702129) [150] with promising results (one complete
remission) that necessitate to be investigated in further trials. Biodistribution
studies in mice showed extended half-life in blood (t1/2 of 21 h). Here also, an
efficient accumulation in tumors was observed (15% ID/g) but was not associ­
ated with the presence of the targeting agent in EGFR-overexpressing tumors.
The targeting ligand augmented internalization of the drug carrier within tumor
cells (92% of analyzed cells versus <5% for nontargeted liposomes) [151] and an
improved antitumor activity of doxorubicin, epirubicin, and vinorelbine in pre­
clinical models. Very interestingly also, the effect of such drug-loaded immunoli­
posomes did not depend on the inhibition of the EGFR receptor but on the
internalization and intracellular delivery of the drug [152]. It was also proved
using multidrug-resistant positive cells that Dox molecules released intra­
cellularly by these immunoliposomes were able to bypass membrane-bound
efflux [153] and thus produced 19–216-fold more cytotoxicity than free Dox
in vitro and an augmented toxicity in vivo [152]. This is an important point,
because it indicates that when Dox is delivered directly into the cytoplasm by a
nanovector, it could bypass the membrane-associated P-glycoprotein (one of the
main contributors to the MDR phenotype) present on some chemioresistant
tumor cells, thus overcoming their resistance as demonstrated since a long time
for several NPs [154–157].

8.5
Conclusions

There is still an important debate concerning the use of active versus passive
targeting of nanovectors [5,10,11]. Although most studies present very positive
and clear results in vitro, the final gain achieved in vivo may be modest in terms
of targeting efficiency [11,12].
Conversely, if there is still a debate in terms of targeting efficiency, there is a

large consensus on the fact that the presence of a ligand improves the receptor-
mediated internalization and can improve therapeutic efficacy. This is particu­
larly true for cancer drugs such DNA and siRNA molecules that cannot be inter­
nalized alone by cells and that are active only when delivered intact to the
appropriate intracellular compartment [13,14]. In addition, this may be impor­
tant also for drugs that are sensitive to the MDR phenotype. Finally, encapsula­
tion and intracellular delivery will help solve problems of solubility and possible
inactivation of drugs that are sensitive to degradation.
Ligands and/or prodrugs can also be hidden within the NPs and unmasked in

the tumor only because their exposure or release can be controlled by activatable
functions (protease-, pH-, thermo-, or oxidoreduction-sensitive links). The
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physicochemical process that will control their unmasking and release can be
specific to the tumor microenvironment (the presence of proteases, acidic pH,
hypoxia, etc.) or remotely activated (laser light, X-rays, neutrons, ultrasounds,
radiofrequency, etc.). This is opening huge possibilities and we can take advan­
tage of the size of these nanovectors to combine multiple function and propert­
ies. This is a major advantage in favor of NPs as opposed to small molecules.
The controlled synthesis of such sophisticated nanosystems is not an easy task.

It relies on a complex chemistry that must address many parameters (e.g., the NP
composition and architecture, the presence of a large number of chemically reactive
species, the necessity of mastering the geometry and orientation of the linked com­
pounds, the quality of the coverage and density, and the presentation of the ligand)
and because it is very often impossible to completely characterize the final products.
All these problems need to be addressed very early in the design process, and all
chemical steps should be perfectly mastered and adequately selected to comply
with the legal recommendations on the definition of a nanomaterial. This is still a
major bottleneck, but the progress made in particular in chemistry and biophysics is
so impressive that this does not seem to be out of reach.
However, the additional cost in the production of targeted nanovectors versus

passive, standard formulation of the drug should be proportional to the benefits
in order to be acceptable. Because it is almost impossible to perform a side-by­
side comparison in humans, preclinical data are extremely important because
they are proven to be reliable [15,16]. These data must be sustained also by a
precise knowledge of the biomarkers of the pathology being addressed in
patients (i.e., the level and accessibility of the targeted receptors) and by a thor­
ough understanding of the patient’s pathological characteristics that will influ­
ence the access of nanovectors to their target [3]. In a recent review, Jain and
Stylianopoulos concluded: “Given the highly heterogeneous and continuously
evolving nature of the tumor microenvironment, the optimal design of NPs is
likely to be disease specific. This is a formidable task, especially considering the
difference from one tumor to the next, from primary tumor to its metastasis,
from one day to the next in the same tumor and the changes induced by treat­
ment” [17]. Furthermore, it is important to have in mind that at the end of the
process, targeted NPs should be very sophisticated but as simple as possible to
keep the development of such nanomedicine “reasonably simple, inexpensive,
and scalable” [66].
Finally, the possibilities offered by the use of targeted nanomedicines are tre­

mendous and only a part of them was discussed here. But we still need major
concerted efforts of multidisciplinary groups before they are fully accepted for
cancer diagnostic, treatment, or both.
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9.1
Introduction

9.1.1

Principles of Radiotherapy

After surgery, radiotherapy is the second most important treatment modality
against cancer, with more than half of all patients being cured of cancer under­
going radiotherapy as part of their treatment [1]. The basic principles of radio­
therapy are quite simple. Through the application of ionizing radiation, energy is
deposited to the tumor, which in turn can result in cell sterilization through the
production of highly reactive free radicals with the cell nucleus. Thus, if enough
energy can be deposited to the whole tumor, tumor control (the arresting of
uncontrolled cell division and tumor growth) can be achieved.
Unfortunately, a similar effect will take place in any normal tissues also irradi­

ated as part of the treatment, and such colateral damage is an inevitable conse­
quence of externally applied radiation therapy. The science or art of
radiotherapy, therefore, is to concentrate the dose on the tumor, while sparing
all surrounding normal tissues as much as possible. All technical developments
in radiotherapy have been aimed at achieving this deceptively simple goal.

9.1.2

Radiotherapy with X-Rays

Radiotherapy has a long and illustrious history, dating back to the end of the
nineteenth century, when the first patients were treated using X-rays shortly
after their discovery by Wilhelm Roentgen in 1895. Indeed, by 1902, more than
100 different tumor types could be listed that had been treated with X-ray radia­
tion. Although first treatments necessarily used low-energy X-rays (in the
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kilovolt range), technical developments throughout the twentieth century were
mainly in developing and implementing X-ray generators capable of ever-
increasing energies, culminating in the widespread clinical deployment of dedi­
cated linear accelerators (delivering X-rays/photons of 1–20MV) for radio­
therapy in the 1970s onward. The main advantage of these higher energies was
the improved so-called depth–dose characteristics of such X-ray sources, an
example of which is shown in Figure 9.1.
This diagram shows a typical depth–dose curve for 15MV photons. The

horizontal axis shows the depth of penetration of the X-rays in water, while
the vertical axis shows the relative deposited energy, typically referred to as
the deposited dose in radiotherapy. In physics terms, this deposited dose is
expressed in the units of Joule/kilogram, that is, the energy deposited to
unit mass, although in radiotherapy, this is expressed in terms of the Gray
(1Gy= 1 J/kg).
This curve is characterized by a sharp increase in dose in the first few milli­

meters of water, to a maximum dose at a depth of about 1.5 cm. This is followed
by a more-or-less exponential reduction in deposited dose as the beam pene­
trates deeper through the water. From the physics point of view, as photons are
uncharged particles, they deposit their energy indirectly by transferring their
energy to secondary electrons. It is these that actually deposit the energy in the
water or patient. This has two consequences. First, in their interactions with
electrons, the photons are lost (absorbed) from the beam as they traverse
through material, leading to the exponential drop in deposited dose as a function
of depth beyond the maximum dose peak. Second, the dose build-up in the first
few millimeters is due to the predominantly forward direction of secondary elec­
trons, which always deposit their dose somewhat deeper than the initial interac­
tion with the photon. This leads to a depletion of secondary electrons at the
surface and, therefore, deposited dose, which eventually reaches an equilibrium

Figure 9.1 The depth–dose curve for 15MV X-rays (photons).
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point, that is, the point where the dose deposited by secondary electrons released
at shallower depths is compensated by secondary electrons released at the point
of interest, close to the maximum dose point.
From the point of view of concentrating dose in the tumor, the curve shown in

Figure 9.1 is less than optimal. If the tumor is at a depth more than the maxi­
mum dose, then the tumor will actually get less dose than the normal tissues
directly in the path of the beam, while beyond the furthest extension of the
tumor, the so-called distal end, any normal tissues will also receive an unwanted
dose, even if this is somewhat lower than that delivered to the tumor, cf.
Figure 9.2a. This is exactly what we do not want with radiotherapy. In practice,
however, such a single X-ray beam will be rarely used, and the less than ideal
characteristics of X-rays is typically compensated for by the use of multiple
beams, each being delivered to the tumor from different directions around the
patient. Indeed, in the state-of-the-art photon therapy, the trend is now toward
fully rotational therapy combined with sophisticated intensity/fluence modula­
tion of the individual fields so as to precisely and accurately shape the delivered
dose in three dimensions to match the three-dimensional (3D) shape of the
tumor, see, for example, Figure 9.2b. With such techniques, the fundamental
physical disadvantages of photons can be overcome, and this is precisely the rea­
son that radiotherapy has become such an important, and successful, treatment
of cancer. However, the rather unfavorable depth–dose characteristics of X-rays/
photons can never be fully avoided, and even with the most modern of delivery
techniques, there is an inevitable bath of low-to-mid doses delivered to poten­
tially large volumes of normal tissue [2,3].

Radiotherapy Using Protons

In a similar way to Figure 9.1, Figure 9.3 shows the equivalent depth–dose curve
achievable using protons instead of X-rays for therapy. In contrast to the curve

Figure 9.2 The dose distribution for a single 6MV field from the left-hand side (a) and a nine-
field (all 6MV) intensity-modulated (IMRT) plan to the same tumor (b).
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Figure 9.3 A proton “spread-out Bragg peak”, constructed from the superposition of multiple-
range and magnitude modulated individual Bragg peaks.

shown in Figure 9.1, the curve for protons is characterized by a relatively flat
entrance dose region, starting immediately at the surface of the patient, a flat
dose region covering the region of the target, and a sharp dose fall-off immedi­
ately beyond the distal end of the target region. The reasons for this depth–dose
characteristic will be covered in more detail in the next section. The potential
advantages, however, are clear. In comparison to the photon curve, the entrance
dose is lower, the target is irradiated with a homogeneous dose and immediately
beyond the tumor virtually no dose is delivered. Only in the first few millimeters
is there a slight advantage for photons, as protons exhibit no (or at least a very
limited) build-up effect.
The use of protons for radiotherapy was first suggested by Robert Wilson in

his seminal paper of 1946 [4], and it was in this paper that the potential advan­
tages of protons as shown in Figure 9.3 for radiotherapy were first described.
Based on this, the first patients were treated using protons in the 1950s in both
the United States and Sweden [5], and by the time of writing, more than 120 000
patients have been treated worldwide using protons [6].
The aim of this chapter is to describe the physical principles and clinical prac­

tice of modern proton therapy. As such, it will begin with a section describing
the main interaction processes of protons with matter and why these lead to the
very different physical characteristics of protons compared to X-rays. The fol­
lowing sections will then describe how proton beams are generated, modulated,
and optimally delivered to the patient. Finally, some clinical applications and
results of proton therapy will be presented, followed by a crystal ball section
discussing the likely future directions for proton therapy research and develop­
ment, both technical and clinical, together with the potential role of
nanotechnology.
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9.2
Proton Physics

The depth–dose curve for monoenergetic protons shown in Figure 9.3 is due to
the interactions that protons undergo in comparison to photons, as they pene­
trate matter. These will be briefly discussed in this section.

9.2.1

Energy Loss

The main difference between protons and photons from the point of view of
physical interactions is that protons are charged particles. As such, the primary
interaction of protons with matter is direct collision with orbiting electrons,
which leads to the loss of proton energy rather than absorption of the particle.
However, as protons are 1800 times heavier than electrons, protons lose only a
tiny amount of their energy with each such collision, and thus deposit via these
secondary electrons relatively small amounts of energy, at least when the proton
energy is high. In addition, due to the large mass difference, only a relatively
small amount of energy is transferred to the electron, and thus their energy is
also relatively small, leading to much smaller secondary electron ranges than
after the absorption of high-energy photons. This has two consequences. First,
the energy deposited to matter at the entrance, where the protons have the high­
est energy, is relatively small, cf. the rather flat plateau dose seen on the left-
hand part of the depth–dose curves for the monoenergetic proton curves shown
in Figure 9.3, and there is no significant build-up effect as observed for photons,
cf. Figure 9.1.
Nevertheless, as protons penetrate through matter, they continually lose

energy due to many such interactions, with the amount of lost energy per
interaction being roughly proportional to the inverse of the square of their
velocity. So, as they lose energy, they lose velocity and thus deposit more
and more energy as a function of penetration depth, also termed range. This
inverse square relationship of deposited energy with velocity leads to a well-
defined maximum range, beyond which no primary protons can penetrate as
they have run out of energy, and also the characteristic peak of maximum
dose, a few millimeters before the maximum range, in the so-called Bragg
peak [7,8].

9.2.2

Multiple Coulomb Scattering

In addition to energy loss due to electronic interactions, protons also
undergo two other interactions, both of which are due to close encounters of
the proton with atomic nuclei. The first, and most important, of these is
multiple Coulomb scattering (MCS). As protons pass close to atomic nuclei,
the positive charge of the proton and nucleus causes the proton to deflect
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due to electrostatic repulsion. Thus, as protons transport through matter,
they also gradually become angularly confused or, put another way, a per­
fectly narrow beam will generally tend to get broader. The nice thing about
protons is that the effects of such scattering can be well approximated as a
Gaussian distribution, which in turn can be parameterized by its standard
deviation or sigma. Due to MCS alone, the sigma of a proton beam at the
Bragg peak will increase by roughly 2% of the proton range. Thus, for
170MeV protons with a range of 20 cm in water, the beam width due to
MCS alone will be about 4mm σ, equivalent to an increase in the full-width
half-maximum (FWHM) of the pencil beam of about 1 cm. Consequently,
MCS of protons is an important interaction to take into account when
modeling proton beams for radiotherapy applications.

9.2.3

Nuclear Interactions and Secondary Particles

The second interaction of protons with nuclei is more direct and is the result of
their elastic and/or inelastic collisions with atomic nuclei. In elastic collisions,
the protons can be even more laterally deflected than from MCS interactions.
However, as this is a rather rare event, it can generally be ignored, although in
reality this leads to somewhat more dose in the lateral tails of the beam profile
than would be expected from a pure Gaussian distribution. More important are
inelastic collisions. In these events, protons can be lost from the beam com­
pletely, not only delivering some of their energy locally through the production
of heavier secondary particles but also transferring energy into secondary pro­
tons, photons, and neutrons. The probability of such inelastic collisions is also
rather low, but nevertheless leads to about 1% of protons being lost from the
beam per centimeter of penetration, when the medium is water. Thus, for the
selected 170MeV beam with 20 cm range in water, only about 80% of protons
actually make it to the Bragg peak, the other 20% being lost from the beam due
to these inelastic nuclear interactions.
Such interactions lead to two main effects on the incident proton beam.

First, the ratio of the height of the Bragg peak to the entrance dose (see
Figure 9.3) will be reduced from that expected from pure energy loss consid­
erations alone. Second, the secondary protons will tend to add dose to the
lateral tails of the dose profile of the beam, and take dose out of the primary
beam. Although the dose carried by these secondary protons is only a small
percentage of the dose in the primary beam, this effect nevertheless is an
important one, which needs to be taken into account in absolute dosimetry
and treatment planning. Secondary photons and neutrons can be typically
ignored, although the former can potentially be used for range verification,
whereas secondary neutrons could have a role to play in secondary cancer
induction and have been the cause of concern in proton therapy for a num­
ber of years, even if no evidence of increased secondary cancer due to proton
therapy has been observed clinically [9,10].
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9.2.4

Linear Energy Transfer and Relative Biological Effectiveness

Up to now, we have looked at the pure physics effects of protons in matter.
However, due to the interactions of protons with photons, there are also poten­
tially characteristic biological effects as a result of proton irradiation. For
instance, in the Bragg-peak region, the rate of deposited energy increases rapidly,
meaning that the density of ionization, and therefore transferred energy, is also
high. This parameter is known as the linear energy transfer (LET) and, as
explained, is highest where the rate of the deposited energy is high and, there­
fore, where the proton energy is low. Thus, LET is highest in the Bragg peak and
distal fall-off of the proton depth–dose curve. Evidence from in vitro experi­
ments in cell cultures has shown that high LET can also result in a higher bio­
logical effect for the same deposited physical dose when that dose is applied
using low LET radiation. This enhanced biological effect is known as relative
biological effectiveness (RBE). The relationship between RBE and LET is, how­
ever, not trivial, and dependent on the tissue type, end point, and dose, to men­
tion just a few [11]. Consequently, for proton therapy, a generic RBE value of 1.1
is generally assumed. Despite this, however, it should always be borne in mind
that where LET may be enhanced, there is also a chance that the RBE, and there­
fore biological effect, could also be enhanced.

9.2.5

Density Heterogeneities

Before moving to the more technical aspects of the generation of high-energy
protons for radiation therapy, see the next section, a few words need to be said
about the effects of density heterogeneities on proton beams.
Given the fact that proton range depends not only on energy but also on the

density of the material, through which they pass, then density heterogeneities
within the patient will have a profound effect on the accuracy of proton therapy.
In the first instance, they will affect the actual range in the patient [8]. For
instance, if passing through bone, due to its higher density, protons will lose
more energy per millimeter than in water and will thus travel less far. In fact,
this change of range is determined by the so-called proton stopping power of
the material rather than its pure density, with stopping power being strongly
correlated to physical density. On the other hand, if protons traverse air, they
will lose very little energy and will obviously have a much longer range than in
water. As both bone and air, for example, in the nasal cavities, are present within
patients, not to mention soft tissues, whose stopping powers are actually close to
water, it is hopefully clear that a detailed knowledge of the tissues, through
which the tumor is irradiated, and their relative stopping powers, is a pre­
requisite for accurate in vivo range calculations.
The effect of density heterogeneities on clinical proton beams is actually even

a little more complex than this. Typical treatment fields will have a finite size of
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at least a few centimeters in all directions, and thus different parts of the field
will pass through different anatomical regions of the patient. Thus, different pro­
tons will see different density variations in the patient, for instance, for a head
and neck irradiation, some may pass through the nasal cavities, and some not;
some may be irradiating the neck nodes and others the primary tumor close to
the skull base. Thus, the energy of the irradiating field generally needs modulat­
ing so as to adapt to these range changes imposed by patient anatomy. In addi­
tion, however, there can often be an interplay between range variations and
scatter, whereby beyond a sharp density interface, the amount of scattering from
the high density portion is considerably higher than that from the low-density
region. This, in turn, leads to a distortion of the proton fluence immediately
beyond the density heterogeneity, with a shadowing effect immediately behind
the high-density region and a peaking effect beyond the low-dose region. In a
one-dimensional sense, this combination of range variation and variable scatter­
ing leads to a broadening and degradation of the pristine Bragg peak. As such,
given that all patients are relatively heterogeneous, the sharp Bragg peak shown
in Figure 9.3 is rarely the reality in therapy, with distortions and broadening of
the distal dose fall-off being inevitable to a greater or lesser extent [12].

9.2.6
Generating High-Energy Proton Beams

A prerequisite for radiotherapy with protons is a source of protons with suffi­
cient energy to penetrate the maximum depth of the target. In practice, this
requires energies of up to 200MeV or even more. There are at present two main
categories of accelerator that can produce proton beams of such energies and
that are used clinically: cyclotrons and synchrotrons [13]. The basic operating
principles of both will be briefly discussed here.

9.2.6.1 Cyclotron
Conceptually, the acceleration of charged particles such as protons is straightfor­
ward. As a result of the Lorenz forces on charged particles, the application of an
electric field results in an acceleration of the particle. Thus, it is only required
that a large enough electric potential is applied to the beam to accelerate protons
to the required energies. In practice, of course, this would require potentials of
many millions of volts, which is clearly impractical. As such, most high-energy
accelerating techniques use the concept of repeated acceleration using much
smaller voltages. The cyclotron is one such approach.
In the 1930s, Ernest Lawrence first proposed the idea of such a device [14]. He

noted that, for lower-energy protons at least, the angular frequency of rotation of
charged particles due to a vertically applied magnetic field is independent of
energy or radius. Thus, by applying an alternating voltage across a gap between
two sets of D-shaped magnets, the particle could be repeatedly accelerated
across this gap as the particles rotate in the plane between magnetic poles. In
addition, as the energy of the particle increases, so does the radius of rotation,
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and thus the accelerated particles can be extracted at the outermost radius of the
D-shaped magnets, where the particles have reached a specific energy level. Like
most things, however, the devil is in the detail, and to reach energies of more
than a few megaelectronvolts, the frequency/radius independence breaks down
due to relativistic effects, and designs of cyclotrons for energies up to a few hun­
dred megaelectronvolts are complicated. Nevertheless, the basic principle
remains the same. The protons are accelerated multiple times across a gap, the
radius of their track gradually increases as the energy increases, and they are
eventually extracted at the outermost part of the magnet. Thus, by their very
nature, cyclotrons are monoenergetic machines, but have the advantage of being
able to operate in continuous mode, that is, they can provide a continuous
stream of beam.

9.2.6.2 Synchrotrons
Synchrotrons are also circular accelerators, but work on a different principle [15].
Instead of using a static magnetic field and allowing for a continually growing
radius of accelerated particles, the synchrotron is designed to keep the rotational
track of the particles constant while they are being accelerated, by continually
varying the magnitude of the applied vertical magnetic field. Thus, a synchrotron
typically consists of a set of curved magnets, each with the same radius of curva­
ture, through which the accelerating beam line is placed. Particle acceleration is
then performed in the gaps between these magnets, with the magnetic field of the
following magnet being increased in order to keep the protons in the same radius.
In contrast to cyclotrons, therefore, the energy of the extracted particles can be
varied, by simply controlling the number of circuits the particles make. So, syn­
chrotrons are capable of directly generating protons of any energy. On the other
hand, as the field strengths of magnets have to be increased in synchrony with the
energy of the protons, they are also inherently pulsed machines, accelerating
bunches of protons at a time, with a repetition rate typically of a few seconds.
In summary, although somewhat different in their philosophy and design, both

cyclotrons and synchrotrons are suitable accelerators for proton therapy, each
having their advantages and disadvantages. As such, it should come as no sur­
prise that all currently available commercial proton therapy systems are based
on one of these accelerators, with a roughly 50–50 split between the existing
manufacturers in the use of cyclotrons and synchrotrons.

9.3
Delivering Proton Therapy

9.3.1

Imaging and Treatment Planning

One of the great advantages of radiation and proton therapy over other forms of
localized cancer treatment is the ability to utilize high-quality and state-of-the­
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art imaging in order to precisely define the tumor volume to be treated, together
with any neighboring critical organs, and to perform accurate predictions of the
dose to be delivered.
For proton therapy, the most important imaging modality is X-ray CT, as this

provides information about internal density variations of the patient, which are
essential for proton dose and range calculations. However, both MRI and PET
are extremely useful in order to identify and delineate the tumor (MRI) and its
metabolic activity (PET) and to define the critical internal organs and structures
that are important in treatment evaluation (CT/MRI).
Based on these imaging studies, proton therapy treatments are then pre-

planned in a process known as treatment planning. The first step in this process
is to delineate the tumor volume and all neighboring critical structures – that
are structures likely to be dose limiting during the treatment or for which the
delivered dose needs to be evaluated. Although semiautomatic processes based
on anatomical atlases are becoming more common, this is still a rather labor-
intensive process, particularly the definition of the tumor and its microscopic
spread, which is not always well defined in current imaging techniques. As such,
in defining the tumor volume to be irradiated, the medical doctor is still very
reliant on his or her experience and anatomical knowledge of where tumor
microstructures are likely to spread.
Based on the defined tumor and critical structure volumes, the treatment

planning process proceeds further through the definition of one or more field
directions from which the proton irradiation will be delivered in order to best
cover the target while sparing as necessary the various normal structures. The
geometry of each field will then be defined, the process of which will be different
depending on whether passive scattering or pencil beam scanning (PBS) is used
(see below), followed by a prediction of the 3D dose distribution that will be
delivered, calculated based on the underlying physics principles of proton inter­
actions with matter (see Section 9.2). The resultant dose distribution is then the
primary decision-making tool for the referring clinician about the quality of
planned treatment, taking into account parameters such as target coverage and
critical organ sparing, as predicted by the 3D dose distribution.
In the next sections, we will look into the two main methods of actually deliv­

ering proton therapy, and which have to be taken into account when calculating
and designing treatment fields.

9.3.2

Passive Scattering

9.3.2.1 Spread-out Bragg Peak
Both cyclotrons and synchrotrons provide monoenergetic proton beams, either
continuous and with a fixed energy in the case of cyclotrons or with different
energies within different pulses in the case of a synchrotron. However, a single,
monoenergetic Bragg peak depth–dose curve is not really that useful for radia­
tion therapy. As the present thinking in radiotherapy is that the probability of
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controlling the tumor is maximized by irradiating it with a homogeneous dose,
the narrowness of the monoenergetic Bragg peak makes it next to useless in a
therapeutic setting. As such, the pristine beam emitted from an accelerator must
be modulated in order to give it a clinically useful form.
For passive scattering [17], this is achieved through delivery of the so-called

spread-out Bragg Peak (SOBP). In brief, this is formed through the delivery of
multiple, energy (range) modulated Bragg peaks, which when combined produce
a broad and flat plateau of high dose (see Figure 9.3), with the extent of this flat
dose plateau being determined by the number of energy-modulated Bragg peaks
added to the field. However, as can be seen in Figure 9.3, the fluence (amplitude)
of each individual Bragg peak must also be modulated in order to achieve this
flat dose. This is because each proximally shifted Bragg peak, that is, with lower
energy, delivers its Bragg peak in the proximal build-up region of the next deep­
est, highest energy Bragg peak, and thus must only deliver sufficient dose to
make up the difference in dose between this and the dose delivered by the high­
est energy Bragg peak. As more and more Bragg peaks are added distally, the
dose from more distal Bragg peaks add up quickly, meaning that the amplitudes
required for the lowest energy Bragg peaks reduce in a very nonlinear and
rapid way.
The concept of the SOBP is central to passive scattered proton therapy and, in

practice, can be constructed using one of the two methods: range shifter wheels
and ridge filters. In the first of these, a rapidly rotating (∼300 rpm) and suitably
shaped propeller type device intersects with the monoenergetic beam, with the
blades being made up of segments of varying width and thickness so as to per­
form the shifts and fluence modulations necessary for forming the SOBP. With
such a device, varying extent SOBPs are produced either by using different mod­
ulators or by gating the incident beam to only intersect with particular segments
of a standard wheel design, the wider the gated beam, correspondingly the wider
the delivery of extent SOBPs. Alternatively, the ridge filter is a fixed device,
shaped much like a pyramid so that the incident monoenergetic proton beam
sees different thicknesses of the filter [18]. In this case, the effective cross-sec­
tional areas of the segments of the filter each with different thicknesses, and as
projected along the direction of the incident beam, are directly proportional to
the required SOBP-weighted fluences, so that the probability of a proton passing
through a particular segment is proportional to the required fluence relating to
that thickness.

9.3.2.2 Single and Double Scattering
The SOBP effectively broadens the homogeneous part of the depth–dose curve,
but the initial proton beam, typically only a few millimeters wide when extracted
from the accelerator, also needs to be broadened laterally in order to treat any­
thing but the smallest tumor volume. For the passive scattering approach, there
are two main methods to this.
The simplest is single scattering. As the name implies, this uses a single-scat­

tering foil, usually constructed of a high-z material, in which the incident
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protons are laterally scattered by the MCS process described above. As the mate­
rial is high density, the amount of scattering can be large for even a thin foil, and
the larger the scattering angle resulting from the foil, the larger the effective field
size for therapy. However, as the practical thickness of the scatterer is ultimately
limited by the inevitable range reduction due to energy loss in the scatterer,
acceptable field sizes can be attained only by also having a large drift space
between the scatterer and the patient. Typically, such drift spaces must be at
least 2m, which for single scattering allows for usable field sizes of up to about
20 cm× 20 cm. For larger field sizes, a double-scattering system needs to be
used [19]. With this approach, a second carefully shaped second scatter is also
used, which effectively flattens the profile of the initially scattered beam and
allows for field sizes of up to 30 cm× 40 cm for the same drift space. The dis­
advantage of this approach is that the lateral penumbra of the resultant field is
somewhat compromised in comparison to single scattering, basically due to a
larger angular confusion of the proton field after the second scatterer. As such,
both systems may need to be available in a facility, with single scattering being
used for smaller tumors or where sharper penumbras are required, and double
scattering for the treatment of larger tumors.

9.3.2.3 Collimators and Compensators
Range shifter wheels or ridge filters and scattering alone produce an SOBP with a
constant water-equivalent range at the distal end of the field across the whole field
and a circularly shaped cross section of the maximum field size orthogonal to the
field direction. Both can be further modulated to better conform the dose to the
target volume through the use of patient- and field-specific hardware elements
referred to as collimators and compensators [20]. Collimators are designed to cut
off the lateral aspects of the scattered field, which will not deliver useful dose to
the target volume. As such, they are typically made of thick slabs of high-density
material, for example, tungsten or brass, in which apertures are milled, which
match the shape of the projected shape of the target along the field direction.
Compensators, on the other hand, conform the distal end of the SOBP to the

distal end of the target, and as such are formed of an easily workable block of
material, such as PMMA, whose thickness in two dimensions can be individually
defined so as to be thicker for the portion of the field, where the distal end of the
field is shallower in the patient, and thinner, where the distal end is deeper. As
such, the distal end of the field can be quite precisely molded to the distal end of
the target volume, even when passing through relatively complex density
heterogeneities.

9.3.2.4 Passive Scattering in Practice
Passive scattering has been a successful modality for proton therapy for more
than 50 years, and the vast majority of patients treated with protons have been
treated using such an approach. However, it has its limitations.
Passive scattering is rather labor-intensive to plan, prepare, and deliver.

Although complex plans and treatments can be designed, the inherent inflexibility
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of a fixed SOBP extent for each field means that constructing complex dose
distributions that can wrap around critical structures is time-consuming and
difficult. Indeed, it is common that passive scattered plans for complex volumes
consist of 10 or more fields, in which the distal ends of some fields are patched
against the lateral edges of other fields. However, for each of these fields, individ­
ual collimators and compensators have to be manufactured, and on each day of
delivery, both devices need to be changed for every delivered field. Although this
can be mitigated by delivering different combinations of fields on different days of
treatment as long as each combination fully covers the tumor volume, it is, never­
theless, a time-consuming daily process. The recent introduction of multileaf
collimators into proton therapy helps only a little, as there are at present no
solutions for automating compensator shapes and these thus need to be manually
changed for every field every day.
An exception to this is the treatment of uveal melanoma, a tumor of the retina

of the eye. These have been treated for many years using a single field, colli­
mated approach, typically without the use of compensators, see for example, [21].
This treatment has been proven to be not only very efficient, with typical treat­
ment times per patient per day are 15min at our institute, but also extremely
effective, see Section 9.4.1.1.

9.3.3

Pencil Beam Scanning

9.3.3.1 Principle of PBS
As protons are charged particles, when passing through electromagnetic fields,
they undergo two separate forces – the so-called Lorenz forces. The electric field
component accelerates or deaccelerates depending on the polarity of the field of
the particles, whereas a magnetic field will deflect them. This second characteris­
tic of the Lorenz force can be directly exploited to construct therapeutically use­
ful proton fields through a process now universally known as pencil beam
scanning [22,23].
This concept is deceptively simple and is shown in Figure 9.4. If we consider

the Bragg peak of a monoenergetic proton beam to be a 3D spot of delivered
dose, then one can also imagine that this spot can be magnetically scanned in
order to paint a homogeneous dose across the target. When combined with fast
energy changes, such that different layers can be painted at different depths in
the patient, then the concept of pencil beam scanning is complete, see, for exam­
ple, Figure 9.4a. As such, PBS proton therapy is essentially the 3D painting of
proton Bragg peaks throughout the selected tumor volume, with the fluence
(number of protons) being delivered by each spot being individually optimized
in order to obtain the desired dose distribution to the target volume. This opti­
mization step is part of the treatment planning process, in which field directions
are manually defined, spot (Bragg peak) positions calculated in the patient, flu­
ences optimized, and then the final 3D dose distribution calculated, see for
example, [24,25] and Figure 9.4b. In current terminology for PBS proton therapy,
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Figure 9.4 Field geometry and dose distribu­
tions for PBS proton therapy. (a) Bragg peak
positions (crosses) and optimized relative flu­
ences (color) for a single, SFUD field incident
from the left-hand side and (b) the resulting

optimized dose distribution. (c) A three-field
SFUD plan to the same tumor and (d) an IMPT
plan, using the same field geometry as (c) but
with dose constraints defined for the brain
stem.

such optimization can be performed in two ways – either field by field, termed
single-field uniform dose (SFUD) or single-field optimization (SFO) (Figure 9.4c)
or for all fields simultaneously, typically referred to as intensity-modulated pro­
ton therapy (IMPT) or multiple field optimization (MFO), see Figure 9.4d [26].
Both are acceptable approaches, with SFUD resulting in homogeneous coverage
of the target volume from each individual field, cf. passive scattering, and IMPT
resulting in potentially very inhomogeneous individual field dose distributions,
but generally more conformal, and more importantly, conformal avoidance of
neighboring critical structures, when all fields are combined. As such, IMPT is
the PBS equivalent of patched fields for passive scattering and intensity-modu­
lated radiation therapy (IMRT) for photon therapy.

9.3.3.2 PBS versus Passive Scattering
Although the vast majority of experience with proton therapy at the time of writ­
ing is with passive scattering, there is little doubt that the future of proton ther­
apy lies with PBS. Due to the 3D active scanning of individual proton Bragg
peaks within the selected target volume only, the need for collimators and
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compensators is avoided, and even if for some cases, these can still bring advan­
tages to PBS. In addition, and just as importantly, the planning process becomes
a more automated procedure, with the optimization processes doing the hard
work of combining and patching different fields in order to both cover the target
volume and avoid as necessary any neighboring critical structures. This not only
makes the treatment planning process significantly faster and more efficient but
also results in significantly improved treatments than can ever be achieved using
passive scattering. Finally, the treatment delivery process can also be fully auto­
mated, with many fields and treatments being delivered without the need to go
into the treatment room between fields. This can have a significant impact on
the patient throughput of such a facility (see Section 9.5.2.1). Although passive
scattering still has some advantages, for example, for superficial tumors, where
collimation still provides by far the best lateral fall-off, and for the treatment of
mobile tumors, these problems are also being tackled and gradually solved with
PBS. As such, nearly all new or planned proton facilities in the future will have at
least the option of PBS, whereas many will provide PBS only. Indeed, by the end
of 2015, it is forecast that, for the first time, the number of PBS-equipped proton
treatment rooms worldwide will overtake passive scattering rooms [27]. This
trend will certainly continue, if not accelerate, in future.

Treatment Gantries

Even though protons can apply more-or-less homogeneous and conformal doses to
a target from a single direction, there are nevertheless many good reasons why pro­
ton treatments should be designed using multiple, angularly spaced fields. These
include improved sparing of critical structures using IMPT, as well as general treat­
ment robustness. Indeed, multiple fields are, in the author’s opinion, one of the best
and certainly the simplest method of mitigating the potential effects of systematic
errors such as in vivo uncertainties in proton range. The use of multiple fields
implies the treatment machine has the ability to bring the beam in from different
incident angles on to the tumor, ideally, at least in the head and neck region, with
nearly 4π degrees of freedom. Although it is always possible to imagine moving and
rotating the patient about a fixed beam line, in reality this is not always well toler­
ated by the patient and can add additional uncertainties in the treatment due to the
motion of internal organs, particularly for extracranial treatments.
As such, for patient comfort and treatment precision, there is no real alterna­

tive to keeping the patient as still as possible and moving the treatment beam
around the patient. Thus, the state-of-the-art proton therapy is typically applied
using the so-called gantries, which can rotate the final beam line and delivery
nozzle elements around the patient at least by 180° and more usually by 360°.
The off-axis angles (called noncoplanar in radiotherapy jargon) are then
achieved with an additional patient table rotation (yaw) as necessary [28].
The problem of gantries for proton therapy, and also the main problem of

proton therapy, is their size.
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First, as already pointed out for passive scattering, a minimal distance of at least
2m is typically required between the scattering devices and the patient in order to
have reasonable field sizes. A similar distance is also required for scanned beams
in order to keep the angle of deflection and hence the required magnetic fields to a
reasonable magnitude. Thus, as an absolute minimum, current proton gantries
need a diameter of at least 4m, if the patient is placed at the center of rotation of
the gantry. In addition, however, as elementary particles go, protons are rather
heavy – they are about 1800 times heavier than electrons –making them magneti­
cally very rigid. Put another way, strong magnetic fields are required to signifi­
cantly bend a proton beam of therapeutically useful energies larger or equal to
70MeV. Although this is not a great problem for the magnets required for scan­
ning proton beams with PBS, they only need to deflect the beam over a few
degrees at most if the distance to the patient is kept reasonably large, this is a
problem for gantries where, typically, the beam needs to be bent at least 90° to
bring it onto the patient. As the radius of this bending is directly determined by
the achievable magnetic field, this is, in the end, the limiting factor on the size of
gantries. As such, typical proton gantries, whether passive scattering or PBS, are
large beasts, with diameters of 10m or more and weights well over 100 ton.
Although many ideas have been proposed to reduce sizes and weights, for exam­
ple, through off-center positioning of the patient [23] or by rotating a compact
cyclotron so that it directly emits onto the patient [29], such solutions are not
without their disadvantages, and as such, for the foreseeable future, it appears that
proton therapy delivery facilities will remain large and, consequently, expensive.

9.4
Clinical Applications

9.4.1

Selected Clinical Indications

9.4.1.1 Uveal Melanoma
One of the oldest indications for proton therapy is the treatment of uveal mela­
nomas. These are malignant, aggressive tumors of the retina of the eye. Although
small in absolute size, typically just a few millimeters, they are fast growing and
metastasize easily. They are also histologically the same as skin melanoma.
There are two main treatments for this tumor – surgery and radiotherapy.

Although surgery is a successful treatment, achieving very high local tumor con­
trol rates, it is a mutilating approach involving the removal of the whole involved
eye. As such, proton therapy was proposed and introduced as an alternative
treatment at Massachusetts General Hospital in the 1970s [30]. Since this first
pioneering work, more than 22 000 uveal melanoma patients have been treated
worldwide at 11 facilities. However, proton therapy of uveal melanomas is a
rather specialized treatment, predominantly performed on dedicated beam lines
and facilities, and is exclusively an indication for passive scattering. Given the
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special anatomical position of these tumors, being just a few centimeters deep
and approachable with the proton beam directly through the eye, low-energy,
about 70MeV, proton beams are used and the patient is treated in the sitting
position. This is also one of the very few indications where a single field treat­
ment is the optimum approach. Finally, it is also the only proton treatment that,
as standard, is planned and calculated without the use of X-ray CT.
Paradoxically, the treatment of uveal melanoma with protons starts with a sur­

gical intervention. In order to localize the tumor, and to make its position visible
on planar X-rays (see below), small tantalum clips need to be attached to the
orbit of the involved eye, as close to the tumor as possible. This, of course, needs
to be performed by an experienced opthalmologic surgeon. Together with fun­
dus images and ultrasound measurements of the length of the eye, the positions
of these tantalum clips are the main input into the treatment planning system.
From this information, the best incident direction for the proton beam can be
determined so as to cover the target while avoiding critical structures – mainly
the lens and optic nerves. However, in contrast to other radiotherapy techniques,
the incident beam angle is not determined by defining a gantry and table angle
but rather by defining a gaze angle for the involved eye. During treatment, this
gaze angle is ensured by having the patient stare at an LED placed at a well-
defined position in relation to the treatment nozzle, see Figure 9.5. As the typical
treatment time is about 1min, this is well tolerated by most patients.
From the clinical point of view, such tumors are treated to a total dose of

60Gy in four sessions of 15Gy each over 4 consecutive days – an approach
called fractionation in radiotherapy terms. In fact, this treatment is actually a
hypofractionated regime, meaning that the fraction dose is high and the whole

Figure 9.5 The treatment chair and nozzle for the OPTIS facility at PSI. This is a passive scatter­
ing facility dedicated to the treatment of uveal melanomas, which are rather aggressive tumors
of the retina.
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treatment is delivered in a small number of sessions. Accurate positioning of the
patient is performed on each treatment day by the use of orthogonal X-ray
images of the eye from which the tumor position can be determined indirectly
from the tantalum clips. Based on these images, the eye’s position in relation to
the beam is adjusted to the tenth of millimeter accuracy using a six-degree of
freedom robotic chair positioning system.
Such a treatment has been delivered at our institutes since 1984, and at the

time of writing, more than 6500 patients have been treated, with about 200 new
patients being referred each year. Based on the last detailed analysis of the first
3000 patients treated, local tumor control at 5 years, that is, tumor growth has
been arrested for a period of at least 5 years since the completion of treatment, is
98%, together with an eye-retention rate of more than 90% [31,32]. In fact, it is
this latter figure that is the true success of this treatment, as surgery alone can
achieve similar levels of tumor control, but only of course at the cost of full
enucleation of the diseased eye.

9.4.1.2 Skull-Base Chordomas
The next two indications to be discussed are both treatments that are usually con­
ducted using gantry-based facilities. Although both can and are treated using both
passive scattering and pencil beam scanning, we will concentrate on their treatment
using PBS and our own clinical experience with these tumor types and sites.
Skull-base chordomas and their closely related, but histologically different

cousins, chondrosarcomas are tumors of the bone that occur mainly in the base
of skull and along the spinal axis. Standard of care for these is the use of surgery
to remove as much of the bulk tumor as possible, followed by high-dose radio­
therapy to the whole preoperative tumor volume if it cannot be totally removed
through surgery. For skull-base chordomas/chondrosacomas, this is often the
case due to the tumor’s close proximity to many critical organs such as the brain
stem and spinal cord for more caudally positioned or extending tumors, optic
nerves, and chiasm, to mention just a few. However, the same structures also
make high-dose radiotherapy a challenging proposition. As such, these tumors
were identified as good candidates for proton therapy in the mid-1970s at
Massachusetts General Hospital and have subsequently become a standard
indication for proton therapy.
Skull-base chordomas have been treated with PBS at our institute for more

than 15 years, with well over 200 patients now having been treated. Typical pre­
scription doses are 74Gy to the tumor volume, with maximum dose constraints
of 63 and 60Gy to the brain stem/spinal cord and all optical structures, respec­
tively [33]. However, in contrast to ocular treatments, a conventional fractiona­
tion schedule of 37 fractions of 2Gy each is used, delivered 5 days per week over
7–8 weeks. At our institute, a multiple series approach to treatment is taken,
with the first 30–40Gy of treatment being delivered using the somewhat simpler
SFUD technique and the remaining 34–44Gy being delivered using IMPT.
A SFUD approach is used in the first series in order to ensure a fully homoge­

neous dose distribution across the whole preoperative tumor bed, an example of
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which is shown in Figure 9.6a. This is a three-field approach, consisting of a
quasi-lateral field and two noncoplanar (apical) fields. This field arrangement
achieves a high level of dose conformity to the target volume and exploits a wide
angular separation of the fields in order to mitigate the potential degrading
effects of density heterogeneities, particularly for the two apical fields, which only
pass through the skull and brain and, therefore, pass through rather density-homo­
geneous anatomical regions. Given its robustness, this series is taken to as high a
total dose as possible, but not so high that in the subsequent series, the constraint
doses to the brain stem/spinal cord and optical structures cannot be met.
The more complex, but more flexible, IMPT approach is then used for the

second series in order to carve out a dose from these critical organs and to
ensure that for the whole treatment, the respective maximum dose constraints
are not violated. A typical field arrangement and plan for this is shown in
Figure 9.6b and consists of four fields in a shallow cross arrangement with a
small angulation of 10–15° in the cranial direction. Such a beam arrangement
has been adopted for the IMPT part of the treatment for two reasons. First, these
angles have been found to best allow the planner to remove dose from the main
critical structures, such as brain stem and optical structures, while maximizing
target coverage, and second because this arrangement has been found to be also

Figure 9.6 An example skull base treatment
using PBS proton therapy. (a) The first series,
three field, SFUD plan and (b) the second
series IMPT plan with dose constraints set on

the brain stem and optical structures. (c) The
total delivered dose constructed from the
weighted addition of the SFUD and IMPT
plans.
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relatively robust to potential range uncertainties. The combined dose distribu­
tion for the whole treatment – the combination of the SFUD and IMPT series
for this treatment – is shown in Figure 9.6c, showing the high dose homogeneity
and conformity that can be achieved with PBS proton therapy for such a case.
In our most recent analysis of treatment outcome, based on 222 patients

treated since 1999, local tumor control at 5 years post-treatment is 80% with
higher grade side effects being restricted to the optical nerves and temporal
node necrosis in very few patients. No brain stem/spinal cord toxicities have
been observed. These results compare very favorably with other published data
for protons with passive scattering as well as the conventional photon
therapy [33,34].

9.4.1.3 Ependymoma
Ependymomas are brain tumors that are typically in pediatric patients of
even very young ages (less than 5 years old). Predominantly, these occur in
the central brain, but can often abut against the brain stem. Such tumors are
typically treated to a total of 54.0–59.4 Gy with 30–33 fractions of 1.8 Gy,
with the patient being treated in the prone position, that is, lying on their
belly. For children under the age of 5 years, a light anesthesia is generally
required each treatment day.
Given the anatomical situation of such tumors, density heterogeneities are not

too much of an issue. The field directions we use have been selected both to
reduce the volume of developing brain that is irradiated and to avoid overdosing
the brain stem. A typical example of such a treatment is shown in Figure 9.7.
This consists of three series, each using different field arrangements, but with all
fields incident from the posterior aspect. The relatively narrow separation of the
fields is a compromise between robustness, where wider separations are gener­
ally more favorable, and minimizing the total volume of brain irradiated, which
can be achieved using narrower separations or even a single posterior beam. In
addition, however, this field arrangement ranges out in the brain stem, which is
generally not advised in proton therapy due to worries about possible range
uncertainties and enhanced RBE at the distal end of the field [11]. We have
decided to nevertheless take this approach as reducing the volume of involved
brain is considered to be the most important clinical factor with these cases.
However, multiple series have been used to reduce the high-dose region to suc­
cessively smaller target volumes, and in these later series, different beam
arrangements have been used such as to make the overall treatment somewhat
more robust to range/RBE uncertainties.
Over 50 ependymoma patients have been treated with PBS proton therapy at

our institute. Mean age at treatment was 2.6 years and surgical gross tumor
resection (GTR) had been achieved in only about 50% of the patients. At the last
analysis, mean follow-up time after treatment was just over three and a half years
and actuarial local control at 5 years post-treatment of over 80% has been
achieved, which compares very well with published results with photons, espe­
cially given the very large proportion (∼50%) of patients without GTR. In
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Figure 9.7 An example treatment to a epen­
dymoma (brain tumor). This consists of three
SFUD series, with two–three fields per series
(a–c). The combined dose distribution for all

series is shown in (d). Different angles are
used for each series in order to reduce the risk
of high LET/RBE in the brain stem at the distal
end of the target volume.

addition, only one patient (2%) developed a brain stem complication, which is
also comparable to the incidence of similar toxicities in photon therapy. Cogni­
tive development, the main benefit we would expect from reducing the irradi­
ated brain volume, for these children is also being followed using quality-of-life
questionnaires, and these are being assessed. However, it is too early to say
whether a clinical advantage for PBS proton therapy in this end point can be
demonstrated.

9.5
The Future of Proton Therapy

9.5.1
Future is PBS

It is becoming increasingly clear that the future of proton therapy lies with pen­
cil beam scanning. It is more flexible, automated, and more effective than passive
scattering in almost all cases apart from the very specialized treatment of uveal
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melanoma described above. This is now being clearly recognized by both poten­
tial customers and manufacturers. Indeed, it is forecast that by the end of 2015,
there would be, for the first time, more PBS proton treatment room worldwide
than passive scattering, and this trend is bound to continue. In addition, of all
the commercial firms offering proton therapy solutions, nearly half provide PBS-
only solutions, while all others provide both PBS and passive scattering. Thus,
the future of proton therapy is quite clearly PBS.

9.5.2

Current and Future Technological Developments

9.5.2.1 Treatment Delivery
In addition to the more widespread installation of PBS-only proton therapy facil­
ities, there are many other technological developments for proton therapy that
can be envisaged.
From the economic point of view, the holy-grail of proton therapy is the devel­

opment of small and cheap proton therapy systems. The size and cost of the
available proton therapy equipment is clearly a limiting factor, with treatment
gantries having diameters of typically 10m or more, in the vast majority of cases
without including the accelerator. Such large gantries are expensive and heavy,
and require extensive shielding to meet radiation protection regulations.
Although these vary from country to country, the basic equation remains the
same: larger rooms require more volume of shielding, and the larger the volume
of shielding required, the more expensive it will be. So, there are good reasons to
try to reduce the size of proton facilities, and indeed, it may be the only way by
which the costs of facilities can be drastically reduced [35,36].
Developments in this direction include single-room systems either with a

compact cyclotron and shortened beam line or even the use of a very compact
cyclotron mounted directly on the gantry, which avoids the beam line and last
90° magnet [29]. However, the latter solution is only for passive scattering at the
moment, although a scanning solution is under development. Nevertheless, both
systems have gantry diameters of 10m or more, so although total volume can be
reduced, the diameter remains more or less the same. Other suggestions for
reducing costs include superconducting gantries, the main advantage being a
considerable reduction in the weight of the gantry, or the utilization of alterna­
tive accelerator technologies [35,36].
In the last category, the most challenging is the use of laser-based accelerators.

By using very powerful TW lasers impinging on thin metal foils, very high elec­
tric fields can be produced by the plasma of electrons emitted from the foil when
it is obliterated by the laser. This electric field with strengths of megaelectron­
volt/millimeter can then accelerate protons that are also ejected to hundreds of
megaelectronvolts in just a few millimeters. The potential advantages of such an
approach are clear. However, many challenges remain before such a system will
come into clinical use, not least of which are problems with the energy spec­
trum, as the accelerated protons have a wide energy spectrum, rather than the
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quasi monoenergetic characteristics that are ideally required for therapy, and the
pulse rate of the laser, which in the TW/PW region are in the range of a single
pulse every few seconds or even minutes. Thus, there is much work to be done
before laser acceleration will be seen in the clinic.
In summary, at the time of writing, it seems that, although some advances are

being made in reducing the size of proton facilities, for the foreseeable future,
such systems will remain considerably larger than conventional radiotherapy
facilities and, therefore, also more expensive.

9.5.2.2 Treatment Efficiency
Another factor affecting the cost of proton therapy is treatment efficiency.
Although for PBS proton therapy, relatively few treatment fields are required in
order to obtain highly conformal treatments, at our institute the average number
of fields per plan is just over three [24], the treatment time per field can be quite
long, particularly for larger tumor volumes. As PBS is a three-dimensional
method, which includes changes of the beam energy, the treatment time per field
increases roughly in proportion to the volume of the tumor. For example, mod­
ern PBS proton therapy machines require roughly a minute or more to deliver
2Gy to a 1 l volume from a single-field direction. Although this does not seem
too long, it is considerably longer than is required for a single field with conven­
tional, photon-based techniques. Indeed, in recent times, photon-based radio­
therapy has developed into a rotational approach, with the fields being
modulated simultaneously at high-dose rates, such that very complex, full treat­
ments can be delivered in just a few minutes – basically the time it takes for the
gantry to rotate around the patient [37]. As the effective cost of a facility also
depends on the number of patients that can be treated per day, a less efficient
delivery of proton therapy also has financial consequences. There is, therefore, a
clear need for proton treatment times to be reduced.
One clear area of improvement for treatment efficiency is in the area of online

imaging, which we will return to in the following section. However, there are
also developments in treatment delivery that could contribute significantly to
reducing treatment times. One is improving the speed of energy changes. This is
a main limiting factor in delivery time at the moment, with many commercial
PBS proton therapy systems requiring a second or more to change energy corre­
sponding to a range change of only 5mm. To put this in context, for the delivery
of a liter volume, about 20 such energy changes will be required assuming a
5mm separation of Bragg peaks in depth, meaning that 20 s, or a third of the
total delivery time, is required just for such changes. Thus, a significant gain
could be made, if energy change times can be reduced. This is in principle possi­
ble, with the gantry 2 at PSI already demonstrating that 5mm range changes can
be achieved in only 0.1 s, reducing the dead time in delivery for energy variation
down to only 2 s [38].
Similar gains could also be made in the efficiency of orthogonal scanning as

well. For example, the typical time for adjusting the pencil beam by 5mm, a typi­
cal spot spacing for PBS, is about 3ms – so considerably faster than the time
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Figure 9.8 A comparison of spot and continu­
ous scanning. On the left, color-enhanced,
relative-dose measurements of a spot scanned
and continually scanned line delivering the
same fluence modulated profile. On the right

is shown the corresponding summed fluence
profile of the individual pencil beams in spot
scanning mode (light gray) and the sum of
these fluences (dark line) as would be deliv­
ered in continuous line scanning mode.

required for range (energy) changes. However, there are also many more such
adjustments to be made within the field delivery. Once again, assuming our 1 l
(10 cm)3 target volume and 5mm spacing between pencil beams orthogonal to
the beam direction, in each plane 20× 20= 400, such adjustments are required,
leading to an additional 1 s dead time per energy layer and, therefore, an addi­
tional 20 s of dead time for the whole field. Alternatively, however, line scanning
can be performed, where the beam is continuously scanned in combination with
beam intensity and velocity modulations [39] (see Figure 9.8). In this case, deliv­
ery time is simply the total beam-on time required to deliver the full proton flu­
ence required for the line, essentially eliminating the dead time for scanning in
any line completely. This is a development that is currently being investigated at
our institute with encouraging results. Finally, delivery times could be further
reduced by upgrading and improving beam monitoring equipment such that
higher beam intensities can be used, thus also effectively reducing the beam-on
time per line or pencil beam position.
In all these approaches, there is lot of interesting and challenging physics and

engineering to be done, and they will hopefully make their way into the clinic in
the future.

9.5.2.3 In-Room/Onboard 3D Imaging and Adaptive Therapy
In all developments aimed at improving workflow and patient throughput, such
as those outlined above, it is important that treatment quality should not be
compromised. However, can treatment quality also be improved while at least
maintaining, if not increasing, patient throughput?
In the author’s opinion, one of the biggest gains for both treatment quality and

efficiency will be the introduction of state-of-the-art imaging devices on proton
gantries. The ability to perform 3D imaging in the treatment room, immediately
before treatment, has perhaps been one of the biggest advances in conventional
therapy in the past few years [40]. In-room CT or onboard cone-beam imaging
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Figure 9.9 In-room CT will play an essential role in improving proton therapy.

allows for regular, maybe even daily, imaging of the patient for more accurate 3D
positioning of the patient as well as providing a way of monitoring anatomical
changes of the tumor and/or patient through the treatment course, cf. Figure 9.9.
Unfortunately, although this is slowly changing, in-room 3D imaging devices

are somewhat lacking in the majority of proton therapy facilities. This is despite
the fact that proton therapy is likely to benefit from regular 3D imaging more
than conventional radiotherapy due to its much higher sensitivity to changes in
densities in the entrance path of the beam, which consequently can cause signifi­
cant range changes in the patient. For this, regular 3D imaging can help in two
ways.
First, for many treatment sites, 3D imaging may be the only way to accurately

detect rotational setup errors of the patient. For proton therapy, such rotations
can potentially bring different densities in and out of the beam path, thus affect­
ing the range of the field. In addition, a change in incidence of the beam with a
density interface due to such rotations as bone–air interfaces in the nasal cavities
can also potentially affect the distal shape of the Bragg peak [12] and, therefore,
the form of the distal dose fall-off. Second, and perhaps more importantly, regu­
lar 3D imaging allows for a more detailed monitoring of anatomical changes
during the course of treatment. These can be due, for example, to changes in
the tumor volume, weight gain, and loss [41], or differential filling of internal
cavities such as in the nasal region. All these can have a significant effect on
proton range and, depending on the patient, can in the end be the most substan­
tial contribution to range uncertainty for proton therapy. Three dimensional
imaging is the only method of detecting and assessing the effects of such
changes.
But if such changes are found, what can be done? The only solution, if the

effect on the treatment has been judged to be clinically relevant, is to replan the
treatment – a technique known as adaptive therapy [42]. This concept was pro­
posed about 20 years ago for conventional therapy and, as argued above, such an
approach may be even more important for proton therapy. As such, an impor­
tant future development for PBS proton therapy will be a move toward daily
adapted proton therapy (DAPT), where in-room/onboard, 3D X-ray-based
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imaging will be a key feature. In-room because the imaging must be performed
as close in time to the treatment delivery as possible, and 3D X-ray based
because, currently, only X-ray CT/CBCT provides the necessary information on
patient density to allow for accurate proton dose calculations and planning, see
Section 9.3.1.
Although a technologically challenging approach, it is interesting to note that

the challenges for DAPT are mainly computational. For instance, the imaging
devices for such an approach already exist. CBCT is a standard imaging tool in
conventional therapy now and is slowly being introduced into proton gantries,
and a growing number of proton therapy facilities are installing in-room CT
systems for a similar purpose, ours included. And with proton PBS, there is a
delivery technology that is flexible enough to deliver any fluence pattern to any
patient on any day, without the need for any externally manufactured patient-
and field-specific hardware. The main problem for DAPT then is in the
calculation, and quality assurance, of the plan-of-the-day and how this can be
performed within a few minutes of the imaging. But with the introduction of
GPU-based dose calculations [43] and algorithmic tools for helping with
patient-specific QA [44], the author believes that, although much work still
needs to be done, DAPT is just around the corner.

9.5.3

Clinical Future of Proton Therapy

In the previous sections, we have presented the clinical results of three example
indications that have been treated using proton therapy at PSI. The results are
certainly promising, but are not presented in order to prove that proton therapy
is better than other techniques. In principle, this can only be proven in large-
scale clinical trials, which are notoriously difficult to perform in radiotherapy.
They have been presented more in order to show that this technique can be
delivered safely and successfully.
It should be remembered that modern radiotherapy with X-rays or with other

radiation-based techniques such as electrons and brachytherapy is already a very
successful treatment of cancer, contributing to the treatment of more than half
of all curable patients. As such, it is the second most important cancer treatment
modality as well as being by a long way the cheapest. So, conventional radio­
therapy is already an excellent approach, which is still further advancing with
the introduction of ever more sophisticated modulation and calculation tools,
and for many patients and indications, there is likely to be little, if any, additional
gain from the use of the more complex and expensive proton therapy.
However, it is also true that there are still a disappointingly high proportion of

individual patients and indications that cannot be adequately treated with con­
ventional approaches. It is perhaps for these patients that proton therapy can
play a role. Indeed, this is the rationale for the current indications with protons.
For instance, uveal melanomas, although small in absolute terms, can be large in
relation to the anatomical compartment, in which they are found, that is, the eye.
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As such, although these could be treated using photons, there is little doubt that
protons can reduce the integral dose to the whole eye, thus possibly reducing the
probability of glaucoma and a subsequent treatment-related loss of the eye. For
the skull-base chordomas, on the other hand, protons have become the radiation
treatment modality of choice due to the challenging site of the primary tumor
being so close to many critical organs and its radioresistance, which requires
high doses. With their tissue sparing characteristics, protons seem to provide
the best approach for the treatment of these lesions. Finally, for the last indica­
tion discussed in detail here, that is, pediatric ependymoma, protons will hope­
fully have a clinical advantage in longer-term clinical outcomes such as cognitive
performance of the patient due to their ability to reduce the volume of irradiated
brain. These are, however, just a few of the many indications including prostate
and breast cancers being treated at various facilities around the world with
protons.
So what exactly will be the role for proton radiotherapy in the future? The

author’s own opinion is that, while hopefully never completely replacing con­
ventional radiotherapy, PBS proton therapy could bring clinically relevant
advantages in up to 15–20% of patients who are being referred for radio­
therapy. However, rather than this being indication driven, it may well
become more and more patient driven. That is, patients for proton therapy
could be selected based on the merits of the individual case rather than
whether a patient has prostate cancer, breast cancer, or even a skull-base
chordoma. Within each of these indications, there are likely to be individual
patients, maybe few in the case of prostate or breast cancers, more for chor­
doma that, for various reasons, can benefit more from proton therapy than
others. For example, due to a particularly large and complex tumor volume,
advanced prostate cancer, which also requires irradiation of the pelvic nodes,
comorbidity of the patient, for example, to reduce dose to an already dam­
aged lung in the treatment of lung cancer, or the need to reduce overall inte­
gral dose to the patient, that is, for most pediatric cases, but possibly also
some patients on particularly aggressive concomitant chemotherapy regimes.
Of course, this list is not exhaustive, but hopefully gives the reader the feel
for how proton therapy may best be deployed in the future – as a powerful
modality for personalized radiotherapy.

Is There a Role for Nanotechnology in Proton Therapy?

This is a book on nanotechnology, so it is befitting to finish this chapter by talk­
ing about what possible applications there are in proton therapy for this exciting
field. In fact, as in many other areas of science and medicine, there is a growing
interest in the use of nanotechnologies in proton therapy. In this last section, we
will briefly look at potential nanotechnology applications that could have an
impact on the accuracy and effectiveness of this treatment modality.
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9.6.1

Tumor Imaging

As discussed in Section 9.3.1, imaging is a crucial and critical part of radio­
therapy generally and for proton therapy in particular. Simply put, without hav­
ing an accurate indication of the position and extent of the tumor, or even better
the tumor cell density or activity, then the effectiveness of any form of localized
tumor therapy will always be limited.
Typically, imaging for radiotherapy is based on the use of combined modalities

consisting of X-ray CT, MRI, and increasingly, PET imaging. Although all of
these give important and complementary information about the tumor and its
environment, information on the microscopic spread and metabolic activity of
the tumor is still very limited. As such, any developments in the imaging of
tumors at the micro- and nanolevel would be a great step forward, and recent
advances in nanoparticle imaging show great promise.
Tumor activity and metabolism can be monitored via nanoparticles by a num­

ber of processes, one of which is the monitoring of overexpressed or misregu­
lated cell surface proteins. For example, the surface protein plectin, which
although normally expressed intracellularly, is exceptionally found on the surface
of pancreatic tumor cells, has recently been used as a radiolabel for targeting
pancreatic cancer using single-photon emission computer tomography
(SPECT) [45]. Alternatively, transferrin, a plasma protein that is expressed by
highly proliferative cells, can be combined with viral nanoparticles (VNPs),
which in turn can be manipulated to incorporate MRI contrast agents [46]. Simi­
larly, using MRI, it may be possible to directly image tumorigenesis via telome-
rase activity through the use of magnetic nanoparticles [47], tumor vasculature
with multifunctional nanoparticles [48], and tumor-associated macrophages
using iron oxide-enhanced particles [49].
Although still very much in the research phase, and mostly not yet applied

in vivo to humans, these preclinical results show the huge potential of nano­
technology for improving tumor imaging and eventually the ability of proton
therapy to more accurately target the tumor in its entirety.

9.6.2

Dose Enhancement

Radiotherapy, and particularly proton therapy, is already a highly targeted
therapy against cancer, which uses the physical characteristics of charged
particles to conform the delivered dose to the target. Nevertheless, and as
seen in Figures 9.6 and 9.7, there is unfortunately still some considerable
dose delivered to normal tissues in the entrance path of the individual proton
beams. As such, researchers are looking into ways of locally enhancing the
delivered dose in the tumor to increase the ratio of target-to-normal tissue
doses. One approach being investigated is the use of gold nanoparticles tar­
geted to the tumor.
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As the actual energy delivered to tissue from photon and proton therapy is
mainly from secondary electrons rather than from primary particles, the local
deposited dose can be enhanced by increasing the secondary electron yield
resulting from proton interactions. One way of achieving this is by seeding the
tumor with high-density, high-z material [50], for example, through the use of
gold nanoparticles. Such seeding has been shown to produce a pronounced dose
enhancement effect for kiloelectronvolt X-rays in mice [51], although the effect
is smaller for photon beams with therapeutic energies in the megaelectronvolt
range [52].
Dose enhancement effects have also been observed for proton irradiation, with

a 50% increase in 1 year survival of mice being observed when combined with
gold nanoparticles [53] and a 15% increase in cell killing in prostate cancer cells
in in vitro experiments [54], compared to proton irradiation on its own. More
recently, dose enhancement for both photon and proton irradiation has been
studied in detail using Monte Carlo simulations [55]. This work concludes that
although dose enhancement is likely to be independent of energy for protons,
the enhancement factor will be smaller than for photons and, due to the much
smaller range of secondary electrons resulting from proton irradiation, could be
achieved only if the nanoparticles are well internalized in the cell. Nevertheless,
these first studies into gold nanoparticle dose enhancement for proton
irradiation are promising enough to warrant further research.

Nanodosimetry

The final application of nanotechnologies for proton therapy reviewed here is in
the field of dosimetry or radiation metrology.
As discussed in Section 9.2.4, an important parameter for proton therapy is

the linear energy transfer, as this has been shown in in vitro experiments to be
directly related to biological effectiveness. To be more precise, LET can be char­
acterized as the lineal density of ionizations along a path, and has the units of
kiloelectronvolt/micrometer. As such, LET is a characteristic of proton interac­
tions that acts at the dimensions of DNA and can only be accurately measured at
the nanometer scale. The science of nanodosimetry, therefore, attempts to
directly measure LET at similar scales [56].
Given the challenges of constructing radiation detectors at the nanoscale,

present developments in nanodosimetry concentrate, instead, on the measure­
ment of ionization cluster distributions in low-pressure gases. By measuring at
low pressures, and, therefore, under very low-density conditions, the size of the
detection volume can be significantly increased, while still effectively measuring
at the nanometer scale, when scaling back up to the density of water. Different
approaches have been suggested in literature including the jet counter [57], the
track nanodetector [58], and 2D GEM detectors for reconstructing the full 3D
structure of ionization tracks [59]. Although much of this work is still in its
infancy, its potential in proton therapy has already been demonstrated, at least
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theoretically, by incorporating nanodosimetrical information into the optimiza­
tion process for proton therapy in very simplified treatment geometries [60].
Whether such an approach has applications clinically, or will bring significant
advantages, remains to be seen, and will depend on the success of nanodosime­
try to accurately measure localized LET at the DNA scale. Nevertheless, the abil­
ity to measure deposited dose precisely at the DNA/nanoscale will undoubtedly
improve our knowledge and understanding of the effect of proton therapy at the
cellular level.

9.6.4

Summary

In this final section, we have outlined some areas, where nanotechnology could
have an impact on proton therapy. Indeed, proton therapy itself could in some
ways already be considered a nanotechnology. After all, proton interactions oper­
ate at the nanometer scale, and the primary biological effect is at the DNA level.
As such, the exploitation of emerging technologies in nanotechnology, such as
imaging, dose enhancement, and dosimetry, can only enhance this alternative
form of nanotreatment, hopefully leading to significant clinical improvements
through more accurate tumor targeting, more effective dose delivery, and more
precise dosimetric measurements.
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Tissue architecture and functionality are defined by complex cell–cell and cell–
matrix interactions that are specifically modulated by the local environment. To
explore biochemical, genetic, and metabolic activities of living cells in a three-
dimensional (3D) context in vitro, considerable efforts have been made over the
past 50 years to establish culture models that closely resemble tissue-specific
organization. The use of self-organized multicellular spheroid cultures is particu­
larly widespread in cancer biology, as changes in the cross talk between cells and
the microenvironment are key to tumor initiation and progression. To more
closely capture in vitro the complexity and heterogeneity of a human cancer,
methods that permit controlled changes in the environment, for example, pH,
nutrients, and oxygen, both in 2D and 3D, are crucial.
Microfluidics allow for the spatiotemporal control over local chemical condi­

tions at nanoscale precision. Besides the generation of solution and surface gradi­
ents, on-chip technology lends itself to the control of other microenvironmental
parameters including cell–cell and cell–matrix interactions, as well as biophysical
features. Therefore, microfluidics is rapidly emerging as a method to emulate tis-
sue- and organ-level physiology. In combination with high-resolution real-time
microscopy, microfluidic devices are designed to promote and analyze the self-
organization of cells into multicellular microtissues. Owing to a noninvasive seg­
regation of single cells in parallelized microenvironments, cell proliferation and
spheroid formation can be individually observed and modulated ab initio. The
option of fine-tuning microenvironmental parameters at the nanoscale should
prove useful in unraveling their influence on cell functionality. Moreover, tumors
on a chip enable not only to characterize but also to modify growth and the
evolution of tumor phenotypes.
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10.1
Introduction

The integration of micro- and nanofabrication techniques with microfluidics
provides exceptional opportunities to create structures of defined architecture
and controlled environments. Benefits of the so-called on-chip technology
include the small length scales, corresponding to those of the systems to be
investigated, limited sample volumes, the controlled manipulation of minute
amounts of fluids from nano- to femtoliter, the generation of spatiotemporal
chemical gradients, and dynamic (mechanical) microenvironments [1]. Micro-
fluidic chips lend themselves to sequestering individual macromolecules, cells,
and tissues, which facilitates the spatiotemporal controlled self-assembly from
subcellular structures to the self-organization of entire tissues. Such multi­
functional miniaturized systems provide interfaces at the cell- and tissue level
that ultimately allow mimicking the structure and function of complete organs
in vitro [2–6]. Early 2015, an organ-on-chip was added to the permanent collec­
tion of the Museum of Modern Art (MoMA), as it could soon change the way
scientists develop and test life-saving medicines [7].
Already a minimal continuous flow microfluidics device enables the com­

plex hierarchical self-assembly of cellular components in a specific local
microenvironment [8]. Figure 10.1a shows the design of a basic microfluidic
device with a regulative channel that delivers solutions and the molecular
reaction partners by advective flow. The main channel is connected to micro-
chambers of different shapes and sizes via narrow channels, resulting in
transport into and out of the microchambers that is exclusively mediated by
diffusion. Thus, the flow-free microenvironment in the confinement can be
fine-tuned by specifically regulating the addition of the reaction partners to
the advective channel. Using a corresponding microfluidic device, we have
recently demonstrated by fluorescence microscopy that disperse actin fila­
ments can be assembled into bundled filament networks and subsequently
disassembled by tuning the concentration of the entropic bundling agent
polyethylene glycol (see Figure 10.1b) [9].
Microfluidic devices with controllable and flow-free reaction chambers can be

also used for experiments on cell growth and organization in molecularly tun­
able environments (see Figure 10.2a). The addition of a second flow channel that
connects by narrow channels to the reaction chambers opposite of the first flow
channel allows for generating concentration gradients across the microcham­
bers. With this design, where one flow channel serves as the concentration
source and the other as the sink, it should be possible to observe cellular growth
and organization in controlled gradients of either chemical reagents, for exam­
ple, drugs or biomolecular constituents of the cell’s natural microenvironment
(see Figure 10.2b). The efficiency of the spatiotemporal control and the experi­
mental variability of the reaction chambers can be specifically modified by adapt­
ing the device architecture. By adding chambers of defined geometries to the
main reaction chamber with corresponding connection patterns, the emulation
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Figure 10.1 Assembly and disassembly of or suspensions are infused through inlets into
actin networks in a microfluidic device. (a) the controlling channel. (b) Formation of actin
Quasi two-dimensional microchambers of dif- networks in a round microchamber and their
ferent shape and size are attached to a con- subsequent disassembly upon addition and
trolling channel via a narrow connecting depletion of bundling reagent (polyethylene
channel, enabling exclusive diffusive transport glycol, 5% w/v, MW 8000).
into and out of the microchambers. Solutions

of more complex cellular reaction cascades and networks can be achieved (see
Figure 10.2c).
Below we introduce adaptations of basic microfluidics platforms that allow for

establishing microenvironments for individual cells, cellular assemblies that are
linked together by cell–cell and cell–matrix contacts, or 3D, highly organized
physiological tissues and tumors. For example, the microfluidic device in
Figure 10.3 is adapted for a self-regulated loading of cells into the microcham­
bers. Starting at the level of an individual cell in confinement, cell growth, prolif­
eration, and the formation of 2D monolayers and 3D multilayers can be directly
observed. Moreover, given suitable surface functionalization of the microcham­
bers, structures that promote the growth of spheroidal cell clusters can be
produced.
Microfluidic setups offer not only the ability to locally control the micro­

environment as key determinant of cell structure and function, but also allow
for the in situ observation and direct analysis of cellular dynamics, which is
essential for cellular processes and signaling cascades. In order to probe the
impact of confinement and diffusion barriers on cell growth and the develop­
ment of tissues and tumors, microfluidic structures can be specialized in
uncountable combinations with precisely defined geometries. Exploring the
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Figure 10.2 Spatiotemporal control of cellular
growth and organization. Schematic represen­
tation of potential cell growth experiments in
spatiotemporal-controlled reaction chambers.
Proliferation and organization in

homogeneous environment (a), in concentra­
tion gradients of chemicals and biomolecular
factors (b) or in biochemical and cellular cas­
cades and networks (c).

effects of confinement by microfluidics are of particular interest in understand­
ing tumor progression as breaking through the confining basement membrane is
the initial step of a carcinoma in situ toward invasiveness and metastasis. In gen­
eral, attempts to combine the features of microfluidics and 3D culture systems

Figure 10.3 Microfluidics platforms can be
designed for single cell analysis (a), for cell
growth and migration in 2D (b) and for 3D cell
clusters with substrate attachment (c).

Substrate-independent 3D spheroids or cysts
can be grown in confinement after surface
functionalization of the device walls (d).
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are gaining momentum, since these models promote levels of cell differentiation
and tissue organization which are not possible in conventional 2D cell
systems [10–13].
In particular, microfluidic systems hold great promise as an emerging tool for

understanding cancer biology. Moreover, evidence is increasing that they should
be useful in rare cell detection from clinical samples, highlighting their potential
in cancer diagnostics [14,15].
In cancer, it is in general not the primary tumor, but its metastases at distant

sites that are the main cause of death. Thus, key issues in cancer research con­
cern alterations of the tumor and the microenvironment that promote invasion
and metastasis, such as the insufficient supply of oxygen in the growing tumor
mass or the adhesion of circulating tumor cells to the microvascular
endothelium.
Molecular oxygen plays a fundamental role in cell function and survival in

health and disease. Consequently, cells have evolved a variety of mechanisms to
sense and respond to changes in O2. One of the main adaptive responses
involves the activation of hypoxia-inducible transcription factor 1 (HIF-1) [16].
Hypoxia – the reduced level of tissue oxygen tension – modulates tissue archi­
tecture as well as cell adhesion and migration under physiological and pathologi­
cal conditions. Reduced levels of oxygen is a typical feature of solid tumors, since
the blood vessels formed in growing tumor masses are of very poor quality,
which severely compromises delivery of oxygen. Despite this hypoxia, the tumor
cells survive as they become adapted to the anaerobic conditions. Moreover,
hypoxia induces a transcription program that promotes an aggressive tumor
phenotype. Several studies have shown a deregulated HIF-1α expression in
human tumors [17] and that the resulting high level of HIF-1 expression is asso­
ciated with cancer progression.
As cancer cells become more aggressive, there can be a loss of adhesion to

neighboring cells and of the integrin tethers to the extracellular matrix. Ulti­
mately, the cells acquire the ability to attach to and grow on molecules that
are not normally found in healthy tissues, but are found at sites of tumor
metastases. The exact mechanism that allows cancer cells to detach from
one site, spread, and then reattach themselves in a new site is not well
understood [18].
Hypoxia-induced changes in the adhesion and spreading of cells are

accompanied by variations in the expression of molecules that play a role in
tumor spread such as the α5 and α2 integrins and fibronectin [19]. As integ­
rin mediates the cross talk between the microenvironment and the actin
cytoskeleton at the cell interior, their signaling affects cell shape and migra­
tion. Figure 10.4 illustrates different states of cell spreading in a fibroblast
cell line: after 15–30min, cells plated on a flat surface can be weakly
attached with a rounded-up morphology, more firmly attached and starting
to spread out or fully spread with extensive protrusions at the cell periphery
(top panel). Under normoxic conditions (20% O2, bottom panel), the parental
Rat2 and the tumorigenic derivative Rat2-sm9 attach and spread out to a
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Figure 10.4 Transformed cells exhibit top panel. Under normoxia (bottom panels),
increased spreading under low oxygen. Cells most Rat2 and Rat2-sm9 belonged to category
grown under normoxic and hypoxic condi- II or III; there was no significant difference
tions were suspended and allowed to reattach between the spreading behavior of parental
for 30 and 15 minutes, respectively, and then cells and transformed derivatives. Under
fixed. Cells were visualized by staining fila- hypoxic conditions (middle panels), tumori­
mentous actin with phalloidin-FITC. Three genic Rat2-sm9 cells were well spread (cate­
spreading phenotypes could be distinguished: gory III), whereas Rat-2 predominantly showed
category I, round cells, weakly attached; cate- a round morphology. Scale bars: 20 μm.
gory II, weakly attached cells in the course of (Image courtesy of Anke Zieseniss, University
spreading; category III, flat cells, well spread. of Göttingen, Germany).
Examples of each category are shown in the

similar extent. In contrast, under hypoxic conditions (1% O2, middle panel),
Rat2 fibroblasts are deficient in spreading and stay rounded up, whereas
many of the transformed Rat-sm9 cells are well attached and fully spread
out. These data support the notion of a differential response of tumor cells
to hypoxia. It also illustrates the extent of phenotypic variation that may not
be apprehended in conventional 2D culture systems or bulk analyses. More
indications for the importance of analyzing individual cells rather than bulk
cell cultures come from the emerging field of quantitative biology and from
the requirements for high-throughput, cell-based assays in drug development.
Recently, Yu et al. have designed a portable microfluidic device for the rapid

diagnosis of cancer metastatic potential. Featuring a microsystem to control
temperature and a bicarbonate-buffered environment, their device discriminates
a rate of surface detachment as an index of the migratory ability of cells cultured
on pH-responsive chitosan. These findings suggest that, as only few cells are
needed for analysis, metastatic subpopulations could be determined from biop­
sies, for example, from fine-needle aspiration, on site and results immediately
available to physicians [20].
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10.2
Microfluidic Cell Culture

Microfluidic cell culture systems are produced by microchip manufacturing
methods. The most widely used approach for making devices for cell culture
applications involves soft lithography of polydimethylsiloxane elastomers
(PDMS). The main advantage of using PDMS is that its gas-permeation ensures
basic oxygen supply of cultured cells. In addition, it is generally regarded as
inert, nontoxic, and fully biocompatible.
First, a structure is designed depending on the task at hand and printed on a

chrome-mask or on a high-resolution transparency. This is then used to produce
a hard master of a specific height for molding structures of micrometer resolu­
tion into PDMS. The fabrication of PDMS devices involves mixing the PDMS
elastomer base with a curing agent, pouring it onto the master and heating to
accelerate the curing process. The cured PDMS can then be peeled off the mas­
ter and trimmed as desired. Holes punched into the final PDMS cell culture
device provide access to the microfluidic structure. Permanently bonding the
PDMS device to a cover glass by plasma treatment not only seals off the struc­
ture but also allows for analysis by light and fluorescence microscopy. Finally, a
plastic ring that surrounds the device is mounted on the cover glass. This reser­
voir can be filled with buffer to prevent evaporation of medium through the
PDMS in long-term experiments (cf. Figure 10.5a).
The design of a basic microfluidic device, with which single living cells can be

confined and analyzed, is shown in Figure 10.5b. The device consists of microm­
eter-sized chambers that are at least large enough for the cell to be analyzed. In
the design shown, a series of microchambers are located next to each other. Each
microchamber is connected via an entry and an exit channel to a 100 μm wide
main channel on either side. While the entry channel is large enough to allow
for unrestricted flow of cells into the microchamber, the exit channel is much
smaller and will restrain mammalian cells from flowing out of the microcham­
ber. In a typical microfluidic culture experiment, cell suspensions are loaded
into the device through tubing attached to the inlet, either by gravity or by a
syringe pump. A channel leads from the inlet to the two connected main chan­
nels. In the design shown, the main channel connecting to the entry channels of
the microchambers remains closed at the end, whereas the second main channel
opens up to an outlet. As indicated by the arrows, cells flow from the inlet into
both main channels but can only reach the outlet from the main channel con­
nected to the microchamber exits.

10.3
Self-Regulated Loading of Cells into Microchambers

When suspended cells are added to the microfluidic device, the pressure differ­
ence established across the microchamber will cause cells flowing in the dead­
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Figure 10.5 Microfluidic device for single cell
analysis. The inlet leads to two connected
main channels, one end of which is closed,
whereas the other leads to an outlet. A series
of microchambers connect the dead-end

channel with the open channel. The width of
the entry channel into the microchamber
allows unrestricted inflow of cells whereas the
narrow exit channel obstructs free cell
passage.

end channel to enter the microchamber (see Figure 10.6a). According to the
design shown in Figure 10.5b, the exit channel is too small to allow for an
unrestricted passage of the cell. As a consequence, a cell trying to exit will plug
the channel and largely shut down the flow through the respective microcham­
ber, which in turn will prevent more cells from entering the microchamber. An
example of the self-regulated loading of microchambers is shown in
Figure 10.6b. The microfluidic device was mounted on an inverted light micro­
scope and three neighboring microchambers were monitored. A single-cell sus­
pension of HeLa-H2B-GFP cells grown as conventional 2D cultures was infused
via the inlet. The microchamber furthest away from the inlet was immediately
loaded with a single cell that localized to the exit channel. Acting as a plug, the
cell abolished the pressure difference and thus the flow through this microcham­
ber. Flow in the remaining microchambers occurred freely until the exit of the
next chamber was blocked by a cell. By this mechanism, confinement of single
cells in many consecutive microchambers is rapidly achieved, provided the
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Figure 10.6 Self-regulated loading of cells into filled into a microfluidic device. A dispersed
microchambers. (a) Schematic representation HeLa-H2B-GFP cell has flowed into the micro-
of single cell confinement in microchambers. chamber nearest the end of the main channel
Cells flowing in the dead-end main channel and stops further flow through this chamber
enter the microchamber through a connecting by plugging the narrow exit. Flow will take
channel due to a pressure difference between place through the neighboring micro-chamber
the two main channels. (b) Bright-field image until a cell blocks the exit.
time series of a HeLa-H2B-GFP cell suspension

pressure difference is not so excessive as to squeeze cells through the exit chan­
nel into the draining main channel. As shown in Figure 10.6b, incomplete plug­
ging of the exit channel might result in a small pressure difference that
immobilizes cells at the exit site. This residual flow can easily be regulated by
reducing the loading forces or by opening the dead-end main channel, which
abolishes the pressure difference (see Figure 10.7a). The resulting flow-free con­
ditions prevent further cells from entering the microchamber.
As many cutting-edge cell studies involve high-throughput single cell analysis,

there have recently been a number of reports that describe cell trapping by dif­
ferent microfluidic procedures [21,22].

Figure 10.7 Cell attachment and growth in
microchambers. (a) In the absence of a pres­
sure difference, cells attach to the substrate
and spread. (b) Freshly trapped cells (day 0)
are suspended and show a round

morphology. After 24 hours in culture (day 1),
cells are spread out on the glass surface as
indicated by the different focal plane. The cell
in the middle microchamber has divided.
Scale bar: 50 μm.
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10.4
2D Cell Culture in Microfluidics

Light microscopy of a basic microfluidic device loaded with HeLa-H2B-GFP cells
reveals that single cells confined to microchambers begin to attach to the glass sub­
strate shortly after loading (cf. Figure 10.7). After 24h at 37 °C with continuous
medium perfusion, cells were fully attached and spread out. In some microcham­
bers, cell division had occurred demonstrating that cells are viable.
One of the first studies using a perfusion culture device constructed from two

layers of PDMS to culture a human hepatocarcinoma cell line was reported by
Leclerc et al. [23]. The authors also reported that gas transport through PDMS
was sufficient to maintain a viable culture over days. Subsequently, the effects of
the device geometry and of factors added to microfluidic culture systems were
intensely investigated [24,25]. The possibility to modify the microenvironment
at high spatial and temporal resolution increasingly attracted the attention of
many researchers. Because microfluidic systems offer a high degree of control
over culture conditions including biotic and abiotic factors such as mechanical
signals, cell-based applications have experienced an unprecedented rise over the
past few years (cf. reviews [26–28]).

10.5
Expanding Microfluidic Cell Culture to the Third Dimension

Cells in vivo are in a 3D environment, where they experience characteristic bio­
physical and biochemical signals that influence cell functions like gene expres­
sion, proliferation, adhesion, and migration. The extracellular matrix (ECM) and
the tissue architecture are key determinants of the microenvironment, and as
such are responsible for tissue-specific differentiation and morphogenesis. In
cancer, cell–cell and cell–ECM interactions are altered. As a result, cancer cells
evolve with traits that promote their growth, invasion, and metastasis [29,30].
In order for in vitro culture systems to be effective experimental models, they

need to recapitulate the basic unit of differentiated function in the tissue or
organ. Cells have to be cultured in a format that mirrors the 3D micro­
environment and native cell composition as closely as possible. In most cases,
conventional 2D cultures, that is, on flat substrates, do not adequately represent
the anatomical and physiological microenvironment, which a cell encounters in a
living tissue. Foremost, cell–cell and cell–matrix interactions are limited in 2D
cultures, but gradients in oxygen, nutrition, and growth factors also differ consid­
erably. Accordingly, cellular function [31,32] and the composition of the cyto­
skeleton and the ECM varies between cells grown as monolayers and 3D
cultures. Moreover, as cell-based assays are an inherent part of drug discovery
and development, an in vitro cell model that is more representative of the in vivo
biology is critical to predicting the in vivo response to biologicals and chemicals.
Among the various 3D cell culture models that have been developed since the

1950s, matrix-embedded culture and self-assembling multicellular structures
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known as organoids or spheroids have been the most prominent. Due to its sim­
plicity and similarity to physiological tissues, use of spheroids in biomedical
research and drug screening is widespread [33,34]. A number of cancer cells
grown as spheroids exhibit features of in vivo tumors [35]. For example, sphe­
roids contain microenviromental variations and, in particular, regions of low
oxygen concentration similar to those found in solid tumors [36]. Thus, research
on tumorigenesis, invasion, metastasis, and tumor angiogenesis has been widely
carried out using spheroid cultures [37,38].
An example of phenotypic differences related to tumorigenic transformation in

spheroid cultures is shown in Figure 10.8. Spheroids formed by Rat2-sm9 cells, a
tumorigenic derivative of Rat2 fibroblasts that express an actin mutant, exhibit a
distinct surface morphology compared to the nontransformed parental Rat2
cells [39]. In addition, Rat2-sm9 spheroids are significantly larger than spheroids
of nontransformed Rat2 cells. Studies involving conventional spheroid cultures
are often hampered by a number of limitations including the struggle to generate
reproducible spheroids. Microfluidic culture systems may overcome these limita­
tions by geometrically controlling the cellular assembly process within a fluidic
compartment and by providing perfusion conditions that more accurately mimic
the in vivo situation, for example, that of vascularized tumors [40,41].
Interest in constructing reliable 3D microfluidic platforms is increasing as

researchers strive to investigate reciprocal interactions between the ECM and
cells under various conditions. Microfluidic cell culture devices that enable real-
time imaging and in vitro analysis of biochemical, genetic, and metabolic activi­
ties of cells in a 3D context need to have corresponding geometries. Besides

Figure 10.8 Multicellular Rat2 and Rat2-sm9
spheroids. Scanning electron micrographs of
whole mount specimens show differences in
size and surface topography between 2-day old

parental Rat-2 and tumorigenic Rat-2-sm9
spheroids. Tumorigenic spheroids are bigger
with cells that exhibit morphological heteroge­
neity, in particular extensive membrane ruffling.
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enough space to accommodate increasing cell numbers, a constant supply of
nutrients and adequate gas exchange is required to maintain viability of cells
over several days. Figure 10.9a shows the physical design of a device with differ­
ently sized microchambers that allow for multicellular aggregates to form in
confinement. Bright field microscopy images of the two larger microchambers
(see Figure 10.9b) revealed that at the given cell density and flow rate, more than
one HeLa-H2B-GFP cell had entered each chamber before the pressure

Figure 10.9 Microfluidic device for 3D cell
growth. (a) A microfluidic device with different
sized microchambers for 3D cell cultures.
(b) HeLa-H2B-GFP cells were added to the
device and cultured for 5 days at 37 °C. Three
hours after loading, cell morphology is still
rather round but cells have started to attach.
After 1 day in culture, cells are fully spread

and have started to divide. On day 5, several
rounds of cell division have occurred.
(c) Fluorescence microscopy reveals different
stages of mitosis - prophase nucleus (top) and
telophase (middle)- in microfluidic HeLa-H2B­
GFP cultures. The corresponding DIC image
(bottom) shows the dividing cell. Scale bars:
10 μm.
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difference was sufficiently decreased for the flow to stop. Attachment and the
onset of spreading were evident after 3 h. Corresponding images showed that
cells were not only viable, but their number had increased after an incubation
time of 24 h at 37 °C. When the culture medium was replenished, cells continued
to proliferate at least until day 5 after loading. Proliferation was further con­
firmed by live-cell fluorescence microscopy of HeLa cells expressing H2B-GFP
in various cell cycle phases (see Figure 10.9c).
A fundamental step toward recapitulating biomimetic tissue architecture in

microfluidic culture systems is the establishment of 3D cell–cell interactions
within the confinement. As illustrated in Figure 10.10a, optical sections recorded
at different heights of a 30 μm-high microchamber revealed cells in different lay­
ers that are contacting each other. In contrast 2D cultures on flat substrates,
microfluidic structures can be modified to allow for spatial depth and cell
connectivity.
For the past two decades, researchers, especially those working in cancer-

related fields, have become increasingly aware of just how much a cell’s context
matters. As a result, they have been turning to 3D cell culture systems, where
patterns of gene expression and other biological activities more closely mirror
the complex conditions in living organisms. For example, embedding MDCK
(Madin–Darby Canine Kidney) cells in an extracellular matrix is associated with
apical–basal polarization [42] and lumen formation (cf. Figure 10.10b) [43,44].
Recently, Huang et al. have reported the enhancement of renal epithelial cell
functions through microfluidic-based coculture of MDCK with adipose-derived
stem cells [45]. The design of their microfluidic device was inspired by the ana­
tomical structure of the Bowman’s capsule in the human kidney. A number of
scaffolds that promote multidimensional cell–cell/cell–matrix contacts in

Figure 10.10 3D cell assemblies. (a) Bright
field images of a medium-sized micro-
chamber recorded at different heights reveal
different layers of HeLa-GFP-H2B cells.
(b) Cross-section through an MDCK cyst grown

in Matrigel. TRITC-phalloidin staining shows an
intense actin network at the apical side facing
the lumen. Nuclei are counterstained with
DAPI (blue; image courtesy of Aki Maninnen,
University of Oulu, Finland).
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conventional 3D culture systems [46] have also been employed in microfluidic
cell cultures [47–51]. Furthermore, the formation of uniformly sized tumor
spheroids largely depends on scaffolds.
Microfluidic methods that enable on-demand formation of arrays of microgels

bearing arbitrary contents and shapes are rapidly evolving. For example, Eydeln­
ant et al. have recently reported a digital microfluidic method (DMF) that has
the capacity to generate a 3D gel structure containing any combination of con­
stituents, where specific microgels can be addressed individually [52]. They used
MDCK to validate that cells cultured in collagen or Matrigel® microgels on
DMF can form multicellular clusters during the first 72 h, and a visible lumen
resulting from cell polarization after 96 h.
Undoubtedly, many basic research areas and applied sciences such as tissue

engineering and testing of novel therapeutic approaches will benefit from the
ability to precisely micro- and nanofabricate and control the microenvironment
for culturing and analyzing 3D cell constructs.

10.6
Microfluidic Biomimetic Models of Cancer

Cellular and structural aspects, that is, the ECM, of the microenvironment, but
also the resulting mechanical features play a critical role in driving cancer pro­
gression. The possibility to address these parameters, either individually or at
increasing complexity, in microfluidic platforms in real time has led to an explo­
sion of microfluidic 3D culture applications in cancer research over the past few
years [53–55]. For example, Hockemeyer et al. have introduced an intricate
microfluidic device that made it possible to image cells migrating out from a
spheroid in a controlled microenvironment [56]. With the objective to mimic
the tumor microenvironment and the surrounding vasculature, these authors
fabricated a device using femtosecond laser-etching technology [57], where a
200 μm channel coupled with a semicircular chamber is integrated with an array
of capillary-like channels, all machined in glass. Besides the coculture of different
cell types, this miniaturized bioreactor allowed for a spatially and temporally
controlled recreation of a 3D microenvironment by the targeted delivery of
reagents via the capillary-like channels that mimic blood vessels. In addition, the
interactions of interstitial flow, endothelial cells, leukocytes, and fibroblasts with
the tumor cells could be monitored.

10.7
Future Perspectives

Design and dimensions of microfluidic devices make it possible to analyze indi­
vidual cells and monitor the formation of 3D cell assemblies under various bio­
physical and biochemical constraints in real time. Designs that allow for the
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coculture of different cell types in precisely controllable microenvironments are
increasingly attracting attention, in particular with regard to tissue regeneration
and cancer progression. For example, the differentiation of stem cells that is
mostly difficult to obtain and only available in small numbers can be induced
and simultaneously analyzed in situ [58].
Based on the spatial and temporal control over local environmental parame­

ters at the micro- to nanoscale and the minimal demands on volumes of
medium and reagents, microfluidic platforms using 3D cell culture models, for
example, spheroids, lend themselves to a broad range of applications from basic
to applied science. The necessity to more accurately represent normal and dis­
eased processes in vitro in many areas including drug testing and regenerative
medicine will spur further development of multifunctional and highly integrated
microdevices for 3D culture systems.
Under the premise that the system is optimized accordingly, tumor develop­

ment and progression, as well as the response of solid tumors to potential drugs
can be examined by microfluidics at the level of gene and/or protein expression,
but also with regard to cell–cell and cell–matrix interactions. Of particular inter­
est are studies addressing cell heterogeneity and the resulting signaling path­
ways, both, in tumor spheroids and physiological microtissues.
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11.1
Summary

Scientific interest in mechanics of biological materials has been steadily rising for
the past decade, as their unique viscoelastic properties define the response to
forces on all architectural levels of biology, from macroscopic tissue to the
molecular level of proteins and DNA [1–7]. Living tissues are composed of vari­
ous cell types, extracellular matrix (ECM) proteins, and other components, each
exhibiting distinct mechanical properties such as plasticity, viscoelasticity, tensile
strength, or stiffness [8]. These physical properties collectively define the mate­
rial properties of a tissue and dictate how it will respond to mechanical load and
how the tissue will sense and transmit load. A balance of forces is required to
maintain tissue homeostasis during development and in adulthood, disruptions
in tissue structure and force balance thereby leading to numerous diseases rang­
ing from osteoarthritis to cancer [9–11]. Despite the importance of mechanical
properties for physiological functions of living tissues, relatively little is known
about how forces inherent to the cellular and noncellular microenvironment
actually contribute to the regulation of tissue fate and function [12,13]. The link
between functional changes and mechanics of cells and tissues is fundamental
for our understanding of tissue-specific functions in vivo and might provide
potential diagnostic and prognostic markers for diseases as well [14–16]. In
order to achieve this goal, quantitative characterization of cell and tissue
mechanics under physiological conditions plays an essential role. In particular,
single cell and tissue level experimentation must be bridged to obtain a holistic
understanding of mechanobiological properties at all length scales. In this chap­
ter, we will provide a state-of-the-art overview of atomic force microscopy
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(AFM) in life sciences and discuss recent findings as to how AFM techniques
can break new ground in the field of mechanobiology.

11.2
Tissue Mechanics Across Length Scales

Living tissues exhibit exceptional physical properties as defined by the complex
interplay between cells and the ECM in which they are embedded. Living cells
sense and convert mechanical cues from their microenvironment into bio­
chemical responses to resist compression and adapt to changes in their sur­
rounding [17]. These processes are directly coupled to gene regulation and
protein expression, cellular development, motility, proliferation, and differentia­
tion as factors that altogether define tissue mechanofunctionality [18].
Numerous studies have shown that the cellular response to mechanical forces is

intrinsically coupled both to the internal organization of the cytoskeleton as well
as cell adhesion to surrounding cells and ECM [19]. Several (nano)mechanosen­
sors that respond to different magnitudes and types of force have been identified.
Intracellular signaling cascades, for instance, can be activated by force-induced
spatial reorganization of cell surface receptors such as integrin clusters [20] and
the spatial restriction of ephrin receptors [21,22], which can lead to a global
remodeling of cytoskeletal elements [23]. Indeed, for living cells to be mechani­
cally active, a reliable and precisely tunable cytoskeleton machinery is essential. In
this context, microtubules (MT), actin microfilaments (AF), and intermediate fila­
ments (IF) are the main components of such a cell spanning scaffold, each exhib­
iting differential characteristics regarding structure, rigidity, assembly, and
decomposition. The versatile nature of the cytoskeleton provides both stabiliza­
tion and protection to cells, while at the same time being highly plastic in terms
of its dynamic reorganization [24,25]. Nanomechanical measurements of living
cells using AFM have shown that the disruption of the actin or microtubule cyto­
skeleton results in a decreased cellular stiffness [26–28]. On the other hand, high
abundance of cell and tissue-specific IFs and the fact that they span the entire cell
from the nucleus to the plasma membrane additionally suggested them to play an
important role in providing tissue-specific mechanical stability [29].
The majority of cells in our body are anchorage dependent. Thus, in order to

survive, proliferate and function properly, their attachment to physiologically
relevant substrates is required [30]. The ECM is comprised of diverse proteins,
such as collagens, fibronectin, proteoglycans, and glycoproteins that together
form a strong physical and biochemical support for the inlaying cells. The tight
control of homeostasis between cells and ECM is crucial for normal develop­
ment, wound healing and organ functions, any disruption of this intricate
balance leading to a series of biochemical and mechanical alterations that are
associated with fibrotic diseases [31].
Despite the fact that cellular responses are both tissue- and context-dependent

in terms of biochemical and mechanical cues [32,33], most cell mechanics
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experiments are performed using cells cultured as 2D monolayers on plastic sub­
strates. On the other hand, it is well established that cells cultured and/or stu­
died in the context of a 3D tissue culture involving some sort of ECM, either as a
primitive model in vitro, or by studying tissues in situ, exhibit completely diffe­
rent gene and protein expression profiles and consequently mechanical propert­
ies. In the context of various pathologies, the best way to accurately study cell–
ECM biomechanical interactions is certainly either by assessing them in vivo, or
alternatively ex vivo on tissue excisions. However, methodological limitations
exist, since there is a clear length-scale division between single cell biophysical
techniques [34–36] that lack a natural 3D tissue context and bulk tissue rheology,
in which measurements are dominated by the most abundant structural elements
(e.g., collagen or fat) and limited by low spatial resolution. In living tissues, cell–
ECM interactions occur at the molecular, hence nanometer scale. Therefore, in
this chapter we present AFM as a technique which is able to operate at a nano­
meter spatial resolution and picoNewton (pN) force range that could provide a
more comprehensive understanding of cell–ECM interactions in the native
unperturbed state of living tissues [37].

11.3
Atomic Force Microscopy (AFM) in Cell and Tissue Biology

Recent developments in AFM enable researchers to combine high-resolution
nanometer scale imaging with quantitative mapping of physical, chemical, and
biological properties [38]. Indentation techniques such as AFM can measure
stiffness by indenting a probe into the sample surface and, by alterations of the
probe size and shape, mechanical properties of the sample can be assessed both
at the micrometer and nanometer scale. The AFM raster-scan technology allows
for sequential indentation cycles across large areas and the gain of contextual
information from biological materials.

11.3.1

Basic Operating Principles of AFM

The heart of an AFM consists of four components. A probe (1), referred to as
cantilever, made from silicon or silicon-nitride with an indenter of spherical or
pyramidal shape attached to its end. The actuator (2) is made from piezo ele­
ments owing to their extremely high spatial resolution in the picometer range [39]
and is used to press the indenter into the sample, or to pull the cantilever away
from a sample, respectively. The detection scheme (3) consists of a laser and a
photodiode. The laser is directed onto the backside of the cantilever and reflected
to the photodiode, thereby reporting the exact position of the cantilever while it
is approaching, indenting and retracting from the sample (Figure 11.1a). Plotting
the cantilever deflection against the actuator displacement yields the so-called
force curves, from which quantities such as stiffness, topography, or adhesive
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Figure 11.1 AFM testing of biological samples. brought into contact with the sample surface
(a) The AFM scans and probes the surface of (black curve) and then retracted (red curve).
living samples (tissues or single cells) main- The cantilever approaches the surface (1), the
tained in physiological buffer or culture tip contacts the sample surface (2) and further
medium. Surface corrugations are recorded indents the sample, thereby bending the lever
using a laser beam that is focused onto a can- upward (3). The slope (orange dashed line) of
tilever and upon interaction with the sample the contact area (3) of the recorded force
the beam is differentially deflected on a pho- curve Δf=Δd reports the samples mechanical
todetector. (b) During mechanical loading of response (stiffness). (Modified with permission
the sample, force measurements are recorded from [44], copyright 2011, Cold Spring Harbor
from the cantilever bending as the tip is Laboratory Press.)

forces are extracted (indentation mode) [40,41] (Figure 11.1b). Additional
actuators for the x-, y-, and z-direction can be added to cover sample sizes ran­
ging from nanometers to millimeters and enable scanning of large cells or
complete tissue resection specimens. The x–y scanner (4) moves either the
sample or the probe in order to record 2D maps of force curves, so-called
force-maps, or to hover the probe across the sample surface at a constant
cantilever deflection, recording the sample topography, as it occurs during
imaging in contact mode. Furthermore, operational modes such as intermit­
tent contact (or tapping mode), phase imaging, and noncontact mode can be
employed for imaging of biological specimens. However, noncontact mode is
rarely applied for biological samples due to numerous technical challenges
when measuring in liquid environment [42], which is a prerequisite for phy­
siologically relevant cell and tissue applications [43].

11.3.2

Scale Dependency and Resolution

The variety of combinations that can be made from different lever stiffness,
indenter shapes (sphere, cone, pyramid, needle, etc.), and the high precision
piezo positioning allow for the application of loading forces and mechanical
measurements at a wide range of spatial and force resolutions and broaden the
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scope of biological specimens that can be examined. AFM cantilevers typically
measure a few hundred micrometers in length and some dozen micrometers in
width, thereby exhibiting a rectangular or triangular shape. Geometry and the
type of material will define the lever stiffness k [45], which can range from 0.002
(SiN) to 80N/m (Si). Very soft levers (k< 0.01N/m) are commonly applied to
characterize (bio-) polymer brushes, single proteins, or soft cells such as red
blood cells. Soft levers (0.01N/m< k< 0.2N/m) are used to measure epithelial
cells or fibroblasts and very soft tissues [46]. Stiffer cantilevers (0.2N/m< k) are
useful for measuring cartilage, bone, or teeth. The size of the indenter represents
the critical defining factor for the spatial resolution that can be achieved with
AFM. The tip is either a micrometer-sized bead or an upside-down pyramidal
tip with a diameter between 10 and 25 nanometers. Generally, spherical inden­
ters are used to apply higher forces, in the micro- to millinewton range, at a
comparably low spatial and force resolution. This is due to the fact that spheres
have larger areas that come in direct contact with the sample compared to pyra­
mids measuring forces in the pico- to micronewton range. Spherical indenters
measure an average bulk stiffness of the components within the contact area
and can therefore not resolve fine details such as cell compartments or individ­
ual ECM fibers (Figure 11.2a). However, the advantage is that measurements can
be performed much faster, as long as no high spatial resolution is necessary. In
contrast to this, nanometer-scale pyramidal tips are able to resolve structural
details of individual ECM fibers, for example 67-nm axial repeat distances in col­
lagen fibers [47] (Figure 11.2b), or the local stiffness heterogeneities resulting
from complex cytoarchitecture (Figure 11.3). In summary, these considerations
suggest that a spherical AFM tip is large enough to measure the bulk elastic
modulus of entire tissues on the micrometer scale, similarly to other rheology
methods, whereas the sharp pyramidal AFM tip depicts the elastic properties of
the cell and tissue fine structure (Figures 11.2 and 11.3, respectively).
The most important point to consider when performing AFM measurements

on biological specimens is the choice of an appropriate loading force. The

Figure 11.2 Mechanical properties of living
tissues are scale dependent. Cartoon showing
the interaction of (a) a micrometer-sized
spherical tip and (b) a nanometer-sized
pyramidal AFM tip that is in contact with the
tissue extracellular matrix. The spherical

probes measure only bulk properties that
average the mechanical properties of a large
tissue area. In contrast to this, high-resolution
pyramidal probes measure local sample differ­
ences at the nanometer scale.
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Figure 11.3 Cytoarchitecture and nanome- image, blue), below the actin cytoskeleton, fol­
chanics of living cells. (a) The schematic dis- lowed by the intermediate filament network
plays the cytoskeleton of a living cell, the (lower image, red and green). (Modified with
major determinant to the cells mechanical permission from Ref. [48]. Copyright 2011,
properties. The cytoskeletal elements actin, Elsevier Inc.) (c) The nanomechanical assess-
microtubules, and intermediate filaments ment of living MCF10-A breast cells with AFM
build up a heterogeneous and dynamic struc- provides information about depth of tip
ture that is involved in many cellular processes indentation to probe specific cytoskeletal ele­
such as cell motion, division, and intracellular ments within cells (right) cell stiffness (left)
transport. The specific filament assembly, and adhesion to the AFM tip (middle) as illus­
diameter, length, and position within a cell trated by the color-coded maps to depict local
distinctly contribute to nanomechanical cellular heterogeneities (Modified with permis­
properties of living cells. (b) For instance, sion from Ref. [49]. Copyright 2009, Bio­
when indenting a cell (hc), an AFM tip first physical Society. Published by Elsevier Inc.).
encounters the plasma membrane (upper

necessity of a very precise force control comes from the fact that biomolecules
and tissues probed with AFM are typically heterogeneous, respond nonlinearly,
and are, due to their high water content, highly viscoelastic. Consequently, the
stiffness will depend in a nonlinear fashion on the amplitude and rate of the
applied load. Hence, applied loads and displacements have to be reproducible
for the comparison of mechanical responses across specimens. A high interex­
perimental force control can be achieved by proper calibration of the AFM setup
prior to each measurement, a process that includes the determination of the can­
tilevers spring constant k, the deflection sensitivity DS relating to the cantilever



11.3.3

21511.3 Atomic Force Microscopy (AFM) in Cell and Tissue Biology

bending and laser deflection on the photodiode, as well as the actuator expan­
sion for an applied voltage.

AFM in Cell Biology

Originally invented for research in physics with focus on condensed matter in
1986 [50], AFM was soon applied in life sciences, first to study macromolecules
under nonphysiological conditions [51] and subsequently for studying cell cul­
tures and primary cells [52–58]. In addition to cell stiffness measurements, AFM
was readily used to directly measure individual ligand–receptor forces under
near-physiological conditions to map antigenic sites on a cell surface by molecu­
lar recognition of an antigen by an antibody tethered to an AFM tip [59–61]. On
the other hand, first AFM measurements on tissues started much later and were
initially performed on stiff specimens such as bone, similarly to standard
indenter measurements [62,63]. Only in recent years, AFM is being used for
measuring a variety of soft tissues [43,64–66] and tissue biopsies to provide
functional information about soft tissue properties ranging from the micrometer
to nanometer scale, which is illustrated in detail in Table 11.1.

Table 11.1 Atomic force microscopy for tissue measurement.

Tissue type Organ Topic Species, Stiffness [kPa] Reference

Connective
tissue

Cartilage Mechanobiology Bovine, 160–600(S)a)

Porcine, 2600(OP)b),
20–30(C)a)

Porcine, 1300(OP)b),
20–400(OP)a)

[67]
[47]

[68]

Osteoarthritis

Mouse, 800–5000
(OP)b), 20–60(C)a)

Bovine, 200–900(D)b),
200–1100(D)a)

Bovine, 50–600
(H + D)b)

Porcine, 20–400(H)b)

Human, 1300(OP)b),
5–90(C)a)

[9]

[69]

[70]

[71]

[9]

Mouse, 10–10 000(D)b) [72]

Bone Mechanobiology Ewe, 16–24GPa(H)a) [73]

Tendon Collagen Bovine, 1200(H)a) [74]

Basement Mechanobiology Human Ocular BMs,
40–200(OP)a)

[75]

Membrane Human ILM,
1200–4200(S)a)

[76]

Human ILM,
50–200(OP)a)

[77]

(continued)
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Table 11.1 (Continued )

Tissue type Organ Topic Species, Stiffness [kPa] Reference

Chick ILM, [78]
800–4400(S)a)

Diabetes Human LC, 50–800 [79]
(OP)a)

Muscle tissue EDL muscle Muscular Mouse, 8–24(H)a) [80]
dystrophy

Paravertebral Muscular Human, 1.2–14.8(H)a) [81]
muscle dystrophy

Tibialis Muscular Mouse, 1.2–3.9(S)a) [82]
anterior dystrophy

Nervous tissue Retina Mechanobiology Guinea pig, 0.9–1.8(H)b) [83]

Hippocampus Traumatic brain Rat, 0.1–0.3(H)b) [84]
injury

Cerebellum Mechanobiology Rat, 0.3–0.45(H)b) [85]

Cerebral Development Mouse, 0.1–0.7(H)b), [86]
Cortex 0.5–3(S)a)

Epithelial tissue Breast Cancer 0.5–10(OP)a) [14]
(human) 0.3–2(H)a) [87]

0.5–10(H)a) [88]

0.1–6(H)b) [89]

0.1–8(H)a) [36]

Uterus Cancer 0.5–6(H)a) [87]

Vulva Cancer 0.3–2(H)a) [87]

Liver Cancer 0.3–15(H)a) [90]

Contact model: (S)neddon, (O)liver-(P)harr, (H)ertz, (C)alibrator, (D)ynamic measurement.
a) Pyramidal indenter.
b) Spherical indenter.

Living cells or tissues exhibit rough surfaces that are in the range of micro­
meters or even millimeters. This is a challenge for AFM measurements, since
the indenter is typically 5–15 μm long. Ideally, a sample surface should be planar
with topology corrugations in a height range of the probe tip and not be
obstructing the process of indentation. This problem can be easily bypassed by
using longer indenters or mounting the whole sample in a way such that the
region of interest is elevated [91].
Another key parameter that has to be considered as potential obstacle for the

AFM setup is a macroscopic “waviness” of the tissue surface. Tissues exhibiting
excessive surface waviness, for instance, can cause uneven leveling, which might
result in cantilever breakage and measurement failure. Native breast tissue biop­
sies, for instance, exhibit a waviness between 250 and 500 μm (Figure 11.4a), a
microscopic tissue “roughness” of approximately 1–5 μm, as well as a local ECM
porosity of approximately 200 nm (Figure 11.4b). Such problems can be solved
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Figure 11.4 Surface properties and quality
control of isolated tissue specimens. (a) Opti­
cal image (left) and the extracted profile
(right) reveal the surface waviness of up to
500 μm. (b) AFM topography and line profile
(3 μm roughness) obtained on a representative
human breast cancer biopsy containing cancer
cells and ECM. (c) Post-AFM histological
assessment reveals no damage to tissue
appearance. Scale is 500 μm. (d) Stiffness pro­
files of normal murine mammary glands that

were stored and measured in Ringer solution
containing protease inhibitors. Data were
recorded immediately after tissue excision
(left) and comparison of total RNA extracted
from the post-AFM specimens (right) reveals
that AFM measurements do not affect RNA
stability, as demonstrated by intact 28 S and
18 S RNA bands. (Modified with permission
from Ref. [14]. Copyright 2012, Rights Man­
aged by Nature Publishing Group.)

by implementing leveling algorithms and additional actuators that are able to
circumvent waviness/roughness by controlled stepwise height changes in the
z-direction. To obtain physiologically relevant measurements of living biological
specimens, control of the culture medium pH, CO2 concentration and tempera­
ture control should be implemented in the AFM setup. Animal organs and
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human tissue samples are generally much more resilient than cultured cells,
since they are embedded into a fully functional ECM scaffold. However, these
samples should also be stored and measured in physiological buffers, such as
Ringer solution supplemented with protease inhibitors, in order to prevent tissue
alterations (Figure 11.4c) and RNA degradation (Figure 11.4d).
In the next sections, recent advances in the field of tissue nanomechanics

using AFM are discussed in the context of articular cartilage and breast tissue.

11.4
The Nanomechanical Signature of Articular Cartilage

11.4.1

Articular Cartilage Composition and Function

Human hyaline articular cartilage (AC) is a highly specialized, 1–3mm thick
connective tissue with a unique three-dimensional structure that enables it to
withhold tremendous mechanical forces during joint loading while its smooth
surface lowers the friction between articular surfaces of the joint during
movement [66]. The composition of AC can be subdivided into a fluid and a

Figure 11.5 Mechanical function of articular
cartilage (AC). The compression resistance
mechanism of AC is based on the interactions
between proteoglycans and collagen II. Pro­
teoglycans are condensed within the high-
tensile collagen (brown) meshwork that is
restraining the proteoglycans (blue) expan­
sion. The proteoglycan gel swells because of
its high osmotic pressure (Donnan effect), due

to fixed negative charges on the proteogly­
cans. This provides a mechanism for constant
prestrain of the collagen network and load
dissipation. Disruptions of this mechanism,
such as osteoarthritis, have tremendous
impact on cartilage loading profile, which can
result in degeneration and complete degrada­
tion of the tissue.
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solid phase. The fluid phase, with water and electrolytes as the most preva­
lent components, accounts for 60–80% of the cartilage structure measured by
wet weight. The solid phase is composed from the ECM proteins mainly rep­
resented by collagen II fibrils (15–20% by wet weight), proteoglycans (PG)
(10% by wet weight), and chondrocytes (1–5%) [92], which mainly synthesize
and maintain ECM components. The viscoelastic response of AC originates
from the fluid friction that occurs through squeezing of the interstitial fluid
phase, which flows through the low permeable solid phase originating from
the intrinsic viscoelasticity of the solid matrix (flow independent viscoelastic­
ity) [93,94]. Conversely, the AC is considered as a tough but at the same
time highly compliant load-bearing tissue with mechanical characteristics
depending on the integrity of the collagen network and concentration of the
embedded PGs (Figure 11.5). For example, multiple aggrecan monomers are
noncovalently bound to hyaluronic acid (hyaluronan) and together form a
concentrated space-filling proteoglycan gel to ensure aggrecan retention
within the collagen network (Figure 11.5) [95]. In case of injury or degenera­
tive disease, PGs are secreted by chondrocytes at a much higher rate than
collagen, which promotes the healing capacity of cartilage. During aging and
degeneration, PGs undergo significant alterations in composition and organi­
zation with respect to both core protein and aggrecan length, sulphate pat­
tern modification and the length of CS and KS side chains [96–98]. This in
turn has a significant impact on the mechanical performance of PGs and
consequently the AC function [99].

The Nanomechanics of Articular Cartilage

In order to provide fundamental knowledge on cartilage properties from a
molecular perspective, it is necessary to study nanomechanical properties of
its individual ECM constituents in the context of physiological tissues [92].
Methods to study AC include visual inspection histology [66,100,101] and
optical microscopy [102,103], methods which are limited to a spatial resolu­
tion of approximately 200 nm. In contrast to this, electron micro­
scopy [104,105] reveals ultrastructural details at a molecular resolution but
requires chemical fixation and dehydration of the AC, followed by metal stain­
ing or sputtering. AFM can be used both at the micrometer (tissue level) and
nanometer (molecular level) scale (Figure 11.2) for measuring mechanical
properties associated with functional states of the AC [106]. An advantage of
AFM in comparison to magnetic resonance imaging (MRI) is the high sensitiv­
ity in measuring changes at the AC surface, especially since ECM degeneration
typically starts in the superficial zones and then progresses to deeper regions
of the tissue [106]. Micrometer scale measurements typically yield a unimodal
stiffness distribution of 1.3MPa from the collagen network as the predom­
inantly contributing factor to bulk viscoelastic properties (Figure 11.6a) [68].
Conversely, nanometer scale measurements give rise to a bimodal stiffness
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Figure 11.6 Stiffness of the AC at the micro-
and nanometer scales and the effects of differ­
ent ionic strength. (a) AC was probed either at
the micrometer scale using a 5-μm-diameter
spherical bead (top) or at the nanometer scale
with a sharp pyramidal tip (bottom). The stiff­
ness map (top left, 64× 64 pixels, correspond­
ing to 4096 force curves) shows that the
micrometer-sized probe is not able to resolve
the cartilage structural elements. The stiffness
distribution (top right) reveals that the scaled
unloading slope histogram exhibits a narrow
normal distribution centered around a scaled
slope value of 0.53, yielding a micrometer

scale stiffness of 1.3± 0.4MPa (bottom, left). A
nanometer-sized tip, however, can assess the
stiffness of cartilage at the level of the individ­
ual cartilage ECM components, collagen fibrils
and proteoglycan gel. In the high-resolution
stiffness map (bottom left) representing a
12 μm× 12 μm area (64× 64 pixels corre­
sponding to a sampling of 187.5 nm) of the
specimen individual collagen fibrils, are visual­
ized on the surface of the AC. The histogram
(bottom right) reveals a bimodal distribution
with two normal distributions being centered
scaled slope values of 0.51 and 0.87, respec­
tively. From these, nanometer scale stiffness
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distribution with stiffness peaks corresponding to values of the molecular AC
constituents [68]. The stiffness distribution has revealed that PGs account for
the soft ECM component with a stiffness of 23 kPa, while collagen II exhibits a
20 times higher stiffness of 384 kPa and emphazises that the nanomechanical
measurements are sensitive to the soft, gel-like ECM components, while
micrometer scale measurements are not (Figure 11.6b). As a result of osmotic
effects, an increase in salt concentration reduces the water content and
increases the stiffness of the PGs but without significantly changing collagen
II stiffness (Figure 11.6c). On the micrometer scale, stiffness increases by 21%
but does not affect its unimodal frequency distribution (Figure 11.6c, left).
Upon exchanging the buffer from isotonic to hypertonic PBS, the bimodal
nanomechanical distribution was observed to remain. However the slope of
the lower PG peak has increased by 28%, whereas the increase in slope of the
higher peak was insignificant (Figure 11.6c, right). Nanomechanical structures
govern the functional behavior in the articular cartilage as shown by tuning
the nanomechanical properties of cartilage ECM components. This could be
valuable for interpreting and even predicting structure–mechanical property
relationships on different length scales and the resulting data could be used
for further optimization of in vitro engineered cartilage.

The Nanomechanical Signature of Osteoarthritis

Osteoarthritis is a leading cause of disability among the working population; by
2030, 67 million people are projected to suffer from doctor-diagnosed arthritis
only in the United States [107]. The absence of blood vessels and the age-depen­
dent decline in metabolic activity of chondrocytes (1–5%) [108,109] impede such
defects from healing and often lead to premature osteoarthritis. Currently, diag­
nostic methods (X-ray and MRI detection) are able to resolve only the
irreversible phase of OA when the treatment options are limited and total knee
replacement is the only available long-term treatment. Tissue engineered carti­
lage, which is considered as the most promising treatment option, has not yet
reached routine clinical application due to mechanical variability of the engi­
neered scaffolds and the lack of reliable quality controls. Hence, a comprehen­
sive understanding of cartilage nanomechanics and its underlying biological

◀
values of 22.3± 1.5 kPa for the soft proteo- cartilage stiffness on the micrometer scale by
glycan phase and 384± 50 kPa for the stiffer 21% but the distribution stayed unimodal
collagen network were calculated. Scale bar (left). On the nanometer scale, the corre­
2 μm. (b) To demonstrate that nanometer- sponding effects of the change from isotonic
sharp tip specifically measures proteoglycans to hypertonic PBS resulted in an increased
and the collagen network isotonic and hyper- stiffness of the proteoglycan gel phase by 28%
tonic PBS buffers were used to provoke altera- (right), whereas the stiffness increase of the
tions of the proteoglycans driven by osmotic collagen fraction was not significantly
forces. An increase in salt concentration, due changed. (Modified with permission from
to osmotic effects, lead to an increase in Ref. [68].)
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processes is crucial for the development of protocols and treatments which will
allow early diagnostics and therewith better treatment options for OA patients.
Recent evidence suggests that AFM is able to resolve nanomechanical changes
associated with aging in mice (Figure 11.7a), which includes all grades of osteo­
arthritis in the mouse model of OA (Figure 11.7b) and human patients (Figure
11.7c), according to the Outerbridge classification system [110]. Moreover, func­
tional states of the AC surface and its inner layers can be discerned from the

Figure 11.7 The nanomechanical properties of
AC during aging and osteoarthritis. Surface
imaging and mechanical loading tests were
performed on the hips of normal mice of
various ages and those of osteoarthritic mice.
(a) AFM imaging of AC with a nanometer tip
(top left) in a buffer solution resolved individ­
ual collagen fibrils. Topography images (right)
show that collagen fibrils appear thicker with
aging. Scale bar 1 μm. Mechanical testing
reveals that cartilage stiffness on the microm­
eter scale stays similar during aging (top left).
In contrast, measurements on the nanometer
scale depicted stiffness increase with increas­
ing age of the mice (bottom left). (b) Surface
imaging and mechanical testing of AC from
wild-type control and Col9a1 / knockout
mice (osteoarthritis model) demonstrate dis­
ease related structural and mechanical
changes. Surface topography (right) of AC
shows individual collagen fibrils with different
thicknesses, as the disease progressed from
normal, intermediate to late stage. Scale bar
1 μm. Similar to the aging phenotype,

micrometer scale stiffness cannot distinguish
between wild-type and knockout mice (top
left). Nano-stiffness (bottom left) increased
with progression of the disease and in correla­
tion with thickening of the collagen fibers.
(Modified with permission from Ref. [68].)
(c) The assessment of osteoarthritis in human
patients has revealed no apparent changes in
the collagen meshwork (top) for the early
grades, according to the Outerbridge classifi­
cation (grade 0 and 1), while in grade 2 fibrils
start to show tangles and disarrangement. In
grade 3, disruption of the superficial collagen
meshwork and extensive splitting of collagen
fibrils into thinner fibrils (white arrows) is
revealed. Scale bars 0.5 μm. Microstiffness
remained constant for all grades (bottom left),
while nanostiffness significantly (in accord­
ance to disruption of collagen network)
decreased (bottom right) with increasing
grades of osteoarthritis. (Modified with per­
mission from Ref. [9]. Copyright 2009, Rights
Managed by Nature Publishing Group.)
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Figure 11.7 Continued
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AFM measurements. The protein lubricin secreted on the AC surface is mainly
responsible for regulating its friction properties and any changes in the lubricin
thickness or friction contributing to development and progression of OA [9].
Therefore, friction measurements could serve as an additional mechanical
marker of cartilage wear disease state [68]. In summary, nanomechanical mea­
surements using AFM show great potential for unraveling the molecular mecha­
nisms that drive the onset of OA and could in future promote the development
of novel therapeutic modalities which allow to reverse the progression of osteo­
arthritis or to cure this disease.

11.5
The Nanomechanical Signature of Mammary Tissues

11.5.1

Mammary Gland Composition and Mechanics

Mammary glands consist of ductal cells and milk producing alveolar epithelial
cells, which all together embed in the stromal connective tissue and the mam­
mary fat pad. Mammary epithelial cells are organized into three-dimensional
structures that are strongly dependent on their polarized morphology, special­
ized cell–cell contacts, and the attachment to an underlying specialized base­
ment membrane ECM [111]. Cell–cell and cell–ECM adhesive interactions
regulate functions of the normal mammary gland and are critical for the mainte­
nance of tissue homeostasis and mechanical equilibrium [112,113]. In particular,
mechanical forces are prerequisite for proper control of cell proliferation, sur­
vival, differentiation, migration, and milk protein secretion during normal devel­
opment, puberty, and adulthood [114]. At the onset of cancerous breast diseases,
the normal tissue structure and its mechanical equilibrium become disrupted
and undergo continuous changes and distinct mechanical characteristics as the
tumor progresses [14,111]. A hyperplastic (benign) lesion typically involves loss
of normal cell polarization and organization, disruption of cell–cell and cell–
ECM adhesions, which then results in increased stromal response, increased
matrix deposition, and changes in the mechanical properties that contribute to
stiffening [115]. Most importantly in benign lesions, mechanical and biochemical
signals do hinder invasion of nearby tissues. On the other hand, carcinomas
in situ are characterized by uncontrolled cell growth due to genetic and epige­
netic alterations and reduced cell death within an intact basement membrane
and interstitial ECM [116]. Furthermore, cancer cells exhibit pleomorphic char­
acteristics with varying size and shape [117]. Uncontrolled cell growth and con­
sequently the increase in tumor mass within the restricted volume lead to
elevated compression of surrounding ECM [118]. Due to tumor growth, factors
such as intratumoral hypoxia can further contribute to mechanical changes. In
response to hypoxia, tumor and stromal cells secrete various soluble factors,
facilitating matrix remodeling including basement membrane breakdown and
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angiogenesis, that will overall endorse cell invasion [119]. In the case of invasive
cancer, intratumoral cell–cell interactions further decrease and tumor cells dis­
seminate through the damaged basement membrane and interstitial ECM [120].
Invading cells are accompanied by surrounding stromal cells (fibroblasts and
macrophages) and migrate through degraded matrix by following the bio­
chemical gradients in the direction of the circulatory system [121,122]. In addi­
tion to genetic and external environmental factors, the interplay of biochemical
and physical interactions of cancer cells with their environment and their modu­
lation by mechanical forces are critical for the metastatic process [11] in which
cancer cells can overcome boundaries between different tissues [1,123]. Clearly,
the ability to target this key step in cancer progression can be improved by
understanding the physical characteristics that metastatic cells exhibit and expe­
rience from their microenvironment.

The Nanomechanical Signature of Breast Cancer

Until recently [14], efforts to understand cancer biomechanics had been largely
polarized between tissue-level and single-cell experimentation. At the bulk level,
it is alleged that continuous tissue stiffening promotes cancer [34,124] since
tumors are macroscopically stiffer than healthy tissue [124,125], an observation
that is in accordance with conventional knowledge from palpation (Figure 11.8,
left). Furthermore, single isolated cancer cells are significantly softer than normal
cells, suggesting that metastasis might be facilitated by cell compliance [58].

Figure 11.8 Detection of breast diseases on
different length scales. (a) Breast examination
is typically initially performed by a palpation
test where a clinician examines the breast for
distinct lesions, irregularities, and changes in

breast stiffness. (b) Similarly, a nanometer
sized AFM probe is used to measure tissue
stiffness by providing detailed information
about the molecular and cellular level changes
associated with benign or malignant lesions.
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Efforts to bridge this controversy have led to the discovery that soft hypoxic can­
cer cells are responsible for the metastatic spread from a primary tumor to a
secondary lesion [14]. This is based on AFM-type nanomechanical testing, which
measures and spatially correlates local nanomechanical properties (Figure 11.8,
right) across entire unadulterated human breast tissue biopsies (Figure 11.9) in
close to native physiological conditions (Figure 11.9, right). Unprecedentedly,
individual cells (approximately 0.5 kPa) can be distinguished from their

Figure 11.9 Nanomechanical characterization
of human tissues by AFM. (a) Schematic
representation of an ultrasound-guided biopsy
collected from a patient with a suspicious
lesion. (b) Top-view of an immobilized biopsy
in Ringer solution showing the cantilever posi­
tioned above the biopsy. Scale bar, 500 μm.
Up to 20 stiffness maps (20× 20 μm2), each
consisting of 1024–4096 indentation measure­
ments are recorded homogeneously

distributed across the entire specimen.
(c) Subsequent analysis of the data provides a
sample-wide stiffness distribution and individ­
ual areas can be visualized plotting color-
coded stiffness maps. (d) The choice of dimen­
sions for both the tip and the cantilever is crit­
ical for obtaining high-resolution topography
and nanomechanical information on a correct
length-scale.
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surrounding ECM based on the sub-kilopascal (kPa) stiffness sensitivity of this
method. Briefly, an AFM assay uses a 20 nm sharp tip to indent approximately
10 000 individual locations across a biopsy surface within a few hours (Figure
11.9, stiffness map). Each indentation measures the stiffness of local structures
(e.g., ECM, cancer cells, etc.) that lie beneath the tip. In this manner, a quantita­
tive biopsy-wide nanomechanical profile or signature of the biopsy is obtained
that strongly correlates to the status and health of the tissue (Figure 11.9, stiff­
ness distribution). Comprehensive analysis of native human breast biopsies,
where nanomechanical properties were correlated with the specific histopatho­
logical markers, has determined whether a biopsy represents normal glandular
tissue, a benign lesion or cancer (Figure 11.10a) [14]. In addition, individual stiff­
ness peaks were assigned to specific tissue morphologies by performing more
detailed measurements within defined regions of the biopsy (Figure 11.10b), par­
ticularly in the core and at the periphery. The correlation of local AFM data with
matching histological findings corroborated that the soft peak is typical for can­
cer cells (Figure 11.10b, left), which are surrounded by stiffer peripheral stroma
(Figure 11.10b, right). Moreover, these findings were validated by studying nano­
mechanical changes during tumor progression from normalcy to late metastasis
in a standard transgenic mouse MMTV-PyMT (mouse mammary tumor virus
polyoma middle T antigen) model that faithfully recapitulates human invasive
ductal carcinoma [122,126] (Figure 11.11a). Recent studies [14,127–130] strongly
indicate that cancer cell softness is essential for their mobility, intravasation and
metastasis and further suggest that cancer cell softness may be a consequence of
molecular pathways regulating cancer progression and metastasis (Figure 11.11b).
For example, it has been widely considered that antiangiogenic therapy holds
great promise in treating cancer by preventing and/or blocking the metastatic
cascade through the induction of intratumoral hypoxia, and consequently cell
death due to the lack of nutrients and oxygen [37]. Early preclinical studies
showed that inhibiting the vascular endothelial growth factor (VEGF) pathway
retards tumor growth [131]. However, long-term preclinical and clinical studies
now show that these drugs (i.e., Bevacizumab and Sunitinib) provide only moder­
ate increases in progression-free survival with little benefit in the overall survival
of cancer patients [132,133]. In addition, recent evidence shows that antiangio­
genic drugs in fact increase invasive and metastatic properties of cancer cells
through the induction of hypoxia [128,134]. This could be due to alterations in
HIF-1 alpha signaling, which is involved in almost every step of the metastatic
cascade such as epithelial-to mesenchymal transition (EMT), stromal invasion,
and vascular infiltration [135]. Recent data suggest a strong correlation
between cancer cell softening and hypoxia [14] (Figure 11.11b). In particular,
hypoxic cells increase in population and spread as the tumor progression
enters into later stages as well as in metastases (Figure 11.11c). Indeed, emerg­
ing results show that hypoxic cells, by decreasing their stiffness, have a much
higher propensity to metastasize and the alterations in the cancer metabolism
are key players in the evolutionary selection for the softest and the most
aggressive cancer phenotypes [136].
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AFM – The Diagnostic and Prognostic Tool of the Future

Specific cell–cell and cell–ECM interactions play critical roles in cellular com­
munication, tissue organization, embryonic development, and wound healing.
Accordingly, a wide variety of diseases are associated with impaired cell–cell and
cell–ECM interactions, and consequently mechanical responses, both on the
level of tissues and single cells. The nanomechanical testing of soft biological
tissues by AFM provides a key ability to address these interactions in an
unperturbed, physiological state, and in situ. Nevertheless, testing of soft biological
tissues represents a significant challenge for indenter-based setups since fun­
damental changes of the experimental systems are required. Despite many
innovations, the AFM technology is still underdeveloped for routine biomedical
applications. This is probably due to the fact that most AFMs available today are
all-purpose devices asking for a very skilled and experienced user. Therefore, the
future of AFM-based technology lies in its simplification and automation that
will, in combination with other imaging modalities such as high-resolution light
and fluorescence microscopy, provide new insights for cell and tissue mechanical
functions. We conclude this chapter by recent examples from our own research,
as to how nanomechanical measurements can be used as unique mechano­
markers of progressive stages of OA and cancer by providing relevant information
at the molecular level and in native tissues. This is demonstrated by the ability of
AFM to detect degradation from healthy to completely deteriorated carti­
lage [9,68] as shown in Figure 11.12.
Furthermore, the detection of soft phenotypes both in primary tumors and in

lung metastasis suggests that compliance of malignant cells in the primary cancer

◀
Figure 11.10 The nanomechanical signature periphery in accordance with post-AFM histol­
of human breast tissue. (a) Stiffness distribu- ogy. Post-AFM histological overview (top) of
tion of normal mammary gland tissue is uni- the entire cancer biopsy with reference to the
modal (left). Post-AFM histology (inset) reveals areas mapped in detail. Representative AFM
the terminal ductal lobular unit of a normal stiffness map (middle, 24× 24 pixels) of the
mammary gland fenced by interstitial connec- core region exhibited pronounced softness
tive tissue. Biopsy-wide histogram for a benign within a narrow peak of specific stiffness val­
lesion (middle) reveals a unimodal but broader ues (bottom). Accordingly, local histology (top
stiffness distribution with an overall increase left) shows that the core region is densely
in stiffness. H&E stained section (inset) dem- populated with cancer cells. The typical stiff­
onstrates extensive fibrotic stroma inter- ness map (bottom) of the tumor periphery
spersed with fibroblasts typical fibroadenoma. demonstrates increased stiffness. The corre-
Heterogeneous stiffness distribution (right) sponding stiffness distribution (bottom) is
with a characteristic soft peak for malignant broader and shifted toward stiffer. Post-AFM
tumor tissue is consistent with the histo- histopathology (top right) reveals that the
pathology (inset) revealing an invasive breast tumor periphery predominantly comprises
carcinoma with infiltrating nests of cancer fibrotic tissue. (Modified with permission from
cells that have evoked a dense fibrous tissue Ref. [14]. Copyright 2012, Rights Managed by
response. Scale bar is 50 μm. (b) In breast can- Nature Publishing Group.)
cer biopsies, stiffness varies from core to
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Figure 11.11 Correlating the nanomechanical
response with tumor progression and hypoxia
in MMTV-PyMT. (a) Nanomechanical measure­
ments showed that stiffness values of normal
ductal epithelium (top) followed a uniform
Gaussian distribution. In the premalignant
lesion (middle), the contribution of stiffer fea­
tures increased, as seen by a broader stiffness
distribution with an indication of bimodality.
The pimonidazole (hypoxyprobe) immunosta­
ing did not indicate hypoxia in normal glandu­
lar tissue (top inset) or in the premalignant
lesion (middle inset). In early cancer (bottom),
significant softening produced a characteristic
peak that dominated the prominent bimodal
stiffness distribution. Hypoxia positive cells
(brown staining) revealed central hypoxia in
early cancer (bottom inset). Scale bars 50 μm.
(b) Stiffness profiles of primary tumor (top)

and lung metastasis (bottom) revealed a com­
mon phenotype. In the primary tumor, the
corresponding stiffness distribution revealed
two peaks representing distinct phenotypes of
cancer cells, a softer one at 0.45+ 0.15 kPa and
another at 1.26+ 0.43 kPa. The stiffness distri­
bution of metastatic lesions from the same
mice revealed a peak value that is almost
identical to the softer peak detected at the
primary tumor site (indicated by the red
dashed line). (c) Accordingly, in this late can­
cer stage, hypoxic cells were abundant in the
core region (left), streaming toward tumor
blood vessels (middle) and have already dis­
seminated to the tumor periphery (right).
Scale bar 50 μm. (Modified with permission
from Ref. [14]. Copyright 2012, Rights Man­
aged by Nature Publishing Group.)
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Figure 11.12 The nanomechanical signature
of osteoarthritis. Nanomechanical properties
of cartilage from seven osteoarthritis patients
and three healthy individuals have revealed
that the stiffness increased with age. This was
accompanied by reduced glycosaminoglycan
content (horizontal arrow). As the slopes indi­
cate, incremental reduction of stiffness
depicted by the nanomechanical measure­
ment, by osteoarthritis as a function of age,

was largest between grades 0 and 1. This
could be used as an early diagnostic method
of OA. The disease progression to grades 2
and 3 correlates with the increased tendency
of collagen meshwork disruption (vertical
arrow) and further stiffness decrease. (Modi­
fied with permission from Ref. [9]. Copyright
2009, Rights Managed by Nature Publishing
Group.)

Figure 11.13 The nanomechanical signature
of breast cancer. Biopsy-wide histograms pro­
pose an inverse correlation between stiffness
profiles for specimens obtained from healthy
and invasive cancer patients. The measured

twofold decrease in stiffness for invasive and
more metastatic cancer cells could have pro­
gnostic indications. (Modified with permission
from Ref. [14]. Copyright 2012, Rights Man­
aged by Nature Publishing Group.)

is correlated to cancer aggressiveness by promoting migration and metastasis. As
a result, detecting these soft peaks may not only serve as a nanomechanical
marker for the onset of cancer but can have a prognostic value in the future as
well (Figure 11.13). To bridge this gap, an AFM-based apparatus known as
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ARTIDIS was developed (“Automated and Reliable Tissue Diagnostics”) (Publica­
tion number WO2012076729 A9). ARTIDIS measures and spatially correlates
local nanomechanical properties across entire unadulterated tissues in close to
native physiological conditions.
The ability to measure nanomechanical changes at the molecular level and

in living tissues has opened up the exciting prospect of developing this sim­
ple nanodevice into a clinical tool. Last but not the least, ARTIDIS is not
limited to cartilage and mammary tissues but can be applied to a large vari­
ety of soft tissues (lung, liver, prostate, and lymph nodes) and 3D tissue
cultures [137].

Acknowledgments

This work was funded by the M. E. Müller Foundation of Switzerland, Commis­
sion for Technology and Innovation (CTI) Project 11977.2 PFNM-NM; ARTI­
DIS “Automated and Reliable Tissue Diagnostics” and Nanotera Project
awarded to PATLiSci II Consortium.
The authors thank Annette Roulier for Figures 11.1 and 11.3 and Kjartan

Asgeirsson for Figures 11.5 and 11.8.

Competing Financial Interests

The University of Basel has filed patents on the technology and intellectual prop­
erty related to this work based on the inventions of M.L., P.O, and M.P.

References

1 Kumar, S. and Weaver, V.M. (2009) 5 Wang, J.H.-C. and Thampatty, B.P.
Mechanics, malignancy, and metastasis: (2006) An introductory review of cell
the force journey of a tumor cell. Cancer mechanobiology. Biomech. Model.
Metastasis Rev., 28, 113–127. doi: Mechanobiol., 5, 1–16. doi: 10.1007/
10.1007/s10555-008-9173-4 s10237-005-0012-z

2 Discher, D.E., Janmey, P., and Wang, Y.- 6 Fisher, T.E., Oberhauser, A.F., Carrion-
L. (2005) Tissue cells feel and respond to Vazquez, M., Marszalek, P.E., and
the stiffness of their substrate. Science, Fernandez, J.M. (1999) The study of
310, 1139–1143. doi: 10.1126/ protein mechanics with the atomic force
science.1116995 microscope. Trends Biochem. Sci., 24,

3 Ikai, A. (1996) STM and AFM of bio/ 379–384. doi: 10.1016/S0968-0004(99)
organic molecules and structures. Surf. 01453-X
Sci. Rep., 26, 261–332. 7 Bao, G. and Suresh, S. (2003) Cell and

4 Bustamante, C., Bryant, Z., and Smith, molecular mechanics of biological
S.B. (2003) Ten years of tension: single- materials. Nat. Mater., 2, 715–725. doi:
molecule DNA mechanics. Nature, 421, 10.1038/nmat1001
423–427. doi: 10.1038/nature01405



233References

8 Ingber, D.E. (1993) Cellular tensegrity:
defining new rules of biological design
that govern the cytoskeleton. J. Cell Sci.,
104 (Pt 3), 613–627.

9 Stolz, M., Gottardi, R., Raiteri, R., Miot,
S., Martin, I., Imer, R., Staufer, U.,
Raducanu, A., Düggelin, M., Baschong,
W., Daniels, A.U., Friederich, N.F.,
Aszodi, A., and Aebi, U. (2009) Early
detection of aging cartilage and
osteoarthritis in mice and patient
samples using atomic force microscopy.
Nat. Nanotechnol., 4, 186–192. doi:
10.1038/nnano.2008.410

10 Suresh, S. (2007) Biomechanics and
biophysics of cancer cells. Acta Mater.,
55, 3989–4014. doi: 10.1016/j.
actamat.2007.04.022

11 Wirtz, D., Konstantopoulos, K., and
Searson, P.C. (2011) The physics of
cancer: the role of physical interactions
and mechanical forces in metastasis. Nat.
Rev. Cancer, 11, 512–522. doi: 10.1038/
nrc3080

12 Shawky, J.H. and Davidson, L.a. (2015)
Tissue mechanics and adhesion during
embryo development. Dev. Biol., 401,
152–164. doi: 10.1016/j.
ydbio.2014.12.005

13 Janmey, P.a. and Miller, R.T. (2011)
Mechanisms of mechanical signaling in
development and disease. J. Cell Sci., 124,
9–18. doi: 10.1242/jcs.071001

14 Plodinec, M., Loparic, M., Monnier, C.a.,
Obermann, E.C., Zanetti-Dallenbach, R.,
Oertle, P., Hyotyla, J.T., Aebi, U.,
Bentires-Alj, M., Lim, R.Y.H., and
Schoenenberger., C.-A. (2012) The
nanomechanical signature of breast
cancer. Nat. Nanotechnol., 7, 757–765.
doi: 10.1038/nnano.2012.167

15 Wyss, H.M.H., Henderson, J.J.M., Byfield,
F.J., Bruggeman, L.a., Ding, Y., Huang, C.,
Suh, J.H., Franke, T., Mele, E., Pollak,
M.R., Miner, J.H., Janmey, P.a., Weitz,
D.a., and Miller, R.T. (2011) Biophysical
properties of normal and diseased renal
glomeruli. Am. J. Physiol. Cell Physiol.,
300, 397–405. doi: 10.1152/
ajpcell.00438.2010

16 Bonnans, C., Chou, J., and Werb, Z.
(2014) Remodelling the extracellular
matrix in development and disease. Nat.

Rev. Mol. Cell Biol., 15, 786–801. doi:
10.1038/nrm3904

17 Hoffman, B.D. and Crocker, J.C. (2009)
Cell mechanics: dissecting the physical
responses of cells to force. Annu. Rev.
Biomed. Eng., 11, 259–288. doi: 10.1146/
annurev.bioeng.10.061807.160511

18 Janmey, P.A. and McCulloch, C.A. (2007)
Cell mechanics: integrating cell responses
to mechanical stimuli. Annu. Rev.
Biomed. Eng., 9, 1–34. doi: 10.1146/
annurev.bioeng.9.060906.151927

19 Chen, C.S., Tan, J., and Tien., J. (2004)
Mechanotransduction at cell-matrix and
cell-cell contacts. Annu. Rev. Biomed.
Eng., 6, 275–302. doi: 10.1146/annurev.
bioeng.6.040803.140040

20 Paszek, M.J., Boettiger, D., Weaver, V.M.,
and Hammer, D.a. (2009) Integrin
clustering is driven by mechanical
resistance from the glycocalyx and the
substrate. PLoS Comput. Biol., 5,
e1000604. doi: 10.1371/journal.
pcbi.1000604

21 Plodinec, M. and Schoenenberger, C.-A.
(2010) Spatial organization acts on cell
signaling: how physical force contributes
to the development of cancer. Breast
Cancer Res., 12, 308. doi: 10.1186/
bcr2623

22 Salaita, K., Nair, P.M., Petit, R.S., Neve,
R.M., Das, D., Gray, J.W., and Groves,
J.T. (2010) Restriction of receptor
movement alters cellular response:
physical force sensing by EphA2.
Science, 327, 1380–1385. doi: 10.1126/
science.1181729

23 Gao, M., Sotomayor, M., Villa, E., Lee,
E.H., and Schulten, K. (2006) Molecular
mechanisms of cellular mechanics. Phys.
Chem. Chem. Phys., 8, 3692. doi: 10.1039/
b606019f

24 Parsons, J.T., Horwitz, A.R., and
Schwartz, M.A. (2010) Cell adhesion:
integrating cytoskeletal dynamics and
cellular tension. Nat. Rev. Mol. Cell Biol.,
11, 633–643. doi: 10.1038/nrm2957

25 Ridley, A.J., Schwartz, M.A., Burridge, K.,
Firtel, R.A., Ginsberg, M.H., Borisy, G.,
Parsons, J.T., and Horwitz, A.R. (2003)
Cell migration: integrating signals from
front to back. Science, 302, 1704–1709.
doi: 10.1126/science.1092053



234 11 The Nanomechanical Signature of Tissues in Health and Disease

26 Rotsch, C. and Radmacher, M. (2000)
Drug-induced changes of cytoskeletal
structure and mechanics in fibroblasts: an
atomic force microscopy study. Biophys.
J., 78, 520–535. doi: 10.1016/S0006-3495
(00)76614-8

27 Pelling, A.E., Dawson, D.W., Carreon,
D.M., Christiansen, J.J., Shen, R.R.,
Teitell, M.A., and Gimzewski, J.K.
(2007) Distinct contributions of
microtubule subtypes to cell membrane
shape and stability. Nanomed.
Nanotech. Biol. Med., 3, 43–52. doi:
10.1016/j.nano.2006.11.006

28 Ofek, G., Wiltz, D.C., and Athanasiou, K.
a. (2009) Contribution of the
cytoskeleton to the compressive
properties and recovery behavior of
single cells. Biophys. J., 97, 1873–1882.
doi: 10.1016/j.bpj.2009.07.050

29 Herrmann, H., Bär, H., Kreplak, L.,
Strelkov, S.V., and Aebi, U. (2007)
Intermediate filaments: from cell
architecture to nanomechanics. Nat. Rev.
Mol. Cell Biol., 8, 562–573. doi: 10.1038/
nrm2197

30 Schwartz, M.A. and Assoian, R.K. (2001)
Integrins and cell proliferation: regulation
of cyclin-dependent kinases via
cytoplasmic signaling pathways. J. Cell
Sci., 114, 2553–2560. doi: 10.1007/
s10555-005-5130-7

31 DuFort, C.C., Paszek, M.J., and Weaver,
V.M. (2011) Balancing forces:
architectural control of
mechanotransduction. Nat. Rev. Mol. Cell
Biol., 12, 308–319. doi: 10.1038/nrm3112

32 Bissell, M.J. and Radisky, D. (2001)
Putting tumours in context. Nat. Rev.
Cancer., 1, 46–54. doi: 10.1038/35094059

33 Mammoto, T. and Ingber, D.E. (2010)
Mechanical control of tissue and organ
development. Development, 137,
1407–1420. doi: 10.1242/dev.024166

34 Levental, K.R., Yu, H., Kass, L., Lakins,
J.N., Egeblad, M., Erler, J.T., Fong, S.F.T.,
Csiszar, K., Giaccia, A., Weninger, W.,
Yamauchi, M., Gasser, D.L., and Weaver,
V.M. (2009) Matrix crosslinking forces
tumor progression by enhancing integrin
signaling. Cell, 139, 891–906. doi:
10.1016/j.cell.2009.10.027

35 Krouskop, T.A., Wheeler, T.M., Kallel, F.,
Garra, B.S., and Hall, T. (1998) Elastic

moduli of breast and prostate tissues
under compression. Ultrason. Imaging,
20, 260–274.

36 Lopez, J.I., Kang, I., You, W.-K.,
McDonald, D.M., and Weaver, V.M.
(2011) In situ force mapping of
mammary gland transformation. Integr.
Biol., 3, 910. doi: 10.1039/c1ib00043h

37 Staton, C.a., Brown, N.J., and Reed, M.W.
(2009) Current status and future
prospects for anti-angiogenic therapies in
cancer. Expert Opin. Drug Discov., 4,
961–979. doi: 10.1517/
17460440903196737

38 Pfreundschuh, M., Martinez-Martin, D.,
Mulvihill, E., Wegmann, S., and Muller,
D.J. (2014) Multiparametric high-
resolution imaging of native proteins by
force-distance curve-based AFM. Nat.
Protoc., 9, 1113–1130. doi: 10.1038/
nprot.2014.070

39 Cai, J., Jelezko, F., and Plenio, M.B. (2014)
Signal transduction and conversion with
color centers in diamond and piezo­
elements. Nat. Commun., 5, 1–10.
doi: 10.1038/ncomms5065

40 Cappella, B. and Dietler, G. (1999) Force-
distance curves by atomic force
microscopy. Surf. Sci. Rep., 34, 1–104.
doi: 10.1016/S0167-5729(99)00003-5

41 Oliver, W.C. and Pharr, G.M. (1992) An
improved technique for determining
hardness and elastic-modulus using load
and displacement sensing indentation
experiments. J. Mater. Res., 7, 1564–1583.
doi: 10.1557/

42 Solares, S.D. (2014) Challenges and
complexities of multifrequency atomic
force microscopy in liquid environments.
Beilstein J. Nanotechnol., 5, 298–307. doi:
10.3762/bjnano.5.33

43 Müller, D.J. and Dufrêne, Y.F. (2008)
Atomic force microscopy as a
multifunctional molecular toolbox in
nanobiotechnology. Nat. Nanotechnol., 3,
261–269. doi: 10.1038/nnano.2008.100

44 Plodinec, M., Loparic, M., and Aebi, U.
(2010) Atomic force microscopy for
biological imaging and mechanical
testing across length scales. Cold Spring
Harb. Protoc., 2010, pdb. top86–pdb.
top86. doi: 10.1101/pdb.top86

45 Sader, J.E., Chon, J.W.M., and Mulvane,
P. (1999) Calibration of rectangular



235References

atomic force microscope cantilevers. Rev.
Sci. Instrum., 70, 3967.

46 Dufrêne, Y.F., Martínez-Martín, D.,
Medalsy, I., Alsteens, D., and Müller, D.J.
(2013) Multiparametric imaging of
biological systems by force-distance
curve-based AFM. Nat. Methods, 10,
847–854. doi: 10.1038/nmeth.2602

47 Stolz, M., Raiteri, R., Daniels, A.U.,
VanLandingham, M.R., Baschong, W.,
and Aebi, U. (2004) Dynamic elastic
modulus of porcine articular cartilage
determined at two different levels of
tissue organization by indentation-type
atomic force microscopy. Biophys. J., 86,
3269–3283. doi: 10.1016/S0006-3495(04)
74375-1

48 Plodinec, M., Loparic, M., Suetterlin, R.,
Herrmann, H., Aebi, U., and
Schoenenberger, C.a. (2011) The
nanomechanical properties of rat
fibroblasts are modulated by interfering
with the vimentin intermediate filament
system. J. Struct. Biol., 174, 476–484. doi:
10.1016/j.jsb.2011.03.011

49 Roduit, C., Sekatski, S., Dietler, G.,
Catsicas, S., Lafont, F., and Kasas, S.
(2009) Stiffness tomography by atomic
force microscopy. Biophys. J., 97,
674–677. doi: 10.1016/j.bpj.2009.05.010

50 Binnig, G., Quate, C.F., and Gerber, C.
(1986) Atomic force microscope. Phys.
Rev. Lett., 56, 930–933. doi: 10.1103/
PhysRevLett.56.930

51 Engel, A. (1991) Biological applications of
scanning probe microscopes. Annu. Rev.
Biophys, 20, 79–108.

52 Hoh, J.H. and Schoenenberger, C.a.
(1994) Surface morphology and
mechanical properties of MDCK
monolayers by atomic force microscopy.
J. Cell Sci., 107 (Pt 5), 1105–1114.

53 Lekka, M., Laidler, P., Gil, D., Lekki, J.,
Stachura, Z., and Hrynkiewicz, aZ. (1999)
Elasticity of normal and cancerous
human bladder cells studied by scanning
force microscopy. Eur. Biophys. J., 28,
312–316. doi: 10.1007/s002490050213

54 Radmacher, M., Fritz, M., Kacher, C.M.,
Cleveland, J.P., and Hansma, P.K. (1996)
Measuring the viscoelastic properties of
human platelets with the atomic force
microscope. Biophys. J., 70, 556–567. doi:
10.1016/S0006-3495(96)79602-9

55 Park, S. and Lee, Y.J. (2013) Nano­
mechanical compliance of müller cells
investigated by atomic force microscopy.
Int. J. Biol. Sci., 9, 702–706. doi: 10.7150/
ijbs.6473

56 Lu, Y.B., Pannicke, T., Wei, E.Q.,
Bringmann, A., Wiedemann, P.,
Habermann, G., Buse, E., Käs, J.a., and
Reichenbach, A. (2013) Biomechanical
properties of retinal glial cells:
comparative and developmental data.
Exp. Eye Res., 113, 60–65. doi: 10.1016/j.
exer.2013.05.012

57 Cross, S.E., Jin, Y.-S., Rao, J., and
Gimzewski., J.K. (2007) Nanomechanical
analysis of cells from cancer patients.
Nat. Nanotechnol., 2, 780–783. doi:
10.1038/nnano.2007.388

58 Cross, S.E., Jin, Y.-S., Tondre, J., Wong,
R., Rao, J., and Gimzewski., J.K. (2008)
AFM-based analysis of human metastatic
cancer cells. Nanotechnology, 19, 384003.
doi: 10.1088/0957-4484/19/38/384003

59 Ludwig, M., Dettmann, W., and Gaub,
H.E. (1997) Atomic force microscope
imaging contrast based on molecular
recognition. Biophys. J., 72, 445–448. doi:
10.1016/S0006-3495(97)78685-5

60 Fritz, J., Katopodis, A.G., Kolbinger, F.,
and Anselmetti, D. (1998) Force-
mediated kinetics of single P-selectin/
ligand complexes observed by atomic
force microscopy. Proc. Natl. Acad. Sci.
USA, 95, 12283–12288. doi: 10.1073/
pnas.95.21.12283

61 Hinterdorfer, P., Baumgartner, W.,
Gruber, H.J., Schilcher, K., and Schindler,
H. (1996) Detection and localization of
individual antibody-antigen recognition
events by atomic force microscopy. Proc.
Natl. Acad. Sci. USA, 93, 3477–3481. doi:
10.1073/pnas.93.8.3477

62 Diez-Perez, A., Güerri, R., Nogues, X.,
Cáceres, E., Peña, M.J., Mellibovsky, L.,
Randall, C., Bridges, D., Weaver, J.C.,
Proctor, A., Brimer, D., Koester, K.J.,
Ritchie, R.O., and Hansma., P.K. (2010)
Microindentation for in vivo
measurement of bone tissue mechanical
properties in humans. J. Bone Miner. Res.,
25, 1877–1885. doi: 10.1002/jbmr.73

63 Hansma, P., Yu, H., Schultz, D.,
Rodriguez, A., Yurtsev, E.a., Orr, J., Tang,
S., Miller, J., Wallace, J., Zok, F., Li, C.,



236 11 The Nanomechanical Signature of Tissues in Health and Disease

Souza, R., Proctor, A., Brimer, D.,
Nogues-Solan, X., Mellbovsky, L., Pena,
M.J., Diez-Ferrer, O., Mathews, P.,
Randall, C., Kuo, A., Chen, C., Peters, M.,
Kohn, D., Buckley, J., Li, X., Pruitt, L.,
Diez-Perez, A., Alliston, T., Weaver, V.,
and Lotz., J. (2009) The tissue diagnostic
instrument. Rev. Sci. Instrum., 80, 54303.
doi: 10.1063/1.3127602

64 Müller, D.J. and Dufrêne, Y.F. (2011)
Atomic force microscopy: a nanoscopic
window on the cell surface. Trends Cell
Biol., 21, 461–469. doi: 10.1016/j.
tcb.2011.04.008

65 Gautier, H.O.B., Thompson, A.J.,
Achouri, S., Koser, D.E., Holtzmann, K.,
Moeendarbary, E., and Franze, K. (2015)
Atomic force microscopy-based force
measurements on animal cells and
tissues. Methods Cell Biol., 125, 211–235.
doi. 10.1016/bs.mcb.2014.10.005

66 Mow, V.C., Ratcliffe, A., and Poole, A.R.
(1992) Cartilage and diarthrodial joints as
paradigms for hierarchical materials and
structures. Biomaterials, 13, 67–97. doi:
10.1016/0142-9612(92)90001-5

67 Weisenhorn, a.L., Khorsandi, M., Kasas,
S., Gotzos, V., and Butt, H.-J. (1999)
Deformation and height anomaly of soft
surfaces studied with an AFM.
Nanotechnology, 4, 106–113. doi:
10.1088/0957-4484/4/2/006

68 Loparic, M., Wirz, D., Daniels, A.U.,
Raiteri, R., Vanlandingham, M.R., Guex,
G., Martin, I., Aebi, U., and Stolz, M.
(2010) Micro- and nanomechanical
analysis of articular cartilage by
indentation-type atomic force
microscopy: validation with a gel­
microfiber composite. Biophys. J., 98,
2731–2740. doi: 10.1016/j.
bpj.2010.02.013

69 Han, L., Frank, E.H., Greene, J.J., Lee,
H.Y., Hung, H.H.K., Grodzinsky, A.J., and
Ortiz, C. (2011). Time-dependent
nanomechanics of cartilage. Biophys. J.,
100, 1846–1854. doi: 10.1016/j.
bpj.2011.02.031

70 Nia, H.T., Han, L., Li, Y., Ortiz, C., and
Grodzinsky, A. (2011) Poroelasticity of
cartilage at the nanoscale. Biophys. J.,
101, 2304–2313. doi: 10.1016/j.
bpj.2011.09.011

71 Sanchez-Adams, J., Wilusz, R.E., and
Guilak, F. (2013) Atomic force
microscopy reveals regional variations
in the micromechanical properties of
the pericellular and extracellular
matrices of the meniscus. J. Biomech.,
46, 586–592. doi: 10.1016/j.
jbiomech.2012.09.003

72 Nia, H.T., Gauci, S.J., Azadi, M., Hung,
H.-H., Frank, E., Fosang, A.J., Ortiz, C.,
and Grodzinsky, A.J. (2015) High-
bandwidth AFM-based rheology is a
sensitive indicator of early cartilage
aggrecan degradation relevant to mouse
models of osteoarthritis. J. Biomech., 48,
162–165. doi: 10.1016/j.
jbiomech.2014.11.012

73 Cueru, L., Trunfio sfarghiu, a.M., Bala, Y.,
Depalle, B., Berthier, Y., and Follet, H.
(2011) Mechanical and physicochemical
multiscale analysis of cortical bone.
Comput. Methods Biomech. Biomed.
Engin., 14, 223–225. doi: 10.1080/
10255842.2011.595199

74 Grant, C.A., Brockwell, D.J., Radford, S.E.,
and Thomson, N.H. (2008) Effects of
hydration on the mechanical response of
individual collagen fibrils. Appl. Phys.
Lett., 92, 2006–2009. doi: 10.1063/
1.2937001

75 Halfter, W., Monnier, C., Müller, D.,
Oertle, P., Uechi, G., Balasubramani, M.,
Safi, F., Lim, R., Loparic, M., and
Henrich, P.B. (2013) The bi-functional
organization of human basement
membranes. PLoS One, 8, e67660. doi:
10.1371/journal.pone.0067660

76 Candiello, J., Cole, G.J., and Halfter, W.
(2010) Age-dependent changes in the
structure, composition and biophysical
properties of a human basement
membrane. Matrix Biol., 29, 402–410.
doi: 10.1016/j.matbio.2010.03.004

77 Henrich, P.B., Monnier, C.a., Halfter, W.,
Haritoglou, C., Strauss, R.W., Lim,
R.Y.H., and Loparic., M. (2012)
Nanoscale topographic and
biomechanical studies of the human
internal limiting membrane. Invest.
Ophthalmol. Vis. Sci., 53, 2561–2570.
doi: 10.1167/iovs.11-8502

78 Candiello, J., Balasubramani, M.,
Schreiber, E.M., Cole, G.J., Mayer, U.,



237References

Halfter, W., and Lin, H. (2007)
Biomechanical properties of native
basement membranes. FEBS J., 274,
2897–2908. doi: 10.1111/j.1742­
4658.2007.05823.x

79 To, M., Goz, A., Camenzind, L., Oertle,
P., Candiello, J., Sullivan, M., Henrich,
P.B., Loparic, M., Safi, F., Eller, A., and
Halfter, W. (2013) Diabetes-induced
morphological, biomechanical, and
compositional changes in ocular
basement membranes. Exp. Eye Res., 116,
298–307. doi: 10.1016/j.exer.2013.09.011

80 Engler, A.J. (2004) Myotubes differentiate
optimally on substrates with tissue-like
stiffness: pathological implications for
soft or stiff microenvironments. J. Cell
Biol., 166, 877–887. doi: 10.1083/
jcb.200405004

81 van Zwieten, R.W., Puttini, S., Lekka,
M., Witz, G., Gicquel-Zouida, E.,
Richard, I., Lobrinus, J.a., Chevalley, F.,
Brune, H., Dietler, G., Kulik, A.,
Kuntzer, T., and Mermod, N. (2014)
Assessing dystrophies and other muscle
diseases at the nanometer scale by
atomic force microscopy.
Nanomedicine., 9, 393–406.

82 Puttini, S., Lekka, M., Dorchies, O.M.,
Saugy, D., Incitti, T., Ruegg, U.T.,
Bozzoni, I., Kulik, A.J., and Mermod, N.
(2009) Gene-mediated restoration of
normal myofiber elasticity in dystrophic
muscles. Mol. Ther., 17, 19–25. doi:
10.1038/mt.2008.239

83 Franze, K., Francke, M., Günter, K.,
Christ, A.F., Körber, N., Reichenbach, A.,
and Guck, J. (2011) Spatial mapping of
the mechanical properties of the living
retina using scanning force microscopy.
Soft Matter., 7, 3147. doi: 10.1039/
c0sm01017k

84 Elkin, B.S., Azeloglu, E.U., Costa, K.D.,
and Morrison, B. III (2007) Mechanical
heterogeneity of the rat hippocampus
measured by atomic force microscope
indentation. J. Neurotrauma., 24,
812–822. doi: 10.1089/neu.2006.0169

85 Christ, A.F., Franze, K., Gautier, H.O.B.,
Moshayedi, P., Fawcett, J., Franklin,
R.J.M., Karadottir, R.T., and Guck, J.
(2010) Mechanical difference between
white and gray matter in the rat

cerebellum measured by scanning force
microscopy. J. Biomech., 43, 2986–2992.

86 Iwashita, M., Kataoka, N., Toida, K., and
Kosodo, Y. (2014) Systematic profiling of
spatiotemporal tissue and cellular
stiffness in the developing brain.
Development, 141, 3793–3798. doi:
10.1242/dev.109637

87 Lekka, M., Gil, D., Pogoda, K., Dulinska-́
Litewka, J., Jach, R., Gostek, J., Klymenko,
O., Prauzner-Bechcicki, S., Stachura, Z.,
Wiltowska-Zuber, J., Okoń, K., and
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12.1
Introduction

Human tissues are highly organized anisotropic structures, hierarchically
ordered from the macroscopic down to the nanometer scale. These biologically
generated materials are usually highly specialized and often provide a unique
performance for the period of several decades. For example, human enamel con­
sists of ordered hydroxyapatite crystallites organized in a fibrous continuum.
The highly anisotropic organization and interaction of these components makes
human enamel about three times tougher than its geological counterpart and
much less brittle than sintered hydroxyapatite [1]. It is therefore of interest, to
understand the synergetic structure of such tissues.
For this purpose, hard X-rays are of particular interest, because the deep pene­

tration allows nondestructively probing the interior of specimens close to physi­
ological conditions.
Radiography has been available for more than a century. Medical doctors rou­

tinely use this modality to image human tissues. Computed tomography (CT), or
more precisely hard X-ray tomography in absorption contrast mode, has been
implemented in daily clinical diagnosis. In both cases, the attenuation of the X-
ray beam intensity traversing the tissues is measured. Because of the relatively
low X-ray attenuation by the soft tissue components, the hard X-ray techniques
concentrate on imaging hard tissues such as bone and tooth crowns. More
recently, hard X-ray imaging techniques in phase contrast mode became availa­
ble, which are much better suitable for the investigation of soft tissue compo­
nents owing to their increased sensitivity for materials with low atomic numbers
including carbon. These sophisticated methods allow detecting the phase shift
generally described by the real part of the refractive index.
The spatial resolution of the real-space imaging techniques is ultimately lim­

ited by the wavelength of the probe. Hard X-rays have a wavelength of the order
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of 0.1 nm. The spatial resolution of CT and radiography, however, is not better
than a fraction of a micrometer, if one sets special X-ray optics aside. These
contemporary real-space imaging techniques gave the possibility to image indi­
vidual human cells [2,3].
Subcellular components, that is, anatomical structures on the true nanometer

level are commonly imaged using electron microscopy. These experiments need
high-vacuum conditions and, thus, a specimen preparation procedure that trans­
forms the tissues into states far from physiological conditions. As the electrons
strongly interact with matter, the imaging restricts to surfaces or thin sections of
the human tissue.
For about a century, we know that X-rays can reveal atomic structures. X-ray

scattering allows for the exact determination of arrangements from periodic fea­
tures on the nanometer scale. It has been shown that the minerals in bones and
teeth as well as the myelin sheaths in human brain tissues and collagen fibers of
cartilage give rise to such periodicities and the related signals in scattering pat­
tern. X-ray scattering has found increasing application in the medical research
for the characterization of the nanoarchitecture of tissues and their components.
Its combination with two-dimensional scanning allows mapping quantities as
nanoscale anisotropy or preferential orientation over macroscopic specimens
with micrometer resolution [4,5]. The present chapter introduces the experi­
mental principles and selected applications in studying soft and hard tissues,
that is, the breast, brain, parts of joints, and tooth crowns.

12.2
Spatially Resolved Hard X-Ray Scattering

12.2.1
Introductory Remarks on X-Ray Scattering

As X-ray diffraction, the X-ray scattering techniques belong to the reciprocal space
or k-space, as they are based on an inverse relationship between the angles of X-
rays scattered by the tissues and real-space nanometer periodicities of the tissues.
One can distinguish between two experimental setups: X-ray diffraction, or

wide-angle X-ray scattering (WAXS), which is used to gain insight about the
atomic lattice structure of crystals or crystallites, and small-angle X-ray scatter­
ing (SAXS), which deals with structures between 1 and several 100 nm. The
underlying physical principles, however, are the same. The X-rays impinging on
the tissues excite electrons, which in return emit secondary waves that interfere
with each other [6]. The scattered waves are coherent, and their amplitudes add
linearly. Depending on the tissue morphology, constructive interference occurs
at well-defined angles. By measuring these angles, information about the relative
positions of the electrons can be derived. It should be noted that one can restrict
the description on coherent scattering, since at small angles the incoherent por­
tion is negligible [6].
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Figure 12.1 Reciprocal relationship between
scattering angle and scattering feature dimen­
sion. At dimension d close to the wavelength
of the X-rays, the electrons can be considered
to be located at the position of the atoms, and
information about the lattice structure of the

specimen is obtained at large angles. At
dimensions d significantly larger than the
wavelength, small-angle scattering occurs,
providing information about the electron den­
sity distribution.

Within crystals the electrons are localized at the atoms. The relation between
the crystallographic structure and the scattering angle can be described by the
Bragg equation

λ 2d sin θ; (12.1)

where λ denotes the wavelength of the X-rays, d the spacing between atomic
lattice planes, and θ the scattering angle, under which constructive interference
occurs (cf. Figure 12.1). If the size of the inspected structures is of the order of
magnitude of the X-ray wavelength, as is the case for crystal lattices, the scatter­
ing angles will be large, and the technique is termed WAXS. Diffraction peaks
appear, when the Bragg equation is satisfied.
By collecting the positions of several diffraction peaks and comparing them with

crystallographic databases, it is possible to reconstruct the lattice structure of the
investigated crystal. It should be noted that the position of the diffraction peaks
depends on crystal orientation; they lay in a plane parallel to the direction of the
incident X-rays and perpendicular to the related lattice planes. Therefore, in aniso­
tropic specimens, diffraction also provides information about crystal orientation.
If the dimension d of the investigated objects becomes much larger than the

wavelength, the scattering angle will conversely get small (cf. Figure 12.1). When
observing objects orders of magnitude larger than the atomic scale, it is practical
to consider the electron density distribution ρ(x), that is, the number of electrons
per unit volume, rather than electrons localized at defined positions. Then, all
electrons contribute to the scattering, and the scattered signal is the superposi­
tion of all contributions. If a specimen presents a homogeneous electron density,
the individual contributions will cancel each other out. Thus, small-angle scat­
tering only occurs when electron density inhomogeneity in the nanometer range
exists. Since the scattering angle is dependent on the wavelength λ of the inci­
dent X-rays, it is useful and common to introduce the scattering vector or
momentum transfer q, defined as

q
4π
λ
sin θ

2π
λ

k k ; (12.2)
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where θ indicates the scattering angle. k and k are unit vectors in the direction
of the incoming and outgoing waves, respectively [6] (cf. Figure 12.1).
The resulting scattered amplitude A is then given by integrating over the con­

tribution from all electrons as

iqrA q dV ρ r e ; (12.3)

when the observer is located at distances much greater than the specimen size.
Note that in experiments, the intensity I(q) is recorded. This implies that the
phase information is lost, making a back transform of the recorded intensities to
the electron density distribution impossible. Thus, only derived quantities can be
obtained from diffraction or scattering patterns. For a thorough treatment of
SAXS formalism, see references [6,7].

12.2.2

Experimental Setup for X-Ray Scattering

The scheme of a scattering experiment can be described as follows. A narrow
incident beam impinges on the specimen, where the X-rays interact with the
electrons, and the scattered intensity is collected some distance away. The pre­
cise distance between specimen and detector can be obtained by measuring stan­
dards with well-known periodicities, for example, silver behenate (http://www.
esrf.eu/UsersAndScience/Experiments/CRG/BM26/SaxsWaxs/Silverbehenate).
Only a fraction of the incoming photons are scattered, the majority is either

absorbed in the specimen or transmitted. The transmitted, or direct, beam is
generally collected by a beamstop in front of the detector. This allows tuning the
sensitivity of the detector to the intensity of the SAXS signal and avoiding possi­
ble damage to the detector. It should be noted that the beamstop not only effec­
tively blocks the direct beam, but also the scattering at very small angles.
Therefore, a small beamstop is generally desirable. By mounting a photon count­
ing device, for example a diode, on the beamstop, it is possible to measure the X-
ray attenuation simultaneously. This is of particular interest for inhomogeneous
specimens, since also the scattered intensity is attenuated by the specimen. It is
also directly proportional to specimen thickness. Thus, for a known wavelength
λ the scattered intensity I is proportional to

I∝ I0
μtt e ; (12.4)

where μ is the linear attenuation coefficient for the specimen at wavelength λ, I0
and I are the incoming and scattered intensities, respectively, and t is the speci­
men thickness. The optimal specimen thickness, where the scattered intensity is
maximal, corresponds to t=1/μ [6]. The specimen thickness should always be
chosen so that the beam illuminates a reasonable volume. If the attenuation is
known, the scattered intensity can be corrected by the specimen transmission.
The smallest angles, where a SAXS signal can be measured, is given by the size

of the beamstop, which in return is determined by the cross sectional size of the

http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM26/SaxsWaxs/Silverbehenate
http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM26/SaxsWaxs/Silverbehenate
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Figure 12.2 (a) Schematic representation of
the cSAXS beamline at the Swiss Light Source,
Villigen, Switzerland. (Adapted from Ref. [9].
With permission from Springer-Verlag Berlin
Heidelberg.) (b) The end station of the cSAXS
beamline at the Swiss Light Source, Villigen,

Switzerland. The tissue of interest, here a
slice of a human tooth, can be kept under
wet conditions at a predefined temperature.
(Adapted from Ref. [9]. With permission from
Springer-Verlag Berlin Heidelberg.)

direct beam. The small direct beam size is generally obtained with a system of
collimation slits or pinholes, depending on setup, resulting in beam sizes gener­
ally below 200 μm at the position of the specimen.
Figure 12.2a shows a schematic representation of the SAXS setup at the

cSAXS beamline located at the Swiss Light Source storage ring (Paul Scherrer
Institut, Villigen, Switzerland) [4]. The wavelength for the experiment is selected
by a monochromator, and the beam is focused to about 20 μm× 20 μm at the
specimen location by the monochromator and a mirror. It is further collimated
by a system of horizontal and vertical slits. The specimen is mounted on a
motorized x–y-stage for positioning, and the scattered light is collected with a
PILATUS single photon counting detector [8]. The direct beam is blocked by a
beamstop in front of the detector, equipped with a proportional counting diode.
A flight tube is placed between the specimen and the detector. It can be either
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evacuated, or filled with inert gas, to minimize air scattering. Figure 12.2b shows
a photograph of the end station.
In order to operate an efficient spatially resolved SAXS system, powerful per­

sonal computers and dedicated software are required.

12.2.3

Two-Dimensional Scanning Small-Angle X-Ray Scattering

SAXS measurements can be combined with two-dimensional scanning to obtain
information on the nanometer range over macroscopic areas [4,5]. Then, the
specimen, here the tissue of interest, is scanned in raster fashion through the
beam by means of a motorized x–y-stage. A scattering pattern is acquired at
each position, allowing creating a two-dimensional map over extended areas (cf.
Figure 12.3). Depending on the actual set-up, one may need about 1 h beamtime
to record an area of 1 cm× 1 cm with a raster of 10 μm× 10 μm.

Figure 12.3 The tooth slice several hundred
micrometer thick is scanned through the
collimated X-ray beam in x and y directions
(cf. Figure 12.2). At each position a SAXS

pattern is acquired, and nanoscale information
is mapped over macroscopic areas. (Adapted
from Ref. [10]. With permission from Springer
Science+Business Media B.V.)
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Scattering Pattern Analysis

After acquisition, the scattering pattern is further processed, integrating the
intensity values in radial or azimuthal directions, as depicted in Figure 12.4. In
practice, this is often performed by dividing the scattering patterns into radial
segments, and averaging, in each segment, the intensity of all pixels with the
same distance to the beam center [4]. Several bits of information can be
extracted from the obtained curves. The radial plots, where the intensity I is
plotted against the scattering angle, or the scattering vector q, holds information
about shape and size distribution of the scattering features within the speci­
men [6,7]. Alternatively, preferential orientation and anisotropy of periodicities
of special interest can be observed by plotting the SAXS intensity against the
azimuthal position. If the scattering features exhibit one preferential orientation,
the azimuthal plot will display two peaks, reflecting the central symmetry of the
scattering pattern. The preferential orientation can be extracted from the peak
position with respect to the vertical direction. Since the scattering signal is

Figure 12.4 The two-dimensional SAXS pat­
tern can be integrated radially along q or azi­
muthally along φ. The I versus q plot is linked
to the shape and the size distribution of the
scattering features within the specimen/tissue.

The azimuthal plot along φ provides informa­
tion about specimen/tissue anisotropy. The q-
values smaller than a certain cut-off are
inaccessible because of the beamstop.
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Figure 12.5 Serial sectioning of a human third molar into slices each about 500 μm thin.

typically oriented perpendicular to the largest extension of structures like rods
and platelets, the preferential orientation of these features can be deduced. A
measure for the anisotropy and physical spread of the scattering nanofeatures
can be deduced by analyzing the shape of the scattered intensity [5,11]. Thus,
depending on the extracted information, several types of contrast can be
obtained from a single SAXS measurement. Integration has the added benefit of
drastically reducing data size. A thorough treatment and additional parameters
can be found, for example, in references [4,12].

12.2.5

Tissue Preparation

As stated in Section 12.2.4, specimen thickness has to be carefully chosen prior
to performing the experiment. For specimens from human tissues, generally hav­
ing a size in the range of a few to several cm, this involves sectioning into thin
slices.
Scattered intensity increases linearly with specimen thickness; therefore,

thickness should be chosen appropriately to ensure sufficient signal. Scat­
tered intensity is, however, also attenuated within the specimen, requiring
the specimen to be thin enough so that a reasonable amount of photons
reaches the detector. Furthermore, SAXS measurements are of projective
nature, meaning that resolution is limited to the specimen thickness. This is
of particular interest for human specimens, where changes on structural
organization might happen in the micrometer range, or even below, or inter­
faces between adjacent tissues are present. Different structures overlapping
along the beam will be projected on the same spot. Separating their contribu­
tion to the scattering pattern obtained in this manner is often infeasible and
thus hinders data interpretation. The projective nature of the method also
implies that sequential sectioning might be required to obtain information
on volumetric specimens (cf. Figure 12.5).
It should also be noted that SAXS is generally only sensitive to features lying

in the plane perpendicular to the direction k of the incident X-ray beam, because
for small scattering angles θ, the scattering vector q is almost perpendicular to k.
The sectioning direction of the specimen is therefore crucial. Highly oriented
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structures might remain invisible in the scattering pattern if the sectioning plane
is inappropriately selected.
Since vacuum is not a necessary requirement for X-ray experiments, specimen

environment can be chosen to best suit specimen specifications. For example, a
wet environment can be realized by storing specimens in sachets (cf. Figure 12.2).
Special care should be taken that the sachet material exhibits low and especially
uniform scattering (cf. Section 12.6). For example, polyimide is routinely used at
the cSAXS beamline to hold specimens wet during the measurements.

12.3
Nanoanatomy of Human Hard and Soft Tissues

12.3.1

Human Tooth

Figure 12.6 shows processed scanning SAXS data of a human tooth slice for the
range corresponding to 60 and 70 nm. In Figure 12.6a, the total scattered inten­
sity is represented, which is related to the abundance of periodicities in this
nanometer range.

Figure 12.6 Several types of contrast can be
extracted from the scattering patterns. (a) Total
scattered intensity in counts per pixel.
(b) Intensity exponent. (c) FWHM of the azi­
muthal scattering distribution in radians.
(d) Anisotropy, that is, the amount of aniso­
tropic scattering. (e) Preferential orientation of

the scattering signal with respect to the vertical
direction. (f) Several contrast types can be com­
bined within one image. Here, the color indi­
cates the preferential orientation, the saturation
gives the FWHM, or physical spread of the scat­
terers, and the intensity codes the anisotropy.
The length bar corresponds to 1mm.
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Figure 12.6b displays the intensity exponent α, which is derived fitting the I–q
curve with the power law qα. The exponent α is linked to the shape of the scat­
tering features, corresponding to 1 for needle and rod-like structures and to 2
for platelets and disks [7]. Note that this relationship is only valid for specific q-
ranges dependent on the scattering feature sizes and for dilute solutions [6,7].
Therefore, these conditions are hardly met in the densely packed enamel and
dentin. Nonetheless, the exponent allows distinguishing enamel from dentin,
and even gives rise to contrast within certain regions of the enamel. The images
of Figure 12.6c and d show some aspects of the anisotropy within the tooth
crown. The image in Figure 12.6c relates to the physical spread of the scattering
features, whereas the image in Figure 12.6d shows the ratio of oriented to total
scattering. The alternating brighter and darker regions in enamel correspond to
the Hunter–Schreger bands well known from optical micrographs [13]. They
originate from bundles of coaligned enamel rods [14]. In enamel, the scattering
features are almost exclusively oriented. They are more isotropic in dentin. The
preferential orientation of the scattering signal is visualized in Figure 12.6e using
the color code according to the bar. Zero means vertical orientation.
In order to provide the information to the viewer in concentrated manner, the

contrast of selected representations are often combined. Figure 12.6f shows such
an example, which is appreciated by medical experts including anatomists.
Each periodic structure gives rise to a related peak in the I–q plot. For exam­

ple, the main organic component of dentin, collagen-I, exhibits periodic gap
zones at the 67 nm spacing [15]. Figure 12.7a contains characteristic I–q dia­
grams for dentin (red color) and enamel (blue color). The first order collagen
peak causes a bump in the curve for dentin. Such a peak is absent for enamel.
The intensity below the bump can be approximated with a power law qα with
α= 2.6. Then, the intensity above the fit is exclusively associated with the
occurrence of collagen-I [16], which can be processed separately. The associated
results are given in the images of Figure 12.7b and d. Here, the scattering poten­
tial is coded by brightness, anisotropy by color saturation, and preferential orien­
tation of the scattering signal by color according to the color wheel. In
Figure 12.7b, the total intensity was processed, which mainly originates from the
inorganic components [16]. The preferential orientation of the scattering signal
in enamel is mostly parallel to the dentin–enamel junction (DEJ), whereas in
dentin it is perpendicularly oriented. In Figure 12.7d, only the collagen-related
intensity is displayed. In dentin, the preferential orientation of the collagen-
related scattering signal is perpendicular to the one originating from the
inorganic components, indicating a close organizational relation between these
essential components.
The investigated q-range can be shifted to higher values by reducing the speci­

men-detector distance (cf. Figure 12.8). In this regime, termed wide-angle X-ray
scattering (WAXS), diffraction patterns of crystallites can be accessed.
Figure 12.9 shows spatially resolved WAXS data of a selected human tooth slice.
Since the main inorganic component of the crown is hydroxyapatite, most peaks
can be associated to this lattice structure. Similarly to SAXS data processing, the
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Figure 12.7 The diagram (a) shows character­
istic scattering curves of dentin in red color
and of enamel in blue color. The image (b) is
the locally processed SAXS signal, where the
orientation of the scattering signal is accord­
ing to the color-wheel, scattering potential is
coded by brightness, and anisotropy by color

saturation. The distinct periodicity of about
67 nm in the collagen fibers gives rise to a
related peak in the scattering signal (c). This
signal, related to collagen-I, can be extracted
and allows generating descriptive images as
displayed in (d). The scale bar corresponds to
a length of 2mm.

Figure 12.8 Schematic representation of a standard scattering measurement setup. A colli­
mated X-ray beam impinges on the tissue of interest. The scattered X-rays are collected on a
detector, whereas the transmitted radiation is absorbed at the beam stop.
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Figure 12.9 The diagram (a) reveals the char­
acteristic diffraction (WAXS) patterns of
enamel in blue color and of dentin in red
color. Most of the peaks are easily associated
to hydroxyapatite. The images (b) and (c) pres­
ent the locally processed signals of the (002)

and (121) planes, respectively. The color corre­
sponds to the orientation of the diffraction
peak according to the color-wheel, whereas
the color saturation indicates anisotropy in the
plane of the specimen. The scale bar corre­
sponds to a length of 2mm.

intensity associated with individual peaks can be processed, as performed here
for the families of (002) and (121) planes and depicted in the images of
Figure 12.9b and c, respectively. In enamel, the (002) signal orients radially to
the DEJ. The (121) signal is oriented parallel to the DEJ. The comparison with
SAXS data reveals that the (002) direction, corresponding to the c-axis, aligns
with the long axis of the needle-shaped crystallites. No distinct orientation can
be identified for dentin.
The anatomical knowledge on the nanometer scale should be applied for the

realization of nature-inspired, biomimetic fillings. Currently, the dentists repair
caries lesions mechanically removing the affected parts of the crown and filling
the cavity using advanced isotropic materials. These dental fillings usually do not
reach the duration of the natural counterpart. Consequently, dental fillings
should be inserted, which contain elongated nanostructures with the orientation
of dentin and enamel [17].
The study of caries pathology using synchrotron radiation-based hard X-ray

scattering has demonstrated that while bacterial processes do dissolve the
ceramic components in enamel and dentin, the dentinal collagen network
remains unaffected, enabling the development of future caries treatments that
remineralize the dentin [16].

12.3.2

Femoral Head

The articular cartilage of the human femoral head is composed of layered tis­
sues, as schematically depicted in Figure 12.10b [18]. This configuration illus­
trates the tissue’s function as load bearing and shock absorbing anatomical
structure [19,20]. Applying the two-dimensional position-resolved SAXS, it is
possible to map the local orientation of collagen fibrils from the femoral head
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Figure 12.10 The rectangle of the photograph 13.7 nm according to the color-wheel. The ori­
(a) indicates the area of a section of decalci- entation of the signal changes from parallel to
fied femoral head selected for the scanning perpendicular to the surface. These data show
SAXS measurement. The scheme (b) shows results from the first scanning SAXS experi­
the anatomical layered structure from the ments performed at the cSAXS beamline in
bone to the articular surface indicating the August 2007. The length bar corresponds to
alignment of collagen fibers in knee cartilage. 500 μm. (Adapted from Ref. [18]. With permis-
The spatially resolved SAXS data shown in the sion from Elsevier.) (Adapted from Ref. [19]).
image (c) reveals the main orientation of the With permission from Elsevier. SAXS data with
scattering signal in the range from 12.5 to permission by D. Bradley.)

surface down to the underlying subchondral plate and the trabecular bone. The
SAXS data reveal the parallel alignment of the collagen fibers at the articular
surface, which accommodate the gliding motion of the joint, then a change to a
perpendicular arrangement in the direction of mechanical loading [19,21]. Such
measurements can, for example, be utilized to track osteoarthritis, that is, the
induced changes of the anatomy on the nanometer scale in affected joints, ex
vivo [19].
Currently, the repair of joints is only partially possible. Once the joint, such as

hip and knee, is severely damaged, it is replaced using medical implants.
Although this surgical treatment is a standard medical procedure, rather com­
plex complications can occur. Therefore, tissue engineering is still an interesting
alternative. Related research activities are ongoing. The spatially resolved SAXS
data underline the necessity (i) to incorporate anisotropic nanostructures into
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the tissue-engineered constructs and (ii) to extend the two-dimensional arrange­
ments of biological cells into the third dimension. Here, one finds some promis­
ing results concerning bone substitutes [22]. Nevertheless, the tissue engineering
of joints is still at the very early stage of development. Research initiatives with
durations of rather a decade than a year will be required to build the tissues in a
biomimetic manner with ordered anisotropic nanostructures as revealed with
the spatially resolved SAXS measurements.

12.3.3

Breast Tumor

In order to diagnose breast cancer, medical experts have to discriminate between
normal tissue and benign as well as malignant lesions. This task is often chal­
lenging. The result has major impact on the survival and the quality of life of the
affected patients. It has been demonstrated that SAXS allows classifying forma­
lin-fixated human breast tissues as normal, benign, or malignant with a high sen­
sitivity and specificity [23–28]. Here, the scientists have analyzed both the Bragg
peaks of the collagen fibrils and the scattering of the packing of triglycerides in
the lamellar phase present in normal tissue. Usually, several parameters are
derived to improve the significance. Figure 12.11, for example, shows beside the
histology slice, the related, simultaneously obtained spatially resolved SAXS data
for the degree of orientation, the intensity exponent, the total scattered intensity,
and the preferential orientation of the scattering signal corresponding to the
range between 6 and 21 nm. One easily recognizes the similarities between con­
ventional histology and spatially resolved SAXS data as well as the additional
information SAXS can provide with respect to the conventional approach.
Although laboratory set-ups are sufficient to discriminate the cancerous and
healthy parts of the breast tissues, further efforts have to be invested to develop
spatially resolved SAXS toward mammography screening.

12.3.4

Brain Tissue

Brain tissue contains prominent nanoscale periodicities, which include the mye­
lin sheaths that surround the nerve axons. They have a spiral arrangement with a
constant separation distance between the turns of about 17 nm and act as elec­
trical isolation. Similar to collagen, this 17 nm periodicity gives rise to distinct
peaks in the I–q plots. Degenerative pathological events can alter its abundance
and structure [29]. The images of Figure 12.12a and b show the total and mye­
lin-related signals of a human brain slice. The image represented in
Figure 12.12c depicts the relative frequency of the myelin signal. The central
dark region belongs to the thalamus, where the myelin is hardly found. Around
the thalamus, however, abundant myelin sheaths, that surround the nerve axons,
are present.
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Figure 12.11 (a) Histology slice of human
breast tissue. (b) Degree of orientation.
(c) Intensity exponent. (d) Total scattered
intensity. (e) Orientation of the scattering
signal, according to the color-wheel. The

nanostructures in the range from 6 to 21 nm
are considered. The scale bar corresponds to a
length of 500 μm. Histology and SAXS data
with permission by D. Bradley.

The two-dimensional SAXS measurements can be extended to the third
dimension incorporating a rotation, for example, around y-axis (cf. Figure 12.2).
In this manner, SAXS is combined with a tomographic setup. The well-known
reconstruction schemes, that is, filtered back-projection, can be applied. The
direction-dependent nature of the SAXS signal imposes limitations on the infor­
mation that is obtained. The scattering intensity signal, related to the abundance
of nanostructures, can only be meaningfully reconstructed, if the nanostructures
are isotropic, meaning that scattered intensity is independent on specimen’s ori­
entation [30–32]. Using this method the preferential orientation of the scattering
features cannot be reconstructed. Nonetheless, this basic approach can result in
a remarkable contrast, as shown in the images of Figure 12.12d and e for rat
brain. The images, displayed in Figure 12.12d and g, show conventional tomog­
raphy slices in absorption-contrast mode. Only a few features can be identified.
Conversely, improved contrast is found in the SAXS-CT data that are displayed
in the images of Figure 12.12e and h. Similar to the two-dimensional data, the
intensity associated with myelin can be processed and reconstructed separately,
allowing for the access of the myelin density in each voxel [31]. These unique
results are visible in the images of Figure 12.12f and i.
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Figure 12.12 In the top row (a) two-dimen- reconstructed by filtered back-projection from
sional SAXS intensity of a histology slice from a rat brain. (d) and (g) absorption contrast. (e)
the human thalamus for the range between and (h) total scattering signal. (f) and (i) mye­
8.2 and 9.0 nm. (b) Myelin-related signal. (c) lin-related signal. The scale bar corresponds to
Ratio of the images represented in (b) and (a), a length of 2mm. ((d, g) Adapted from
giving rise to the relative myelin abundance. Ref. [30], with permission from IOP Publishing.
The scale bar corresponds to a length of (e, f, h, i) Adapted from Ref. [31], with permis­
5mm. In the second and third row, one finds sion from Elsevier.)
selected tomographic slices of SAXS-CT data

For specimens presenting a high degree of anisotropy on the nanometer scale
the approach is, however, questionable, and more sophisticated measurements
and reconstruction algorithms have to be developed. Very recently, Georgiadis
et al. have proposed a method for the three-dimensional assessment of the local
orientation of nanocomponents of bone using spatially resolved SAXS [33]. This
method relies on the inspection of thin slices in a similar manner as for the pro­
jection approach in spatially resolved SAXS. Here, however, the measurement is
repeated for a variety of incidence angles with respect to the beam, allowing for
the reconstruction of the local preferential orientation of the nanostructures in
three dimensions. As for the two-dimensional projection data, the spatial resolu­
tion is limited to the slice thickness. To investigate volumetric specimen,
sequential sections can be scanned, as performed successfully for bone [33].
The two- and three-dimensional SAXS data allow for a detailed evaluation of

brain tissues in health and disease. Based on the present results, the future SAXS
experiments will expand our understanding of neurodegenerative diseases and
the role of the nanostructures and their arrangement for the well and fit aging.
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Conclusions and Outlook

Our body can be regarded as the arrangement of atomic and molecular species
in hierarchical manner to offer the dedicated functionality. Radiologists, how­
ever, cannot resolve the individual atoms and molecules, because the spatial res­
olution of their modalities is not better than a fraction of a millimeter.
Specialized computed tomography based on hard X-rays can reach the sub-
micrometer level for specimens of a restricted size. Atoms and molecules within
biopsies, however, are inaccessible so far. As a consequence, the diffraction- and
scattering-based, k-space techniques are extremely helpful. We have known
these techniques in the fields of crystallography, physics, and materials science
for about a century. The detailed understanding of these methods, however, is
demanding. More recently, however, the scattering techniques have been com­
bined with scanning in two dimensions taking advantage of well-collimated hard
X-ray beams. In this way, images of a reasonable tissue area with strong similari­
ties with histology can be generated. In comparison with histology, however,
staining procedures can be avoided, which allows investigations closer to the
physiological stage. Even more important, SAXS permits the determination of
the orientation and degree of anisotropy of the nanoscale ultrastructure that is
impossible using conventional histology. This feature is essential, since the
human tissues are almost exclusively anisotropic. The combination with tomo­
graphic reconstruction is still in its infancy and restricted to rather small
volumes.
SAXS has been successfully applied to a variety of hard and soft tissues [21].

Diseases can be diagnosed even in quantitative manner. The results may be
applied to develop next-generation treatment strategies, as, for example, being
demonstrated for caries [16].
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13.1
Introduction

New therapeutic approaches benefit from recent advances in stem cell biology
and material sciences. The combination of stem cells with sophisticated nano­
structured materials and scaffolds is increasingly beneficial in all areas of regen­
erative medicine [1,2]. Nanoparticles (i.e., 1–100 nm size) can be used both for
the diagnosis and targeted therapy through in vivo imaging and drug delivery,
and for the creation of biomimetic scaffolds and implants [2–7]. Nanostructured
biomaterials can be personalized by engineering their structure, shape, size, and
surface properties in order to be applied in precise anatomical sites. Stem cells
are powerful tools for diseases that conventional medicine cannot cure pres­
ently [8–10]. However, significant hurdles remain for successful clinical transla­
tion, such as harmonization of methodologies and regulations of stem cell
isolation and expansion, as well as attitudes to their clinical adoption. A funda­
mental requirement for the successful clinical application is the production of
desired quantities of stem cells that display acceptable levels of comparability
across different lines [1,8,10]. Variability in engineered nanomaterials, microen­
viromental fluctuations, and heterogeneous nature of patients (in terms of
disease status and genetic background), creates additional inconsistencies that
are challenging to control during the clinical procedures [1,2,8,10]. Therefore,
standardized methodologies will reduce the impact of technical variability and
validate clinical procedures associated with stem cells and nanostructured mate­
rials. To this end, we emphasize the role of stem cells combined with novel
nanostructured materials and nanoparticles in dental tissue regeneration.
Furthermore, we highlight here various applications of nanotechnology in
current dentistry, ranging from diagnostics to dental materials.

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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13.2
Repair of Dental Tissues

Enamel, dentin, and cementum constitute the hard tissues of the tooth that
is formed as the outcome of sequential and reciprocal interactions between
cells of the oral epithelium and the cranial neural crest-derived mesenchyme
(Figure 13.1) [9–13]. The epithelium-derived ameloblasts are responsible for
the formation of enamel, while the mesenchymal cells give rise to two distinct
components: the dental pulp and the dental follicle. Cells of the dental pulp
differentiate into odontoblasts and produce the dentin matrix, while cells from
the dental follicle are involved in cementum and alveolar bone formation. The
tooth anchors to the alveolar bone through the periodontal ligament (PDL). The
fibers of the PDL connect the tooth root cementum with the alveolar bone, thus
contributing to tooth stability and homeostasis [10,12]. The periodontal space
also contains a variety of cells such as fibroblasts, epithelial rests of Malassez
(ERM), and endothelial cells [12].
There is an increased need of specific dental biomaterials that can be used in

clinics for dental tissue repair and regeneration [14]. Novel, tailor-made dental
materials are successfully used for partial dental tissue repair, while sophisticated
dental implants are used for tooth replacement [10]. These materials are often
used in conjunction with signaling molecules to enhance the regeneration of
the dental tissues and alveolar bone. Damaged enamel is usually substituted
with sophisticated biomaterials, ceramics, and precious metals, since the enamel
cannot be repaired naturally [15,16].
Novel, stem cell-based, therapeutic approaches are both promising and

challenging, and they complement the traditional restorative or surgical techniques

Figure 13.1 Schematic representation of a molar indicating the various components of the
tooth and the surrounding tissues. (Adapted from Ref. [13].)
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for the repair and regeneration of dental tissues [1,10]. The generation of induced
pluripotent stem cells (iPSCs) by reprogramming somatic cells via a cocktail of
transcription factors represents another attractive source of cells for tooth repair
and regeneration [8,17,18]. The administration to patients of stem cells or iPSCs
in conjunction with nanomaterials, bioactive scaffolds, and nanoparticles might
increase the regenerative capability of the damaged dental tissues [1,10]. Most
studies focus on partial dental tissue repair/regeneration for diseases that com­
monly affect dental tissues. However, several attempts have also been made for the
regeneration of entire teeth [15–22]. Recent advances, future developments, and
raising new challenges in the field of dentistry are discussed in this chapter.

Dental Stem Cells and Their Regenerative Potential

Stem cells are characterized by their potential to self-replicate and differentiate
into a vast variety of cell populations [9,23]. Pluripotent epithelial and mesen­
chymal cell populations are present in the vast majority of adult human tissues
and organs, including teeth. Dental mesenchymal stem cells (DMSCs) were
found in the dental pulp of human permanent [24] and exfoliated deciduous
teeth [25]. These cells were also identified in the apical part of dental
papilla [26,27], dental follicle [28], and periodontal ligament [29,30]. DMSCs
are responsible for homeostasis and regeneration of the dental pulp and perio­
dontium [1,10,31], and are able to form dentin, cementum, and alveolar
bone [31–33], thus indicating their potential for applications in dental treat­
ments [1,10,15,26]. In contrast, dental epithelial stem cells (DESCs) are very rare
in adult human teeth, thus making it difficult to naturally repair or regenerate
enamel [12,16,34]. The current knowledge on DESCs has been obtained from
studies in rodents, in which DESCs are found to be responsible for the renewal of
the continuously growing incisors [9,12,16,23]. Here, we report on the various
dental cell populations that are characterized and currently used for experimental
regenerative purposes.
Dental pulp stem cells (DPSCs) were first isolated in 2000 and are the most

common source of DMSCs [24] (Figure 13.2). Purification of the isolated pulp
cells can be obtained after their labeling with fluorescent antibodies followed by
fluorescence-activated cell sorting (FACS) [24,35]. Due to the lack of specific
DMSCs markers, generic mesenchymal stem cell (MSC) markers such as STRO-1,
CD146, and CD44 are commonly used for the identification of DMSC popula­
tions [1,10,24,31,35]. Additional identification procedures that rely on the
morphology, selective adherence properties, proliferation and differentiation
potential, and tissue repair abilities of these cell populations are in use [35].
DPSCs are capable to differentiate into odontogenic, osteogenic, chondrogenic,
adipogenic, myogenic, and neurogenic cells in vitro and in vivo [1,10,35,36].
Pulp–dentin tissues have been generated after ectopic transplantation of DPSCs
mixed with hydroxyapatite/tricalcium phosphate [11,24,37,38]. Furthermore,
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Figure 13.2 Cultured human dental pulp stem
cells (hDPSCs) after immunostaining with
vimentin (fluorescent green color) and NuMA
(pink/violet color). Vimentin staining illustrates
the structure of the cytoskeleton, while NuMA

staining indicates the nuclei of human cells.
(Photo given by A. Woloszyk, Orofacial
Development and Regeneration, University of
Zurich, Zurich, Switzerland.)

clinical trials using autologous human DPSCs combined with collagen scaffolds
for alveolar bone reconstruction have been successfully performed several years
ago [39].
Stem cells from human exfoliated deciduous teeth (SHEDs) can be isolated

using the same procedure as for DPSCs [25]. SHEDs express the surface mole­
cules STRO-1 and CD146, and several neural and glial markers such as nestin
and β-III tubulin [25]. These cells are capable to differentiate into odontogenic,
osteogenic, chondrogenic, adipogenic, myogenic, and neurogenic cells
in vitro [25,31,35]. SHEDs proliferate very fast, but they have a limited capacity
to form dentin-pulp complexes in vivo [25,31]. However, transplantation of
SHEDs seeded in biodegradable scaffolds into human tooth slices resulted in the
formation of dental pulp-like tissue. In addition, it has been shown that SHEDs
are able to induce bone and dentin formation in vivo [25,31].
Stem cells from the apical part of the dental papilla (SCAPs) are mesenchymal

cells located at the apex of the developing root of the tooth [26,27]. SCAPs are
highly proliferative, and exhibit increased migratory and regenerative potentials.
These cells express the same DMSC surface markers, as well as the SCAP-
specific marker CD24, for which DPSCs are negative [26,36]. SCAPs have the
potential to generate odontogenic and adipogenic lineages in vitro and are
able to form dentin in vivo, when transplanted on hydroxyapatite/tricalcium
phosphate carriers [26,31].
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Stem cells from the dental follicle (DFSCs) are progenitor cells for the PDL,
alveolar bone, and cementum, and express the STRO-1 and CD44 markers,
as well as the BMP receptor-IA, -IB, and –II [10,28]. DFSCs transplanted
into immune-deficient animals were able to form cementum and PDL-like
tissues [40,41].
Periodontal ligament stem cells (PDLSCs) also express the cell-surface markers

STRO-1, CD146, and CD44 [10,29,30]. These cells are able to differentiate into
adipogenic and osteogenic cells under defined culture conditions in vitro.
PDLSCs can contribute to the regeneration of the periodontium by giving rise to
cementum/PDL tissues, after their injection into immune-compromised animals
in vivo [29]. Another PDLSC population that is located close to the alveolar bone
(abPDLSCs) has shown higher osteogenic and adipogenic capabilities when com­
pared to PDLSCs [30].
Human dental epithelial stem cells (hDESCs) can be isolated from the third

molar that develops late after birth. Another source of hDESCs is the epithelial
root sheath that disintegrates into strands of epithelial cells, also known as epi­
thelial rests of Malassez [42–44], as well as from the dental pulp [45]. ERM cells
express epithelial stem cell markers such as Bmi-1, E-CAM, and p75, as well as
embryonic stem cell markers such as Oct-4 and Nanog, which are necessary for
pluripotency and self-renewal of embryonic stem cells [42–44].
Induced pluripotent stem cells (iPSCs) may represent another source of

hDESCs. Indeed, iPSCs have the capacity to differentiate into various cell line­
ages and can be technically produced from patient’s cells [17,18]. The iPSCs
technology can be progressively applied for the regeneration of dental tis­
sues [46,47]. iPSCs are able to differentiate into ameloblast-like cells in the
presence of ameloblastin expressing cells [46]. Also, iPSCs are capable to differ­
entiate into mesenchymal odontogenic cells and form neurospheres in floating
culture conditions that allow their differentiation into neural crest cells. In pres­
ence of serum or dental epithelial cell medium the neural crest cells start to
express Pax9 and dentin sialophosphoprotein (DSPP), which are markers of
odontogenic mesenchymal cells and odontoblasts [48].

Regenerative Dentistry

Dental pathologies (e.g., periodontal and carious diseases), fractures, injuries,
and genetic aberrations represent a frequent socioeconomical problem [10]. In
clinical practice, damaged dental tissues are usually substituted with artificial
materials. We could imagine that in the near future dentists will focus on tissue
regeneration methods for the treatment of several clinical cases [49,50]. So far,
dental implants have been the only solution for the replacement of missing teeth.
Although the development of novel biocompatible materials improved the qual­
ity of treatment, there are several limitations in functionality and longevity of
dental implants due to their strong dependence on the quantity and quality of
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the surrounding bone [10]. To overcome this problem, new ideas and
approaches have emerged recently from the fields of stem cell biology, tissue
engineering, and nanotechnology [12,15]. Different therapeutic approaches that
depend on the degree of tooth damage are required. Current therapies are
mainly oriented toward partial dental tissue repair, where injured dental tissues
are substituted with appropriate materials. In contrast, dental tissue regeneration
involves the replacement and functional restoration of the injured (or pathologi­
cal) tissue by the same healthy biological tissue.
Pulp-dentin regeneration. Proper regeneration of the dentin-pulp complex

allows new dentin formation under the pathological site and requires the
revascularization and reinnervation of the pulp. Signaling molecules such as
bone morphogenetic proteins (BMPs) have been used to stimulate and increase
the natural regenerative response of the dental pulp. DPSCs are able to differenti­
ate into odontoblasts, endothelial cells, and neurons when placed in contact with
dentin in vitro [10,24,51,52]. In vivo studies in mice have shown that transplanted
DPSCs can regenerate the pulp–dentin complex after pulpotomy [38]. Similarly,
transplantation of human DPSCs and SCAPs seeded on a poly-D,L-lactide/
glycole scaffold into the empty root canal space of mouse teeth gave rise to a
brand new vascularized pulp–dentin complex [10,38]. Although these and other
findings clearly show that DPSCs can be used for dental pulp regeneration,
further studies and regulations are needed for their definitive application in
dental clinics.
Periodontal tissue regeneration. Using different scaffolds has made it possible

to induce differentiation of PDLSCs or DPSCs into the various cell types of
the periodontium in vitro [10]. Human PDLSCs transplanted into immune-
compromised animals participate in the regeneration of the periodontium [29],
thus indicating their potential for future cell-based therapies in dentistry [10].
Equally important for the development of these therapies is the use of signaling
molecules, such as PDGFs and BMPs [53,54]. PDGFs are able to stimulate peri­
odontal healing and regeneration, while BMPs are capable to form new alveolar
bone and cementum. However, BMPs may have undesirable effects on the
periodontium by inducing tooth ankylosis [10,54]. In addition to these signaling
molecules, commercialized amelogenin extracts are successfully used in dental
clinics for the regeneration of periodontal tissues [55], but their mechanism of
action is still unclear. The combination of stem cells, signaling molecules,
and desirable scaffold materials is under investigation for the regeneration of
periodontal tissues.
Enamel regeneration. It has been shown that porcine ERM can differentiate

into ameloblast-like cells after coculture with dental pulp cells in vitro and that
they can form enamel after transplantation in vivo [34].
Root regeneration. The regeneration of innervated dental roots composed of

pulp, dentin, PDL, and cementum has been realized after subcutaneous
transplantation of human dental follicle cells seeded into dentin matrix [56].
However, this approach still has to be tested in vivo, and it has to be determined
whether the regenerated root can support a dental crown.
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Whole-tooth regeneration. Formation of a brand new tooth would be the ideal
therapeutic approach after tooth loss. The association of DESCs and DMSCs
in vitro could allow the formation of a tooth germ that could then be trans­
planted into the alveolar bone, where the tooth germ would develop, erupt,
and become a functional tooth [15,16,47,57]. Another approach to obtain a
functional tooth is the implantation into the jaw of tooth-shaped polymeric bio­
degradable scaffolds that are filled with both DESCs and DMSCs [16,57]. The
three-dimensional structure of the scaffolds should drive the differentiation of
the transplanted cells into odontoblasts and ameloblasts. These bioengineered
teeth have been produced in ectopic sites and are still missing some essential
elements such as a complete root or the correct crown morphology [15,16].
However, recent experiments in mice have shown that it is possible to obtain
functional teeth with roots using bioengineered approaches [19,21,22,57].
Indeed, tooth germs formed by dental epithelial and mesenchymal cells seeded
into collagen drops, which served as scaffolds, have been implanted in the man­
dible of adult mice and gave rise to new functional teeth. Formation of all dental
tissues allows the eruption and full integration of the bioengineered teeth into
the recipient alveolar bone [19,21,22,57].
Recent studies have shown that the reaggregation of iPSC-derived neural crest

cells and mouse odontogenic epithelial tissues is able to generate entire teeth
after kidney capsule transplantation [15,47]. However, such results have not
been obtained yet with human cells. Although further technical improvements
may be needed, the iPSC technology is expected to open new horizons in regen­
erative dentistry [15,47].

Nanotechnology in Dentistry

The combination of the above-mentioned stem cell populations with novel nano­
technology platforms holds great promise for applications in regenerative dentis­
try [1]. The development of innovative nanostructured materials (i.e., on the scale
of 1–100nm) could be useful in manipulating stem cells for tooth regeneration.
Nanomaterials can be also used for stem cell tracking, gene and protein delivery,
and formation of artificial stem cell niches [1,4,6,7,58]. In addition, nanotechnology
is used for improving biomaterials or creating new “smart” biomaterials used for
specific dental disciplines [1]. Recent advances and potential applications in dentis­
try of several tools offered by nanotechnology are discussed below.

Tracking Stem Cells after Transplantation

For the evaluation of the therapeutic efficacy of the transplanted stem cells into
precise areas, it is important to track their survival, migration, fate, and regener­
ative impact in vivo [1,58]. Transplanted stem cells can be tracked in vivo for a
long-term period with noninvasive imaging techniques using fluorescent dyes or
the green fluorescence protein [59]. Furthermore, magnetic nanoparticles might
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bring information about stem cell kinetics and fate during dental tissue (e.g., perio­
dontium, pulp) regeneration. Light-emitting nanocrystals (i.e., quantum dots) can
be also used to monitor the dynamics of dental stem cell niches in real
time [58,59]. This knowledge could be used for the design of appropriate scaffolds
for homing dental stem cells before transplantation. These approaches are neces­
sary to evaluate the therapeutic effects of the various dental stem cell populations
when exposed to specific microenvironments before any clinical application.

Gene, Protein, and Drug Intracellular Delivery

Another attractive concept in manipulating dental stem cell fate is the use of
nanomaterials such as polymeric biodegradable nanoparticles, carbon nanotubes,
and silicon nanowire arrays for gene and protein delivery [6,58,60].

Artificial Stem Cell Niches: Nanofiber Scaffolds

Nanotechnology could create artificial microenvironments that will direct dental
stem cells toward a precise fate and function [4,60–62]. The size, surface, and
shape of the artificial nanostructures are important parameters for the develop­
ment of cell adhesion sites that monitor stem cell behavior [62]. Nanoscale struc­
tures such as nanotubes constitute the noncellular components of the stem cell
niches [61] and could be used for the creation of particular dental microenviron­
ments (e.g., apex of the root, pulp chamber) [1,35]. Furthermore, dental stem
cells anchored to biocompatible and biodegradable nanofiber scaffolds, which are
composed by natural or synthetic polymers (e.g., collagen, silk, polylactic acid
polymers), could improve their survival, differentiation potential and three-
dimensional organization [62]. Transplanted biodegradable scaffolds may act as
temporary niches that guide, by controlling stem cell behavior, the formation of
a new specific extracellular matrix (ECM) for dental tissue regeneration [1,46].

13.6
Nanoscale Surface Modifications of Dental Biomaterials

The trend in designing new dental biomaterials is based on the principle that
nanoscale surface properties affect molecular and biological processes at the
interface between the biomaterial and the involved tissue [63].

13.6.1

Approaches for Nanoscale Surface Modification in Dental Implants

Dental implant therapy constitutes a common and successful treatment for the
replacement of missing teeth. Although largely effective, dental implants still
need significant improvement, particularly in their capacity to selectively influ­
ence and guide tissue regeneration and homeostasis at the implantation
site [63]. The surface properties of dental implants can be modified at the
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nanolevel by various techniques, with the ultimate aim of creating a more
efficient implant integration in the alveolar bone [64,65]. It is well established
that surface features enhance biological events both in vitro [66–68] and
in vivo [69–72]. Furthermore, it has been demonstrated that interactions
between the material and the host tissue are principally governed by nanometric
surface cues [73–77]. Therefore, various strategies have been developed and
implemented to nanoengineer surfaces that can directly influence the biological
functions of implantable metals [75,78].

A) Chemical methods: Electrochemical modification is one of the most com­
mon ways to modify metallic surfaces at the nanoscale level [79]. Indeed,
anodic oxidation has been successfully used to transform smooth titanium
surfaces into nanotubular structures with diameters inferior to 100 nm. Simi­
larly, nanostructured layers have been created on various metallic surfaces
using electrophoretic deposition [79]. For example, nanocrystalline (crystal
size in the 15–25 nm range) hydroxyapatite (nanoHA) coatings and multi-
walled carbon nanotubes have been successfully deposited on titanium-based
metals, thus improving their bioactivity [80,81]. Furthermore, combinations
of strong acids and oxidants have been applied for generating networks of
nanopits (diameter 20–100nm) on the titanium surface [82,83]. According to
the nature of the etching solution it is possible to incorporate selected ele­
ments with antibacterial and bone regenerative properties (e.g., fluorine) in
nanotopographic surfaces created by oxidative treatment [82]. Further chemi­
cal methods include the combination of anodic oxidation and chemical etch­
ing to create metal/polymer composites and modification at the nanometric
level by sol–gel chemistry and chemical vapor deposition [84,85]. Another
strategy to improve implants is the grafting of bioactive molecules such as
peptides and growth factors in order to reproduce the natural biochemical
environment of the host tissue [86].

B) Physical methods: Bioactive nanotopography on metal surfaces can be gen­
erated using plasma [87] and physical vapor deposition (PVD) [88,89]. A par­
ticular category of physical methods includes technologies that provoke
atomic rearrangements such as ion implantation (e.g., Ca2+, F , Na+, P+)
and thermal oxidation [90,91]. Moreover, annealing and thermal oxidation
have been explored on titanium-based metals to enhance their bioactivity by
changing the crystalline structure of the nanometric native oxide layer.

Biological Surfaces Principles

The application of nanotechnology to biomedical surface science correlates
with the capacities of cells to sense and recognize specifically designed substrate
features. Well before cell colonization, water adsorption takes place at the sur­
face contacting the biological environment [92]. The properties of the surface
water shell dictate the adsorption of plasma and extra-cellular matrix proteins,

13.6.2
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thus determining their orientation, coverage, and potential denaturation [92–96].
Therefore, the subsequent protein adlayer will act as a scaffold on which cells
can adhere, proliferate, and differentiate. In addition, in vitro studies have shown
that the adsorbed protein layer is sensitive to specific physical and chemical
properties of the nanostructured surface, thus determining the biochemical
characteristics of the adlayer [97]. Nanoscale modifications of the surface struc­
turing may result in energy fluctuations, hydrophilicity, and oxide composi­
tion [98–101]. These topographical nanofeatures can significantly affect cell
colonization, morphology, and activity [97]. For example, it is well established
that nanorough surfaces generally enhance the adsorption of proteins such as
fibrinogen, albumin, and fibronectin [102]. Similarly, the vertical dimension of
nanometric surface features appears to be critical in determining the adsorption
profile of fibronectin [102], thus having an impact on the distribution of focal
adhesion of osteoblastic and endothelial cells [103,104].

13.6.3

Cellular Responses to Nanostructured Surfaces

It has been demonstrated that modifications of the surface texture or roughness
of the implants alter cell shape and cytoskeleton, thus influencing specific gene
expression [105–108]. Topographical features with dimensions similar to those
of surface-bound proteins (∼10 nm) can significantly affect protein orientation
and denaturation, which determines the outcome of cell colonization [109–111].
Various in vitro cell models have been used to better understand the effects that
nanostructured surfaces exert on cellular reactions. For instance, osteoblasts
are used to evaluate the capacity of materials to promote bone formation for
future dental implants [102,109,112–116]. Similarly, fibroblasts and endothelial
cells are used to allow an assessment of fibrous and vascular repair capacities,
thus evaluating the ability to promote or limit the growth of various tissues. Ulti­
mately, stem or progenitor cells are generally used to determine whether a given
nanotopography can induce differentiation along selected pathways [117].
It has been shown that anodized titanium surfaces, treated by the electro­

chemical technique, increased osteogenic activity in vitro [118–120]. Oxidative
nanopatterning conferred titanium-based metals the capacity to selectively
guide cell behavior, by favoring the growth of cells having the osteoblastic
potential [78,121]. Indeed, the in vitro growth and osteogenic differentiation of
human mesenchymal stem cells (hMSCs) were promoted on anodized titanium
surfaces, suggesting an exciting potential for improving osseointegration of
implants [122].
A significant upregulation of genes associated with cell adhesion and migration

has been observed in osteogenic cells grown on nanostructured titanium surfaces
shaped by either H2SO4/H2O2 or NH4OH/H2O2 etching [82]. It has been shown
that MSCs grown on nanopatterned titanium surfaces exhibit a bone-specific
gene expression profile (e.g., alkaline phosphatase and Runx2) [82,123]. There­
fore, anodization and oxidative surface nanopatterning techniques are important
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for tissue regeneration and could be applied for achieving predictable tissue
healing around dental implants.
Similarly, nanostructured bioactive coatings generated by sol–gel and chemical

vapor deposition enhanced osteoblastic cell adhesion and proliferation [124–126].
In addition, the biocompatibility can be improved by creating superficial polya­
nionic films and collagen coatings [127,128].
Concomitant with these chemical methods, physical approaches confer an

enhanced biocompatibility on implantable materials. For example, PVD was
used to modify titanium surfaces with different nanotopographical coatings for
evaluating the in vitro effects of surface chemistry and topography on cellular
and/or tissue responses [88,129]. Moreover, electron-gun evaporation has been
used to deposit coatings of biocompatible metals (e.g., nanostructured tantalum)
with well-controlled roughness on various substrates, for protein adsorption
in vitro studies [130].

Clinical Applications of Nanostructured Dental Implants

Significant efforts have been made so far to integrate surface modification
approaches with implant manufacturing in order to ensure superior clinical per­
formance of current implant-supported prostheses [131–133]. Indeed, tissue
integration and stability will result from the interactions between the implant
surface and the surrounding tissues at both the cellular and the molecular
level [134–137].
Based on the in vitro results, nanostructured metals undoubtedly have the

potential to yield a faster and more stable integration of dental implants [73,138].
The in vivo effects of several nanoscale surface modification approaches and a
potential applicability of these techniques to already commercialized dental
implants are currently under investigation [73,139–141]. In fact, controlled
anodization has endowed the surfaces of titanium implants with highly ordered
nanotubes (30 nm diameter) that were able to stimulate collagen type I synthesis
in pigs, thus increasing significantly the amount of the forming bone around the
implant [139]. However, other in vitro [120] and in vivo [142] studies dealing
with similarly treated surfaces but different nanotube diameters (70–80 nm and
250–800 nm) concluded that anodized titanium does not impact the total colla­
gen content but enhances the peri-implant bone formation [120,142].
Anodic oxidation also allows deposition of nanohydroxyapatite (nanoHA)

coatings [143]. Histomorphometric evaluation has shown that nanoHA-modified
implants have significantly greater bone to implant contact (BIC) values when
compared to acid-treated implants. The enhancement of BIC by nanoHA is due
to the early bone formation, which depends on the size and diameter of the
nanoHA [144]. A similar effect on BIC increase has been observed after deposit­
ing nanotopographic titanium dioxide coatings by a sol–gel technique [145].
Oxidative nanopatterning with H2SO4/H2O2 creates nanotopography on both
bulk metals [82] and titanium screw-shaped implants. Oxidative treatment of
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commercial screw-shaped titanium implants placed in dog mandibles resulted in
enhanced BIC values and osteogenesis [146].
The combination of TiO2 blasting and hydrofluoric acid treatment has been

used to create a commercial endosseous titanium implant with nanorough sur­
faces containing features of 50–100 nm [147]. These implants stimulated osteo­
blastic gene expression and enhanced in vivo bone formation, osseointegration,
and bone-implant fixation [148–150]. While some inflammatory reactions were
reported [151], the overall success rate was satisfactory, with the majority of
implants yielding good osseointegration and stability after 1 year post-surgery.
Noteworthy, a high success rate was also reported under challenging clinical
conditions such as early masticatory loading [152].
Dual-acid etching (DAE) followed by discrete-crystalline deposition (DCD)

method has been used for the coating of titanium implants with calcium phos­
phate (CaP) nanocrystals (20–100 nm) [153] (Figure 13.3). These implants were
clinically evaluated in a randomized controlled trial (RCT), which concluded that
BIC increased by about 12% [154]. In addition, bone formation around CaP
nanocrystal-coated implants was enhanced [155]. A study in dogs comparing
bone formation around DAE and CaP nanocrystal-coated implants showed that

Figure 13.3 Confocal scanning electron micrograph showing newly formed bone (arrows)
closely adhering to the implant nanomodified surface (arrowheads) Photo taken from
Ref. [157].)
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there was no statistical difference in BIC in the early healing phase (1–4
weeks) [156]. However, bone resorption was reduced at the test sites containing
implants coated with nanoparticles.
Nanostructured surfaces presenting uncharacterized “features” of approxi­

mately 100 nm have been obtained on nanorough titanium implants by hydro­
thermal alkaline treatment [158]. This method also caused incorporation of
calcium as CaTiO3 in the protective surface oxide layer. Titanium implants with
treated surfaces significantly increased BIC and removal torque forces in rabbit
tibiae [159–161]. Bioceramic grit-blasting and acid etching (BGB/AA) technolo­
gies have been integrated to endow titanium implants with nanometric topogra­
phy [162]. Histological evaluation after 2 months postsurgery showed
significantly higher BIC and osteocyte density around modified implants when
compared to dual acid-etched implants [163].

Nanomodifications of Bone Replacements Materials

Bone could be considered as a natural nanocomposite made up of organic com­
pounds (mainly collagen) toughened with inorganic compounds like hydroxy­
apatite. When alveolar bone volume is limited, bone grafts are required prior to
dental implant placement [164]. However, autologous bone grafts are available in
limited amounts and may provoke morbidity. Therefore, allografts (e.g., demin­
eralized freeze-dried bone or fresh frozen bone), xenografts (e.g., animal bone
grafts), and synthetic biomaterials (e.g., calcium phosphate ceramics, bioactive
glasses, porous hydroxyapatite, and polylactic-polyglycolic acid polymers) have
been developed and introduced into the clinics during the last decades [165–
168]. Synthetic biomaterials have to be biocompatible, osteoinductive, integra­
tive, porous, and mechanically compatible with native bone to fulfill their desired
role in bone regeneration and physiology. Improved biomaterials for bone
reconstruction around implants could be induced by exploiting the ability of
nanostructured surfaces to activate stem/progenitor cells, thus promoting fast
bone regeneration [83,121,169]. These biomaterials offer cell anchorage sites,
mechanical stability, and structural guidance, providing the interface to respond
to physiological changes by remodeling the ECM [170]. Numerous studies have
confirmed the success of the above-mentioned substitutes for bone regeneration
in diverse reconstructive surgery techniques such as maxillary sinus augmenta­
tions, atrophic maxillaries reconstruction, and periodontal defects repair
[166,171–175].
Synthetic biomaterials undergo limitations (e.g., poor osteoinductivity,

osseointegration) that could be resolved by a common effort of tissue engineer­
ing and nanotechnology sciences for the development of new “smart” biomateri­
als [176]. The principle is to incorporate autologous stem cells and growth
factors to nanofeatured scaffolds in order to enhance ECM production and
tissue maturation before deposition of the dental implant. This novel approach



276 13 Regenerative Dentistry Using Stem Cells and Nanotechnology

has shown some clinical advantages, but several technical issues still remain to
be resolved before their use in clinics [63]. For example, newly formed tissue is
not always efficient in these scaffolds and most of the grafted stem cells do not
survive after implantation. Nanotechnology can provide a promising way of
enhancing bioactivity of these new biomaterials that could also serve for cell
and/or protein delivery systems [63]. For example, nanoporous surfaces could be
further functionalized with molecular arrays or multilayered coatings that
could provide specific signals to the cells and expose nanostructures capable of
physical cueing or drug release.

13.6.6

Nanofillers in Dental Restorative Materials

Resin-based composite materials are used for restoring missing parts of enamel
and dentin. This technology is based on associating three main components that
are chemically different from each other: the organic matrix (usually a synthetic
monomer or resin), the inorganic matrix (the filler), and a coupling agent (usu­
ally silane) that bonds the inorganic to the organic matrix [177]. New materials
such as phosphine oxide initiators and monomethacrylate diluents, but most
importantly the introduction of nanofillers, have significantly improved the
properties of dental composites [177]. The aim of incorporating fillers into resin
is to optimize the properties and performance of the restorative material. Indeed,
the addition of fillers can improve handling, offer radiopacity, enhance the
mechanical properties thus providing composites with wear resistance, reduced
polymerization shrinkage, and adapted to the tooth thermal expansion
coefficient [178]. Conventional composites contain a range of fillers including
quartz and silica particles based on the oxides of barium, strontium, zinc, alumi­
num, and zirconium. According to the diameter of their filler particles, compo­
sites could be classified as macrofiller (0.1–100 μm), microfiller (0.04–0.1 μm),
and hybrid (variable sizes) [179]. Commonly, current composites are composed
by 0.04–0.7 μm diameter filler particles, which cannot optimally interact with the
nanoscopic (1–10 nm) structural elements of enamel (e.g., enamel rods, HA
crystals) and dentin (e.g., dentinal tubules and collagen fibers). This lack of inter­
action compromise the optimal adhesion between the restorative material and
the hard dental tissues [180]. Therefore, new composites containing nanofillers
(particle size 1–100 nm) have been manufactured in the last years [181,182]. The
nanosize of the particles diminishes polymerization shrinkage, offers uniform
particle distribution, reduces viscosity, and offers better handling, while the
mechanical properties remain intact [180]. However, the most important innova­
tion in nanofillers is their ability to increase the load of the inorganic phase.
Microfilled composites have a 50% in weight (wt) filler load, while nanofilled
composites possess a 80 wt% filler load [183].
Currently, one nanocomposite system with three different types of fillers (i.e.,

nonagglomerated “discrete” silica nanoparticles, barium glass, prepolymerized
nanoclusters) is used by dentists. Further nanoproducts include nanofillers



27713.6 Nanoscale Surface Modifications of Dental Biomaterials

composed by aluminosilicate powder with a mean particle size of 80 nm and a
1:4 ratio of alumina to silica [184]. Recently, in order to enhance the physical–
mechanical properties of resin-based composites, bimodal silica nanostructures
made by SiO2 nanoparticles (∼70 nm) and SiO2 nanoclusters (0.07–2.70 μm)
were introduced to the market [185]. Improvements in flexural modulus and
fracture toughness as well as lower surface roughness have been demonstrated
by composites containing porous thermally sintered nanosilica as filler [186].
Another recent development in dental resin-based nanocomposites is the gener­
ation of the “bulk-fill” composites. These materials possess decreased polymeri­
zation shrinkage stress, reduced cusp deflection, good bond strengths, and can
be applied in increments up to 4mm thickness [187,188]. However, nanofilled
composites might not always improve mechanical properties compared to
microfilled and hybrid composites [189].
The esthetic aspect of composites is also a critical issue since the matching of

composite’s color with that of the natural teeth is desirable (Figure 13.4). Nano­
fillers are employed to increase gloss and improve surface characteristics and
translucency that are important esthetic characteristics for dental materials [190].
To date, nanofillers are applied in almost all new resin-based restorative dental
materials, thus providing extremely beautiful esthetic restorations with micro-
mechanical properties similar to or even better than those exhibited by tradi­
tional composites [191].

Figure 13.4 (a) Preoperative view of a
patient with broken central maxillary incisors.
(b) Postoperative image of the restorations
performed using nanohybrid resin-based

composites. (Photo given by Prof. A.
Putignano, Unit of Restorative Dentistry and
Endodontics, Polytechnic University of Marche,
Ancona, Italy.)
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13.6.7

Nanoscale Modification in the Treatment of Dentin Hypersensitivity
and Enamel Remineralization

The use of nanotechnology in products of oral health that may prevent dental
caries, enamel erosion, and dentin hypersensitivity (e.g., toothpaste, mouthrinse)
is of increasing interest [183,192,193]. Dentin hypersensitivity has increased con­
siderably over the last decades mainly due to the bigger consumption of acidic
drinks that cause daily enamel degradation and result in dentin exposure. Nano­
modified materials could be used to support enamel and dentin mineralization,
control bacterial plaque formation and microbial invasion, and abolish tooth
hypersensitivity [194,195]. Employing synthetic nanoHA particles in dentifrices
might result in a protective nanostructured layer on the tooth surface and even
restore lost mineral contents of enamel and dentin [195,196]. NanoHA and
Ca-based nanomodified materials have been used for dentin hypersensitivity by
occluding the dentinal tubules and providing enamel remineralization [197]
(Figure 13.5). Clinical randomized trials have shown the efficacy of zinc-substi­
tuted carbonate-hydroxyapatite (CHA) nanostructured crystals in reducing den­
tin hypersensitivity after three days of application and to maintain this relief after
4 and 8 weeks [198,199]. It has been shown that enamel surface can be reminer­
alized using CHA-based toothpastes [197]. Toothpastes composed by nanoHA
can enhance enamel remineralization and reduce bacterial colonization of the
tooth surfaces [183]. Other nanomaterials containing nanoparticulate bioactive
glass, nanosized carbonated apatite alone or in combination with silica, nanosized
calcium fluoride, carbonate-hydroxyapatite nanocrystals, and nanoprecursors of
amorphous calcium phosphates have been tested on enamel and dentin

Figure 13.5 Scanning electron micrograph of synthetic biomimetic carbonate hydroxyapatite
(CHA) nanocrystals forming microclasters. The inset shows a transmission electron micrograph
of CHA nanocrystals with characteristic acicular morphology. (Photo taken from Ref. [203].)
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remineralization [183,195,196]. The nanocomplex of casein phosphopeptide
(CPP), which carries calcium and phosphate ions bound to it in the form of
amorphous calcium phosphate (ACP), has been also suggested to promote
enamel remineralization [200]. When in mouth, the CPP–ACP nanocomplexes
adhere to the enamel, bacterial plaque, and soft oral tissues delivering calcium
and phosphate ions. Thereafter, the released ions enter the enamel rods and
reform apatite crystals that are necessary for enamel remineralization [201]. The
recently introduced nanoparticle-based biomimetic dentin remineralization strat­
egy, which is based on the polymer-induced liquid-precursors process, demon­
strates great potential in remineralizing faulty hybrid layers (the so-called
interdiffusion zone between dentin and resin-based composite restorations) or
carious-like dentin [202].
The plethora of scientific and clinical reports have shown positive effects of

these new products, making thus evident that there is an emerging market for
the use of nanotechnology in dental health care products. However, more con­
trolled and reproducible studies are needed to prove safety and long-term
efficacy.

Concluding Remarks

Stem cell-based therapies in dental clinics are not applicable yet. There is a need
to develop accurate techniques that will allow monitoring the fate and behavior
of transplanted stem cells at the sites of dental injury or loss. Nanotechnology
offers a plethora of exciting perspectives to regenerative dentistry, and combined
with tissue engineering and stem cell biology might provide novel techniques for
dental tissue regeneration.
Nanoscale surface modification approaches are likely to foster profound

changes in the ways dental biomaterials are designed and manufactured. These
modifications introduce novel bioactive capacity into the arena of dental bioma­
terials that should be actually produced in a large industrial scale. However,
many of the approaches described above still remain to be tested in vivo. To
date, there are only few animal and clinical studies on the long-term effects of
such nanomodifications in the complex in vivo environment [204]. In vivo stud­
ies involving medium- and large-size animals are essential to screen potentially
successful treatments for subsequent human trials. Before arriving at clinics,
measurements and evaluation techniques need to be standardized [205]. Indeed,
dental implants advertised as nanostructured are often characterized by
inhomogeneous “nanofeatures” that lack statistical distribution and/or precise
reproducibility. In this context, even smooth biomaterials could be considered
nanostructured if they exhibit some kind of nanometric “feature” (i.e., natural
defects of materials) [204]. Therefore, the need of a distinction between engi­
neered nanostructures and the native topography of materials at the nanoscale
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level is legitimate. It will be also important to optimize current and future nano­
technology approaches in order to generate dental materials with controlled and
uniform surface nanofeatures.
The application of dental implants will continue to grow until nano­

technology, stem cell biology, and tissue engineering techniques reach a level
allowing the regeneration of entire new tissues and organs. Until then, any
procedure that could improve biomaterials will have a major impact on the
quality of life. Advances in surface-engineering techniques and nano­
technology promise a new generation of improved prosthetic devices with bio­
active surfaces.
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14.1
Introduction

Nanotechnology has raised expectations in a variety of applications ranging from
electronics to medicine. It provides us opportunities to create smart surfaces and
materials using nanostructures. Nanofabrication technologies have made it possi­
ble to develop nanostructures with exquisitely controlled geometrical, chemical,
and physical properties. The ability to structure materials and devices at the
molecular scale can eventually bring enormous immediate benefits in the research
and practice of medicine. Nanotopographies on surfaces are of particular interest
because of their wide range of application from scaffolds for tissue replacement,
control of wetting behavior, color, adhesion, and cell mechanics. Nanostructures
provide noninvasive observation modalities into the cellular machinery. It allows
for the analysis of parameters such as cellular mechanics, morphology, and cyto­
skeleton. Furthermore, nanostructuring of materials and their surfaces can play an
essential role in the interaction of materials and devices with the human body.

14.1.1

Nanostructured Polymers – A Promising Approach in Biomedical Applications

Polymers have attracted great interest in biomedical applications owing to their
low cost and tailorable properties. High-performance polymers such as polye­
theretherketone (PEEK) [1] and polyetherketoneketone (PEKK) are used as bone
implants and screws, while biodegradable polymers like poly lactic acid (PLA),
poly(lactic-co-glycolic acid) (PLGA) are actively used as scaffolds in regenerative
medicine [2]. They have replaced metallic, ceramic, and glass products, and their
main advantage lies in the fact that they can be fabricated in one single fabrica­
tion step, which includes complex, design-based functionality in length-scales

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 14.1 Replication processes for surface patterning of polymer materials by molding. The
topography of a mold is transferred into the surface of a viscous material.

from macroscopic outlines for automated handling to nanoscopic surface topog­
raphies. Therefore, polymer-based nanostructures have enormous potential that
might change the way, how diseases are diagnosed and treated correctly and effi­
ciently. Today, polymers are not only the backbone of lab-analytics and instru­
mentation, using single-use disposable labware, but also the base material of
functional parts with mechanical or chemical properties either comparable or
even superior to metal alternatives. Due to their inherent properties and easy
way of manufacturing, they can be functionalized by simply adding micro- and
nanostructures to the surface, either during manufacturing by molding or during
a postprocessing step.
In this chapter, we give an overview of the numerous possibilities to imple­

ment functionalities into the surface of polymer components. We present physi­
cal nanoeffects, which can be exploited for biomedical applications with a
specific emphasis on those effects, which are due to surface topography. We will
focus on the creation of topological structures on surfaces in an artificial way,
not forgetting that inherent nanocharacteristics also play a role in surfaces, sub­
surfaces, and material bulk. Due to the specific advantage of using molding, cf.
Figure 14.1, as the main manufacturing method, we present applications, where
such effects have already been realized in polymeric products. For this, it is
essential to present the main methods for the fabrication of suitable molds. In
combination with the enormous freedom of design and the wide range of proc­
essing capabilities, this enables to advance into different, still unexplored
applications.

14.1.2

Strategies for Creation of Surface Nanotopographies

Polymer parts as applied for bioanalytic devices and medical implants are gener­
ally monolithic. This means that they are made from a single material and their
function is not only given by their geometry, but also by their material and sur­
face properties. Avoiding welding, gluing, and mechanical connectors is advanta­
geous to guarantee biocompatibility and sterilization. Replicas are cast from
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liquid resins, molded from viscous melts, or hot embossed and thermoformed
from thermoplastic foils taking advantage of a variety of processes, see
Figure 14.1 [3,4]. The obtained products are light-weight and generally low-cost.
Polymers offer tailored physical and chemical properties, which can be achieved
at the bulk by using different polymers or compositions, as well as surfaces
altered by physical and chemical means. As mentioned above, for specific func­
tionalities of the surface, various topographies are often needed. This can be
done by including such surface topographies into the mold, from which a num­
ber of identical negatives are molded, or by using post-processing techniques,
which create such topographies in each individual part after molding is com­
pleted. In the first case, the surface topography can be replicated once a mold is
available that exhibits a surface structure with exactly the inverse surface shape
as the desired component. In the second case, each part assumes a similar sur­
face texture within specifications given by the process parameters. For example,
in injection molding one can add an exchangeable insert into a mold cavity to
produce polymer parts with microstructures such as pillars, holes, pyramids, and
line gratings [5–9]. Such microstructures can represent natural surface textures
including that of cortical bone, but also structures, which guide and orient the
adherent cells [10,11]. However, for implants with nonflat surfaces or even arbi­
trary three-dimensional shapes, such inserts are less common because of the
complexity in manufacturing. Therefore, treatments including sandblasting and
etching have been established to generate more or less defined micro- and nano­
structures in each molded part. Plasma treatments are especially interesting,
since the size and density of nanostructures can be tailored by controlling the
process parameters, that is, plasma power, treatment duration, and the selection
of the process gas [12]. Other postprocessing or treatments by electrons, ions,
chemicals, X-rays, or UV-light of individual components after molding may be a
choice for such components too.

Applications of Nanostructures

Nanotechnology is a transverse technology, combining different fields and disci­
plines of physics, chemistry, biology, and materials science [13]. In technology,
we talk about nano, when the surface structures have characteristic length scales
below 100 nm, in contrast to structures with length scales in the micrometer
range. This makes it possible to generate optical gratings with subwavelength
characteristics, for example, for polarization and antireflection of visible light, or
to observe plasmonic effects in metal structures with an enhanced sensitivity, if
these structures have features below 20 nm. In biology, however, the size ranges
needed for manipulation of cells and molecules are quite diverse, and often, it is
not understood whether the interaction of a biological cell with a surface topog­
raphy is based on μm scale, corresponding to the cell size, sub-μm scale, which
fits components of the intracellular matrix, or even sub-10 nm size level
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Figure 14.2 Nanopillar cell culture plate by
Hitachi (a), displaying the range of sizes
needed from millimeter-sized containers (b),
in a macroscopic plate to micrometer-sized
pillars (c), fostering primary rat hepatocyte

spheroids growth on the container (d). The
nanopillars are 2 μm wide and 1 μm high [15].
(Reproduced with permission. Copyright Hita­
chi Ltd.)

corresponding to the morphological nature of contact points. This is dependent
on whether cell growth is based on the available contact area, wetting, and con­
tainment, the distance between focal adhesion and the extracellular matrix, the
interaction at molecular level, and so on. For the interaction of surface topogra­
phies and chemical structures with large molecules often similar size range of
these molecules is needed, which for proteins is below 10 nm. Then, real nano­
effects may be observed, which are difficult to be seen with larger structures. In
contrast to this, for the guiding of nerve cells, micrometer sized guiding rails or
channels have been found to be appropriate [14]. The same applies for cell cul­
ture substrates and containers, where micrometer-sized pillars were found suit­
able to foster cell growth (see Figure 14.2). The range between 10 and 100 nm,
however, is most important for many applications. It is not only the range in
which many physical nanoeffects are most prominent, but also in which current
technologies allow reproducible manufacturing. Furthermore, microscopy is able
to perform reliable analysis. While many effects presented in Table 14.1 are
based on sub-μm structuring and not on nanostructures with molecular sizes,
real nanoeffects relying on mesoscopic effects are given, if single molecules are
oriented due to surface patterning (see Figure 14.3).

14.2.1
Which Nanoeffects Will Be Exploited for Biomedical Applications?

In biomedical applications, several fields of nanotechnology became apparent; in
the molecular nanotechnology, biological systems are subjects of research by
controlled use of molecular structures. This will be needed in medical fields for
diagnostics and therapy. As the sizes of these molecular structures are in the
range below 10 nm, the probes used to host or manipulate these structures are
often in the same range. This can be done by nanoparticles, by surface patterns
with appropriate length scales, or by materials with structural sizes in the nano­
meter range.
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Table 14.1 Functionalization using surface nanostructuring.

Figure 14.3 (a) Different size-effects needed to machined implants, including acid etching
for cell growth and differentiation. (b) Sche- and grit blasting [16]. SEM scale bar is 3 μm.
matic and SEM images of examples of surface (Reproduced with permission. Copyright
modification treatments that can be applied Elsevier.)
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Most biological applications deal with aqueous liquids; therefore, the control
of the wetting behavior on surfaces or in micro- and nanochannels becomes
essential, for enhancing or prohibiting liquid transport. This is done by choosing
a material with the desired surface chemistry or by modifying it by surface struc­
turing. If the use of hydrophobic materials, for example, coatings, is impossible,
similar properties can be – at least partly – created by topographical means, for
example, by adding a specific roughness to the material surface. It arises from
pure surface-dependent influence, for example, for biological interaction of cells
with the surface by stimulation of cell growth through mechanical stress. The
water contact angle of a hydrophobic surface can be enhanced by adding surface
roughness with micro- and nanoscale features. If it is above 160°, this effect is
called superhydrophobic, because it allows water droplets to form on the surface,
which can roll-off. As Lotus-effect, it refers to the self-cleaning property of its
leaves [13]. This is due to the reduced contact area available for solid contamina­
tion, that is, dust particles, and enables easy removal during wet cleaning by rain.
It is caused by the hydrophobic water-repellent double structure of the surface.
This hierarchical double structure is formed out of a characteristic epidermis
and the covering waxes, that is, nanopillars of few 100 nm on top of microbumps
(papillae) with 10–20 μm size. The Lotus-effect is also known for rejection of
germs and fungi and therefore reduces or even prevents biofouling. To exploit
such effects for biomedical applications, not only material and manufacturing
issues have to be considered but also the environments of use, for example,
body liquids, additives, and contamination.

14.2.1.1 Combined Effects
Surface topographies in the sub-μm range often do not only modify wetting
behavior, but also optical diffraction, for example, for color filtering [17,18]. This
way, microfluidic elements can integrate micro- and nanochannels, optical read­
out and light guiding, mechanical interface, and antiwetting behavior. Such solu­
tions are often preferred, because they enable the fabrication of a monolithic
component without the addition of chemicals. This is particularly important in
diagnostics or for interaction with living cells, for example, for enhancement of
cell adhesion on implants.

14.2.1.2 Cell Proliferation and Differentiation
Cells grow and orient themselves. They find not only the right physiological
environment, but also surfaces, on which the focal points within the internal
cytoskeleton can interact. If these surfaces have structures with the appropriate
sizes and distances, often in the nanometer range, stimuli for growth can be cre­
ated [19–21]. Templates are both needed to stimulate this growth and to mea­
sure quantitatively the forces involved in such growth [22,23]. Depending on the
structural size and conformation, some cell types are favored while others senes­
cence. When using stem cells, for example, from bone marrow, cells can either
differentiate into bone or cartilage. For example, in the experiments shown in
Ref. [24], stem cells were seeded on a substrate with a surface nanotopography
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Figure 14.4 Osteopontin (OPN) and osteocal- fibroblastic appearance and no OPN/OCN pos­
cin (OCN) staining of MSC cells after 21 days itive cells; on DSQ20 (c and h), note OPN posi­
and phase-contrast/bright-field images of aliz- tive cells; on DSQ50 (d and i), note OPN and
arin-red-stained cells after 28 days. The top OCN positive cells and nodule formation
row shows images of nanotopographies fabri- (arrows); on RAND (e and j), note the osteo­
cated by electron beam lithography. All have blast morphology, but no OPN/OCN positive
120-nm-diameter pits (100 nm deep, absolute cells. (k and l), phase-contrast/bright-field
or average 300 nm center–center spacing) images showing that MSCs on the control; (k)
with square, displaced square 20 (±20 nm had a fibroblastic morphology after 28 days;
from true center), displaced square 50 whereas on DSQ50 (l), mature bone nodules
(±50 nm from true center), and random place- containing mineral were noted [24]. (Repro­
ments. (a–j) MSCs on the control. (a and f), duced with permission. Copyright Nature Pub-
note the fibroblastic appearance and no OPN/ lishing Group.)
OCN positive cells; on SQ (b and g), note the

(see Figure 14.4). The pits with a diameter of 120 nm and a depth of 100 nm
were arranged both in a regular array with 300 nm period and with random dis­
placements of pit positions, that is, with deviations from orthogonal order. After
28 days, mature bone nodules containing mineral were noted for average dis­
placements of 50 nm, while fibroblasts were forming on substrates with smaller
or much larger displacements. Such experiments show that interaction of cells
and surface texture is complex, but can be controlled by carefully designing sur­
face topographies. Nanopattern on flexible surfaces has been demonstrated to be
an excellent tool to study cell mechanics and cell function. Nanostructured poly­
mers are mainly found in sutures, scaffolds, implants, and drug delivery systems.
Patterned surfaces in materials such as polydimethylsiloxane (PDMS) have been
extensively used in cell attachment studies [25–30].
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Nanotopography seems to play an essential role in guiding cell behavior
in vivo, and is now being used in biomaterials science as a tool for controlling
tissue regeneration. A wide variety of techniques have been used to produce
nanotopography on biomaterial surfaces. Polymer demixing, chemical etching,
and colloidal lithography are some of the most relevant techniques to obtain
randomly organized patterns. Conversely, soft-lithography techniques and other
methods using different sources of radiation, that is, electrons, ions, or photons,
to etch the substrate are among the techniques used most commonly to produce
regular geometries.
The potential of nanostructures in regenerating tissues such as bone, cartilage,

bladder, nerves, and vessels by enhancing the biological performance of the cells,
for example, increased adhesion, proliferation, migration, have been demon­
strated in numerous in vitro and in vivo studies. Bone: increased osteoblast adhe­
sion and decreased fibroblast adhesion were seen on mold-casted nanostructured
PLGA [31]. Nerves: nanopatterned PDMS by replica molding induce differentia­
tion of adult mesenchymal stem cells into a neuronal lineage [32]. Bladder: nano­
structured PLGA, poly-ether-urethane (PU), and poly-caprolactane (PCL) by
chemical etching leads to greater adhesion and proliferation of bladder smooth
muscles compared with conventional materials [33]. Cartilage: nanostructured
PLGA by chemical etching leads to better chondrocyte functions than conven­
tional materials [34,35]. Vessels: nanostructured PLGA by chemical etching
increased endothelial and smooth muscle cell densities compared with untreated
PLGA [35].

14.2.1.3 Protein Nanopattern
Patterning proteins on the nanoscale is important as templates with surface
structures in the same range as the size of the protein enable self-assembly and
orientation of molecules along them. Such directed self-assembly (DSA) is already
widely used in semiconductor manufacturing with block copolymers and is a
characteristic example of a combination of top-down (lithography) and bottom-
up (self-assembly) [27,36–39]. Protein nanopattern in two- or three-dimensions
(2D and 3D) on polymer substrates have been created using electron beam [37]
or colloidal lithography [36,39]. The nanoarchitecture of the polymer pattern can
be tuned for protein patterns leading to applications such as glucose sensors [37]
or cell culture guides or immunosensing devices [40]. Cellular adhesion com­
plexes have been studied using protein nanopatterns prepared by colloidal lithog­
raphy. Multicomponent protein patterning are used to generate complex
bioactive surfaces for investigating fundamental questions about protein–protein
interactions, as well as studying the effect of geometry on cell behavior [39].

14.2.2

Mimicking Nature

Biomedical applications often try to mimic bioeffects observed in nature. If they
are primarily based on surface structuring, the aim is to equip surfaces with
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exactly the same shapes of surface patterns and to adapt the surface energy by
choosing an appropriate material similar to that used by nature. For technical
applications, this copying is impossible or advisable. For example, the Lotus-
effect is based on wax nanopillars, which are produced by the leave surface and
are regenerated once they are damaged. On technical surfaces such as windows,
screens, or implant surfaces these solutions are impossible. Instead of a soft,
regenerative solution, a hard coating with hydrophobic properties would be pre­
ferred. As we are focusing on molding techniques, with surfaces having the same
properties as the bulk, a reasonable compromise needs to be found for intended
use and lifetime. For example, for implants, this would be up to the point, when
some layers of cells are grown. Besides polymers, compound materials including
nanogranular ceramic materials dispersed in a polymeric matrix are of high
interest if higher robustness of the surface is needed. This enables to produce
the components by injection molding. Afterwards they are converted into hard
components by removing the organic components by firing and sintering. Com­
ponents with such properties were replicated from natural surfaces, for example,
a snake’s skin with microstructures reducing friction or from artificially gener­
ated topographies [41,42].

14.2.3
Gecko-Inspired Bandage as an Example

One example of a bio-inspired effect for medical applications, in which nano­
structures play a role, is the gecko-effect. The gecko is a small lizard able to
climb on flat, glass-like surfaces, where mechanical interlocking is impossible.
The adhesion is guaranteed by surface topographies. It is based on the large sur­
face of thousands of nanofibers, assembled in hierarchical structures, which ena­
ble to hold large weights due to added van der Waals forces when being in
contact with the substrate. Such structures are fabricated in an artificial way, for
example, by hot embossing techniques [43].
By using a clever combination of chemical surface and gecko-effect-inspired

surface structures, bandages have been developed by different research
teams [44], which allow the fabrication self-adhesive tapes without any skin irri­
tation by the chemical glue. It is possible to use such bandages in wet environ­
ment, where most glue fail [45].

14.3
Processes for Generation of Nanotopographies

The vast number of processes for the generation of nanosize topographies, that
is, trenches and ridges, holes and pillars, concave and convex shapes, ordered
and random surface textures can be divided into top-down or bottom-up pro­
cesses. In top-down technology, the fabrication of nanostructures using litho­
graphic patterning is assisted by tools that mold, erode, or etch base materials to
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Figure 14.5 For the fabrication of a mold insert, to be used in replication processes for surface
patterning, different methods for origination (pattern generation and transfer) and tooling (by
casting or electroplating) are employed.

produce nanostructures with the desired geometry. In bottom-up technology,
self-assembly processes or self-organization mechanisms are employed to grow
nanostructures from smaller elements and base materials. Due to the fact that
many of the processes rely on cleanroom-based equipment and processing,
wafer-sized silicon or glass substrates, for example, 100mm round or square, as
well as small chips (10 × 10mm2) are used.

14.3.1

Top-Down Manufacturing by Origination, Tooling, Replication

Top-down processes rely on the constant development of technological pro­
cesses and tools that originate from precision mechanics and microtechnology.
These tools enable locally defined modification of surfaces, by removal and addi­
tion of material, or generation and transformation of the shape with defined rep­
lications tools (see Figure 14.5). For nanostructuring, often processes are scaled
down, which have already been established for mass manufacturing, such as
milling, lasing, etching, coating, and molding. The challenges of downscaling are
to not achieve only higher precision, but also reproducibility, parallel fabrication,
throughput, and versatility. For structures below 100 μm, lithographic tech­
niques, derived from microchip fabrication, are now applied. They are used for
the generation of fluidic channels, but also for the definition of nanotopogra­
phies. In general, for top-down processes, there is a general problem: The finer
the structures, the more complex, demanding, and time-consuming is their fab­
rication. In addition to this, between 1mm and 1 nm structural size, several gen­
erations of patterning methods have to be used, with disruptive changes between
the sizes. As an example for mechanical tooling, milling applies from structures
down to 50 μm. For surface patterning with a masking process, photolithography
applies down to 2 μm. Electron beam lithography applies down to 20 nm.
Examples with typical resolutions and area are (i) conventional lithography,

(ii) electron lithography, (iii) photolithography, (iv) interference lithography, and
(v) nanoimprint lithography. The pattern transfer is done via electroplating or
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etching into substrate for mold/stamp manufacturing or casting for working
stamp fabrication. Some of the equipment including photolithography and etch­
ing is standard in cleanrooms. Other process steps require specific and some­
times costly equipment. Specific shops provide masks or stamps.

14.3.2

Bottom-Up Manufacturing By Self-Organization and Surface Postprocessing

Bottom-up processes use self-ordering mechanisms that create complex surface
structures by arrangement of small entities, for example, macromolecules and
particles, like growth processes in nature. Often these small entities are self-con­
fining or have specific length scales, which enable the generation of quasi-crystals
in 2D and 3D. A 2D arrangement could be an orthogonal or hexagonal array of
monodisperse beads or in 3D an opal structure, both with a proximity ordering
over a few crystalline periods or even covering large areas with almost perfect
ordering. Furthermore, gratings and dot arrays can be achieved by alignment of
block-copolymers with specific sections of different chemical composition along
a polymer chain. In addition, self-limiting etching processes can be used, which
enable generating surface topographies that can range from well-defined rough­
ness up to ordered pillars of cavities. The mechanisms for self-assembly are
diverse and often not well understood. Small entities order because of specific
topological and chemical properties of a surface, but also due to their interaction,
conformation, and intermolecular forces. Self-assembly mechanisms often pos­
sess the ability of self-healing, because they have a strong tendency to order in
short-range with energetically favorable shape. When used in 3D, artificial mate­
rial can be created. Although many bottom-up techniques allow for the repro­
ducible creation of almost perfect ordered surface topographies, they often lack
the freedom in design possible with top-down methods. Some of these methods
can be used in combination with top-down methods or for generation of stamps.
Examples are nanoparticle self-ordering and assembly typically with 500 nm

beads down to 50 nm, nanopore self-ordering by anodic alumina oxidation
(AAO), and self-confined plasma etching [46–49]. Often these methods do not
need expensive equipment and can be done in chemical labs. However, for pro­
duction of defect-free large areas, combined bottom-up/top-down approaches are
of advantage (see Figures 14.6 and 14.7).

14.4
Surface Patterning of Microcantilevers Using Mold Inlays

In the field of bioanalytics, microcantilevers (μC) are currently being introduced
as ultrasensitive elements for cell-force-measurements and bio-analytical sen­
sors. A μC array is a micromechanical device, which exhibits flexible, finger-like
extensions from a macroscopic carrier, which can bend if subjected to surface
stress or excited by mechanical forces [22,50–52]. This can, for example, be by
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Figure 14.6 Schematic diagram of a fabrica­
tion process using combined bottom-up (self­
assembly) and top-down techniques (replica­
tion by nanoimprint lithography). Upper row:
Si nanopillars are fabricated through PS-

sphere dry etching. Lower row: the polarity of
the pillar structure is inverted, resulting in
holes in a working stamps, by imprint and
etching, then polymer films with nanopillars
are imprinted into a polymer foil [46,47].

loading a μC with biomolecules, which results in a decrease of its resonance fre­
quency. To achieve local chemical sensitivity, the μC is coated on one side with a
thin gold film. This serves both as a layer for selective adsorption of biomole­
cules, for example, by using thiol-based chemistry, and for enhancing the reflec­
tion of a laser beam, which is used to measure the deflection of the μC. Typically,
a silicon μC is 500 μm long, 50–100 μm wide and around 1 μm thick (see
Figure 14.8). As a device with multiple sensors, an array of μC is attached to a
2.5mm× 3.5mm× 0.5mm carrier. While the size of the carrier is determined by
practical considerations, including handling with tweezers, economy of space,
and thickness of standard silicon wafers, the size of the μC is often determined
by the selectivity needed to detect small amounts of loaded biomolecules and
variations thereof. Silicon is the preferred material for these micromechanical
elements due to the established capabilities of cleanroom-based micromachining
technologies. However, particularly for sensors in a modern biolab environment,
single-use low-cost devices are highly desired. For this purpose, polymeric alter­
natives are most promising. The preferred manufacturing process for the μC is
polymer injection molding, and for elements of micrometer size special micro­
injection molding (μIM) tools and concepts have been developed. To achieve
comparable mechanical properties, the polymer μC need to be around seven
times thicker than the silicon counterpart. However, even a cavity height of
10 μm, that is, with an aspect ratio of 50, it is difficult to fill a polymer melt in an
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Figure 14.7 Nondestructive fabrication of heparin/gelatin-functionalized PDLLA nanorod

nanopillar-based foil using recyclable hard arrays extracted from AAO (pore diameter:

templates. (a–d) Schematic diagrams of a self- 180 nm; pore depth: 1mm; lattice period:

limiting etching process in anodic aluminum 500 nm) obtained by culturing for one day: (e)

oxide (AAO). These templates can be used for Large-field view and (f) detail showing filopo­
molding poly-DL lactic acid (PDLLA). After coat- dia protruding from the cell body [48,49].

ing with heparin/gelatin, the pillar arrays can (Reproduced with permission. Copyright 2015,

be used for cell culturing. (e–f) SEM images of Royal Society of Chemistry.)

a single fibroblast cell from human skin on


isothermal process, that is, in which the mold is kept at a temperature below the
melt’s glass transition temperature. Here, the thermoplastic polymer needs to
keep its ability to flow and fill the extended cavity, while it is freezing upon con­
tact with the mold surface. However, as demonstrated, complete filling can be
achieved if the mold cavity height is chosen between 30 and 50 μm (see
Figure 14.8.
For a range of reasons, it is of advantage if the surface of a μC is patterned.

This can be surface enlargement for higher sensitivity, directional gratings for
preferential cell growth and cell contraction, refractive and diffractive elements
for optical and plasmonic effects, and fluidic channels for a fountain pen. From
the processing point of view, the molding of surface structures onto a μC 500 μm
long and 25 μm thick is not different from the molding of data pits on a compact
disc. Therefore, by applying a thin micro- or nanopatterned mold insert into one
side of the molding tool, surface structures can be added to the mold, while the
outline of the macroscopic element is preserved (see Figure 14.9). Since the sur­
face patterning is achieved by using a NIL fabricated hybrid mold, the NIL tool­
box approach is needed. Opposite to the microcavity with the μC outlines on the
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Figure 14.8 SEM micrographs of an array of (a) silicon and (b) polymer μC with 1 μm and 25 μm
thickness, respectively. On the polymer surface, the roughness of the metal mold is well repli­
cated. Scale bars 100 μm [4]. (Reproduced with permission. Copyright 2015, SPIE.)

Figure 14.9 Molding tools for injection mold­
ing, left side: while the clamping unit contains
the mold insert with two mold cavities and
channels, right side on the mirror unit a foil-
like stamp can be placed. By placing both

units face to face in an injection-molding
machine, two closed microcavities are formed,
which can be filled with viscous polymer
through the injection gate [50]. (Reproduced
by permission. Copyright 2015, Elsevier.)

tool side, a foil containing the surface pattern is attached to the injection mirror
side of the mold. Thus, by composing a hybrid mold cavity during closing of the
tool, instead of the flat surface, a surface pattern is generated on the μC during
molding. In Figure 14.10, a variety of surface pattern is shown [6,53–55].

14.5
Surface Patterning Using Plasma Etching

Load-bearing implants made of titanium are sandblasted and etched to obtain the
micro- and nanometer-scale roughness for osseointegration. In order to reach the
same for polymers and extend the applications beyond spinal disc cages and
housings of pacemakers, the necessary roughness has to be generated in the fin­
ished parts. It has been shown that plasma treatments do not only chemically
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periodic 5 μm-wide ridges, (e–g) completely
molded polymer μC, (e) with polished steel
mirror [6]. (Reproduced with permission. Copy­
right 2015, SPIE.)

Figure 14.10 SEM micrographs of (a–d)
incompletely molded polymer μC, (a) with
bare steel mirror, (b) with pyramids of 2 μm
footprint, (c) shallow compartments, (d)

activate the polymer surfaces but also induce etching processes (see Figure 14.11),
which result in well-defined nanostructures (see Figure 14.12) [12,56,57]. The
density and size of the nanostructures can be tailored by the choice of the process
gas, the plasma power, and the duration of the plasma treatment [12,56]. The
nanostructures derived from plasma treatment neither classify as the randomly

Figure 14.11 Schematics displaying the interaction of oxygen plasma with a polymer surface.
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Figure 14.12 The SEM images of polymer comparable to the diameter of the compact
films and injection-molded cantilevers after morphologies of the polymer films investi­
50W oxygen plasma treatment show the gated. The nanostructures on liquid crystal
occurrence of homogeneously distributed polymer (LCP) and polyoxymethylene (POM)
nanostructures with material-specific size and appear to be isotropic, whereas the ones on<
shape. Polystyrene (PS), polypropylene (PP) PP and polyvinylidene (PVDF) show an elon­
and polyimide (PI) give rise to circularly gated shape with a clear preferential orienta­
shaped nanostructures, while polymethylme- tion. Size and density of the nanostructures
tacrylate (PMMA) substrates show large rami- depend on the material selected [12]. (Repro­
fied nanostructures with an arm width duced with permission. Copyright 2015, SPIE.)

arranged nanostructures, which have been found to induce osteogenic differentia­
tion in contrast to highly ordered nanostructures [24]. The isotropy of the nano­
structures depend on the substrate below. Isotropic nanostructures showing
preferential orientation of the molecules as result of the film casting process are
seen on plasma-treated polymer films, while anisotropic nanostructures are
derived by plasma treatments of injection-molded polymers.
In addition to the stochastic patterning of polymeric end-products by etching,

these processes can also be applied to obtain molds. Origination ranges from
stochastic processes to self-organization using anodic porous alumina, block-
copolymers, and controlled particle placement by capillary assembly [58–61].

14.6
Cell Response to Surface Patterning

Introducing cell growth via tailoring surface topography on the nanometer scale
is a promising approach for repair, growth, as well as for controlling cocultures
of cell populations. Regular line pattern, nanogrooves, with feature sizes between
100 and 1000 nm produced on polymers showed that neuronal cells preferen­
tially orient themselves parallel to the nanogrooves [14]. Furthermore, structure
depth have been shown to play a crucial role with an aspect ratio greater than
0.6 inducing higher degree of alignment than shallower grooves [14].
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Figure 14.13 ASC aligned along grooves on oxygen plasma-treated PEEK substrate 48 h after
seeding. Vital cells were stained with calcein-AM. The grooves including their orientation are
visible in the red-colored images [12]. (Reproduced with permission. Copyright 2015, SPIE.)

Nanostructuring the substrate also allows differentiation of stem cells in the
absence of chemical growth factors to become osteoblasts. Arrays of pillars
35 nm tall with a diameter of 193 nm and a distance of about 30 nm have shown
conditions for MSCs to form bone cells [62]. Very recently, it has been demon­
strated that adipose tissue-derived MSCs seeded on plasma-treated PEEK films
show an increased adhesion, a higher degree of proliferation, and an improved
osteogenic differentiation compared to untreated films. When these cells were
grown on films treated with 10 and 50W oxygen and ammonia plasmas for
duration of 5min, they exhibit a doubled mineralization degree relative to the
untreated PEEK [20]. The effect of nanostructures from plasma treatment in
combination with structured grooves from hot embossing showed that adipose
tissue derived stem cell (ASC) stretched and aligned parallel to the grooves (see
Figure 14.13). The nanostructuring from plasma treatment allowed a homoge­
nous ASC adhesion [56], which is required for proliferation and differentiation
to the required phenotype. As the plasma-treated PEEK films supported the
osteogenic differentiation of stem cells in vitro, one can reasonably assume that
plasma-treated PEEK implants hold perspective for suitable osseointegration of
load-bearing PEEK implants in vivo. Encouraging results have also been reported
in the field of vascular grafts, where an improved human umbilical vein endothe­
lial cell (HUVEC) adhesion was seen on plasma-modified polymer films com­
pared with untreated samples [63].

Conclusion

The use of nanosized surface topographies is attractive in biomedical applica­
tions, because surface functionalization can be done without change of material
and its chemical composition. Moreover, surface nanostructuring can lead to a
class of materials for load-bearing or structural implants that incorporate tun­
able surface features, which can drive cell-specific behavior without the use of

14.7
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exogenous factors. These nanostructured materials will also continue to improve
biocompatibility of a growing range of devices and scaffolds for tissue-engi­
neered products. Nanostructuring can lead to the development of scaffold mate­
rials that can stimulate stem cell differentiation to produce bone mineral.
Applications will largely depend on whether effects based on surface topogra­

phy can be quantified and reproducibly applied to surfaces of existing compo­
nents. This implies that a range of topographies ranging from μm to nm sizes
need to be generated with the same manufacturing methods, and molds or inlays
can be fabricated for nonflat surfaces [64]. Polymers are particularly advanta­
geous, because the molds provided for standard replication can be decorated
with nanostructures without changing the overall shape of the manufactured
component. Nanotopographies, which can be precisely replicated, allow repro­
ducibility of cellular response, thus being an important tool in analyzing how
cells process nanoscale information. The nanostructures that can be tailored by
the choice of the plasma power and the treatment time are promising for many
biomedical applications. It is one promising way of integration, needed to path
the way of functional nanostructuring in biomedical areas.

References

1 Kurtz, S.M. and Devine, J.N. (2007) PEEK using hot embossing and injection
biomaterials in trauma, orthopedic, and molding. Microelectron. Eng., 53, 171–174.
spinal implants. Biomaterials, 28 (32), 8 Schift, H., D’Amore, A., David, C., Gabriel,
4845–4869. M., Gobrecht, J., Kaiser, W. et al. (2000)

2 Ma, P.X. (2004) Scaffolds for tissue Quantitative analysis of the molding of
fabrication. Mater. Today, 7 (5), nanostructures. J. Vac. Sci. Technol. B,
30–40. 18 (6), 3564–3568.

3 Heckele, M. and Schomburg, W.-K. (2004) 9 Matschuk, M. and Larsen, N.B. (2013)
Review on micro molding of thermoplastic Injection molding of high aspect ratio
polymers. J. Micromech. Microeng., 14, R1. sub-100 nm nanostructures. J. Micromech.

4 Giboz, J., Copponnex, T., and Mélé, P. Microeng., 23 (2), 025003.
(2007) Microinjection molding of 10 Kane, R. and Ma, P.X. (2013) Mimicking
thermoplastic polymers: a review. the nanostructure of bone matrix to
J. Micromech. Microeng., 17, 96–109. regenerate bone. Mater. Today, 16 (11),

5 Stormonth-Darling, J.M. and Gadegaard, 418–423.
N. (2012) Injection moulding difficult 11 Gadegaard, N., Dalby, M.J., Martines, E.,
nanopatterns with hybrid polymer inlays. Seunarine, K., Riehle, M.O., Curtis, A.S.G.
Macromol. Mater. Eng., 297 (11), et al. (2006) Nano patterned surfaces for
1075–1080. biomaterial applications. Adv. Sci.

6 Schift, H., Urwyler, P., Kristiansen, P.M., Technol., 53, 107–115.
and Gobrecht, J. (2014) Nanoimprint 12 Althaus, J., Urwyler, P., Padeste, C.,
lithography process chains for the Heuberger, R., Deyhle, H., Schift, H. et al.
fabrication of micro- and nanodevices. (2012) Micro- and nanostructured
J. Micro/Nanolith. MEMS MOEMS, 13 (3), polymer substrates for biomedical
031303. applications. Proc. SPIE, 8339, 83390Q.

7 Schift, H., David, C., Gabriel, M., 13 Bhushan, B. (2010) Handbook of

Gobrecht, J., Heyderman, L.J., Kaiser, W. Nanotechnology, 3rd edn, Springer,
et al. (2000) Nanoreplication in polymers Heidelberg.



311References

14 Bremus-Koebberling, E. A., Beckemper, S.,
Koch, B., Gillner, A. (2012) Nano
structures via laser interference patterning
for guided cell growth of neuronal cells.
J Laser Applications 24 (4), 042013-1-6.

15 Hitachi. Nanopillar Plate (2015) Available
from: http://www.hitachi-hightech.com/
global/about/corporate/research/
cuttingedge/nanopillar/index.html/.

16 Gittens, R.A., Olivares-Navarrete, R.,
Schwartz, Z., and Boyan, B.D. (2014)
Implant osseointegration and the role of
microroughness and nanostructures:
lessons for spine implants. Acta Biomater.,
10 (8), 3363–3371.

17 Vukusic, P. and Sambles, J.R. (2003)
Photonic structures in biology. Nature,
424, 852–855.

18 Hojlund-Nielsen, E., Weirich, J.,
Norregaard, J., Garnaes, J., Mortensen, A.,
and Kristensen, A. (2014) Angle-
independent structural colors of silicon.
J. Nanophotonics, 8 (1), 083988.

19 Vogel, V. and Sheetz, M.P. (2006) Local
force and geometry sensing regulate cell
functions. Nat. Rev. Mol. Cell Biol., 7,
265–275.

20 Waser-Althaus, J., Salamon, A., Waser, M.,
Padeste, C., Kreutzer, M., Piles, U. et al.
(2014) Differentiation of human
mesenchymal stem cells on plasma-treated
polyetheretherketone. J. Mater. Sci.-Mater.
Med., 25, 515–525.

21 Gadegaard, N., Thoms, S., Macintyre, D.S.,
McGhee, K., Gallagher, J., Casey, B. et al.
(2003) Arrays of nano-dots for cellular
engineering. Microelectron. Eng., 67 (8),
162–168.

22 Köser, J., Gaiser, S., and Müller, B.
(2011) Contractile cell forces exerted
on rigid substrates. Eur. Cell Mater.,
21, 479–487.

23 Köser, J., Gobrecht, J., Pieles, U., and
Müller, B. (2008) Detection of the
forces involved and modulation of
cell-substrate interactions. Eur. Cell
Mater., 16, 38.

24 Dalby, M.J., Gadegaard, N., Tare, R.,
Andar, A., Riehle, M.O., Herzyk, P. et al.
(2007) The control of human
mesenchymal cell differentiation using
nanoscale symmetry and disorder. Nat.
Mater., 6 (12), 997–1003.

25 Aizenberg, J., Black, A.J., and Whitesides,
G.M. (1998) Controlling local disorder in
self-assembled monolayers by patterning
the topography of their metallic supports.
Nature, 394, 868–871.

26 Chen, C.S. et al (1998) Micropatterned
surfaces for control of cell shape, position,
and function. Biotechnol. Prog., 14,
356–363.

27 Mrksich, M. and Whitesides, G.M. (1996)
Using self-assembled monolayers to
understand the interactions of man-made
surfaces with proteins and cells. Annu.
Rev. Biophys. Biomol. Struct., 25, 55–78.

28 Takayama, S., McDonald, J.C., Ostuni, E.,
Liang, M.N., Kenis, P.J.A., Ismagilov, R.F.
et al. (1999) Patterning cells and their
environments using multiple laminar fluid
flows in capillary networks. Proc. Natl.
Acad. Sci. USA, 96, 5545–5548.

29 Zhang, S.G., Yan, L., Altman, M., Lassle,
M., Nugent, H., Frankel, F. et al. (1999)
Biological surface engineering: a simple
system for cell pattern formation.
Biomaterials, 20, 1213–1220.

30 Whitesides, J.G. and Lamantia, A.S. (1995)
Distinct adhesive behaviors of neurons
and neural precursor cells during regional
differentiation in the mammalian
forebrain. Dev. Biol., 169, 229–241.

31 Palin, E. (2005) Mimicking the
nanofeatures of bone increases bone-
forming cell adhesion and proliferation.
Nanotechnology, 16, 1828–1835.

32 Yim, E.K.F. (2007) Synthetic
nanostructures inducing differentiation of
human mesechymal stem cells into
neuronal lineage. Exp. Cell Res., 313,
1820–1829.

33 Thapa, A. (2003) Nano-structured
polymers enhance bladder smooth
muscle cell function. Biomaterials, 24,
2915–2926.

34 Kay, S., Thapa, A., Karen, M.H., and
Webster, J.T. (2002) Nanostructured
polymer/nanophase ceramic composites
enhance osteoblast and chondrocyte
adhesion. Tissue Eng., 8 (5), 753–761.

35 Miller, D.C. (2004) Endothelial and
vascular smooth muscle cell function on
poly(lactic-co-glycolic acid) with nano­
structured surface features. Biomaterials,
25, 53–61.

http://www.hitachi-hightech.com/global/about/corporate/research/cuttingedge/nanopillar/index.html/
http://www.hitachi-hightech.com/global/about/corporate/research/cuttingedge/nanopillar/index.html/
http://www.hitachi-hightech.com/global/about/corporate/research/cuttingedge/nanopillar/index.html/


312 14 Nanostructured Polymers for Medical Applications

36 Li, Y., Zhang, J., Fang, L., Jiang, L., Liu, W.,
Wang, T. et al. (2012) Polymer brush
nanopatterns with controllable features for
protein pattern applications. J. Mater.
Chem., 22, 25116–25122.

37 Borini, S., D’Auria, S., Rossi, M., and Rossi,
A.M. (2005) Writing 3D protein
nanopatterns onto a silicon nanosponge.
Lab. Chip., 5 (10), 1048–1052.

38 Christman, K.L., Broyer, R.M., Schopf, E.,
Kolodziej, C.M., Chen, Y., and Maynard,
H.D. (2011) Protein nanopatterns by
oxime bond formation. Langmuir, 27 (4),
1415–1418.

39 Bat, E., Lee, J., Lau, U.Y., and Maynard,
H.D. (2015) Trehalose glycopolymer
resists allow direct writing of protein
patterns by electron-beam lithography.
Nat. Commun., 6, 6654.

40 Valsesia, A., Mannelli, I., Colpo, P.,
Bretagnol, F., and Rossi, F. (2008) Protein
nanopatterns for improved
immunodetection sensitivity. Anal. Chem.,
80 (19), 7336–7340.

41 Mühlberger, M., Rohn, M., Danzberger, J.,
Sonntag, E., Rank, A., Schumn, L. et al.
(2015) UV-NIL fabricated bio-inpsired
inlays for injection molding to influence
the friction behavior of ceramic surfaces.
Microelectron. Eng., 141, 140–144.

42 Kirchner, R., Guzneko, V.A., Rohn, M.,
Sonntag, E., Mühlberger, M., Bergmair, I.
et al. (2015) Bio-inspired 3D funnel
structures made by grayscale electron-
beam patterning and selective topography
equilibration. Microelectron. Eng., 141,
107–111.

43 Röhrig, M., Schneider, M., Etienne, G.,
Oulhadj, F., Pfannes, F., Kolew, A. et al.
(2013) Hot pulling and embossing of
hierarchical nano- and micro-structures.
J. Micromech. Microeng., 23 (105014), 7.

44 McKeag, T. (2015) Sticky wicket: a search
for an optimal adhesive for surgery. Zygote
Q., 1, 18–41.

45 Bartlett, M.D., Croll, A.B., King, D.R.,
Paret, B.M., Irschick, D.J., and Crosby, A.J.
(2012) Looking beyond fibrillar features to
scale gecko-like adhesion. Adv. Mater., 24,
1078–1083.

46 Cheung, C.L., Nikolic, R.J., Reinhardt, C.E.,
and Wang, T.F. (2006) Fabrication of

nanopillars by nanosphere lithography.
Nanotechnology, 17 (5), 1339–1343.

47 Vogel, N., Goerres, S., Landfester, K., and
Weiss, C.K. (2011) A convenient method
to produce close- and non-close-packed
monolayers using direct assembly at the
air-water interface and subsequent
plasma-induced size reduction. Macromol.
Chem. Phys., 212, 1719–1734.

48 Choi, J., Nielsch, K., Reiche, M.,
Wehrspohn, R.B., and Gösele, U. (2003)
Fabrication of monodomain alumina pore
arrays with an interpore distance smaller
than the lattice constant of the imprimt
stamp. J. Vac. Sci. Technol. B, 21 (2),
763–766.

49 Grimm, S., Martin, J., Rodriguez, G.,
Fernandez-Gutierrez, M., Mathwig, K.,
Wehrspohn, R.B. et al. (2010) Cellular
interactions of biodegradable nanorod
arrays prepared by nondestructive
extraction from nanoporous alumina.
J. Mater. Chem., 20, 3171–3177.

50 Urwyler, P., Schift, H., Gobrecht, J., Häfeli,
O., Altana, M., Battiston, F. et al. (2011)
Surface patterned polymer micro-
cantilever arrays for sensing. Sensor
Actuat. A-Phys., 172 (1), 2–8.

51 Urwyler, P., Pascual, A., Kristiansen, P.M.,
Gobrecht, J., Müller, B., and Schift, H.
(2013) Mechanical and chemical stability
of injection-molded microcantilevers used
for sensing. J. Appl. Polym. Sci., 127,
2363–2370.

52 Urwyler, P., Koser, J., Schift, H., Gobrecht,
J., and Muller, B. (2012) Nano-mechanical
transduction of polymer micro-cantilevers
to detect bio-molecular interactions.
Biointerphases, 7 (1–4), 6.

53 Schleunitz, A., Spreu, C., Mäkelä, T.,
Haatainen, T., Klukowska, A., and Schift,
H. (2011) Hybrid working stamps for high
speed roll-to-roll nanoreplication with
molded sol-gel relief on a metal backbone.
Microelectron. Eng., 88 (8), 2113–2116.

54 Schift, H., Urwyler, P., and Kristiansen,
P.M. (2013) Nanoimprint lithography
process chains for the fabrication of
micro- and nanodevices. J. Vac. Sci.
Technol. B, 31 (6), 06FD1.

55 Al-Azawi, A., Smistrup, K., and
Kristensen, A. (2014) Nanostructuring



313References

steel for injection molding tools.
J. Micromech. Microeng., 24, 055023.

56 Althaus, J., Padeste, C., Köser, J., Pieles,
U., Peters, K., and Müller, B. (2012)
Nanostructuring polyetheretherketone for
medical implants. Eur. J. Nanomed, 4 (1),
7–15.

57 Urwyler, P., Zhao, X., Pascual, A., Schift,
H., and Müller, B. (2014) Tailoring surface
nanostructures on polyaryletherketones
for load-bearing implants. Eur.
J. Nanomed., 6 (1), 37–46.

58 Christiansen, A.B., Clausen, J.S., Mortensen,
N.A., and Kristensen, A. (2014) Injection
moulding antireflective nanostructures.
Microelectron. Eng., 121, 47–50.

59 Malaquin, L., Kraus, T., Schmid, H.,
Delamarche, E., and Wolf, H. (2007)
Controlled particle placement through
convective and capillary assembly.
Langmuir, 23 (23), 11513–11521.

60 Stoykovich, M.P. and Nealey, P.F. (2006)
Block copolymers and conventional
lithography. Mater. Today, 9 (9), 20.

61 Yanagishita, T., Nishio, K., and Masuda,
H. (2009) Anti-reflection structures on
lenses by nanoimprinting using ordered
anodic porous alumina. Appl. Phys. Expr.,
2, 022001.

62 Gadegaard, N., Dalby, M.J., Riehle, M.O.,
and Wilkinson, C.D.W. (2008) Optimizing
substrate disorder for bone tissue
engineering of mesenchymal stem
cells. J. Vac. Sci. Technol. B, 26 (6),
2554–2557.

63 Chong, D.S.T., Turner, L.-A.,
Gadegaard, N., Seifalian, A.M., Dalby, M.J.,
and Hamilton, G. (2015) Nanotopography
and plasma treatment: redesigning
the surface for vascular graft
endothelialisation. Eur. J. Vasc. Endovasc.
Surg., 49, 335–343.

64 Rytka, C., Kristiansen, P.M., and Neyer, A.
(2015) Iso- and variothermal injection
compression moulding of polymer
micro- and nanostructures for optical and
medical applications. Micromech.
Microeng., 25, 065008.



15

315

Nanotechnology in the Treatment of Incontinence
Vanessa Leung and Christian Gingert

University of Basel, Biomaterials Science Center, Gewerbestrasse 14, 4123 Allschwil,
Switzerland

Multiple factors and interrelated mechanisms contribute to natural urinary and
fecal continence, a key part of which is played by the urinary and fecal sphinc­
ters, respectively. From the engineering point of view, sphincters are simple due
to their binary nature: they are either on or off. Thus, engineers see sphincters as
analogically even simpler than a water faucet, since no flow regulation is
required. From the anatomical point of view, sphincters have multiple interact­
ing parts. The urinary sphincter muscle ensures urinary continence during the
filling phase of the bladder. Sphincter abnormalities lead in particular to stress
urinary incontinence (SUI), which is defined as involuntary loss of urine during
coughing, sneezing, or any other kind of related physical exertion. In severe
cases, it presents a continuous loss of urine. Approximately 50% of women older
than 20 years have reported urinary incontinence (UI) symptoms, of which 50%
of patients are classified as having SUI [1].
Natural fecal continence relies on a complex interplay between the central,

peripheral, and autonomous nervous systems, a functioning gastrointestinal (GI)
tract, and the anal sphincter complex. The dysfunction of only one of these com­
ponents can cause the loss of continence control. The overall prevalence of fecal
incontinence in adults is reported to be 11–15% and increases with age [2].
Common sources of dysfunction are injuries such as birth trauma, psychological
and neurological disorders, and inflammatory diseases of the bowel.
Up to now, nanomedicine in urology and colorectal surgery has primarily been

applied in the areas of gene therapy, drug delivery, medical imaging, and thermal
ablation of tumors. The application of nanotechnology to the regeneration or
replacement of structures in the body is only beginning to progress toward clinical
trials. The use of structures with 1–100nm size features promises to give a specific
functionality in the mechanical, electrical, or biochemical regime that is commonly
inaccessible on the macroscale. Cellular protein structures and cellular receptor–
ligand interactions all exist in the nanoscale regime; nanotechnology can thus be
used to provide ligands for cell adhesion. Such integration can lead to an implant
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that is capable of allowing cellular infiltration and the growth of new tissue and
blood vessels. A tissue-integrated implant has the advantage of being accessible to
defense by the host’s immune system. In addition, a biocompatible implant that
can be remodeled by macrophages may lead to a reduced inflammatory response
directly after implantation.
The application of nanoscale materials to the treatment of incontinence falls

into two main functional categories. Within the scope of regenerative medicine,
nanotechnology can first be applied to tissue engineering to replace key func­
tions of the organs responsible for continence. This ranges from the develop­
ment of an improved material for a pubovaginal sling that eventually integrates
into host tissue, to a complete sphincter reconstruction. Second, nanotechnology
can be applied to the development of artificial sphincter implants for cases of
severe incontinence. Based on their versatility, reaction speed, reaction forces, as
well as energy consumption, smart materials such as low-voltage electroactive
polymers can be used to produce artificial muscles for sphincter replacement.
In this chapter, we examine the treatment of urinary and fecal incontinence,

from the perspective of nanotechnology-based interventions. Both sections are
arranged according to the same structure. We first introduce the incontinence
etiology and assessment, as well as the underlying physics of incontinence. This
forms the basis for the subsequent discussion on the application of nano­
technology to incontinence treatment by tissue engineering or alternatively
through the engineering of a sphincter replacement device.

15.1
Urinary Incontinence

15.1.1

Urinary Incontinence Etiology

An intact urinary continence consists of a complex interplay of the central,
peripheral, and autonomous nervous systems. The dysfunction of only one of
these components can cause UI. Congenital or acquired anatomical malforma­
tions can also cause UI. In general, five types of UI can be differentiated. Most
frequent are SUI and urge incontinence, which together account for 90% of
instances. The other 10% of instances are the result of the three less frequent
causes: neurogenic incontinence, overflow incontinence, and anatomical
malfunctions. A clinician has to distinguish between two main categories of
urinary incontinence: temporary or persistent UI (see Table 15.1). The general
risk factors are listed in Table 15.2 [3].

15.1.2

Urinary in-/Continence Assessment

It is important to determine, which of the five types of UI, that is, stress, urge,
overflow, neurogenic, or anatomical UI, the patient has, as this identification will
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Table 15.1 Possible causes of UI are classified into two main groups: temporary and persistent.

Temporary UI Diuretic drinks, food or medications:
Caffeine
Decaffeinated and/or carbonated drinks
Alcohol
Artificial sweeteners
Blood pressure medications, sedatives
Large doses of vitamins B or C
Fruits high in spice, acid, or sugar
Urinary tract infection: Due to irritation of the bladder a strong urge to
urinate can be caused.

Constipation: Rectum and bladder share some nerves that can be irritated by
stool impaction. This can cause an increase in urination.

Persistent UI Pregnancy: Increased weight of uterus and changes in hormones may
increase UI.
Childbirth: Muscles needed for bladder control may be weakened by vaginal
delivery.
Age: With age muscles need for bladder control may be weakened.
Menopause: Loss of estrogen can cause a deterioration of the urogenital tract
and thereby an increase of UI.
Hysterectomy: Removal of the uterus can damage supporting pelvic floor
muscles.
Enlarged prostate: Especially in older men benign prostate hyperplasia can
cause UI.
Prostate cancer: UI can be caused by prostate cancer itself because of
infiltration and because of medication or radiation.
Obstruction: Any obstruction can lead to overflow incontinence.
Neurological disorders: Parkinson’s disease, stroke, brain tumours, multiple
sclerosis and spinal injuries can interfere with pelvic floor innervation.

guide treatment decisions. The most essential step to UI identification is a
detailed anamnesis, in which questions regarding frequency of urination and the
ability to hold back urine play an important role. Quite frequently, physicians
recommend that patients fill out bladder diaries to record the amount of drinks

Table 15.2 General risk factors for UI are gender, age, body weight, and diseases.

Gender Women > men (pregnancy, childbirth, changes in hormones, and normal
female anatomy)

Age With age muscles shrink. So with age muscles of bladder and urethra lose their
strength.

Body weight With overweight pressure on the bladder increases and urine may get released.

Diseases Neurological disorders including stroke or metabolic diseases such as diabetes
may increase risk of UI by reducing nerve functions.



318 15 Nanotechnology in the Treatment of Incontinence

and urine, the frequency of urination, or whether the patient felt urge to urinate.
The patient is also requested to record episodes of incontinence.
The determination of the patient’s history is followed by physical examina­

tions. Conditions such as prolapses and loss of urine, while coughing, can be
easily assessed. Further exams include a urinalysis to check on signs of infection
and other abnormalities and a postvoid urination residual measurement using a
catheter or ultrasound to evaluate the amount of leftover urine in the patient’s
bladder. A large amount of leftover urine may be a sign of an obstruction in the
urinary tract. Nerve or muscular problems can also cause urinary leftover.
Further specialized tests may be recommended including urodynamic testing

and cystoscopy. With an urodynamic test, the strength and urinary sphincter
health can be assessed and the type of UI can be distinguished. After application
of a catheter, the patient’s bladder is filled with water, while the pressure within
the bladder is measured. In a cystoscopy test, a thin scope is inserted into the
urethra and bladder to check the structure of these organs and, if necessary, to
remove abnormalities. A cystogram reveals structural and functional problems
of the urinary tract through injecting a radiopaque material in the urethra
and bladder.
Finally, a pelvic ultrasound can be used to check for abnormalities of the

patient’s genitals and urinary tract, and magnetic resonance imaging (MRI) can
give evidence of dyssynergies and further pathologies of the pelvic floor such as
entero-, recto-, or cystoceles. An MRI examination is extensive and relatively
expensive, therefore, it is usually only used in cases, where more complex
pathologies are suspected [4–6].

15.1.3

Physics of Urinary Continence

The urinary sphincter is composed of a thin inner layer and a thick outer layer.
The inner layer consists of smooth muscle cells, whereas the outer layer consists
of striated muscle (RS) cells, which supports slow contractions around the
urethra. The mechanical properties of urethral tissue are characterized by the
tissue’s stress–strain relation. The stress–strain relation can be measured by a
conventional tensile testing machine, by compression, and in vivo by aspiration.
In the simplest case, from the stress–strain curve measured by these methods,
the Young’s modulus can be determined by inverse finite element modeling.
The human urethra consists of anisotropic, viscoelastic tissue exhibiting an

inner diameter of about 5mm and an outer one of about 12mm. As a rough
approximation, one can assume that the leakage starts, when the external
sphincter pressure equals the intravesical pressure. The tissue of the urethra,
however, can act against or with the external pressure. This means that a higher
or lower external pressure is necessary to close the urethra. This difference arises
from the wall pressure pW along the sphincter length L and from the stress of
the urethra at both ends characterized by the rim force FR. Since the inner part
of the urethra can be closed on the length, which is smaller or larger than the
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Figure 15.1 Physical parameters of the urethral compression. (Model from Ref. [7].)

sphincter length L, one has introduced the rim length LR equally present on both
sides of the sphincter. This empirical model, known as the urethra compression
model, contains three parameters, which can be positive and negative, to be
determined on the basis of well-defined experiments (see Figure 15.1) [7].

Tissue Engineering and Sling Material for Sphincter Regeneration

The most common surgical treatment for SUI is the placement of a suburethral
pubovaginal sling. Sling placement helps to stabilize the urethrovescial junction
and compresses the urethral lumen during stress manuveurs. Sling materials
include autografts, allografts, that is, cadaveric tissues, xenografts including
porcine small intestinal submucosa, and synthetic materials. However, the ideal
sling material has still not been identified. Such a material would be strong,
readily available, with low occurrences of infection, immunologic rejection, and
erosion. Potential advantages of a tissue engineered sling material include
reduced donor site morbidity and customizable biomechanical properties.
A key application of tissue engineering (TE) is to replace diseased tissue with a

highly porous three-dimensional scaffold that mimics some functions of the
extracellular matrix (ECM) so as to promote cell growth and host tissue infiltra­
tion. Synthetic polymeric scaffolds such as electrospun polyethylene terephthal­
ate and polyurethane, for example, have a fibrous microarchitecture similar to
the ECM. Two potential scaffolds that have been proposed as optimal sling
materials for SUI treatment are poly(L)lactic acid (PLA) and small intestinal
submucosa (SIS) [8–10]. Both were found to support cell attachment and
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proliferation, and had biomechanical properties similar to that of the pelvic floor.
Unlike SIS, often derived from porcine sources, PLA is a synthetic material.
Engineering a synthetic sling material with nanometer scale features requires

suitable microfabrication techniques, such as electrospinning and 3D printing.
Electrospinning is one variation of electrospray techniques and is commonly
used to produce nano- and micrometer-size fibers suitable for the fabrication of
a scaffold. A syringe is loaded with polymer solution, and a high voltage source is
used to extract a stream of polymer from the needle tip toward a collector plate.
The plate can be moved to create various fiber orientations, allowing the forma­
tion of three-dimensional scaffolds. Electrospinning in combination with heat
annealing has been used to produce a PLA scaffold with mechanical properties
comparable to native tissue [8].
As less invasive alternatives to sling placement, research directions analogous

to those for the application of TE to fecal sphincter regeneration have also been
pursued. These directions aim toward directly improving urinary sphincter
defects by injection of bulking agents, or by the injection of stem cells,
progenitor cells, or adult cells [11]. For both approaches, nanotechnology has
the potential to advance progress through structures that are bioengineered
down to the nanometer scale.
Bulking agents with nanofeatures have demonstrated advantages [12,13]. Kim

et al. used growth factor-immobilized porous beads with sizes of 200–300 μm
and pores of 25–50 μm as a bioactive bulking agent to treat SUI. They were
found to be effective for the regeneration of smooth muscle around the urethra,
and lead to functional recovery through an improved contractile response [12].
This is likely due to the combination of (i) the bead’s high porosity and the inter-
connectivity provides an appropriate environment for cell adhesion and prolifer­
ation, and (ii) the sustained release of growth factors promotes differentiation
into target cells. Similarly, Park et al. showed that a hybrid hydrogel consisting
of in situ forming gelation-based macrogels and self-assembled heparin-based
nanogels as a carrier allowed for sustained release of growth factors as well as a
bulking effect [13]. In a similar manner, the effective introduction of stem cells
relies on seeding onto the appropriate structural support, the fabrication of
which can be aided by nanotechnology. Designing features in the natural length
scale of proteins can make available better cell-substrate interaction, thus leading
to improved biocompatibility. In a recent study, adipose derived stem cells
(ADSC) were harvested and seeded onto poly (lactic-coglycolic acid) (PLGA)
microparticles containing nerve growth factor (NGF). The preparation
was injected periurethrally into mice, and improved the leak-point pressure
(LPP) to (22.5± 6.1) cm H2O over treatments without either PLGA or NGF [14].
PLGA is a copolymer of PLA and poly glycolic acid (PGA), and is a well-
introduced biomaterial often used for drug delivery. With continuing advance­
ment in nanofabrication techniques, promising scaffold materials such as PLGA
and PLA can be engineered with increasingly advanced nanoscale features
conducive to cell growth and proliferation as well as oxygen exchange and
nutrient delivery.
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15.2
Fecal Incontinence

15.2.1
Fecal Incontinence Etiology

An intact continence consists of a complex interplay of central, peripheral, and
autonomous nervous system, a functioning GI tract and anal sphincter complex.
A dysfunction of only one of these components can cause a fecal incontinence
(FI). A clinician has to distinguish between congenital and acquired risk factors
of FI. Congenital risk factors include Hirschsprung’s disease or anorectal malfor­
mations, whereas acquired risk factors may be conditions after sphincter lesions
during delivery, radiation, or previous surgeries (cf. Table 15.3) [15].

15.2.2

Physics of Fecal Continence

The mechanisms and factors contributing to normal continence are multiple
and inter-related. Loss of control of continence is called fecal incontinence
that for instance may be caused by injuries like birth trauma or previous surger­
ies, psychological or neurological disorders or inflammatory diseases of the
bowel [15]. The curved anatomy of the rectum and the three layers of closure
mechanism enable continence. A schematic illustration of the main continence
structures is shown in Figure 15.2. The curved anatomy of the rectum is caused
by the puborectal sling, which pulls the rectum towards the os pubis. The closing
mechanism includes an outer, middle, and inner layer. The outer layer narrows
the anal canal, and consists of the puborectal sling, m. levator ani, and the circu­
lar external anal sphincter muscle (EAS). The EAS is a voluntary muscle that can
double the pressure in the anal canal during contraction for a short period of
time. The pudendal nerve originating from the sacral cord S4 innervates
the EAS.

Table 15.3 Risk factors for FI can be classified as either congenital or acquired.

Congenital risk factors Hirschsprung’s disease
Spina bifida
Anorectal malformations

Acquired risk factors Surgeries of the lesser pelvis (rectum resection; hysterectomy)
Radiation
Injuries of the sphincter organ (iatrogenic, i.e., hemorrhoidectomy,
surgery of fistula, sphincterotomy; trauma during delivery)
Gastrointestinal diseases (inflammatory bowel diseases; irritable colon)
Neurological incontinence (diabetes mellitus; cerebral insult; spinal
trauma; Parkinson’s disease; multiple sclerosis)
Age
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Figure 15.2 Schematic representation of the
anatomical structures involved in continence
(adapted from Ref. [16]). The three layers
forming the closure mechanism are shown in

detail in the expanded view. The muscular
structures are rose-colored, while the
hemorrhoideal plexus is shown in blue.

The middle layer consists of m. sphincter ani internus (IAS), an involuntary
muscle contributing about 55% of the resting anal pressure. Together with the
inner layer consisting of the hemorrhoidal vascular cushion, the IAS maintains
continence, notably for gases and liquids. The parasympathetic fibers originating
from the sacral cord and the sympathetic fibers originating from the lumbar cord
innervate the IAS [17]. The hemorrhoidal vascular cushion consists of arterial–
venous vessels that are filled by contraction of the venous vessels. When filled,
the hemorrhoidal cushion forms the so-called corpus cavernosum recti, and
closes the anal canal completely.
The rectoanal inhibitory reflex (RAIR) is an involuntary IAS relaxation in

response to the filling of the rectum. Receptors stimulated by distension initiate
the reflex, allowing stool to descend into the anal canal, where other specialized
receptors respond to stool consistency. To avoid complete evacuation a semi-
voluntary rectoanal excitatory reflex (RAER) of the EAS and m. puborectalis
follows the RAIR. Other mechanisms of continence include the antiperistaltic
function of the sigmoid, which causes the rectum to stay empty, and specialized
receptors in the rectum and anal canal that detect, where stool is present and
its consistency. Finally, rectoanal reflexes and the defecation cycle enable a
complete evacuation of stool from the rectum and anal canal [17].

15.2.3

Fecal in-/Continence Assessment

An essential part of diagnosis is a detailed anamnesis. Questions regarding
frequency of defecation and the ability to hold back flatus and stool form part of
the anamnesis. Inspection is the easiest and often also most important part of
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the diagnostic procedure, allowing direct signs of incontinence such as erythema,
scars, or smearing to be detected immediately. Also a part of every examination
is rectal palpation, as it allows divergent pressures due to lesions of the sphincter
or irregularities in the structure of the anal canal to be found.
Sphincter function can be measured and quantified by manometry. A

decreased resting pressure, as well as an insignificant increase of squeezing pres­
sure, can be a sign of a dysfunctional sphincter. An extremely elevated resting
pressure can embody a pelvic floor dyssynergy. Besides the simple anal manome­
try, gastroenterologists also use 3D manometry with fillable balloons. In this way,
rectal capacity and/or rectal sensibility can be assessed. This information can be
used to draw conclusions on the existence of a rectal reservoir or if the patient is
already overreacting to minimal volumes. Endoanal ultrasound (EUS) allows the
volume and the integrity of the entire sphincter system to be examined. Defects
such as scars including their dimension, as well as the different compounds and
layers of the sphincter system, can all be detected with relative ease. In addition,
contrast agents can be brought into fistulas to determine the extent of disease.
MRI, in particular MR-defecography, is a continuous examination technique,
delivering dynamic images during evacuation. Examination by MRI can provide
evidence of dyssynergies and further pathologies of the pelvic floor. The rectum
is first filled with a paste-like contrast agent; evacuation of this contrast agent
allows pelvic floor pathologies such as entero-, recto-, or cystoceles to be clearly
identified. However, the MRI examination is extensive, relatively expensive, and
embarrassing for patients. Therefore, it is only applied for cases, where other
clinical examinations and anamnesis substantiate suspicion of more complex
pelvic floor pathologies.

Tissue Engineering for Sphincter Regeneration

As in the case for the treatment of urinary incontinence, key tissue engineering
methods from regenerative medicine have also been applied to the treatment of
fecal incontinence. These efforts range from regenerating the fecal sphincter
through minimally invasive means using injectable scaffolds [18] to bioengineer­
ing transplantable rings of IAS tissue [19,20]. Therapeutic approaches entirely
based on injecting cells into the anal sphincter have given mixed results. One of
the first was carried out by Frudinger et al., who performed a clinical study with
a 12-month follow-up on 10 women with FI [21]. They found that after autolo­
gous myoblasts were injected into the EAS, there was an initial increase in anal
squeeze pressure, and there was no sustained physiological change observed
after one year. The lack of long-term regeneration suggests the failure of the
cells to integrate into host tissue.
To increase the likelihood of engrafting viable cells to the injured sphincter,

cells can be combined with a biocompatible scaffold. Studies have shown that
the three-dimensional structure of a scaffold is of critical importance to cell
adhesion, proliferation, and differentiation [22]. Nanotechnology can be applied
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to engineer structural elements of the injectable scaffold, including the pore size,
porosity, and surface topography. Ahmadi et al., for example, fabricated macro-
porous PLGA microspheres as a cell carrier for the transplantation of smooth
muscle cells to improve sphincter contractility [23]. They reported enhanced
attachment, growth, and migration of smooth muscle cells compared to
microcarriers of porcine gelatin, due in part to the specific nature of the cell–
scaffold interaction on the PLGA microsphere surface.
Nonetheless, further studies are required to find an optimized bioengineered cell–

scaffold therapy, as evidenced by the recent study of Kang et al., one of the first
studies to examine whether bioengineering can improve fecal incontinence [24]. In
this work, porous polycaprolactone beads containing autologous myoblasts were
injected into a dog model of FI. Although they used well-characterized microcarriers,
Kang et al. did not find any significant improvement in sphincter function, as the
injected myoblasts failed to integrate into the host sphincter.
Finally, attempts have been made to bioengineer transplantable tissue. Fibrin

gels are formed by the self-assembly of fibrin monomers into fibrils, which,
under appropriate conditions, organize themselves into a matrix suitable for
contractile tissue growth. Cells migrate into the matrix and proliferate, eventu­
ally replacing the fibrin with their own extracellular matrix. Hecker et al. found
that IAS rings bioengineered from smooth muscle cells grown on a fibrin matrix
generated a spontaneous basal tone, and demonstrated physiological functional­
ity similar to IAS smooth muscle in vivo [19]. Potential limitations include
finding suitable sources of smooth muscle cells, and the time required to
produce the IAS structures.
As in the case of TE for the treatment of urinary incontinence, nano­

technology has the potential to advance both approaches described in this
section through structures that are bioengineered on the nanometer scale. First,
by fabricating biocompatible synthetic carriers that promote the transplantation
of cells to host tissue, as well as tissue bulking, and second, by providing
scaffolds with microenvironments designed to enhance cell proliferation and
integration, as well as neovascularization. However, TE solutions for FI, includ­
ing those involving nanotechnology, are currently less advanced than similar
solutions for urinary incontinence.

15.2.5

Dielectric Elastomer Actuators for Sphincter Replacement

Nanotechnology as an advanced tool for the creation of nanoscale-engineered
structures is appropriate not only to scaffolds for the regeneration of functional
tissue, but also as artificial replacements of the functional tissue itself. In the
treatment of incontinence, nanotechnology can be used to fabricate adaptive
sphincters. Dielectric elastomer actuators (DEA) are one candidate for these so-
called smart implants. Advantages offered by DEAs as artificial sphincter
compared to currently available sphincters are superior actuator properties such
as millisecond response time, mechanical strain of more than 10%, and the
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Figure 15.3 Operating principle of a DEA. A voltage applied across the electrodes results in
their attraction by the electrostatic force. The electrodes squeeze the incompressible elastomer
between them, resulting in a lateral area expansion.

power-to-mass densities similar to natural muscles. Thus, DEAs are popularly
referred to as artificial muscles, and offer promising perspectives for biomimetic
applications because of the large actuations and sensing ability.
Physically, DEA are capacitors that change their capacitance when a voltage is

applied, due to a shape change of the polymer sheet in the electric field, namely,
its thickness decreases and its area expands. A stretchable dielectric film is sand­
wiched between compliant electrodes, forming a planar structure. Applying a volt­
age across the electrodes induces a mutual electrostatic attraction between them
that squeezes the elastomer laterally, as illustrated in Figure 15.3. This lateral
expansion is large; depending on the elastomer, a 100% increase in area is possible.
Dielectric elastomer actuators operating at voltages as low as tens of volts will

enable their widespread application as medical implants. To reduce the currently
used operating voltage by two orders of magnitude or even more, research
efforts have primarily been directed toward modifying the elastomers’ dielectric
permittivity. An alternative, physically motivated approach is to reduce the
thickness of the elastomer layer itself. Such an approach is faced with two major
technical challenges, both of which can be approached using the tools of nano­
technology. The first technical challenge is in making homogenous elastomer
films with thicknesses in the regime of several hundred nanometers or below.
This reduction of thickness will allow the actuation voltage to be reduced from
the kV regime to medically acceptable values below 42V. This can be seen by
considering the relation between the electromechanical pressure pm, the applied
voltage U, and the elastomer film thickness hef:

U2

p ε ? ε0 ?E
2 ε ? ε0 ? ;m h2ef

where ε is the relative permittivity of the dielectric elastomer, ε0 is the free space
dielectric permittivity, and E is the induced electric field [25]. By reducing hef
from the micrometer regime to the nanometer regime, the voltage can be
similarly reduced from the kV-regime to the order of several volts, while
maintaining a comparable strain, which is proportional to pm:

Δhef pmsx;y 0:5 sz ;
2hef 2Y
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where sx,y is the strain in the planar directions, sz is the strain in the thickness
direction, and Y is the elastic modulus of the polymer. This relationship is valid
for an incompressible polymer and small strains sz [25].
To give a comparable force to the micrometer-thin actuators, thousands of

nanometer-thin layers operating in parallel are required. Such large-scale stack­
ing demands a homogeneity and reproducibility that can be achieved by a well-
controlled fabrication process. As known from micro- and optoelectronics,
molecular beam deposition (MBD) is such a process. MBD is often the key
development step before the establishment of a mass industrial technique such
as chemical vapor deposition (CVD). Töpper et al. recently presented the use of
MBD to fabricate single-layer polydimethylsiloxane (PDMS) nanometer-thick
films, showing that these films respond at less than 20V [26]. The next step to
this preliminary result is the growth of reliable actuators by MBD.
Alternative methods are also being investigated. Weiss et al. demonstrated that

alternating current, electrospray deposition allows for the fabrication of homoge­
nous, flat, nanometer-thin PDMS films [27]. The growth of the PDMS with the
average molecular weight of 6000 g/mol at deposition rates ranging from 0.02 to
5.54 nm/s was in situ monitored by means of spectroscopic ellipsometry.
The second technical challenge is in making flexible electrodes. Due to the

requirement for conductivity, metals are traditionally used as the electrode mate­
rial. However, even if a metal electrode is 10 times thinner than the elastomer,
the mechanical properties of the actuator will still be dominated by the stiffness
of its metal electrodes. This is illustrated in Figure 15.4, where the effective

Figure 15.4 Plot of the Voigt-Reuss-Hill
effective Young’s modulus as a function of the
elastomer film thickness hef, for a 10 nm thick
electrode. The elastomer has a constant

Young’s modulus of 1MPa. The effect of
varying the Young’s modulus of the electrode
from 0.3 to 79.0GPa is indicated by the
different symbols. (Adapted from Ref. [28].)
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Young’s modulus (Voigt–Reuss–Hill average) YVRH of an elastomer with 10 nm
of electrode has been calculated as a function of the thickness of the elastomer.
In these plots, the Young’s modulus of the elastomer is held constant at 1MPa,
while that of the electrode is varied from 0.3 to 79.0GPa, which is the Young’s
modulus of gold (square symbols).
Thus, there is a need to find alternative electrodes that are more flexible than

isotropic metal electrodes. Electrodes with nanostructured wrinkles have been
demonstrated to exhibit a larger actuation and improved stress–strain behavior
compared to planar electrodes [28]. Nonconventional electrode materials such as
liquid metals or graphene belong to the alternative solutions.
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16.1
Introduction

The use of nanotechnology has spread across the scientific disciplines from elec­
tronics via materials and food science to medicine. It has even found applica­
tions in cosmetics. In fact, nanotechnology is more prevalent in our day-to-day
lives than we might think [1]. Nanotechnology includes the design and engineer­
ing of products that interact with biological systems on the molecular level, thus
yielding a level of specificity and specialization that was infeasible in the past.
Nanomedicine – a subdivision of nanotechnology – opened up entirely new
opportunities for highly specific interventions in prevention, diagnosis, and ther­
apy. The key features and benefits are the targeted delivery of nanostructured
materials, the inclusion via adsorption/absorption, and protection of actives and
their controlled release from the nanostructured materials. The proper design of
nanostructured delivery systems ideally enables the distribution of actives in
required quantities over desired periods of time to a specific target site without
affecting healthy organs and tissues. The latter will potentially increase the safety
profile of the actives and may allow reducing the dose as known from conven­
tional delivery systems. The design of the nanostructured delivery system may
also protect the active from efflux from the target site or from degradation dur­
ing delivery [2,3]. The potential of the nanostructured material originates in
shaping its size and its surface.
Nanotechnology applied to dermatology represents an advanced field, for

which the economic and scientific interest is rising. Even though nanotechnology
has probably reached all medical disciplines, it has attracted particular attention
in the field of dermatology. As skin is the first point of contact for a whole host
of nanostructured materials, hopes in the effects of the magic bullets to cure a
disease and the fears of harmful particles from sunscreens entering the body
often run together.

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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This chapter discusses (i) the nature of nanoparticles with reference to skin
and skin diseases, (ii) the potential of absorption of nanoparticles through skin,
(iii) the nanoparticles in prevention, diagnosis and therapy, (iv) some regulatory
issues, and (v) the public perception of nanoparticles in topical formulations.

16.2
Nature of Nanoparticles

The term particle derives from the Latin word particula, which means a small part.
The prefix nano (10 9) underlines this notion. The current agreement among the
research teams is that the scale from 1 to 100nm defines the size range of a nano­
particle. Often, however, a more thorough discussion is required to achieve an
unambiguous and complete definition [4–6]. A variety of materials including
ceramics, metals, polymers, proteins, and lipids have been used. A variety of shapes
have been engineered to create nanoparticulate actives and delivery systems. From
the point of view of particle interactions with biological surfaces and barriers such
as skin, it may be helpful to distinguish between soft and rigid particles. In general,
soft particles are made of organic materials such as polymers, proteins, and lipids.
They can temporarily alter their shape by stress or contact with surfaces.

16.2.1

Soft Particles

Liposomes represent typical soft particles [7]. They are vesicular structures com­
posed of a phospholipid bilayer and a hydrophilic core. Hydrophilic and lipo­
philic substances can be enclosed into the core. Even though the fate of
liposomes, that is, structural stability and functionality, in the delivery vehicle
after its application onto the skin is largely unknown, the effect is awarded to
the liposomal particle. However, it has been shown that drugs incorporated into
liposomes penetrate better into the hair follicle canal or sebaceous gland than
drugs applied in other nonparticulate formulations [8,9].
Recently, a particular liposome called transfersome has attracted attention [10]. It

is claimed that these ultradeformable vesicles are able to pass through intact skin as
whole aggregates to be distributed throughout the body via the blood circulation.
However, the prerequisite is that the formulation is nonocclusively administered
onto the skin. The basic principle and driving force for the transfersomes to pass
through intact skin was found to be the hydration gradient between the relatively
dry skin surface, stratum corneum (SC), and the moist viable epidermis and dermis.
As phospholipids tend to dehydrate on the skin surface, they need to follow that
gradient to stay hydrated. Therefore, nonocclusive application conditions were
underlined to be a prerequisite for the principle of hydration gradient-driven barrier
permeation [11]. However, clear evidence for whole vesicle permeation through
intact skin remains to be established. The ingredients chosen to form a particular
liposome have created numerous names such as flexosome, that is, flexible
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liposome; ethosome, that is, particle composed of phospholipid, ethanol, and water;
niosome, that is, particle composed of nonionic surfactant and cholesterol; inva­
some, that is, particle composed of terpenes and ethanol; or polymersome, that is,
generated through a self-assembly process [12–14].
Virosomes are nanoscaled particles mimicking the nature of viruses. They are

hybrids of liposomes and viral proteins [15]. They have been used for a success­
ful vaccination against HBV and HPV [16]. Conceivable is their use in skin can­
cer treatment [17].
Solid lipid nanoparticles and nanostructured lipid carriers were developed to

form more stable systems. They lack the micellar structure of liposomes and
make solid lipid nanoparticles and nanostructured lipid carriers more stable
both in hydrophilic and in lipophilic environments. This potentially facilitates
the transport and delivery of substances including pharmaceutical actives such
as retinoids and cosmetic actives such as perfumes to the skin [18,19]. It is also
postulated that these particles are particularly suitable to cover the skin surface
and hence are ideal for sunscreen products, where coverage is a key issue.
Numerous polymer-based particles have been studied. Accumulation and

cytotoxicity of nonbiodegradable particles constitutes major problems and limits
their use in humans [20]. Therefore, current interest is focused on biodegradable
polymers such as polylactic acid or poly(glycolic-co-lactic acid). Polylactic acid is
an aliphatic ester of lactic acid, derived from renewable resources such as corn­
starch or sugarcanes. This has gained scientific and commercial interest due to
its easy manufacturing.
Fullerenes and dendrimers are supramolecular structures that may also be

considered as nanoparticles [21,22]. Fullerenes have been investigated for their
ability to absorb ultraviolet light and their radical scavenging properties [23,24].
Dendrimers are highly branched structures, the peripheral groups of which can
be used both to attach several drug molecules and to target and solublize groups.
They may, therefore, be used as drug carrier systems [25]. Poly(amidoamine)
dendrimers have also been used as skin permeation enhancers [26].

Rigid Particles

Typical rigid nanoparticles consist of metals such as gold or silver, metal oxides
including titanium, zinc, or iron oxides, and ceramics such as silica. The encap­
sulation of drugs in the nanoparticle core or their adsorption on nanoparticle
surface allows the transfer and delivery of substances avoiding metabolism and
degradation in tissue [27].
Quantum dots are semiconductors with unique electronic and optical propert­

ies [28]. Nontoxic quantum dots can be utilized as bioprobes or labels for biolog­
ical imaging of living cells and tissues [29]. More recently, it has been
demonstrated that quantum dots serve not only as imaging agents but also as
nanoscaffolds for diagnostic and therapeutic modalities. The combination of
these has led to the coining of the term theranostics [30–32].
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In recent years, much attention has been given to zinc and titanium oxides,
which are integral parts of currently distributed sunscreen products. From litera­
ture, it is reasonable to conclude that under normal-use conditions on healthy
skin, the penetration/permeation of zinc oxide and titanium dioxide nanopar­
ticles poses minimal health concerns [33,34]. However, due to experimental pro­
tocols in use, conclusions over the potential penetration/permeation into/
through viable skin remain vague [35]. Information from official bodies is often
confusing to the consumers. For example, in late 2013 the Therapeutic Goods
Administration in Australia stated that studies using animal and human skin
have shown that nanoparticles do not penetrate the underlying layers of skin,
with penetration limited to the outermost layer of the skin. This suggests that
systemic absorption is unlikely [36]. The Cancer Council Australia reported in
early 2014 that a recent study found that human immune cells, that is, macro­
phages, exposed to zinc oxide nanoparticles effectively absorbed the nanopar­
ticles and broke them down [37]. Such reports often remain uncommented by
the editors but are broadly reviewed by consumer organizations, are
unintelligible to the public, and are hence the source for the perennial health
scares in the general public and the media.

16.2.3
Surface Functionalization

Nanoparticles come into contact with the biological environment via their sur­
faces [38]. These surfaces not only may elicit undesired effects but can also be
designed to elicit desired effects, such as to targeting specific epitopes. Other
applications may demand that nanoparticles are not recognized by the local
environment to avoid their clearance by the immune system. To endow nano­
particles with such stealth properties, modification of their surfaces with poly­
ethylene glycol (e.g., PEGylation) has become a popular method [39,40]. At
present, surface modifications mainly aim at modifying size, surface charge, and
their functional groups. Particle surface charge can influence both particle pene­
tration/permeation within the hair follicle canal and the intracellular uptake.
Jung et al. demonstrated that cationic liposomes could penetrate deeper into the
hair follicles than their anionic counterparts [8]. The positive charge influences
cellular uptake, since it allows intimate interactions with the negatively charged
cell membrane. Nanoparticles can also serve as hosts for functional groups. A
promising approach is the design and production of antibody nanoparticles [41].
Biomedical applications of antibody nanoparticles include, for example, targeted
drug delivery, gene therapy, cell labeling/tracking, magnetic or optical hyperther­
mia treatments, and molecular imaging [42]. Key issues are (i) how can the num­
ber of captured molecules per nanoparticle be precisely adjusted and (ii) how
can the antibodies be attached to nanoparticle surfaces in an oriented
way [43,44]. Answers to both questions are key to controlled targeting of nano­
particle bioconjugates in hair follicles and cancer imaging of metastatic
melamona.
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16.2.4

Formulations with Nanoparticles

Nanoparticles can serve as functional ingredients, e.g., titanium dioxide in
sunscreen products, or as vehicles, for example, as carriers of antibodies. They
are never applied directly to the skin but incorporated into a carrier system or
vehicle. The stability of the nanoparticles in the vehicle is a primary goal of any
formulation development and a prerequisite of applied clinical research and sub­
sequent commercialization. When applying formulations with nanoparticles to
skin or other biological matrices, the vehicle may undergo significant changes.
Volatile ingredients may evaporate or the vehicle may become diluted by the
surrounding matrix. This change, coined as metamorphosis of the vehicle, cre­
ates a new environment for the nanoparticles that potentially changes their char­
acter and functionality [45]. When investigating the interactions of micro- and
nanoparticles with biological materials, Graf et al. and Racan et al. observed
instabilities of the colloidal dispersions in physiological media and subsequent
particle aggregation [46,47]. Nanoparticles, which were well dispersed in organic
solvents or water, often aggregated, when they were transferred to physiological
media. This effect is due to the ionic strength and polarity of the used dispersing
phase but might also result from complex interactions between the functionali­
zation groups on the surface of the particles and the components of the media,
for example, phosphates. Particle aggregation might also reduce the number of
nonaggregated particles available for interactions with biological membranes
and cellular uptake. Aggregation occurring in body compartments or inside cells
could give rise to cytotoxic effects [48]. In many scientific publications, stability
and behavior of nanoparticles in its vehicle system and in the biological matrix
after application often remains unclear. Potential drugs fail clinically because of
insufficient solubility in conventional vehicles. Nanoparticles may help to over­
come this handicap, as drugs may be loaded on and into nanoparticles in consid­
erable amounts [49]. Spiked nanoparticles are then incorporated into
conventional vehicle systems. Nanoparticles have also helped to improve tolera­
bility to irritation caused by drugs. It has been shown that solid lipid nanopar­
ticles loaded with all-trans-retinoic acid were significantly less irritants than
conventional retinoid creams. These particle-based formulations are promising
innovations that may help to improve patient treatment adherence [50,51].

16.3
Absorption of Nanoparticles through Skin

16.3.1

Absorption Pathways

There are two general pathways by which any kind of material may penetrate
into or permeate through skin: into or through the stratum corneum and the
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underlying tissues or along the skin appendages. The stratum corneum is con­
sidered to be the main barrier to absorption. The polarity or the hydrophilic/
lipophilic character of the absorbent is hereby crucial. The stratum corneum
offers two possible pathways for absorption: through the corneocytes (CCs)
(bricks) or along the intercellular space (IS) along the lipid matrix (mortar)
(Figure 16.1).
Due to the channel-like structures providing higher diffusivity, the latter path­

way seems to be more suited for permeation. The stratum corneum as a whole
can be considered to be a lipophilic compartment, whereas the underlying tissue
is a more hydrophilic compartment. Hence, lipophilic absorbents can partition
more easily into the stratum corneum. In addition, these absorbents need to fit
into the intercellular space. Hence, the size of the absorbents influences absorp­
tion behavior likewise. Partitioning of absorbents into the living, more hydro­
philic tissue is in favor of more hydrophilic molecules. It has been shown that
the partition coefficient, a ratio of concentrations of a compound in a mixture of
two immiscible phases at equilibrium, usually octanol (lipophilic) and water
(hydrophilic), is useful in estimating the distribution of drugs within tissues. As
a consequence, only substances with partition coefficients (log P) between 1 and
3 are well suited for absorption through the skin, see Figure 16.2 [53].
All aspects of absorption, the size of an absorbent and its log P, are expressed

in the Potts and Guy formula allowing to estimate absorption of a large range of
molecules [54]. Empirical findings by Bos and Meinardi [55] known as the 500
Dalton rule indicate a molar mass cap effect for dermal absorption. It is shown
that the diffusion of large-molecule absorbents is drastically impeded in the

Figure 16.1 Sketch of the morphology of
human stratum corneum (SC): the SC is
composed of rigid CCs, dead cells densely
packed with keratinous filaments in a matrix
of connecting proteins and confined by the
cornified envelope (CE), separated by the

intercellular space (IS) filled with lipid
compounds (fatty acids, ceramides, etc.) and
aqueous films to form lamellar lipid bilayers
(LLBs) (reproduced with permission from
Ref. [52]).



33516.3 Absorption of Nanoparticles through Skin

Figure 16.2 Relation between absorption and polarity (hydrophilicity/lipophylicity). Optimal
absorption conditions are given for 1 log P 3 with P being the octanol/water partition
coefficient.

stratum corneum. As many nanoparticles have molar masses in the order of 106

Da and more, no significant transport over an intact dermal barrier is expected
in humans. The role of the appendages in xenobiotic absorption was long con­
sidered negligible due to their low surface coverage of about 0.1%. More
recently, Otberg et al. [56] reevaluated the number and size of follicles of several
anatomical sites, that is, lateral forehead, upper arm, forearm, thorax, back,
thigh, and calf, and showed that each body region features its own hair follicle
characteristics. A maximum surface coverage of 1.28% was found at the forehead
and a minimum of 0.09% on the forearm. The available infundibular volume,
which determines the potential follicular reservoir, was found to be the highest
at the forehead and the calf region. Concurrently, the potential of appendages as
targets for nanoparticulate carrier systems was recognized [57,58]. The hair folli­
cles being invaginations of the epidermis may reach deep into the subcutaneous
tissue. Nevertheless, an efficient barrier similar to the stratum corneum in the
upper part of the follicle and tight junctions in the lower part of the follicle pre­
vent particles from entering into the living cells [59,60]. However, once entered
into the follicle openings, particles may be stored there until being cleared by
hair growth or sebum production. Clearance is very slow as particles inside the
follicles are protected from natural desquamation, textile contact, and washing.
This makes the follicles a potential storage site that can be used for targeted
drug delivery [61]. Lademann et al. also reported that the natural movement of
the hair together with the scaly structure of the hair cuticula works like a gear
pump, which transports particles having an appropriate size into the follicle.
The optimum particle size was reported to be in the range of 400–700 nm [62].
Some of the above observations are waiting to be confirmed.

Risk and Safety Considerations

The absorption of nanoparticulates through the intact skin is limited due to the
nature of the SC and the appendages. Nevertheless, the use of nanoparticles in
biomedical and cosmetic applications has raised safety and toxicity concerns.

16.3.2
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The major concerns about toxicity of nanoparticles are related to their dimen­
sions. As particle size diminishes, its surface-to-volume ratio increases geometri­
cally [63]. If the surface moieties on the particles are biologically reactive, the
collective reactivity of the nanomaterial per unit mass also increases geometri­
cally. An often cited example of this type of toxicity is untreated nanoscale tita­
nium dioxide capable of generating reactive oxygen species [64]. These have
been shown to contribute to nucleic acid damage, protein damage, and altered
proinflammatory protein expression. To mitigate this type of toxicity, one may
incorporate the titanium dioxide into antioxidant vehicles or coat the particles.
The coating results in the quenching of the produced radicals and significantly
reducing photocatalysis and eliminating the hazard of potential carcinogenic­
ity [65]. Whether titanium dioxide or zinc oxide as key components of sunscreen
products are properly coated often remains unclear.
In recent decades, the cosmetic industry also began to use and apply the

achievements of nanotechnology in their products and since the mid-1990s
all major cosmetic companies promote and successfully sell beauty products
based on nanotechnology [1]. Quite rightly Simonsson and coworkers raised
the question whether the sensitizing capacity of potential allergens could be
increased by cosmetic formulations based on nanotechnology [66]. The
results of their investigations indicate that there is an elevated risk of sensi­
tization when haptens are delivered in vehicles containing nanoparticulate
lipid vesicles [67,68]. It is likely that the enhanced sensitizing capacity is a
consequence of the improved penetration or permeation and increased for­
mation of hapten–protein complexes in epidermis, when the allergens are
delivered in ethosomal formulations.
Considering the large number of newly emerging applications of nanomateri­

als, further research looking into both particle-associated effects on living orga­
nisms and particle alterations as a result of particle–tissue interactions is
essential. The large body of data available from multiple experimental studies
using different models and particle types further suggests that the risk assess­
ment has to be done for each particle type or nanomaterial of interest. In fact,
particle characteristics such as composition, surface modification, and the manu­
facturing process itself may influence the behavior of these materials in biologi­
cal tissues [27].

16.4
Nanoparticles in Prevention, Diagnosis, and Therapy

16.4.1

Prevention

16.4.1.1 Antisepsis
Antisepsis is an important area of application for nanoparticles. Recent
studies describe the topical application of silver, chlorhexidin, and nitric
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oxide-releasing nanoparticles for antimicrobial and wound healing applica­
tions [69–73]. The inherent antimicrobial properties of silver ions are well
known. They are thought to inhibit bacterial enzymes and bind to DNA [74].
Silver nanoparticles and silver ions induce bacterial cell wall and cytoplasmic
membrane damage [75,76]. Chlorhexidin-loaded nanoparticles (Nanochlorex®)
unfold both an immediate antibacterial effect due to rapid desorption of chlo­
rhexidin from the particle wall and a prolonged effect based on the sustained
release from the particle core [77]. The preparation and use of nitric oxide-
releasing nanoparticles has been described [78,79]. These nanoparticles were
highly effective against methicillin-resistant Staphylococcus aureus infection in a
mouse model [80].

16.4.1.2 Photoprotection, Color, and Light Reflectance Control
Ultraviolet radiation (UVR) is the major environmental cause of skin cancer.
Therefore, it is pivotal to protect the skin from UVR to prevent these skin malig­
nancies. Today, topical sunscreen products have become a quasi-exclusive mode
of protection, even though seeking shade and wearing protective clothing pro­
vides more protection [81]. At present, organic and inorganic filters as nonparti­
culate and particulate materials are available for the direct protection against
UVR. Titanium dioxide and zinc oxide as inorganic and, for example, bisoctri­
zole (Tinosorb® M) as organic nanoparticles are widely used in sunscreen prod­
ucts. The particles reflect, scatter, and absorb UVR. Titanium dioxide and zinc
oxide in bulk form are opaque white powders poorly miscible in water-based
vehicles. They require lipid-based vehicles that persist as whitish films on the
skin surface, which users may find messy and cosmetically unacceptable. Tita­
nium dioxide and zinc oxide particles reduced to the nanometer scale confer
several advantages. By being smaller than the wavelength of visible light, that is,
400–700 nm, they become transparent, leaving no whitish residue on the skin.
Nanosized particles can also be better formulated into cosmetically elegant for­
mulations. Furthermore, these particles are more evenly distributed over the skin
leaving a tightly packed invisible film on the skin. To prevent the photocatalytic
activity of titanium dioxide or zinc oxide causing the release of DNA-damaging
reactive oxygen species and lipid peroxidation, the particles are surface modified
by coating them with dimethicone or silica. However, there is limited knowledge
about the stability of the coating, once the particles are in contact with
skin [82–86]. As the balance of color, light, and shadow on a face determines its
shape, volume, and surface appearance, a variety of powders including mica
(group of sheet silicate (phyllosilicate) minerals) are being used for skin color
and light reflectance control. These powders, that is, plasmonic nanoparticles,
are metals with diameters ranging from 10 to 150 nm that are highly efficient at
absorbing and scattering light. By changing the size, shape, and surface coating,
the color of the nanoparticles can be tuned across the visible and near-infrared
region of the electromagnetic spectrum [87]. A mixture of color correcting and
reflecting mica powders can alter the balance of incident light, reflecting more in
the central face and scattering more light in the periphery of the face. The result
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is an optical illusion, which enhances shape and volume of the face [88]. In some
populations, skin powdering has a longstanding tradition.

16.4.1.3 Preventive Care
Most preventive care products are regulatory-wise classified as cosmetics. A
bewildering array of products is offered claiming to use the specific advantages
of nanotechnology. For example, nanoemulsions may be suitable as colloidal car­
rier systems to deliver various functional and/or therapeutic agents [89,90].
Although there are numerous likely consumer advantages from these products,
there is very little information available regarding consumer exposure to the
nanoscale materials in these products or any associated risks from these
exposures [1].

16.4.1.4 Odor Neutralizers
Odor-reducing properties of nanosilver has led to the rapid commercialization of
nanosilver-containing products including clothing [91] and many articles of daily
use such as food-storage containers [92], washing machines [93], soaps [94], and
surgical masks [95]. This broad use beyond intentional antimicrobial use has
raised human health and safety concerns for nanosliver skin exposure, particu­
larly as some of these products may be applied to barrier-defective skin [96,97].

16.4.1.5 Vaccines
The skin provides both innate and adaptive immune response functions to main­
tain tissue homeostasis and to react promptly to environmental insults [98].
Theoretically every substance that contacts skin may potentially penetrate into
or permeate through the skin and produce a physiological change. Skin contains
a tight network of immune-competent cells, that is, antigen-presenting cells, der­
mal dendritic cells, and Langerhans cells. They are especially accessible in the
lower infundibulum of the hair follicle, that is, tissue in hair follicle canal above
sebaceous gland and could, therefore, be a more appropriate target for vaccina­
tion purposes than the scarce population of muscle dendritic cells being targeted
by i.m. vaccine injections. The ability of nanoparticles to carry antigens and to
accumulate in the hair follicles, especially after mechanical stimulation, has gen­
erated interest in their use for transcutaneous immune modulation (see
Figure 16.3c) [99–101].
Transcutaneous immune modulation by means of nanoparticles represents an

innovative application; however, many questions regarding mechanisms by
which immunomodulation occurs and regulatory issues remain to be
answered [102,103].

16.4.2

Diagnosis and Monitoring

The use of nanotechnology in dermatology has also opened up pathways in diag­
nosing and monitoring. Several nanoparticles are being used in molecular
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Figure 16.3 One important feature of the skin and blood circulation. (b) The use of drug-
as an organ is the function of the stratum cor- loaded microspheres for hair follicle targeting
neum as a potent barrier. Since there is evi- and treatment of hair follicle- and sebaceous­
dence that vellus and terminal hair follicles can gland-associated disorders. After topical appli­
act as a shunt increasing the penetration and cation, particles accumulate within the hair
absorption of topically applied substances, the follicle canal, which acts as a depot for the
selective follicular penetration of topically sustained release of the incorporated drug,
applied nanoparticles could significantly achieving a constant drug level within the hair
reform modern dermatotherapy offering a follicle and the sebaceous gland. (c) Delivery
variety of innovative therapeutic strategies: (a) of particles across the skin barrier and interac­
penetration enhancement by nanoparticles of tion with cell targets. The translocation of
the liposome type. After skin contact and fol- small nanoparticles after skin barrier disrup­
licular penetration the liposomes dissociate, tion into the viable epidermis and dermis fol­
enabling the diffusion of the released drug lowed by the interaction with cell populations
with proper physicochemical properties such as the antigen-presenting cells of the fol­
through the skin barrier of the hair follicle as licular epithelium could prove beneficial for
well as the interaction with target cell popula- therapeutic strategies, for example, particle­
tions of the follicular epithelium and the der- based transcutaneous vaccination (repro­
mis or even systemic targets after absorption duced with permission from Ref. [27].)

imaging [104]. Gold nanoparticles are particularly suitable labels for sensors,
because a variety of analytic techniques can be used to detect them, including
optical absorption, fluorescence, Raman scattering, atomic and magnetic force,
and electrical conductivity [105]. Quantum dots are highly fluorescent nanosized
solid semiconductor particles that absorb light efficiently over a wide frequency
range and reemit it in a single color depending on the particle size [106]. Their
fluorescence signal is strong and stable for long periods of time [107]. They have
demonstrated their usefulness in identifying sentinel lymph nodes using infrared
fluorescence and allow for excellent real-time visualization of the dye travel dur­
ing a sentinel-node-mapping procedure, for example, in melanoma therapy [108].
Furthermore, they allow nonradioactive detection. Once optimized, they may
prove superior to other tracers for sentinel node mapping [109].
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16.4.3

Therapy

16.4.3.1 Sebaceous Gland Disorders
Schaefer and coworkers were the first to demonstrate in the early 1990s a benefi­
cial role of particulate drug delivery systems for intrafollicular drug delivery and
for a more successful treatment of sebaceous gland disorders such as acne using
adapalene-loaded poly(lactic-co-glycolic) acid particles [110]. And adapalene­
loaded nanoparticulates for intrafollicular targeting have not lost any of its rele­
vance today [111]. A wide range of products with nanoparticles, including lipo­
somes, solid lipid nanoparticles, and polymer nanoparticles have shown to
increase follicular uptake, achieving higher local drug concentrations and opti­
mized therapeutic effects [112]. A major benefit of these delivery systems is their
improved tolerability to irritation caused by retinoids and hence the improved
patient treatment adherence [113]. Consumer/patient needs and extended
research has led to global commercialization of a series of particle-based anti-
acne products of benzoyl peroxide. Clinical studies showed increased levels of
skin tolerability, esthetic attributes, and patient satisfaction after treatment with
BP-loaded microsphere creams [114]. Current research on acne drugs encapsu­
lated into particle-based drug delivery systems is not confined to retinoids and
benzoyl peroxide only. It has been demonstrated that liposomal formulations of
antiandrogens penetrate deeper into the hair follicle canal and target specifically
the sebaceous gland. Various antiandrogens have also been loaded to solid nano­
particles for maximized effect [115].

16.4.3.2 Hair Disorders
It has been demonstrated that nanoparticles used for follicular delivery provide a
series of advantages over conventional pathways [116]. These include improved
local bioavailability, enhanced transport into the follicle and sebaceous gland,
increased penetration depth, and prolonged residence time, in brief, precise tis­
sue targeting. Different types of nanoparticulate systems may be employed for
management of follicular targeting, such as polymeric nanoparticles, liposomes,
and lipid nanoparticles. The sebaceous glands open into the lower infundibulum
of the hair follicles. Each follicle is associated with a sebaceous gland that
releases sebum, creating a lipid-enriched environment. Efficient drug transport
into the hair follicles depends upon the interaction between the drug and the
sebum, but even more importantly on the choice of vehicles [117]. It has been
shown that nanoparticles preferentially penetrate into the follicles but not into
the stratum corneum, enabling high accumulation within the follicular space.
Once deposited in the follicles, the drug may be released from the nanoparticles
and exert its effects on the target cells or structures. Additional force such as
massage may increase follicular penetration of nanoparticles. Massage induces
hair shaft movement, which acts as a geared pump pushing the particles deep
into the follicles. An opposite mechanism for follicular delivery is the hair
growth and sebum flow, which may slow down the passage of nanoparticles
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because of the upward flow compared to the downward delivery of follicular
penetration [27,118]. It has been shown that the size of the nanoparticles may
also play an important role in the penetration depth of the follicles. Patzelt et al.
explored the effect of the particulate size between 122 and 860 nm of polygly­
colic-co-lactic acid nanoparticles on the follicular penetration depth of porcine
ear skin in vitro [119]. Polyglycolic-co-lactic acid nanosystems were prepared in
a hydrogel formulation. The results showed that the increased particulate size
leads to a significantly deeper penetration into the follicles. The deepest trans­
port was obtained by nanoparticles with a diameter of 643 nm. The penetration
depth was significantly decreased for particles 860 nm in diameter. This trend
can be explained by the thickness of keratinized cell layers and the surface struc­
ture of the hair shafts and follicles. In the recent decade, several groups have
demonstrated enhanced delivery of drug-loaded nanoparticles into pilosebaceous
units compared to conventional formulations of the same drug, for example,
minoxidil [120] or finasteride [121]. The incorporation of immunomodulatory
agents such as ciclosporin in alopecia areata or psoriasis into nanoparticulate
delivery systems could allow replacing systemic administration of drugs causing
adverse effects with more selective and effective topical treatments [122,123].
Gene therapy of hair is also gaining importance and recent results emphasize
the role of particle-based drug delivery systems for active follicular targeting of
disease-related cell populations in the hair follicle [124,125].

16.4.3.3 Inflammatory Disorders
It has been postulated early that controlled drug release would prove beneficial
for local therapy of inflammatory skin diseases. Many of the particulate drug
delivery systems offer control over drug release. Glucocorticoids show adverse
effects such as skin atrophy and hence may limit their extended use. It has been
postulated that targeting the epidermis, where the inflammatory process takes
place, instead of the dermis, can be achieved using liposomal formulations, thus
minimizing skin atrophy [126–128]. Several studies on psoriasis indicate that
various drugs such as methotrexate, psoralen, and dithranol could be incorpo­
rated in nanoparticles to achieve a better tolerability, an increased safety, and an
optimal therapeutic effect [129–131]. Many investigations have shown their
potential in improving therapeutic benefits of drugs by increasing their thera­
peutic efficacy with minimal toxicity. However, while the results in animal mod­
els using particulate drug delivery systems look promising, the lack of sufficient
evidence in clinical setups is a constraint, and more clinical studies on the effi­
cacy and safety are required [132].

16.4.3.4 Cancer
Skin cancer is by far the most common malignancy of humans, particularly in
the Caucasian population. The growing incidence of cutaneous malignancies has
created the need for multiple treatment options. Even though surgical modalities
remain the mainstay of treatment of certain skin cancers, both pharmacological



342 16 Nanomedicine in Dermatology: Nanotechnology in Prevention, Diagnosis, and Therapy

and pharma-technological innovations are required to further reduce morbidity
and mortality. A major necessity of skin cancer patients is still to reduce morbid­
ity and mortality, mainly caused by malignant melanomas [133,134].
Recently, highly targeted therapies and immunotherapies based on pathoge­

netic knowledge have become available either through clinical trials or commer­
cially [135,136]. As described for other diseases, localized therapy allows for
increased substance accumulation in the tumor without toxicity to the rest of
the body [137]. The key advantage is that the in vivo fate of the drug is no longer
mainly determined by the characteristics of the drug, but by the carrier system,
which permits a localized and controlled drug release.
Several studies have been performed employing polymers and polymeric nano­

particles in the treatment of skin malignancies, such as quercetin [138], genistein
and curcumin [139,140], and 5-aminolevulinic acid [141] or 5-fluorouracil [142].
Liposome-based drug carriers permit both intravenous injection and topical
application of lipophilic drugs with low water solubility, as amphotericin B
(AmBisome®) [143]. The toxicity of the liposomal system is 1/10 compared to
the micelle-based amphotericin formulation. Examples, besides liposomal
amphotericin B, are the encapsulation of the UV-DNA repair enzyme T4N5 for
topical application in order to prevent skin cancer [144,145]. Tanaka et al. dem­
onstrated that the bacteriophage T4 endonuclease V, a 16 500-Da polypeptide
isolated from Escherichia coli infected with bacteriophage T4, was able to
augment nucleotide excision repair in human cells and initiate removal of cyclo­
butane pyrimidine dimers [146]. Unfortunately, T4N5 never reached the market
as a medicinal product. Some cosmetic after-sun products claim to contain
enzyme T4 endonuclease. The major evidence of medical utility and efficiency
of the liposomal technique is the marketed liposomal doxorubicin (Caelyx®),
widely used in clinical practice, for example, monotherapy for patients
with metastatic breast cancer or second-line treatment in disseminated
melanoma [147].
Advantages of nanoemulsions comprise an elevated content of the lipid phase

for increased drug uptake as well as the possibility of relative simple industrial
scale production through high-pressure homogenization techniques. They all
intend to intensify therapy, for example, photodynamic therapy [148,149]. The
main advantages of lipid nanoparticles compared to other colloidal systems
are their high biocompatibility, good physical stability, possibility of modified
release of drugs, prolonged release from the nanoparticle or adhesiveness and
stickiness to biological matrix, easy large-scale production, and economical raw
materials. They are used for both systemic [150] and topical applica­
tions [151,152]. Magnetic nanoparticles composed of iron derivatives, that is,
magnetic, paramagnetic, or superparamagnetic, have the potential to enhance
highly localized drug delivery to specific skin/organ locations [153]. The tech­
nique has attracted high interest, however, clinical application is still far off.
For clinical use, gold nanoparticles are being studied as carriers both for the

delivery of drugs, imaging molecules, and genes and for the development of
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cancer therapy products [154–156]. Tumor targeting can be attained by binding
tumor-specific recognition molecules such as monoclonal antibodies [157] to the
gold nanoparticles. However, toxicity issues have been raised [158]. A significant
demonstration of the potential of multifunctional gold nanoparticles for drug
delivery was the use of these particles and carriers covalently bound to cetuxi­
mab, that is, targeting agent, and gemcitabine, a therapeutic drug in pancreatic
cancer [159]. Quantum dots provide a nanoscale scaffold for designing multi­
functional nanoparticles with both imaging and therapeutic functions. The sur­
face of quantum dots may be modified to improve specificity, sensitivity,
solubility, and visualization of the target tissue [160]. When applied to the skin,
quantum dots preferentially accumulate in the upper layers of the stratum cor­
neum and in hair follicles, permeating throughout the skin by getting through
intracellular lipid lamellae along the edges of differentiated corneocytes. In addi­
tion, quantum dot skin penetration/permeation and toxicity depend on physico­
chemical properties such as particle size, shape, and chemical structure of the
core/shell and surface coating, and charge and pH of the applied vehi­
cle [161,162]. In recent studies nanostructured lipid carriers with quantum dots
were used to combine bioimaging and anticancer therapy [163].
It is known that cancer is recognized by the immune system, and under

some circumstances, the immune system may control or even eradicate
tumors. Different immunotherapeutic approaches are being studied in many
cancer types. Topical application of the Toll-like receptor (TLR7) agonist
imiquimod, which enhances immune responses and elicits antitumor activity,
is approved for immunological treatment of actinic keratoses, which repre­
sent a frequently observed carcinoma in situ. Likewise, several other TLR
agonists such as resiquimod, TLR7/8 agonist, are being considered to help
eliminate even micromalignancies: TLR agonists mimic local infections, acti­
vate dendritic cells, then, natural killer, and T cells; following the recruitment
of lymphocytes into the tumor, cytotoxic activity and immune regulation
occurs, which contributes to the immunological clearance of malignant
cells [164,165]. Significant systemic exposure to these molecules may evoke
severe adverse effect [166,167]. The application of nanotechnological princi­
ples to topical TLR agonist formulations could minimize their systemic
adverse effects.

16.4.3.5 Surgery
Great efforts have been made to incorporate nanoscale materials in the design of
surgical materials [168]. It has been demonstrated that aqueous solutions of
nanoparticles can be used to introduce strong bonding between the tissues with­
out the need for complex in situ polymerization or cross-linking tissue
glues [169]. These particle solutions adsorb onto the surfaces of tissues and act
as a connector between the tissues. Nanoparticle solutions can also be used as
hemostatic materials to stop internal bleeding with no requirement for specific
preparation or control on polymerization reactions as needed for polymer-based
hemostatic agents [170].
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16.5
Regulatory Issues

Regardless of origin and the variety of nanomaterials, regulatory bodies world­
wide are beginning to develop specific Nano Guidance Packages to regulate the
aspects of nanomaterials. Considerable regional and national differences do exist,
but regulatory harmonization endeavors are ongoing. Even though existing regu­
lations and associated guidance documents may be adapted to nanomaterials, it
is often difficult to perform a complete hazard and exposure assessment, since
the current legal framework does not account for the complex physicochemical
properties of manufactured nanomaterials or the respective analytical require­
ments [171]. Likewise, there is a lack of suitable toxicological methods [172].
The European Cosmetic Regulation has become operative in 2013 [173]. Article 2
(k) of this regulation provides a definition of nanomaterials within the European
legislative framework. In this context, nanomaterials are defined as an insoluble
or biopersistent and intentionally manufactured material with one or more exter­
nal dimensions, or an internal structure, on the scale from 1 to 100 nm. The
Cosmetics Regulation is the first act in Europe that explicitly considers the puta­
tive risks from nanomaterials to consumers. Its Article 16 is solely dedicated to
nanomaterials. Each cosmetic product requires a designated responsible person
for a placement on the European market. This representative is requested to
notify the European Commission 6 months in advance before any cosmetics con­
taining nanomaterials are marketed via the Cosmetic Products Notification Portal
(CPNP). Required specifications for nanomaterials include particle sizes, used
raw materials, and information on product impurities. In addition, a toxicological
profile needs to be provided that covers all relevant end points, especially skin
and eye irritation, as well as skin sensitization. The European Commission
(COM) may request an opinion from the Scientific Committee on Consumer
Safety (SCCS) in case of safety concerns about the respective product notification
or the particular nanomaterial used in the cosmetic product. This opinion has to
be provided within 6 months and may ask for additional data, recommend a
restricted application, or even propose the ban of the corresponding substance.
COM publishes the opinions of the SCCS. Safety concerns initiating a further
evaluation process can also be raised after a substance has been placed on the
market. Reasons for such action include new scientific knowledge as well as
novel data on substance exposure or toxicology as provided by third parties, for
example, institutions of the member states. Advancements in nanotechnology
may require revising and updating current regulations and guidance in future.

Public Perception of Nanoparticles in Topicals

Lay people are the potential beneficiaries of the advancement of science. How­
ever, their benefit–risk perception can be influenced by adverse events, negative

16.6
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media coverage, and fractious debates. Furthermore, a negative public opinion
can seriously jeopardize further technological progress [174]. There are many
examples where a failure to understand or align with public opinion has fed a
public backlash resulting in reactive policy and regulation and/or an erosion of
trust in the government institutions. These include, for example, the debate on
genetically modified organisms in Europe and the bovine spondylitis encephal­
opathy crisis in Britain [175,176]. Concerns have been raised that insensitivity to
public opinion could cause similar reactions to real or imagined risks associated
with nanotechnology [177,178]. The public has different opinions on the risks
associated with the dermal application of nanoparticles. Liposomal formulations
are widely used and well received in cosmetic products including sunscreen
products. However, the public has developed a considerable mistrust toward
nanoparticles in sunscreen products such as titanium dioxide or zinc oxide.
Some consumer protection organizations almost annually call attention to
potential risks of nanoparticles in cosmetics including sunscreen products. Fre­
quently, the media spreads misleading information, highlighted by flashy head­
lines, on the topical application of nanoparticles such as nano – the new
asbestos. To inform the consumer, nanoparticles in cosmetics including
sunscreen products have to be declared in the ingredient list by adding to the
corresponding ingredient the term nano in brackets. Despite this labeling and
extensive institutional information, this uncertainty related to nanomaterials in
sunscreen products persists in some populations. It is interesting to note that
social, national, and regional differences in the perception of nanotechnology
and nanoparticles in cosmetics exist [174,179,180].

Conclusions and Future Perspectives

Certainly, the application of nanotechnology to prevention, diagnosis, and ther­
apy in dermatology has generated enthusiasm among scientists and physicians.
And the cosmetic industry offers promising claims for their products that are
based on nanoparticulate materials. The key features and benefits of nano­
technology are the targeted delivery of nanostructured materials, the inclusion
and protection of actives, and their controlled release/delivery from the nano­
structured material. Today, the technology offers a broad range of nanostruc­
tured materials with characteristics for diverse applications. But the devil is
in the detail. Considerable endeavors are still needed to leverage commercial
breakthroughs. Furthermore, it should not be forgotten to manage the reputa­
tion of the technology that has become hampered by the discussion around the
nanoparticulate metal oxides in sunscreen products.
In literature, the discussion on the benefits of nanoparticles is often focused on

the particle itself and the particle as a carrier for an active ingredient. However,
it often remains unnoticed that the particles are incorporated into another vehi­
cle that is then applied, either systemically or topically. Once applied, the vehicle
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of the nanoparticles will change (metamorphosis of the vehicle; the vehicle will
be diluted, volatile ingredients will evaporate) and the immediate vicinity of the
nanoparticle will change concomitantly. It remains unknown how this affects the
character and the functionality and hence the bioavailability of the nanoparticles.
The lack of this information may become a major regulatory hurdle.
The exact mechanism of penetration, permeation, and absorption of nanopar­

ticles into and through skin is not fully understood. For example, to take advan­
tage of nanoparticulate delivery to the hair follicle and to bring such a product to
regulatory approval and to commercialization, it is mandatory to understand the
exact mechanisms of nanoparticulate delivery to the hair follicles. Our present
knowledge is still based on qualitative evaluations with moderate objective analy­
sis. Penetration, permeation, and absorption of titanium and zinc oxides are a
subject of heated debates among scientists and public alike. From literature, it is
reasonable to conclude that under normal use on healthy skin, penetration/per­
meation of titanium dioxide and zinc oxide nanoparticles pose minimal health
concern. Such statements, often presented by the industry, do not resolve uncer­
tainties. Terms like under normal-use conditions or on healthy skin or pose mini­
mal health concern unfold our still limited knowledge on translocation of
nanoparticulate materials. Parents with atopic children or adolescents with acne
remain rattled. Greater emphasis is urgently needed on quantitative studies that
can relate nanoparticulate exposure to nanoparticle penetration, permeation,
and absorption and, in case of drugs, to therapeutic efficacy. As an overall conse­
quence, standardized operation procedures are not only desirable but also essen­
tial to investigate and eventually predict the behavior of nanoparticulate
materials on and in the skin.
Compared to new drug applications only a moderate number of nanoparticu­

late-based products have reached approval by regulatory bodies. Insufficient
understanding of the mechanisms of nanoparticulate delivery and unresolved
toxicity issues represent a major challenge and have caused many initiatives in
nanomedicine to fail. For many old topical drugs, nanoparticulate-based formu­
lations have been proposed and developed to upgrade medical treatment effi­
cacy. Again, only a limited number have appeared in the market. From an
entrepreneurial point of view, many nanoparticulate-based formulations of old
drugs are economically not viable. Unfortunately, clinical benefits of these prod­
ucts are often not appreciated by restrictive reimbursement policies of many
health insurance systems. In fact, this may eventually prevent innovative treat­
ment options.
From the viewpoint of social science, the public perception and awareness of

technologies including nanotechnology is vital to innovation, development, and
commercialization of nanoproducts. At present, the heated debate concerning
nanoparticulate metal oxides in sunscreen products rattle broad sections of the
general public. Today, it is of utmost importance that scientists communicate
their findings and estimations in a comprehensible way to policymakers, to poli­
ticians, to journalists, and to the public. Only this will grant a bright future to
nanotechnology.
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Despite the hurdles mentioned above, there are still many interesting
unanswered questions and technical challenges that provide significant opportu­
nities for further research. The Nanodermatology Society (www.
nanodermsociety.org) established in 2010 to promote a greater understanding of
the scientific and medical aspects of nanotechnology in skin health and disease
will help to increase the communication among scientists, policymakers, regula­
tors, and physicians and will certainly increase the necessary trust and confi­
dence in the public.
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17.1
Origins of Nanomedicine

In attempting to visualize the scale of 1 nm, that is, a billionth of a meter, it is
easier to consider orders of magnitude that allow us to compare our macro
world to the nano world. An aircraft carrier with a length of about 200m is
100 000 times larger than a 2mm-long flea, and comparatively, the flea 100 000
times larger than the 2 nm-wide strand of DNA. Here, at the width of just 10
hydrogen atoms, particles no longer behave as solids, liquids, or gases, but rather
exist within the world of quantum physics.
The origins of nanomedicine are generally attributed to the Manhatten Project

physicist, Richard Feynman, who envisaged the possibility that patients may one
day swallow the surgeon. His concept related to the idea that tiny robots also
termed nanobots and related machines could be designed, manufactured, and
introduced into the human body to perform cellular repairs at the molecular
level [1]. This idea was captured in his lecture, delivered at Caltech in 1959,
where he famously said: “There is plenty of room at the bottom. Many of the
cells are very tiny, but they are active. They manufacture substance, they walk
around, they wiggle, and they do all kinds of marvelous things – all on a very
small scale. Consider the possibility that we too can make things very small,
which does what we want, when we want – and that we can manufacture an
object that maneuvers at that level.” – Richard Feynman, 1959.
What has become clear retrospectively is that this lecture actually had little

effect on the early development of nanotechnology. The first use of the term
nanotechnology was by Eric Drexler in his 1986 book, “Engines of Creation: The
Coming Era of Nanotechnology,” in which he added a crucial aspect to
Feynman’s idea of miniature factories, suggesting that such entities could self-
replicate via computer control [2]. This introduced the idea of a nanoscale
assembler and with it the field of molecular nanotechnology, which Drexler

Nanoscience and Nanotechnology for Human Health, First Edition. Edited by Bert Müller and
Marcel Van de Voorde.
 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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successfully popularized. As molecular nanotechnology and molecular biology
evolved into the nanomedicine of today, so it is important to accept that the
terms nano and molecular both deal with manipulations at the same scale.
Indeed, frequently the interface in nanomedical systems is between the engi­
neered nano and the biological molecular. The roots of nanomedicine could
arguably be traced to the advances in combinatorial chemistry and polymer ther­
apeutics that paved the way for the rational design of small molecules and the
emergence of techniques to improve therapeutic index [3]. These techniques are
an integral part of nanomedicine, and as the discipline has evolved, it has added
to these techniques combining molecular biology and combinatorial chemistry
to create nanoengineered systems with synthetic, biologically inspired molecules.
Ultimately, in the author’s opinion, this will lead to nanomolecular unification
and the development of targeted biological/bioinspired nanoparticles delivering
molecular payloads that alter cellular fate.
While Feynman was not solely responsible for the emergence of the field of

nanomedicine, the legacy of his ideas, together with the seminal discovery of the
structure of DNA by Watson and Crick in 1953 [4], has been to change the way
we approach medicine and therapeutic development. Historically, disease was
viewed only at the anatomical level, a tumor for example that might consist of
about a billion cells. However, advances in molecular medicine mean that we
increasingly ascribe diseases to their molecular origins. This in turn has led to
the emergence of nanomedicine, which incorporates knowledge of the molecular
origins of a disease with rational drug design and the application of nanoscale
materials for therapeutic development. Such an approach is essential for future
advances in medicine. Providing the potential to increase the sensitivity of our
diagnostic techniques down to the single-cell level, while also affording us the
opportunity to address key challenges in human health that were previously
untouchable with traditional therapeutic/diagnostic development approaches.
This is achievable through molecularly targeted, rational drug design and the
nanomedicine approach, see Figure 17.1.

17.2
Global Nanomedicine Market

In January 2000, US president Bill Clinton, in his State of the Union address,
announced that he would seek 475 million USD for nanotechnology research
and development via a national nanotechnology initiative, effectively doubling
funding for the fiscal year 2001 and marking the beginning of an explosion in
the global nanomedicine market. By 2002, funding had increased to greater than
500 million USD and by 2005 had reached 1 billion USD in the United States
and 1.3 billion EUR in Europe [1].
This explosion of interest and funding is showing no sign of slowing. In 2012,

the US market had reached 79 billion USD with anticancer nanomedicine prod­
ucts making up 5.5 billion USD of the market and oncology as a whole compris­
ing 38% of the market share. Current projections suggest that the US market will
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Figure 17.1 The nanomedicine approach combines molecular medicine to understand the
molecular basis of disease with combinatorial/polymer chemistry and nanotechnology to ena­
ble the rational design of molecularly targeted therapeutics with high potency and low toxicity.

reach 178 billion USD by 2019. By 2021, the global nanomedicine market is pro­
jected to reach 1 trillion USD, with 54 billion USD of that being nano­
technology-enabled diagnostics [1,5,6].
The United Kingdom is also at the forefront of this explosion, with 74 UK

Research Council funded projects involving nanomedicine as applied to medi­
cine or life sciences totaling 74 million GBP, currently active. In addition, the
United Kingdom currently has 219 nanomedicine-related courses at 61 institu­
tions across the country and in 2011, in recognition of the importance of the
nanomedicine field, the United Kingdom government made nanomedicine an
integral part of its life science strategy [7].
Across the world, nanomedicine has been embraced by governments, major

pharmaceutical companies, and small and medium-sized enterprises as the
future of medical advancement.

Nanomedicine Cabinet

Of course, nanoparticles are not new. Biological systems are inherently composed
of nanoscale building blocks, and this concatenation means that investigations in

17.3
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molecular biology are pursued at the nanoscale. What is new is the ability to
control production and make particles of specific shapes and sizes. The silicon
chip boom of the 1980s gave chemists the technology to begin manipulating
materials at the nanoscale, but initially this was done without thought of any bio­
medical application [1]. Similarly, the advent of the synthetic production of bio­
molecules, that is, DNA, RNA, and peptides, and artificial derivatives, such as
peptide nucleic acids (PNA), gave biologists and physicists the biological building
blocks, from which to create novel functional structures and to control molecular
responses [8].
Perhaps the most significant technological advancement was the invention of

the scanning tunneling microscope by Gerd Binnig and Heinrich Rohrer in
1981 [9]. Based on the concept of quantum tunneling, the scanning tunneling
microscope allows the visualization and manipulation of individual atoms. Lat­
terly, the development of the atomic force microscope led to molecular imaging
of biological structures that did not require prior crystallization, which hither
too had been a limiting factor with X-ray crystallography, in deriving structure–
function information [10–12].
Advances in nanoscale manufacture such as atomic layer deposition, for

depositing single-atom-thick uniform layers, and nanocrystal synthesis also
advanced rapidly during the 1970s and 1980s. These techniques have subse­
quently become a key technology in the development of biomedical devices, in
which the ability to specify surface properties is critical [13]. As nanoscale manu­
facture techniques continued to evolve, the first nanomaterials also began to
emerge. One of the most significant materials to come from this early period
was Buckminsterfullerene, which was first discovered in 1985 by Harold Kroto
of the University of Sussex, UK, and by James R. Heath, Sean O’Brien, Robert
Curl, and Richard Smalley of Rice University, Texas, USA during investigations
into the constituents of astronomical dust. Later experimentation revealed laser
ablation of graphite as a viable method to produce Buckminsterfullerenes, which
are hollow, spherical molecules of carbon [14]. Kroto, Curl, and Smalley were
awarded the 1996 Nobel Prize in Chemistry for their roles in the discovery of
Buckminsterfullerene and the related class of molecules, the fullerenes. As phar­
maceutical agents, soluble derivatives of the fullerenes show great potential with
several examples or fullerene-based therapeutics already undergoing clinical tri­
als [15]. Their size, low toxicity, and biocompatibility make them ideal as poten­
tial nanoscale delivery vehicles. In addition, there is evidence that fullerenes have
antimicrobial properties [16–18].
As with the fullerenes, early nanomedicine products, such as nanocrystals,

nanoparticle coatings, and semiconductor nanoparticles, were generally discov­
ered serendipitously without any thought of medical application. By the 1990s,
however, the usefulness of these chemical techniques and materials was becom­
ing apparent.
One of the first developments, that found medical application, was the quan­

tum dot. First, discovered in 1981 by Alexey Ekimov, a quantum dot is a nano­
crystal of a semiconductor material that exhibits quantum mechanical
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properties. They have been studied for many potential applications, including
solar cells and diode lasers, but also have several characteristics that make them
suitable for medical applications. The electronic characteristics of a quantum dot
are closely related to its size and shape. Specifically, the frequency of light emit­
ted by a quantum dot increases as its size decreases, meaning that the color of
emitted light shifts from red to blue as the quantum dot size is decreased [19].
In addition, quantum dots are typically 10 times brighter than alternative fluo­
rescent tags such as green fluorescent protein (GFP) and naturally chemically
bind human proteins, making them ideal candidates for in vitro and in vivo
labeling and diagnostic platforms [20]. While early generation, selenium- or cad­
mium-based quantum dots were inherently cytotoxic, a major limiting factor in
their development, the recent emergence of ternary I–III–VI quantum dots
comprising a variety of alternative molecules offers great potential as nontoxic
platforms for development [21]. Single cell, and even single molecule, real-time
tracking has been demonstrated using quantum dots due to the fact that they
can be targeted to specific proteins. Within mice, the accumulation of quantum
dots in lymph nodes has also been observed over a period of 4 months [22]. Fur­
ther applications of quantum dots within nanomedicine include as a donor fluo­
rophore in Förster resonance energy transfer and as a delivery modality for small
interfering RNA [23]. Interestingly, recent advances in optical cell bar-coding
using quantum dots have led to the development of a technique that does not
require prior knowledge of a molecular target. Relying on the stochastic uptake
dynamics of nanoparticles, the technique utilizes three quantum dots to generate
over 17 000 unique color codes that are identifiable using a typical laboratory
fluorescent microscope. After loading onto a population of cells, the quantum
dots are internalized randomly meaning that the cells essentially self-label. The
unique combination of each of the three colors within a particular cell allows it
to be specifically identified and tracked during time-lapse microscopy experi­
ments. Additionally, the number of quantum dots internalized by a cell can also
reveal information about cell function, such as metabolism, cell cycle, or the
phenotype of individual cells within a population [24].
As nanomaterials including nanostructured materials have continued to

emerge over the last 30 years, the nanomedicine cabinet has expanded rapidly.
These materials range from simple surfaces perforated with nanopores or gated
nanosieves to highly complex structures such as tectodendrimers or remote-
controlled biomolecules [25–27]. Increasingly, these nanomaterials find applica­
tion in micro/nano devices, whereby microfabrication technologies are adapted
to biological purposes. Immunosensors, such as those combining antibodies
against the pregnancy biomarker, human chorionic gonadotrophin (hCG), with
nanostructured materials, such as graphene, provide an excellent example of this
approach [28,29]. Indeed, the versatility of graphene and other carbon-based
nanomaterials for these applications is reflected by the significant investment in
the graphene industry over the last 20 years.
Nanostructured materials also have potential therapeutic applications by them­

selves. Lipid-based liquid crystalline nanoparticles, for example, are emerging as a
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novel, nontoxic, and highly effective drug delivery platform, particularly for lipo­
philic drugs [30,31]. Indeed, unpublished work from our laboratory is showing
the versatility of this drug delivery modality for infectious diseases of the female
genital tract.
Even simple nanomaterials can have life-changing applications. One of the

earliest nanomedical devices, described in 1997, involved the fabrication of tiny
chambers within single-crystalline silicon wafers. The interface between the
chambers and the surrounding biological environment was via nanopores as
small as 20 nm, which allow the passage of small molecules such as oxygen, glu­
cose, and insulin, but prevent the passage of larger immune or pathogenic parti­
cles. Within these chambers, immune-isolated rat pancreatic cells could be
sustained, remaining healthy for weeks, and secrete insulin in response to blood
glucose concentration, while remaining hidden from the host immune sys­
tem [32]. Modifications of this principle have also been demonstrated using pig
islet cells encapsulated in nanoporous biocapsules and both techniques carry the
advantage of avoiding the use of immunosuppressants that can have significant
contraindications [33].
The flow of materials through nanopores can also be externally regulated, as

demonstrated by nanopore-based DNA analysis, a single-molecule technique
with great potential. By using an applied voltage to drive DNA molecules
through a nanopore that separates chambers of electrolyte solution, the size and
the structure of molecules can be determined based upon how they block the
flow of ions between the chambers [34–36]. The potential of this approach
relates to several advantages providing the possibility of label-free, rapid, and
low-cost DNA sequencing. It has even been suggested that this technology may
achieve the 1000 USD per human genome challenge set by the US National
Institutes of Health. The technology is not without problems however, such as
the need for ultraprecise, high-speed DNA detection that is beyond current opti­
cal and electrical technologies [37].
Nanoshells are another recent addition to the nanomedicine cabinet. These

gold-coated silica particles, the size of a poliovirus virion, are unique in that their
optical resonance is a function of the thickness of their metal layers. This pro­
vides a highly effective cancer drug delivery platform allowing nanoshells to be
loaded with a drug embedded in a hydrogel polymer and injected into a host
whereby they accumulate within tumors. Subsequent heating of the tumor with
an infrared laser causes the nanoshells to melt and release their drug payload.
However, nanoshells are just one of an ever growing array of nanomaterials with
biomedical applications that continue to enter the nanomedicine cabinet, includ­
ing graphene oxide, spherical nucleic acids, liposomes, DNA micelles, DNA tet­
rahedrons, and aptamer-tethered linear DNA nanostructures, the so-called DNA
nanotrains [1,15,27,38–40].
Nucleic acid-based nanomedicines, an example of bottom-up molecular self-

assembly, have emerged as a new paradigm in nanotechnology [41]. Molecular
self-assembly is a fundamental process within biological organisms, but achiev­
ing the sophisticated spatial and temporal control required for rationally
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designed biomolecules is challenging. Recent advances have led to the ability to
control the synthesis of DNA tetrahedrons via the execution of a tightly regu­
lated developmental molecular program. The DNA tetrahedron is constructed
from six DNA hairpin strands arranged in such a manner as to maximize the
number of correct base pairings. Fundamental to the process is that the struc­
tures initially keep key sequence domains inaccessible. Access to these sequences
is via specific initiator strands enabling the reaction order to be controlled and
the correct shaped molecule assembled [41].
As the technology has continued to evolve, so too has the array of nucleic acid

structures that can be rationally designed and manufactured. The application
of these products within nanomedicine and nanotechnology, ranges from high-
resolution X-ray structural studies of molecular complexes that are difficult to
crystallize in isolation, to biophysical studies of enzyme function, to drug deliv­
ery. Of particular interest, is that nucleic acid structures can be made to incorpo­
rate molecules other than nucleic acids, such as proteins, metallic nanoparticles,
quantum dots, and fullerenes. As a result, materials and devices with a wide
array of functionalities can potentially be constructed.

Application of Nanomedicine – A Paradigm Shift

Nanomedicine as a discipline is unique in that its application requires a wide
spectrum of skills and knowledge. As a result, a large number of interdisciplinary
research programs have emerged across the world to support and exploit devel­
opments in the field. Current fields of investigation include nanoelectronics, that
is, molecular manufacturing aimed at reducing the size of electronics to increase
speed; nanobiotechnology, the combination of nanoscale engineering with biol­
ogy to manipulate biological systems at the molecular level, or produce biologi­
cally inspired materials; targeting, using nanomaterials to deliver pharmaceuticals
or diagnostic agents; and biosensing, that is, the interfacing of a nanodevice with
the patient [1].
Nanomedicine has also changed the way we approach medicine, meaning that

it has also changed our approach to drug discovery and development, perhaps
best exemplified within the field of cancer biology. The first example of cancer
therapy followed the discovery that rabbit breasts stopped producing milk fol­
lowing oophorectomy by Thomas Beatson at the end of the nineteenth century.
Beatson reasoned that since the breast must be under the control of the ovary,
oophorectomy might also be beneficial for breast cancer patients. His discovery
of the effect of estrogen on breast cancer, despite the hormone not being discov­
ered for another 30 years, followed by Charles Huggins’ work demonstrating that
prostate cancer in dogs could be stalled by castration or estrogen injection,
paved the way for current hormone therapy for cancer [42].
As conventional anticancer drug discovery emerged at the beginning of the

twentieth century, there was a heavy focus on cytotoxic agents. Most were
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discovered serendipitously, beginning in the 1940s with the observation that
WWII soldiers exposed to nitrogen mustards had significant lymphoid and mye­
loid suppression. US Army Lieutenant Colonel Stewart Francis Alexander, a
medical doctor and member of President Eisenhower’s medical staff, who was
an expert in chemical warfare agents, theorized that since mustard gas sup­
pressed the growth of certain rapidly dividing somatic cells, it could potentially
be used in the treatment of certain types of cancers. Using this information, two
pharmacologists, Louis Goodman and Alfred Gilman demonstrated that lym­
phomas within mice could be successfully treated with mustard agents [43]. Fur­
ther work in humans demonstrated a dramatic, if temporary, effect in human
patients, establishing for the first time that the cancer could be treated by phar­
macological agents [44]. Although not known at the time, the mechanism of
action of nitrogen mustards and their subsequent derivatives is nonspecific
DNA alkylation. The result of DNA alkylation is the formation of interstrand
cross-links, which are detected by the tumor protein, p53, resulting in the initia­
tion of apoptosis [45].
Subsequent approaches to anticancer therapy included the use of antifolate

agents and platinum [46–48]. Folic acid had been discovered in 1937 by Lucy
Wills and although its mechanism of action was not understood, it was observed
to stimulate the proliferation of acute lymphoblastic leukemia cells when admin­
istered to children with the disease. In what was arguably the first rational drug
design, Sidney Farber a pathologist working at Harvard Medical School, used
folate analogues to block the proliferation of acute lymphoblastic cells and
induce remission in children with the disease [49]. The anticancer properties of
platinum were discovered by Barnett Rosenberg, who observed the cessation of
cell division, while investigating the effect of electric fields on bacterial growth.
The effect was mediated by contamination of the growth medium with an elec­
trolysis product of the platinum electrode and led to the development of plati­
num-based therapies such as mitoxantrone and cisplatin, which continue to this
day to be a mainstay of cancer therapy. Cisplatin and other platinum-based can­
cer therapeutics are classified as alkylating-like compounds. While they have no
alkyl group and, therefore, cannot carry out alkylating reactions, they function by
inducing DNA cross-links in a number of ways. Cross-links are formed by the
binding of platinum ions to DNA bases, usually guanine, which leads to the initi­
ation of apoptosis and cell death.
The early definition of cancer as a disease of uncontrolled cell division meant

that efforts were directed towards the identification of cytotoxic, antiproliferative
compounds. As a result, tumor size regression became the primary marker of
effectiveness in preclinical and clinical testing. The problems with this approach,
however, was that it tended to favor the selection of compounds that only tar­
geted rapidly growing tumors, led to far more compounds being discovered than
could actually be screened and developed, and meant that the mechanism of
action of these compounds became the subject of retrospective investigation.
Nanomedicine, in contrast, offered an opportunity for rational drug

design, exemplified by the search for therapeutics targeting the disease
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chronic myeloid leukemia (CML), the first cancer to be linked to a specific
genetic abnormality.

Targeted Drug Discovery and the Human Kinome

Traditional approaches to cancer drug discovery, with a focus on cytotoxic, anti-
proliferative molecules, meant that cell screening models were based on cyto­
toxic or cytostatic activity. Additionally, animal models typically focused on
tumor regression and survival advantage, while early human trials were aimed at
determining the limiting doses where significant toxicity was observed. Molecu­
larly targeted drugs, however, often act by mechanisms that may not result in
direct and significant toxicity. Therefore, molecularly targeted drugs required an
altered drug development process to account for their toxicity profile and the
fact that their mechanism of action was known.
Although often more complex and laborious, prior knowledge of the mecha­

nism of drug action provided a focus for redefining the drug development pro­
cess. The use of molecular biology to derive the molecular origins of disease
enabled drug evaluation models to be developed that specifically demonstrate
the effect of a drug on its molecular target. Although often insufficient to deter­
mine clinical efficacy, their use was to validate an approach and provide com­
plete understanding of the mechanism of drug action. The advantage of this
approach is that such information could potentially expedite the preclinical
phase of drug development. In addition, such drug-specific models often provide
surrogate markers to guide escalation studies during human trials, and potential
biomarkers. This was exemplified during the development of the first kinase
inhibitor, GleevecTM, arguably the first drug developed using a nanomedicine
approach.
Protein phosphorylation was discovered in the 1950s by Krebs and Fischer

during their studies on glycogen phosphorylase, which led to the discovery of
phosphorylase kinase [50]. This discovery paved the way for the discovery of one
of the most important groups of enzymes in drug development, protein kinases,
which function by transferring a terminal phosphate from adenosine tri­
phosphate (ATP) to a substrate, thereby altering the function of the substrate.
These proteins are a set of evolutionary ancient, highly conserved, highly
dynamic, and precisely regulated molecular switches that control most biological
processes in eukaryotic cells [51]. Following the initial description of phospho­
rylase kinase, further progress was slow until the 1980s and discovery of the
tyrosine kinase Src, which highlighted an as yet unknown diversity to this set of
proteins. Subsequently, there was an explosion in the number of kinases discov­
ered, aided in no small part by the rapid improvement in molecular biology tech­
niques during the period. To date, 518 protein kinases, including 90 tyrosine
kinases, have been described in what now comprises the human kinome, and
corresponds to nearly 2% of the human genome [51,52].
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In CML, a chromosomal translocation between the long arms of chromo­
somes 9 and 22 results in an abnormal chromosome called the Philadelphia
chromosome. The molecular consequence of this is the creation of a fusion gene
that produces an abnormal protein called the BCR-Abelson protein. Originally
described in 1960, the BCR-Abelson (BCR-Abl) protein has a truncated N-termi­
nus resulting in unregulated kinase activity and high enzyme activity. Conse­
quently, hematopoietic stem cells within the bone marrow that contain the
translocation gain a proliferative advantage leading to the rapid expansion of
cells carrying the Philadelphia chromosome [52].
The identification of the BCR-Abl protein, began a search for kinase inhibi­

tors. The master key, ATP, which following binding causes a conformational
change that leads to activation, was the starting point. In 1985, the laborious
task of screening compounds that would inhibit the interaction of ATP with kin­
ases was initiated, but it would take until 1990 before the first lead compound, a
2-phenylaminopyrimidine derivative, was identified. The compound had low
specificity, inhibiting both serine/threonine and tyrosine kinases, but provided a
starting point for a series of further derivatives to be synthesized. Computational
modeling enabled several improvements that would enhance the activity of the
original lead compound. Key modifications were the addition of a 3 -pyridyl
group at the 3 -position of the pyrimidine, which enhanced the cellular activity,
and the introduction of a benzamide group at the phenyl ring. This latter modifi­
cation enabled a specificity shift from serine/threonine kinases to enhance
activity against tyrosine kinases, specifically Abl, PDGF-R, and cKit. Further
modifications including the introduction of a flag-methyl group at the 6-position
of the aniline phenyl ring, and the attachment of a highly polar side chain, fur­
ther enhanced the tyrosine kinase specificity and improved the bioavailability
[52,53].
The drug Gleevec (Imatinib mesylate, cf. Figure 17.2) has become a shining

example of rational drug design within cancer treatment and the nanomedicine
approach to drug development. Gleevec functions by binding the kinase active
site, in place of ATP, but sterically inhibiting the conformational change
required for activation. X-ray crystallographic and nuclear magnetic resonance
imaging studies confirmed that blockage of the conformational change is
achieved by the long tail structure of Gleevec that accesses a groove at the back
of the molecule. The result being that the kinase is locked in an inactive confor­
mation and cannot phosphorylate its target protein [52,53].
Initial in vitro testing confirmed the sensitivity, that is, inhibited cell growth of

Philadelphia chromosome positive cell lines to treatment with Gleevec, while
Philadelphia chromosome negative cell lines were not affected. In addition,
researchers developed a cell assay based upon the interleukin (IL)-13-dependent
cell line 32D. These cells require IL-13 to grow in culture, however, by inducing
the cells to produce the BCR-Abl protein, via transfection with a plasmid con­
taining BCR-Abl, the cells proliferated uncontrollably, even in the absence of
IL-13. Treatment of the 32D cells that now contained the BCR-Abl protein with
Gleevec blocked proliferation [52,53].



17.6

36917.6 Translation from Discovery to the Clinic

Figure 17.2 Development of Gleevec from a
2-phenylaminopyrimidine backbone (red). (A)
Cellular activity was improved by
introducing a 3 -pyridyl group (purple) at the
3 -position of the pyrimidine. (B) Tyrosine
kinase specificity was enhanced by addition of

a benzamide group (green) to the phenyl ring.
(C) Attachment of a “flag-methyl” group (vio­
let) to the diaminophenyl ring reduced activity
against PKC. (D) Addition of an N-methylpiper­
azine (blue) increased solubility and oral
bioavailability.

In addition to proliferation, researchers also monitored the phosphorylation
status of BCR-Abl in cells treated with Gleevec. Since kinases function by trans­
ferring a terminal phosphate from ATP to a substrate, kinase activation can be
monitored by determining phosphorylation status. Analysis of BCR-Abl phos­
phorylation demonstrated that concentrations of Gleevec that blocked prolifera­
tion also blocked BCR-Abl phosphorylation confirming that Gleevec was
working as predicted, and providing the basis of a surrogate marker when trans­
lating Gleevec development from the bench to the clinic [52,53].

Translation from Discovery to the Clinic

The transition from discovery to clinical development is a complex process,
a key aspect of which involves the transition from in vitro testing to in vivo. Tra­
ditionally, this takes the form of animal models of disease, which since 1975 for
most cancers involves the use xenograft models of human cancer cells grown in
nude mice. However, to better represent the human disease, developers of Glee­
vec undertook a key set of experiments that would ultimately lead to major
investment from Sieber Geiger, now Novartis, in the clinical phase of Gleevec
development.
Rather than rely on animal models of human CML, researchers developing

Gleevec developed an ex vivo screening assay that utilized patient samples. Blood
and bone marrow cells were taken from CML patients and normal control
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patients without CML, and incubated in the presence of methylcellulose, a semi­
solid matrix that promotes cell growth, and growth factors. The combination of
factors used led to outgrowth of the precursors of granulocytes, myeloid and
erythroid lineages, which could be quantified. Undertaking these growth experi­
ments in the presence of Gleevec demonstrated that while in normal control
patients there was no effect on cell growth, in the CML patients, cell growth was
inhibited. This confirmed that Gleevec was also effective at preventing the
growth of Philadelphia chromosome positive primary cells, but that it did not
affect normal, Philadelphia chromosome negative cells. Additionally, analysis of
the phosphorylation of BCR-Abl not only confirmed the mechanism of action of
Gleevec in cells from CML patients, but also suggested that the BCR-Abl phos­
phorylation status would be a suitable surrogate marker and key element of sub­
sequent clinical studies [51–53].
During phase I clinical studies of Gleevec, hematological responses showed

that effective doses in vivo matched in vitro doses, in which phosphorylation of
BCR-Abl was blocked, and monitoring the phosphorylation of BCR-Abl in
patient samples over time and at different doses provided a biomarker of target
engagement. Following FDA approval for CML patients in blast crisis in 2001,
Gleevec reduced the US annual incidence of CML from ∼2500 in 2001 to 270
by 2011 [52–54].
The success of Gleevec is attributable to the nanomedicine approach adopted

for its development. By beginning from a position of knowledge regarding the
molecular origins of CML, a molecularly targeted, low toxicity therapy was
developed by using a combination of molecular biology, rational drug design,
computational dynamics, and combinatorial chemistry. Indeed, following the
emergence of clinically relevant escape mutations in the P- and Acivation-loops
of BCR-Abl, a nanomedicine approach provided the solution. Escape mutations
are a common occurrence, when selective pressure is placed on highly prolifera­
tive diseases. Specifically, they are single-nucleotide polymorphisms that arise
within the active site of the molecule being targeted thereby changing the molec­
ular structure of the molecule. For Gleevec, the emergence of escape mutations
changed the structure of the BCR-Abl protein sufficiently to prevent binding and
rendering the drug ineffective, see Figure 17.3. However, the identification of
point mutations in the BCR-Abl gene by cloning and sequencing strategies
enabled the rational design of second and third generation, molecularly targeted
kinase inhibitors that were either effective in the presence of the mutation, or
had higher potency against the primary target, thereby reducing the likelihood
of escape mutations [51,55].

17.7
Evolution of Kinase Inhibitors

Following the success of Gleevec, ATP-site-dependent competition binding
assays were developed that enable the specificity of inhibitors to be characterized
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Figure 17.3 ATP-competitive inhibition. (a)
Crystal structure of the Abl kinase domain in
complex with Gleevec (cyan) bound to the
cleft between the N- and C-lobes of the kinase
domain. The P-loop, activation loop, and helix

αC are highlighted in red. (Reproduced with
permission from Ref. [56].) (b) Diagrammatic
Representation of escape mutations within the
P-loop and activation loops of the Abl kinase
that lead to Gleevec resistance.
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for potentially all kinases of the human kinome. A number of methods have
been developed for undertaking ATP-site-dependent competition binding assays,
although they all aim to identify ligands that effectively bind one or more kinases
within the kinome [51]. One such kinase assay employs human kinases
expressed as fusions to T7 bacteriophage, a small set of immobilized probe lig­
ands and a set of test free ligands. The kinases are essentially fusion proteins that
have been tagged to facilitate expression, purification, and detection. The set of
immobilized ligands are used to build the assay and, therefore, bind kinases with
high affinity. If test compounds bind the kinase directly or indirectly occlude the
ATP site, the protein will not bind to the immobilized ligands. Therefore, the
read-out is based on the quantification of the amount of bound fusion protein
achieved via techniques such as quantitative PCR or traditional phage plaque
assays. The accuracy of this technique is sufficient to enable the detection of as
few as 10–100 protein molecules [55].
The essential role of kinases in the regulating normal cell functions means that

disease, especially cancers, is often a consequence of disrupted kinase activity.
Kinase inhibitors have, therefore, become an important target for molecular
drug design, reflected in the fact that approximately one third of all protein tar­
gets under investigation in the pharmaceutical industry are kinases, and there
are currently over 200 kinase inhibitors undergoing clinical trials [57].

17.8
Nanoparticle Delivery

As therapeutics continues to evolve, a nanomedicine approach means that
molecularly targeted therapeutics can be developed at the level of the drug or at
the level of the delivery system. The use of nanoparticles is particularly suited to
drug delivery and can in this sense provide a rationale for improving the thera­
peutic index of several classes of drugs beyond alterations to chemical structure.
Over the last three decades, a large number of nanoparticle delivery systems
have been developed for cancer therapy, which includes organic and inorganic
materials. Liposomal, polymer–drug conjugates, and micellar formulations are
becoming routinely used in clinics, and an even greater number of nanoparticle
platforms are currently in the preclinical stages of development [40,58,59]. More
recently developed nanoparticles are demonstrating the potential sophistication
of these delivery systems by incorporating multifunctional capabilities and tar­
geting strategies in an effort to increase the efficacy against the most difficult
cancer challenges, including drug resistance and metastatic disease [40].
The first nanoscale delivery systems, liposomes, were described in the 1960s

but have subsequently undergone a number of key developments that paved the
way for the evolution of modern nanoparticle formulations. Liposomes are
spherical vesicles comprising a single lipid bilayer that have become well-
established nanocarriers for improving the therapeutic index of anticancer
agents. The utility of liposomes springs from their ability to transport
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Figure 17.4 Nanoparticle delivery platforms.

hydrophobic molecules, which associate with the bilayer, or hydrophilic mole­
cules, which can be loaded into the liposome core, across biological membranes.
The first demonstration of controlled-release polymer systems in 1976 by Langer
and Folkman led to the first application of targeted liposomes in 1980. This was
followed by the surface modification of liposomes and polymeric nanoparticles
with polyethylene glycol in the early 1990s, which significantly increased in vivo
half-life and conveyed the first stealth properties. The major success from this
period of development was the approval of Doxil, a PEGylated, liposome encap­
sulated form of doxorubicin that is a potent treatment for multiple types of can­
cer. Indeed, the nanoparticle encapsulation of cytotoxic drugs to improve
efficacy has become a well-established approach to cancer treatment. Nanopar­
ticles comprising a polysilsesquioxane polymer cross-linked by a cisplatin pro-
drug have shown potential in a nonsmall cell lung cancer model, and cisplatin­
loaded composite nanoparticles comprising magnetite and folate also show
promise [60,61].
Nanomedicines for the treatment of cancer now include a wide array of nano­

particle delivery systems, see Figure 17.4, including polymeric nanoparticles,
dendrimers, micelles, polymer conjugates, inorganic nanoparticles, bacterial
nanocarriers, lipid-based nanoparticles, protein-based nanoparticles, nucleic
acid-based nanoparticles, biological nanoparticles, and hybrid nanopar­
ticles [38,62,63]. Indeed, a recent review of nanomedicine commercialization
identified 247 nanomedicine products that are approved or in various stages of
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clinical study [39]. As the technologies continue to evolve, nanoparticles are
increasingly endowed with multifunctional characteristics enabling increased
targeting specificity, controlled drug release profiles, and even the ability to
respond to environmental stimuli to facilitate more effective drug delivery. The
benefits of nanoparticle delivery systems are exemplified by the development of
Gleevec loaded poly(lactide-co-glycolide) nanoparticles, which improve drug effi­
cacy against cancer cells, while also reducing cardiotoxicity typically associated
with Gleevec [64].

17.9
Conclusions

Nanomedicines have the potential to transform the treatment of the challenges
faced in human health in major and orphan diseases. There is increasing
recognition that heterogeneity within major diseases will only be tackled though
the adoption of a precision medicine. The nanomedicine approach described
herein encompasses a growing understanding of the molecular origin of disease
with the latest advances in nanoengineering, combinatorial chemistry, and nano­
technology. Their combined effect is the potential to not only deliver novel ther­
apeutics to diagnose and treat disease, through new nanotherapeutics and
nanoenabled companion diagnostics, and improve quality of life, but also the
opportunity to focus nanomedicine development with the aim of producing a
streamlined and cost-effective industry.
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The key issues treated within this book are medically driven. The related
research, however, requires detailed medical knowledge not only in the specific
fields but also state-of-the-art materials science, physicochemical methodology,
and advanced data analysis. Hence, the book is truly interdisciplinary. It bridges
basic science all the way through translation to clinicians. This book connects
physicists, chemists, and materials scientists to biologists, dentists, and clinicians
across its entire field.
During the first decades of this century, the solvent foundations financially

promote the application of nanoscience and nanotechnology in preventing, diag­
nosing, and treating numerous diseases, as the first part of this book impressively
elucidates. These huge investments raise expectations of the society. Especially,
the eligible expectations of the suffering patients should become satisfied. The
translation of knowledge in nanotechnology to the bedside within a reasonable
period of time is an urgent task of our community. The translation can only be
successful by a collaborative effort. This book will be of some help.
The pioneers in biology and biochemistry of the last century set the scene for

the currently available greater understanding of normal and disordered func­
tions. It has become clearer and clearer that the cells with their extracellular
matrix have a complex molecular life, which includes metabolic pathways and
signaling. This natural nanoscale machinery can interact with man-made nano­
structures with negative and positive feedback. In most cases, the human system
recognizes the foreign bodies and develops related reactions. Therefore, it is par­
ticularly important to mimic natural counterparts. For example, we can consider
the cell membrane formed by phospholipids. Such molecules also constitute the
vesicles, which are going to save lives and support healing cardiovascular dis­
eases. The properties of the vesicles can be even better tailored using artificial
phospholipids. The discovery of shear-sensitive liposomes is a major milestone
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in the development of dedicated drug-delivery containers avoiding the
serious side effects. It is, however, known that even FDA-approved liposomal for­
mulations show comparably strong complement activation. Therefore, organic
chemists and biochemists have to search for more appropriate formulations. Sub­
sequently, immunologists and veterinary doctors must demonstrate the harmless­
ness. The current developments in the United States and Europe, often
financially supported by donations, are promising but need more intensive efforts
to bring the ideas from nanotechnology to the market within less than a decade.
Malignant neoplasms are known as cancers. Their treatment is challenging and

many clever strategies have been applied. Since the success of the various thera­
peutic approaches is still limited and the primary underlying cause of cancer is
found in DNA damages, one can reasonably expect serious contributions of nano­
technology to medication and radiation of malignant neoplasms. The widely used
photon therapy, for example, will be replaced by particle therapy for an increasing
number of cases simply because of physical reasons. This book describes these
reasons in the necessary detail understandable for the broad readership. Nano­
technology-based drugs with multifunctional properties are other promising paths
to successfully treat cancer patients. As the cancerous tissue grows faster than the
healthy one, the supply with nutrients and oxygen is crucial. If one can prevent
the growth of malignant neoplasms via significantly reduced supply and the
enrichment of species to destroy the diseased tissue, many cancer patients will be
cured. The diagnosis of cancer and the precise localization of malignant neo­
plasms within the body belong to the partly solved challenges. Here, nanome­
chanical devices will complement conventional pathology.
The interface between the human body and man-made materials is the key to

reestablish necessary functions of our body. There are some oxidized metal
implants with perfect tissue integration. Medical implants made out of polymers
are often better suited than the radio-opaque metallic implants. One chapter elu­
cidates the recent advances in biomimetically structured polymers. Anisotropies
as present within the tissues of our body are relatively easy to implement. Such
anisotropy is also required in crown repair. Remineralization to reestablish the
mechanical performance of the natural dentin and enamel could be achieved
within the next decade. The basic ideas in nanodentistry are available.
Dedicated devices based on cutting-edge nanotechnology are known in areas

such as optics and electronics. In medicine, their application is more demanding
especially because of security issues, wet environment, and encapsulation. The
artificial sphincters are certainly such a killer application. Once thousands of
nanometer-thin dielectric elastomer layers with compliant electrodes are built,
many incontinent people will benefit.
Today, we already benefit from titania and zinc oxide nanoparticles to protect

our skin in ultraviolet light. Although one reasonably believes that there is no
danger related to these nanoparticles and the currently published studies do not
show any serious impact on our body, their application needs caution. A more
detailed understanding of the migration of nanoparticles through our skin in
health and disease has to be generated.
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Some of the important challenges are missing within the book. Tissue engi­
neering, which often roots on the triage between cells, signaling molecules, and
three-dimensional scaffolds, is not considered. These scaffolds are often pre­
pared from absorbable materials. Such materials including magnesium alloys are
applied for load-bearing implants and will play an important role because of
their dedicated micro- and nanostructures. Dedicated features are fabricated by
means of advanced nanotechnology.
The neurodegenerative diseases could also benefit from research and develop­

ment in nanotechnology. Everybody knows that the electrical signals in our brain
have amplitudes that well fit the voltages used in our mobile phones and other
computers. The creation of suitable interfaces between the neurons and the
cables/antenna of the man-made devices is an unsolved challenge and certainly
needs ideas from nanosciences.
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