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This World, The Small, The Great!
Odysseus Elytis

Axion esti — Worthy It Is

(To Aérov Eori, 1959)
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Foreword

It was in the 1980s that the word nano, used as a prefix to a variety of important-
sounding words, reached me from various directions. “What is this nano thing I'm
hearing about daily?”, I asked a colleague at the university. “I’m worried I’'m miss-
ing something. I feel as if I'm left behind, in the middle ages of science so to speak”.
“Don’t you know?” he said, expelling streams of tobacco smoke through his nostrils
(smoking was not a sin then). “It’s the technology of small, dwarfish things. Nano is
Greek, it means dwarf”. “Thanks for telling me” I said, subtly reminding him I am
Greek. I was working on liposomes at that time, small vesicular fatty particles,
around 100 nm in diameter, dwarfish in other words. Does this mean I'm doing
nanotechnology myself? I wondered. Hope was already enveloping me.

Actually, those of us working on liposomes in drug delivery were not the only
ones doing nanotechnology and not being aware of it. Others were doing it as well,
for instance those engaged in research with synthetic nanoparticles, dendrimers,
viruses and gold particles. As nanotechnology, by convention, deals with systems
of sizes in the range of about 1-100 nm, it would also include research on small
and large molecules such as sugars, proteins, genetic material and polymers. In
fact, work on small, dwarfish structures was so extensive prior to the emergence of
the term “nanotechnology”, it encompassed a plethora of fields of science and
technology. The only thing missing was a name for it. A name that would represent
all nano-scale technological activities. And what would that name be?
Nanotechnology, obviously! As fate would have it, the first to think of it was Norio
Taniguchi, back in 1974.

Nanotechnology is now a huge, ever-growing, ever-expanding discipline. It
seems that the name itself has galvanised a massive thrust of related activities. The
term nanotechnology has attained such a heavy-weight status in science and tech-
nology, it is used by academics and others to name a lab, a department, a new jour-
nal, or even to bestow a certain respectability to an activity related to dwarfish
things. Nano is king nowadays. Nanotechnology is now taken so seriously, it has
predictably attracted the attention of those guarding our health and environment.
I refer to research on the toxicology of nanomaterials, usually non-biodegradable
ones which, in the form of airborne nanoparticles, were shown to promote fibrosis
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of the lungs. However, tight regulation by licensing bodies should ensure avoidance
of such problems.

Of particular importance to those of us engaged in drug delivery is the role of
nanotechnology in advancing the science of therapeutics and their application in the
clinic. It has been therefore a great personal pleasure to write the Foreword of the
present book by Professor Costas Demetzos. His monograph, Pharmaceutical
Nanotechnology: Fundamentals and Practical Applications, is a unique publication
designed to serve as a scientific textbook for those involved in new technologies,
especially nanotechnology of pharmaceutics, as well as to educate students on the
nano aspects of the science and technology of pharmaceutics.

This book is divided into three main parts. It begins with an introduction to nano-
technology, the physical chemistry, thermodynamics and biophysics of nanosys-
tems, offering an analysis of basic facts regarding the size and thermotropic
behaviour of systems used in nanotechnology. We learn that nanotechnology deals
with the application of technology in the grey area in between classical mechanics
and quantum mechanics. It also refers to size-measuring devices that are so minute,
they can only be observed under electron microscopy. Remarkably, an existing
device of this kind is so sensitive, it is reputed to measure the weight of protons!
This is of utmost importance because nanotechnology cannot progress without the
means of measuring nano sizes. A section on the historical background discusses
the development of modern nanotechnology and the personalities involved. It then
deals with the biophysics of a variety of nanosystems, their stability and other prop-
erties as well as their physicochemical characterisation.

The author focuses on three different aspects of applied pharmaceutical nano-
technology: imaging, diagnostics and therapy. There is extensive discussion on a
variety of drug carrier nanosystems, of drug incorporation into such systems, as
well as their pharmacokinetics. An all-important consideration of pharmaceutical
nanotechnology that enables its application clinically is the evaluation of toxicity
and safety of nanosystems. To that end, this book deals with issues of safety, nano-
toxicity of nanosystems and the regulatory framework. This includes the procedures
that must be followed in order to achieve approval by agencies such as FDA in the
USA and EMEA in Europe. Such issues, treated comprehensively in the third part
of the book, serve as a reminder of the complexity of steps that must be followed
prior to the approval and commercialization of clinically effective drugs.

Pharmaceutical Nanotechnology: Fundamentals and Practical Applications is
certain to prove of considerable value to those committed to the science of phar-
maceutics and related technologies. It will open new avenues of research and
development in pharmaceutical academia and industry. The author is to be con-
gratulated for this achievement.

London, UK Gregory Gregoriadis



Preface

The textbook entitled Pharmaceutical Nanotechnology. Fundamentals and
Practical Applications is addressed to those in the fields of pharmaceutics, medi-
cine, biology, and life sciences and to those who are interested in materials and new
technologies. This textbook includes an introduction to the science of nanotechnol-
ogy, the basic principles of physical pharmacy, and nanoparticle applications in the
fields of diagnostics, imaging, and therapeutics. They are presented in the chapters,
the principles of thermodynamics and biophysics as important milestones and as
tools for developing and evaluating nanomaterials, nanodevices, and nanosystems.
The relationship between the membrane biophysics of artificial nanostructures and
the cell membranes’ behavior could be studied using thermodynamic parameters’
changes, and issues are discussed in terms of the development process of drug deliv-
€ry nanosystems.

This textbook also presents the applications of innovative nanosystems that are
considered as carriers of bioactive molecules, diagnostic and imaging nanotechnol-
ogy, and relevant nanosystems like liposomes, dendrimers, polymers, polymeric
nanocarriers, carbon nanotubes, nanoshells, etc. The toxicity of nanomaterials and
nanostructures and the regulatory framework for the approval of the new nanotech-
nological products are presented at the very last chapters of this book.

Furthermore, I would like to underline in this monograph the usefulness of fun-
damental sciences such as biophysics and thermodynamics. It is worth mentioning
that the investigation of the mesoscopic word and of the metastable phases of the
liquid crystalline state of the matter could be emerged as the building blocks for
designing better medicines and improving the health. The principles of basic sci-
ence can help to rationally design and develop innovative medicinal formulations
and to translate the basic scientific principles of manufacturing to improve medicine
development process and to meet more efficiently the regulatory requirements. For
these reasons, biophysics and thermodynamics could create the science-based plat-
form for systems therapeutics and hopefully contribute efficiently to the cycle of
innovation of nanotechnology-based products, which maps the regulation of new
health technology demands.

xi
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In other words, my vision is for the scientist, in the field of the development and
evaluation of nanosystems that is applied to therapeutics, diagnostics, and imaging,
to understand the important position that he holds in the research and development
of pharmaceutics, the systems pharmaceutics.

The monograph provides fundamental aspects of nanotechnology and fills the
gap between nanotechnological systems and functionality of living organisms, pro-
viding new aspects on their physicochemical, biophysical, and thermodynamic
behavior.

The monograph is addressed to all those involved in recent advances in pharma-
ceutics. The book is divided into three major parts, each of which is divided into
subchapters. Part I refers to the physicochemical and thermodynamic aspects of
nanosystems, while their biophysical behavior is correlated with that of the cells of
the living organisms. Part II refers to the application of nanotechnology in imaging,
diagnostics, and therapeutics. Part III is focused on issues regarding safety, nano-
toxicity of nanosystems, and regulatory framework. The monograph promotes the
concept that biophysics, thermodynamics, and nanotechnology are considered to be
emerging tools that when following the regulatory guidelines provide new and inte-
grated knowledge, for the production of new medicines.

As an academic professor, my vision is that young researchers will use this text-
book as a springboard for new knowledge and research for the science of tomorrow.
I would like this book to fulfill the verse of Odysseus Elytis, the person who intui-
tively and unmistakably touched nanotechnology: “This you should only know:
Whatever you save during the lightning, it will remain clean throughout the cen-
tury” [(Axion esti — Worthy It Is (To Aéiwov Eoti, 1959)].

Zografou, Athens, Greece Costas Demetzos
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Chapter 1
Introduction to Nanotechnology

Abstract Nanotechnology is a multidisciplinary scientific field that deals with the
development and use of materials that can be used to produce devices and products
with dimension equal to one billionth of a meter. One nanometer (nm) equals one
billionth of a meter (10~=0.000000001). Nanotechnology refers to the science and
the technology where the structural units of the matter used in the formation of
complex macromolecular systems are in nanoscale. Pharmaceutical nanotechnology
is the application of nanotechnology to pharmaceutics in life and health sciences
and is based on nanostructured biomaterials, which promote innovative drug deliv-
ery systems for therapeutic purposes, advanced diagnostic biosensors, and imagine
agents that are dealing with the early diagnosis of the diseases. Nanotechnology is
also applied in physical engineering, in electronics, and in the environment and
technology.

Keywords Nanotechnology ¢ Nanometer * Nanometrology ¢ Richard Feynman
* Nanostructured biomaterials

1.1 Introduction

Nanotechnology is a promising multidisciplinary scientific field that deals with the
development and use of materials that can be used to produce devices and products
with dimension equal to one billionth of a meter. It has evolved in a wide variety of
nanosystems [2]. The nanoparticles and the nanomaterials have new properties that
depend on their dimensions. In science and technology, the prefix nano- comes from
the Greek word vdwog=nanos that means something very small. One nanometer
(nm) equals one billionth of a meter (10-°=0.000000001). Nanotechnology refers
to the science and the technology where the structural units of the matter used in the
formation of complex macromolecular systems are in nanoscale. An interesting
approach in defining nanotechnology is reported in M. Saladin El Naschie’s [7]
article that was published in the scientific journal Chaos, Solitons and Fractals in
2006. According to the author, the term nanotechnology corresponds to the pro-
cesses in physics, chemistry, and biology in dimensions of one billionth of meter and
defines nanotechnology as the application of the technology in the gray area between
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the classical mechanism and quantum mechanics. This gray area, according to the
opinion of theoretical physicists, is defined as the mesoscopic area, and the systems
that are developed in this area are called mesoscopic systems. According to this
approach, theoretical physicists define what we call nanoworld. The definition of nan-
otechnology which is published in Towards a European Strategy for Nanotechnology
[Brussels, 12.5.2004 (COM) 338 final] from the European Commission is concise and
covers all the fields of nanoscience. Nanoscience refers to the study, the measurement,
and the understanding of the interactions of materials in nanoscale. Physics, chemis-
try, biology, mathematics, the science of materials, pharmaceutics, and engineering
take part in the scientific and research field of nanosciences that can be characterized
as the interdisciplinary approach of the nanotechnology applications. According to
the National Nanotechnology Initiative (NNI) strategic plan in February 2014
(http://www.nano.gov/node/1113), nanotechnology is the understanding and con-
trol of matter at dimensions of roughly 1—100 nm, where unique phenomena enable
novel applications. The nanodimension is not the smallest. Smaller dimensions than
that of nanometer are the dimension of angstrom (0.1 nm) and the prefixes pico-,
femto-, atto-, and zepto- that relate to the 1/1,000 mathematical degradation of
dimensions of matter from the nanodimension. Regarding the safety of nanotechno-
logical products, there are objections concerning the risk effects of the human health
from the use of nanoproducts (see Chap. 6) (European Commission, Nanoscience
and Nanotechnologies: An Action Plan for Europe, 2005-2009 COM, European
Commission, Brussels 2005. http://cordis.europa.eu/nanotechnology/nanomedicine.
htm). The European Union agenda (EU 2020) are well fitted with the challenges and
opportunities that nanotechnology provides, for improving societal challenges, to
make daily human activities and life better, and to manage the economic growth in a
more rational manner (European Commission, Directorate-General for research and
Innovation Industrial Technologies. Nanosciences, Nanotechnologies, Materials and
new Production Technologies (NMP) 2013, EUR 13325 EN).

1.2 Brief Historical Overview

The term nanotechnology is very broad and general and includes anything within
the dimensions of a nanometer. Therefore, it can be divided into more specialized
areas like nanoelectronics, nanomaterials, medical diagnostic tools and sensors,
flexible display technologies and e-papers, composites containing nanotubes, print-
able electronic circuits, etc. [2]. The applications are countless, while the effects are
perceptible in many levels, especially in the economy affecting industries and econ-
omies, but also in the social sector improving significantly our living standards. The
origin and development of nanotechnology are unclear. The first nanotechnologists
might have been the glass technicians in medieval times that used furnaces to mill
glass. The glass technicians could not understand how processing gold created col-
ors. The process of engineering nanosystems and nanostructures, especially in the
production of gold quantum dots, was used in the Victorian and medieval churches
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that were famous for the lovely stained glass windows and in the ancient Ottoman
mosques that were famous for the enamel surfaces. The different color variations
and materials’ behaviors that are being used in nanosystems are based on the fact
that the features of materials in nanoscale are different from those in microscale
dimension. The achievements of sciences (physics, biology, chemistry) but also the
evolution in technology and the progress in the science of materials have helped us
gather information to understand nanotechnology. These developments turned out
to be a necessity for the orientation, the selection, and the efficacy of these applica-
tions in this particular field.

The first scientific report of nanotechnology (without the use of the name “nano-
technology”) was made during the speech of Richard Feynman entitled There’s
plenty of room at the bottom during the American Physical Society dinner in 1959
[5]. In his speech, he announced nanotechnology, many years before the use of the
prefix nano-. Also, he discriminated the methods of constructions of nanostructures:

e Top-down technology
* Bottom-up technology

Top-down technologies are the ones applied to industries these days. On the
other hand, bottom-up technologies form systems from atoms or molecules. The
most important challenge of this method is the ability of formation and evaluation
of structures, the way nature creates them in dimensions of nanometers [8]. It is
obvious that the physical phenomena in these dimensions are the one that lead the
research and development, like nature requires. The evaluation of these new materi-
als and their application to everyday life, and especially in the field of health, render
the technology of nanodimensions as a new field of research and applications.

Richard Feyman’s speech triggered a discussion which was based on the idea that
the whole of Encyclopedia Britannica could be written on the top of a pin. He also
mentioned the accurate copy of certain individuals, the size shrinkage of the comput-
ers (computers were much bigger than today, but possibly he meant even smaller),
and a way of developing atom and molecule handling ability directly, having tools in
one tenth of the size, exactly like the ones we have in any engineer workshop. These
small tools would help a new generation of toolkits of one centimeter being devel-
oped and used. As the size would decrease, the tools would have to be redesigned as
the relative resistance of some forces would change. The gravity would have less
meaning but the surface tension and the van der Waals forces would be more impor-
tant. Feynman considered only one obstacle for the management of the matter in
molecular and atomic level: the lack of experimental instruments that could have
been used for nano-level measurements. Actually, the term nanotechnology was first
introduced by Professor Norio Taniguchi from the University of Sciences in Tokyo,
in 1974, in his thesis entitled On the basic concept of Nano- Technology, where he
precisely described the formation of materials with dimensions of a nanometer.
During the 1980s, the term appeared again and was redefined by Eric Drexler, the
president of Foresight Institute in his book Engines of Creation: The Coming Era of
Nanotechnology published in 1986, making an effort to secularize the term nano-
technology. This way of popularizing was connected with his effort to describe tiny
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machines, of nanometer scale, that would have the ability of self-assembly and would
function in all levels of human activities. He also looked deeper into this matter in his
doctoral thesis, Nanosystems: Molecular Machinery Manufacturing and Computation
emphasizing to all technical issues [4].

Eric Drexler is well known as the scientist who brought the revolution of nano-
technology to today’s point. He increased world’s recognition related to science,
trained those who would research and develop nanotechnology in the future, and
lightened up this field. For these reasons, he was granted the first PhD in nanotech-
nology. In 1992, Drexler urged a legislature committee to take this matter under
consideration. He also wrote plenty of books related to nanotechnology. Nanosystems:
Molecular Machinery Manufacturing and Computation was the first one written in
1981. Another book that was published later on, in 1986, was the Engines of Creation:
The Coming Era of Nanotechnology. Another book Unbounding the Future: The
revolution of Nanotechnology was written in 1991.

The calculation methods play an important role in the field of nanotechnology
nowadays because nanotechnologists can use them to design and simulate a wide
range of molecular systems. In various conversations on nanotechnology, the cre-
ation of a computing algorithm with a wide range of abilities for the construction of
various molecular structures has been mentioned. The ability of self-similarity was
related with the idea that the computing programs could recreate more programs by
the principle of self-similarity. As a result, nanotechnology would affect the econ-
omy and the prices of products whose production was related to computers and
automated processes depended on computing programs. Smaller structural elements
of a product would have been manufactured in assembled series that would have
been assembled gradually in bigger series until the completion of the final product.
This logical way of thinking could create new business data and would affect pro-
duction, quality, speed, and obviously the cost of products, while a new regulatory
framework for protection would be a necessity. The chronological evolution of nan-
otechnology through historical milestones is present in Table 1.1.

1.3 Nanometrology

To calculate the mass of nanosystems, researchers from the Catalan Institute of
Nanotechnology in Barcelona, Spain [3], have created the smallest and most accu-
rate nanodevice of the world that is so sensitive that could also weight the mass of
protons (the mass of a proton is 1.7 yg; 1 yg=10 *g). The sample is placed in the
central of a carbon nanotube with the length of 150 nm. The nanodevice is called
nanomechanical mass sensor. Similar nanodevices have been used in the past, to
measure the mass of isolated cells, viruses, or even isolated molecules. This carbon
nanotube acts like a guitar string that oscillates in a very high frequency of 2 GHz
(two billion cycles per second). The objects to be weighted are placed on the carbon
nanotube, changing its eigenfrequency and forcing the nanotube to vibrate in a dif-
ferent frequency. The sensor can accurately calculate the mass of the sample by
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Table 1.1 Important dates in the evolution of nanotechnology and of nanotechnological products
and medicines

1905 Einstein publishes his study on the dimension of sugar molecule,
approximately 1 nm

1959 R. Feynman, in his lecture at the annual meeting of American Association of
Physical Sciences, claims that There is Plenty of Room at the Bottom

1974 Norio Taniguchi introduced the term nanotechnology

1981 E. Drexler designs molecular machines that mimic enzymes and ribosomes

1984 The first description of the term “dendrimer” by D.A. Tomalia and the
preparation method of PAMAM dendrimers

1991 The discovery of carbon nanotubes (CNTs)

1994 Drug delivery systems

1995 FDA approved Doxil® (liposomal doxorubicin)

1997 FDA approved AmBisome® (liposomal amphotericin B)

1998 DNA nanoparticles for controlled gene delivery

2000 The first FDA approval of medicinal product based on the technology of

Liquid Crystals (NanoCrystal® Technology) and the solid dose formulation of
the immunosuppressant sirolimus — Rapamune®

2005 FDA approves Abraxane®, the nanotechnological formulation of paclitaxel

2008 In market: PEG-Certolizumab pegol (trade name, Cimzia®) anti-TNF Fab for
rheumatoid arthritis and Crohn’s disease

2012 Biomimetic drug delivery systems: the first publications in literature

July 2015 Successful clinical trials of ThermoDox® (lyso-thermosensitive liposomal

doxorubicin)
October 2015 | FDA approves Onivyde® (irinotecan liposomal) for advanced pancreatic cancer

measuring the frequency change. To obtain accurate results, the sensor must func-
tion under controlled conditions: the nanotube must be totally clean at =289 °C,
while the sample must be placed in vacuum, free from mechanical and electrical
changes. The researchers from the Catalan Institute of Nanotechnology used this
tiny nanodevice that they had built, not only to weight very small charges but to
study the interaction of these charges with the carbon nanotube as well. For exam-
ple, they measured the rate of the naphthalene absorption on the surface of the
nanotube. In the future, researchers believe that sensors of the same level would
improve the scientific fields of mass spectrometry, magnetometry, nanometrology,
and surface sciences. Also, the sensor could have been even more sensitive, if a very
small sample reception could be manufactured, so the sample would be placed in a
particular spot on the nanotube, restricting frequency fluctuations.

1.4 Nanotechnology in Physical Sciences and Engineering

In the future, the effects of nanotechnology will expand into plenty of aspects in
everyday life, and its importance is based in the following fields [announcement
of the committee of European Commission “Towards a European Strategy for
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Nanotechnology” (Brussels, 12.5.2004, COM (2004) 338 final, http://cordis.europa.
eu/nanotechnology), in the field of medicinal applications of therapeutics and diag-
nostics of diseases. Bio-inspired systems transferring bioactive molecules with sen-
sors aiming the diseased tissue are the evolution on the field of therapeutics (see
Chap. 5). The application of inorganic nanoparticles with the method of thermal
healing is also a field in cancer therapy. The technological achievements could
improve implants with nanomaterial coating. Biomimetic materials with self-
assembly abilities and self-similarity properties can lead to the development of arti-
ficial organs. The contribution of nanotechnology in life sciences and health will be
thoroughly mentioned in the following chapters of this book [8]. In the field of
information, its ability of storing information (e.g., 1 terabit/inch?) and the prospect
of biomolecular nanoelectronics and quantum technology of electronic computers
can lead to challenges and launch new projects in information transport. Energy
storing and saving are important application fields of nanotechnology. The storage
of hydrogen as a combustible fuel can be accomplished by solid nanostructures of
small molecular weight and high dynamic energy storage. In the science of materi-
als, there are a lot of nanotechnological applications. The surface nanomaterial
modification cannot be scratched and consequently become waterproof, cleaner, and
sterile are just a few of the applications in the science of materials. The production
of nanosensors and molecular electronic devices are new application field of the
new materials’ abilities in nanometer scale. In the field of economics, nanotechnol-
ogy will aid in the production of new materials and biomaterials for medicinal pur-
poses with lower cost due to the replacement of the conventional technologies with
the new ones. For example, a television of a cathode tube consumes much more
energy than a liquid crystal or plasma television. Similarly, the devices that will
incorporate nanotechnology will be functioning with less cost and energy consump-
tion. Solar energy, from a non-exploitable/experimental source of energy, will
become sustainable and profitable and will be used even in aircrafts and ships. In the
field of development and discovery of new technologies, carbon nanotubes are the
first-class material for the creation of a compact construction. Gradually, the major-
ity of the building materials will be based on carbon nanotubes, and this will create
an opportunity for the construction of very high buildings, bridges, etc. Nowadays,
National Aeronautics and Space Administration (NASA) experiments on a new way
of uplifting various satellites and space rockets to space. This will be accomplished
through special ropes and will become a new type of elevator. In the field of cloth-
ing, everyday clothes will not wrinkle or get worn out. The spectacular invasion of
nanotechnology in clothing took place in 2002, when Levi Strauss & Co. used the
stain repellent Teflon, of the chemical industry DuPont. When the stain contacts the
cloth, millions of nanofibers repel it. The nanofibers are incorporated onto the fabric
when it is immersed into the special chemical solution. This success led to the use
of this technology, and nowadays there have been clothes made from nanofibers that
function as sweat pumps, absorbing body moisture and leading it to the surface of
the fiber until it is dries out. In the field of everyday hygiene, simple sprays will
pervade the air with oxygen or with flower scent, eliminating bacteria. This can hap-
pen automatically through air conditioning systems for a world free from unpleasant
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scents. Similarly, toilettes will not be places of contamination and infections.
Toothbrushes with nanoparticles will take care of dental hygiene. Night creams will
restore cells to their original condition.

1.5 Nanotechnology in Life and Health Sciences

The nanotechnological applications and the research activities that exhibit great
interest are on the medicine development field, therapeutics, diagnostics, and imag-
ing. Serious metabolic diseases, like diabetes, and others, like cancer, could be
taken under control with the use of nanotechnology [6]. Nanotechnology will offer
tools for genetic tests, and the administration of innovative medicines will contrib-
ute to the improvement of diagnostics and therapy. The nanostructures and nano-
systems that are able to incorporate bioactive molecules will be an innovative
approach for biomolecules’ delivery and targeting (see Chap. 5). Also, the alliance
between nanotechnology and the systematic approach of biosciences and pharma-
cology, through the -omics (genomics, proteomics, metabolomics), can lead to the
development of nanostructures and, therefore, nanodevices that will function
according to each patient genetic print. This way, we are led to the development of
new medicines and personalized therapeutic and diagnostic approach to diseases.
Also, in a macroscopic level, we can highlight that the above approaches can lead
to the development of pharmaceutical products that will contribute to better public
health (see Chap. 3).

In 1990, IBM placed thoroughly and carefully 35 xenon (Xe) atoms for the three-
lettered syllable of the business that was the smallest company logo in the world. At
that point, scientists at Cornell University produced a visible “nanoguitar” that
could not be seen with bare eyes. The strings, consisted of a few atoms, could be
played with laser beams to produce 17 octaves more from the typical guitar, some-
thing that was above the human hearing ability. After the creation of the nanoguitar,
in 1999, completed chips of 1 molecule width were developed. These were the
smallest ever made, produced from the scientists of Hewlett-Packard Company in
California. The development of that completed chips was announced in Science
magazine, in July 16, 1999. In slightly bigger dimensions, there are enough fields
for development in the near future in nanoengineering artificial organs. We already
know that we can connect appliances with parts of our nervous system that process
optic or hearing information. Where we fail is usually at the scale part — we cannot
construct devices that can see or hear and be so small, like the ones that nature cre-
ates. Nanotechnology can turn these data around. But the technological method that
will present the first results is most likely going to be painfully slow and, therefore,
expensive. However, the possibility of replacing senses like vision, hearing, and
touch definitely exists. The implantation of these appliances to our nervous system
though still retains a challenge as we need to avoid classical problems of implanta-
tion rejection. Even if we could create a more capable eye, for example, how could
we connect it to an adjustable brain that could receive (and process) the information
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of a normal eye? As an example that correlates the application fields that we are
concerned for, materials with improved durability and synthetic surface properties
offer the possibility for implant use in every way, from artificially hearts to hips.

Nanotechnology enters dynamically into the battle against cancer. The American
Cancer Institute announced a program for the development of the usage of tiny
“tools” targeting cancer. According to specialists, the development and use of
devices of molecular size offer us new ways for tracking, diagnosing, and treating
cancer in the early stages and without any side effects. Nanotechnology is already
being used in medicine, mostly with “devices” in molecular size like antibodies. The
engagement of nanotechnology in the biological material level (proteins, antibodies,
biological macromolecules) regarding the science of biotechnology can be attrib-
uted with the term nanobiotechnology. Molecular biology through nanotechnology
can create a whole new field of research in the health sector with the use of basic
physical sciences that are enclosed into the term nanobiotechnology. Also, we can
mention that in the field of research of new medicines, the nanobiopharmaceutics
mark the opening of new horizons in the discovery of new therapeutic approaches
and new diagnostic tools. Nowadays, the prefix nano- is extremely important and
the majority of scientists turn their research activity into the field of nanotechnology.
The nanomaterials can be devices or systems, supramolecular structures, and com-
plex or composite materials.

The pioneer of nanotechnology, Albert Franks, defines nanotechnology as the
scientific and technological field that deals with size and tolerance of 0.1-100 nm.
In nanoscale level, the materials’ physical, chemical, and biological properties have
fundamental differences and present unexpected properties in relation to the initial
material, because the quantum mechanics interactions in the atomic level are
affected by the size of the material in nanoscale. The nanodevices have the same
size as the biological entities. Nanodevices with size less than 100 nm are smaller
than that the human cell and its organelles and can be compared size wise with bio-
molecules like enzymes and receptors. For example, hemoglobin has a diameter of
about 5 nm, while the cell lipid membrane has width of about 6 nm. Nanodevices of
less 50 nm can easily enter most cells, while those less than 20 nm can easily enter
blood vessels, making nanodevices capable of penetrating biological barriers.

Nanosciences and nanotechnology compromise new approaches to the research
field. These fields have the ability of understanding new phenomena and show new
properties of these materials. The real challenge is that the nanostructures that are
created do not conform to the classic laws of physics due to their size, but are too big
to follow the principles of quantum mechanics. These systems belong to a scale that
is called mesoscale, as we mentioned at the beginning of the chapter. As a result,
there is the appearance of a new scientific field, despite of the scientific approaches
of the past centuries in the dimensions of macro- and micro-world. This way the
science of mesoscale and mesoworld is the new challenge, where the nanodimen-
sion is the ruling size for the creation of structures and systems with new properties.
The interfacial phenomena in this dimension are the ones ruling due to the large
overall surface of the nanosystem and due to the fact that most of the atoms of these
materials are on their surface.
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These approaches can result to the development of new pharmaceutical and diag-
nostic products. The research for development of new medicines has two directions.
The first one deals with the identification of new bioactive molecules and the second
deals with their safety and effectiveness. It is obvious that the technological plat-
forms that will be used, as well as the development process for producing new medi-
cines, should meet the requirement criteria of the regulatory agencies.

To a large extent, research has turned toward the improvement of the already
known bioactive molecule through the use of new pharmacotechnological formu-
lations, without abandoning the approaches mentioned earlier. The developments
of the last decade in the science of materials and biology (especially molecular
biology) had led toward the use of new pharmacotechnological formulations that
directly affect the health sector and the involved institute bodies (organizations for
medicinal and health product approval), pharmaceutical industry, research, and
scientists.

Nanotechnology correlates directly with health sector, sciences like pharmaceu-
tics, chemistry, mathematics, physics, biology, and pharmacology, and is applied to
patients through clinical practice. Nanotechnology in the field of health is based to
three overlapping technologies of molecular sciences. Nanobiomaterials can con-
tribute to the development of diagnostic biosensors, in therapeutics, and in produc-
ing smart nanodevices that are able to behave as nanorobotic systems. Molecular
biology and pharmacology through the developments in genomics, proteomics, and
metabolomics can be correlated with pharmaceutical nanotechnology and lead to
personalized medicine or the population approach of therapy.

Nanotechnology promises to treat incurable diseases and make medicine easier.
Nanorobots, too small to be seen by the human eye, will enter the human organism
and give advanced diagnosis for the condition of the organism. Then other nanoro-
bots will manage the treatment. A small blood donation from the fingertip will be
sufficient for full blood tests. The treatment will be targeted only to the diseased
cells and will not cause any side effects. The creation of nanostructures in molecular
level aiming the self-assembly that would function in molecular level but also in
tissue regeneration is a prerequisite for nanotechnology in the health sciences.
Nanotechnology and its application in pharmaceutics is expected to offer important
advantages to biomedical applications like drug administration, diagnostics and
imaging, gene therapy, and cancer therapy.

Here are the main directions that pharmaceutical nanotechnology offers to vari-
ous sections:

* Nanotechnology in imaging and diagnostics has dealt with the development of
new diagnostic nanodevices that require small amount of sample and give accu-
rate results in short term.

* Multifunctional medical devices with a decrease size that are able to enter into
the human organism to ensure painless use and achieve biocompatibility with the
human organism.

* Controlled release nanodevices that are able to deliver bioactive molecules to
the target tissues. The main concern of nanomedicinal products regarding the
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controlled release process of the bioactive molecules is to improve their bio-
availability and effectiveness and their pharmacokinetic and pharmacodynamic
profile and to reduce possible toxicity and immunogenicity.

At this point, the extensive use of nanotechnology in the science of cosmetology
should be mentioned. The industry of cosmetics is one of the most powerful in the
field of nanotechnology. L’Oreal has dozens of patents for cosmetic products that
use nanotechnology. Because of these patents, this company is rated among the first
ten companies that have patents in the field of nanotechnology, outraging some of
the biggest companies like General Electric and Motorola. Products like emulsions,
creams, sunscreen products, makeup products, etc. follow the development and the
tests according to the behavior and the physicochemical properties of nanoparticles.
Not only L’Oreal but other big companies like Estee Lauder, Christian Dior, and
Shiseido invest in the field of cosmetics using nanotechnology. From all of the
above, it is clear that the benefits from the development of nanotechnology in the
field of pharmaceutics are very important, emphasizing in the development of nano-
technological systems for the control release of bioactive molecules (Chap. 5), hav-
ing all the advantages that were previously mentioned.

1.6 Nanotechnology in Electronics

The value of small dimensions is very important. In the end of the 1940s, the first
computers were invented but they were extremely complicated, intractable, and
huge. They were too slow and they consumed great amounts of energy. In 1947,
J. Bardeen and W. Brattai who worked in Bell Telephone Laboratories invented the
transistor, and later on, W. Shockley managed to improve it. Transistors could be
used either as switches or as amplifiers in a circuit. In 1956 he received the Nobel
Prize for this breakthrough innovation that led the way toward the shrinkage of mate-
rials. In 1965 Gordon Moore, cofounder of Intel Corporation (a company that made
Pentium microprocessors), suggested two predictions for the computer processing
strength. The first suggestion, known as the “Moore’s law,” predicted that the num-
ber of transistors incorporated into a processor would double up every 12 months. As
it turned out, this prediction was not true. Moore had to reconsider many times the
time period, and in 1990, he ended up suggesting that the number of transistors
incorporated in a complete chip — and not in a processor — would double up every
18 months. “Moore’s law” even though it was inaccurate plays a very important role,
as it describes the tendency of the past decades in the field of computers. The first
Intel processor (1971) had just 2,250 transistors, while a modern computer has doz-
ens of millions and those in a few years’ time will have a billion transistors.
Moore’s law in general was about the upward trend, not only in transistors but
in random access memory (RAM), in hard drives, etc., where the abilities kept on
growing. The second law was talking about shrinkage of completed circuits, pre-
dicting that they will get smaller and smaller as time passed by. This prediction was
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confirmed from the developments that counter the first one. The size of the com-
plete circuits and transistors gets four times smaller every 3 years. If this rate is
continuous, which is very likely, in a few years’ time, the circuits will be some mil-
limeters wide.

The shrinkage and the upgrowth of transistors could not be continued forever
because of physics, functionality, production, finances, etc. that put a limit to
Moore’s law. A very good example is silicon, the natural material that transistors are
made of. Silicon has natural limits (strength, shrinkage, good functionality, etc.) that
cannot be broken. All the other electronic technologies that computers are using are
at the same state. Everything comes down to the fact that electronic technology has
an expiration date. This means that the developments in the field of electronics will
not be continued, unless something else is found.

At this point, nanotechnology is a possible solution to overcome these problems,
and Moore’s laws will be valid in the form of perpetual development. From all the
up-to-date scientific researches and lab work, the most important nanotechnological
changes in informatics will be the following:

* Carbon nanostructures (graphene) will replace the silica in transistors, while
each transistor will have one and only electron.

* The magnetoresistive random access memory (MRAM) will be developed and
will be able to store and preserve all the data magnetically.

* The new technology of spintronics will be developed and eventually will replace
the electronics.

1.7 Nanotechnology in the Environment and Technology

The contribution of nanotechnology in water resources and environment can be of
value with the development of scanning tools or elimination of harmful microor-
ganisms and pesticide decomposers. The development of photocatalytic techniques
based on nanotechnology could help eliminate environmental contamination and
pollution. It has to be mentioned that the study of the property of the matter in
nanoscale is affected from the evolutions of scientific instrumentation. An example
is the invention of scanning tunneling microscope (STM) that contributed to the
development of nanotechnology. Nanotechnology is based purely in nature, but the
abilities of living nature are limited: it cannot handle high-temperature conditions
that are required for ceramics or metal pipes. On the other hand, modern technol-
ogy has in possession a wide range of artificial conditions — excellent material
purity, extreme cold, vacuum conditions — where matter reveals amazing proper-
ties. Quantum phenomena are such properties that in most cases are in contrast to
what we know in our everyday life. This way the particles of the nanoworld have
wave properties at the same time. For example, it is possible for an atom to go
through between two empty spaces at the same time, just like a wave, and then
emerge at the other side.
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The particles have complete new abilities, as their size reaches the nanometer:
the metals become semiconductors. Complete undetected substances like cadmium
telluride (CdTe) fluorescent with all the rainbow colors, while other elements con-
vert light to electric power. The percentage of atoms in elements’ outer surface
increases when the elements are in nanosize. The atoms in the outer surface have
different abilities than the ones in the center of the element and are more prone to
counteractions. For example, gold, in nanometric scale, is a very good catalyst for
fuel cells. Also, nanoparticles can be coated with other substances.

According to the European Committee, there are often reports on the revolution-
ary potential of nanotechnology, i.e., to the possibility of the impacts in industrial
production methods. Smaller, lighter, faster, and more efficient materials, construc-
tive elements, and systems that nanotechnology has to offer can give solutions to
many current problems. This way, new opportunities for wealth and employment are
appearing.

Moreover, nanotechnology is expected to significantly contribute to the confron-
tation of global and environmental challenges, as product implementation and read-
justed processes in particular uses, resources, and waste saving, as well as pollutant
emission reduction, will be possible. At the time being, there is a huge global prog-
ress of nanotechnology due to competitiveness. By the end of the 1990s, Europe had
invested on time on many nanoscience programs and developed a solid base of
knowledge. Now, it is time for the European industry and society to take advantage
of this knowledge and develop new products and processes. Nanotechnology was
the basic topic of European committee toward a strategy to nanotechnology
announcement. In this announcement, it was suggested not only to reinforce nano-
science and nanotechnology research but also to take into consideration other inter-
depended dynamics.

* National research programs and investments to ensure that Europe has teams and
infrastructures that will be able to compete in international level should be estab-
lished. The public and private sectors in Europe should collaborate in order to
achieve a sufficient scientific mass.

» Competitiveness factors, like metrology, the settings, and the copyright that will
lead to industrial innovation and competitive advantages for large, average, and
small businesses, should not be omitted.

* Continuing Professional Development (CPD) [1] are considered as very impor-
tant factors. Europe could be able to provide room for scientific business and a
positive attitude of the production engineers toward these changes. A purely
interdisciplinary research in nanotechnology, demands new approaches to edu-
cation and training for research.

* Public information and communication and the risk assessment in health and in
environment are key points to ensure that the development of nanotechnology
meets public expectations. The majority of scientists (pharmacists, chemists,
physicists, material scientists, etc.) orient their research and applications toward
nanotechnology.
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1.8 Summary

Nanotechnology deals with materials that produce systems with dimension equal to
one billionth of a meter.

The first report of nanotechnology was from Richard Feynman but Professor
Nario Taniguchi was the first to introduce the term nanotechnology.

The fields of applications of nanotechnology are physical sciences and engineer-
ing, life and health sciences, as well as electronics.
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Chapter 2
Fundamentals of Physical Pharmacy:
The Biophysics of Nanosystems

Abstract The principles of physical sciences and the application of physical laws
in the field of medicines and in pharmaceutical sciences are considered as effective
tools in order to develop nanotechnological products. Biomolecules and biomateri-
als that are the building blocks of nanosystems and their similarity with the struc-
tural elements of the human cell are important factors for the understanding of the
physicochemical behavior of nanosystems. Biophysics and thermodynamics of cell
membranes reflect to the behavior of nanoparticulate systems that are able to deliver
bioactive molecules to the target tissues. The liquid crystalline state of nanosystems
leads their behavior, while their thermotropic properties can provide information
regarding their physicochemical profile and consequently their therapeutic effec-
tiveness. Their stability is considered as a crucial issue, and DLVO theory efficiently
explains their behavior and provides evidence that corresponds to their behavior in
in vitro media and in vivo experiments. Thermal analysis is also a useful technique
that is used to measure thermodynamic parameter that project to their thermotropic
behavior. Freeze-drying process is an extensive studied technique that applied in
dispersed systems to secure their lifelong physicochemical stability.

Keywords Physical pharmacy ¢ Biophysics ¢ Thermal analysis * Microscopy ®
DLVO theory ° Stability

2.1 Fundamentals of Biophysics in Liquid Crystalline State
of Nanosystems

2.1.1 Introduction

The application of physical laws related to the design and development of effective
nanotechnological products in the field of medicines demands knowledge of the
basic principles of physical sciences. The physical parameters that relate to the
behavior of nanodevices but also to their thermodynamic evolution during time are
a necessary tool and a prerequisite for their evaluation. The science of biophysics is
also an important approach for understanding the physicochemical behavior of
nanosystems that are used in therapeutics, diagnostics, and imaging of the diseased
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tissues. The structural unit of human cell through the logic of biomolecules and
biomaterials completes the chemical imprint of nanosystems. The evaluation of
physicochemical characteristics of biomaterials that are chosen to be biocompatible
and biodegradable for nanosystem design is evolving continuously through new
scientific and technological approaches.

Science and technology produce new tools, like electronic microscopy for the
study of the nanoparticulate shape, light scattering techniques for the study of their
physical characteristics, and spectroscopic techniques for the study of interaction
between the biomaterials that are composed of and for other parameters. The study of
the thermodynamic parameters of nanosystems for the understanding of their thermo-
tropic behavior in a biological environment is also important. The thermal analysis
techniques that are going to be mentioned in this chapter are necessary tools for the
study and evaluation of phase transitions, of the liquid crystalline state. The data col-
lected are important because, in a biological environment, the viability and the non-
linearity of nanosystems demand multifunctional approaches. The liquid crystalline
state that we are also going to mention is an autonomous state of matter and is con-
sidered to be extremely important as a biological, thermodynamic, and physicochem-
ical entity. The study of the transition of the liquid crystalline state of nanosystems
simulates the one in biological systems and contributes in their design and develop-
ment, aiming toward the bioactive molecule transport to the targeted tissues [1].

Physical pharmacy [1] is the application of physical sciences principles and laws
in the study and evaluation of medicinal products. Chemistry is the identity and the
molecular imprint of the bioactive molecules, and without it the understanding of
their biochemical behavior is impossible. The physical and therefore the biophysical
approach of biomolecules and biomaterial behavior contributes to the definition of
the term medicine. We can suggest the following definition on what a medicine is:
Medicine is the commodity that is composed of the bioactive molecule, known as drug
(i.e., pharmacologically active), and of the biomaterials, known as excipients (with-
out pharmacological action and toxicity) that affect the therapeutic efficacy. The
excipients are rationally chosen and interact with the bioactive molecule in an extent
that is defined by their physical, chemical, and biological properties, aiming to maxi-
mize the bioactive molecule effectiveness that will be used to improve or to restore the
physiological functions of the human organism. We have to take into account that the
medicine in its parts (bioactive molecule and excipients) and as a final marketed
product could be considered as a biomaterial, and apart of its chemistry, it should be
studied and evaluated under the principles of physics, biophysics, thermodynamics,
and mathematics, in order to maximize its efficacy and to reduce its adverse drug
reactions. The research in the field of excipients is attractive and could promote sci-
entific directions to be discussed in order to establish new regulatory guidelines in the
approval process of nanomedicines (see Sect. 7.2). We suggest the introduction of a
new term, the innovative excipients. The innovative excipients refer to the self-assem-
bled nanostructures (liposomes etc.) with new surface properties and are able to
transport and deliver bioactive molecules (i.e., drugs) to the target tissue. This term
could be used as the driving force in order to construct new regulatory guidelines and
to facilitate the approval process of innovative medicines (see Part III).
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2.1.2 Biophysics

Biophysics, as a science, delimits in the field of nanotechnology and especially in
the fields of health and medicines. Generally, biophysics is the field of physical sci-
ences that deals with the study of physical phenomena that correlate with the struc-
ture, organization, and function of biological systems; the use of physical principles
and methods into the research of phenomena of life; and the study of biological
results from the influence of physical factors in the living matter.

It is a promising field of physics and offers complementary issues to chemistry,
applied mathematics, engineering, and nanotechnology. The first period of biophys-
ics development is signaled from Luigi Galvani (1737-1798) studies. In 1786 he
experimentally studied the effect of static electricity in the muscles of a frog.
Thomas Young delivered the theory of color vision and showed the hydrodynamic
function of the heart. Julius Robert Mayer (1814—1878) pointed out the recycle of
all kinds of energy in living systems: heat, solar, chemical energy, and mechanical
work. Hermann von Helmholtz (1821-1894) studied the propagation speed of nerve
pulses and the muscle contraction, developed the three-colored vision theory,
invented the ophthalmoscope for the observation of the retina, and delivered the
theory of consonance. After 1930, due to the progress of physics and new tech-
niques (spectroscopy, X-ray diffraction, etc.), biophysics offered the world impor-
tant inventions and achievements that are rewarded with Nobel Prizes in medicine,
physiology, and/or chemistry. It’s been 50 years of hard research, from the decoding
of the DNA chain from J. Watson and F. Crick (Nobel Prize, 1962) to the sequence
of human gene mapping in the beginning of the twenty-first century that changed
science drastically but also the direct recipients of these achievements, the people
and the society. Biophysics is subdivided to specific sectors such as molecular bio-
physics, cellular biophysics, and biophysics of complex systems.

Sciences that are also distinguished are the membrane biophysics, the neurobio-
physics, the X-ray biophysics, the medical biophysics, the environmental biophys-
ics, and the computational biophysics. The biophysics contributes to the study of
living systems and systems made of biological components such as lipids, proteins,
carbohydrates, etc. The basic objectives of biophysics are the biomolecules, the
cells, and the tissues. The higher levels of life organization are the study subjects of
medicinal physics and health physics. As in most interdisciplinary fields, the bound-
aries of biophysics are wide and vague, between other biosciences (biochemistry,
molecular biology, cellular biology, biotechnology, and neurophysiology). Also, bio-
physics shares its boundaries with physics, chemistry, genetics, applied mathematics
(control theory, information theory), micro-engineering, and nanotechnology [14].

The living matter is composed of small and big molecules. Electrons, atoms, and
molecules that compose the matter are characterized by stable physical properties that
are independent from their origin or their historical evolution. Every molecule that is
a structural or a functional substance of organisms is called biomolecule. Complex
biomolecules manifest extreme properties like metabolism, self-reproduction, self-
adjustment, self-repair, development, evolution, movement, reaction, and adjustment.
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Biomolecules are produced by the living organisms through their metabolism and can
be classified in a scale of increasing complexity depending on their molecular weight.

Organisms receive precursor compounds through food and environment. The
quality of these compounds is a very important element that defines the characteris-
tics of more complex compounds that are the structural elements of cells and there-
fore tissues. The structural elements are linked to each other with covalent links
producing macromolecules with a molecular weight of 10°~10° Da. Their stability
and their physicochemical characteristics participate in the development of stable
structures of the organism (tissues, organs) and in their function. The function of the
organism’s structural units, like cells, tissues, organs, ensures the possibility of
adjustment to the microenvironmental changes that result from external changes or
pathogenic factors (viruses, bacteria, etc.).

The biomolecules are characterized from stability and diversity that is a result
from the evolution process of organisms that target their survival, counteracting the
second thermodynamic principle. This process led to quality characteristics through
the confrontation with the microenvironment and the environment in general.

In the next chapters, we will see that the logic in biophysics, biomolecules, bio-
molecular structural units, and biostructures (e.g., cells) is directly involved with the
development and study of nanostructures and nanosystems that are used in thera-
peutics and/or diagnostics. It is obvious that the above characteristics of biomole-
cules differentiate them from the molecules that are not elements of organisms and
do not participate in structural elements, but mostly in functional properties.

In order to participate to the creation of organism’s stable structures, as we men-
tioned above, the biomolecules need to be physicochemically stable. The elements
that have been chosen for the biomolecular composition through metabolism are
carbon, hydrogen, oxygen, and nitrogen. These chemical elements are biologically
compatible, and their atoms have a common property, a great easiness in forming
covalent links with equal electron contribution. It is known that the covalent link
stability is conversely proportional to the atomic weight of the elements involved.

These elements have been chosen, so that they can create biomolecules through
covalent links. The biomolecules are chemically stable and can create stable bio-
logical structures with great diversity. This diversity is directly related with the
functions of biostructures and is fully connected with the phenomenon of life. At
this point, we must mention that the carbon atoms can form covalent links directly
with oxygen, hydrogen, nitrogen, and sulfur. This way there is a possibility of form-
ing a great number of individual structures that can participate in complex biostruc-
tures through the metabolism of living organisms. Apart from the air, the liquid, and
the solid state of matter that we meet in nature and are the most important states of
medicines, there is the liquid crystalline state (see Chap. 2). The liquid crystalline
state of biostructures — which consist of biomolecules like phospholipids, cholesterol,
lipids, etc. and/or other nontoxic but biocompatible and biodegradable biomateri-
als — can be the one characterizing the modern systems of bioactive molecule
transport according to the science of nanotechnology (see Chap. 5). The liquid
crystalline state of nanosystems has the ability of structural biomaterial and auton-
omous biostructure diversity. Therefore, they are functional, stable, adjustable to
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microenvironmental changes, and effective, for example, they transfer the bioactive
molecules to the damaged tissues.

Biomaterials are an important scientific area of nanoscale technological plat-
forms that are applied in a wide range of nanotechnological products following
quality standards and the GMP (good manufacturing practice) requirements. They
are related to physical sciences, biology, engineering, physiology, and clinical sci-
ences. Last decades’ development of biomaterials was the result of evolution of
physical sciences and technology, but mostly a result of understanding the interac-
tion of materials with living organisms in cell and tissue level.

There are two predominant perspectives for the use of biomaterials. The first one
suggests the passive application and inactivity of biomaterials when reacting with
living matter. Every synthetic or natural material could be used on each own or as
part of a system, targeting the good function of organized living systems or the
replacement of functional sections of an organism. On the contrary, the second opin-
ion that was submitted later on accepts the biomaterial action when reacting with
living matter. This way, every material that is designed and used reacts and takes part
in the biological and physiological function of the living systems.

The applications of biomaterials are many, and when concerning health sciences,
they implicate specialized and targeted activity in tissue targets, controlled release
of the bioactive molecules, tissue engineering, reproductive medicine, nanotechnol-
ogy, and the field of biomimetic materials. The biomaterial classification in genera-
tions is shown in Table 2.1.

Some of today’s applications of biomaterials are in specialized activity in tissue
targets, in controlled release of bioactive molecules (e.g., nanosystems for bioactive
molecule transport), and in tissue engineering, regeneration medicine, nanotech-
nology, and nanobiotechnology and, of course, as biomimetic materials. Table 2.2
presents the applications of biomaterials in medicine and pharmaceutics.

Table 2'1. C@assiﬁcation.of First generation Inactive materials

biomaterials into generations : : : :
Second generation Bioactive materials
Third generation Biodegradable materials
Fourth generation Biofunctional materials
Fifth generation Biocompatible materials

Table 2.2 Applications of biomaterials in medicines and pharmaceutics

Development of novel biocompatible biomaterials at the cellular and molecular level

Development of biomaterials that mimic the excellence of nature (biomimetic materials) (e.g.,
cobweb materials/proteins)

Development of nanobiomaterials for gene transfer in order to achieve gene therapy

Development of hybrid nanobiomaterials. Combination of composite material with cells for
tissue regeneration

Development of smart nanodevices for controlled drug delivery

Development of communication systems in tissues with biomaterials that will participate in
this function
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At this point, we must mention that the reaction of biomaterials with biological
tissues premises the absence of the following: carcinogenicity, immune response/
immunogenicity, teratogenicity, and toxicity.

2.1.2.1 Biophysics and the Structure of the Eukaryotic Cell

The cells of the human organism (but also the cells of the rest of the living organisms,
regardless of the complexity grade they have organization) are structured from bio-
molecules like proteins, lipids, genetic material, polysaccharides, etc. that have the
same stability and diversity properties that have been mentioned before. These bio-
molecules are at the same time biomaterials because apart from the functional role
they have for the cell, they are also structural components of the cells. The most
important part of the cell structure is the cell membrane as it is directly connected
with its structural units. The biophysical approach of biomaterial organization,
functionality, and cooperativity — a term that is used to describe the thermodynamic
relationship and behavior of the systems biomaterials (systems approach, see
Chap. 3) — is important and suggests that the physical parameters in the biological
substrate can affect its survival [7].

The role of the cell membrane is important and is related with the smooth func-
tion of the cell. It controls what substances enter and exit the cell, and at the same
time, it sets boundaries to the cell keeping its shape. The membrane is composed of
a double layer of amphiphilic lipids, mostly phospholipids and glycolipids. The
outer side of each surface is mostly composed of ionic and polar groups that interact
with water molecules (polar solvents). The inner side is composed of the lipid
hydrocarbon chains. The lipid chains are placed parallel and under normal condi-
tions there is enough flexibility allowing rotation around the alkyl chains. The non-
polar sides of the chain come together in the middle of the lipid layer forming a
hydrophobic barrier that is not permeable from polar molecules but permeable to
small hydrophobic moles. The intact proteins and lipid molecules that are limited in
the lipid layer can be diffused on the side. When simulating the membrane as a 2D
polymorphic liquid, it can be described as a dynamic system where proteins and
lipids can be transported and interact with each other. The term describing the cell
membrane state of matter is the liquid crystalline state (see Chap. 2), through which
the phase transitions and the thermodynamics of them are evaluated. The effect of
the phase transition through the system free energy change (AG) is responsible for
its functionality and stability [10].

The phospholipid layers that compromise the cell membrane are in liquid crys-
talline phase and the fluidity of the system defines its functionality. The phosphate
groups can be related to the metabolic energy demands since these lipids are a
self-assembled system, having their own movement (the double-layer dance) across
the membrane surface. This would be the ideal way for the bonds to differentiate,
while the lipids would have a definitive position and mainly concerning the distribu-
tion of the building blocks in the liquid crystalline. Generally, concerning the mat-
ter, biocolloids (that are the materials that the living organisms are structured from,
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like nucleic acids, proteins, lipids, and, therefore, all the biological macromole-
cules) are structured from self-assembled liquid crystals. It is really remarkable that
the deepest pursuit of life is the achievement of the appropriate liquid crystal con-
formation for the smooth operation of cell and organism [8].

The liquid crystalline state that we will extensively refer at the following chapters
of this book is addressed to a length of 10 nm, and this suggests that the lipid layer is
analyzed into structural units of that size and determines the viscosity of the mem-
brane. These areas may correspond to smaller ones that hold in approximately 100
lipid chains. Also, the contradictory perception of the lipid masses was inspired from
the weakness in mixing the ordered and non-ordered phase in the liquid membrane
model. The organization of linked areas in a special phase would be a phenomenon
proportionate to phase separation during filtration. There are many mechanisms
involved in the floating of compact lipid masses. Their size could be between 1 and
1,000 nm (in other words, it is an intermembrane channel that eases the entry and exit
of substances of different molecular weights). Also, the time proportion of the exis-
tence of the lipid compact masses is unknown. The segregated phase has been pre-
dicted from the hydrodynamic model but has not been observed.

The ordered and non-ordered phases could be characterized as “islands” or
“rafts,” according to the physicochemical and thermodynamic status of the environ-
ment they are in. The islands or rafts are usually due to the changes of cholesterol
concentration that affect the fluidity of the cell membrane. These “islands” or “rafts”
take part in the physical variability of systems’ parameters that causes biophysical
abnormalities that could be defined as “biophysical disease factors” (see Chap. 4) —
in the level of living organisms — and are the cause of the disease development from
a physical and thermodynamic point of view [3].

It is important to mention that the islands and rafts having the biophysical behav-
ior that we previously described can be used as prototypes for the design and evalu-
ation of the stability of innovative delivery systems of bioactive molecules. These
are all described in detail in Chap. 5.

The cell membrane is primarily composed of proteins, hydrocarbons, and lipids,
with the latter being classed as phospholipids, which can create a stable structure
thermodynamically important for the formation and the function of the cell mem-
brane, the lipid double layer, so that the hydrophobic part of the phospholipid does
not interact with the water environment. The reason why we refer especially to bio-
logical membranes is their similarity to the nanolipidic systems (e.g., lipidic nano-
carriers, liposomes) [2]. For this reason, the nanolipidic systems are considered as
bio-inspired systems (see Chap. 5) because their physicochemical functions can be
related to those of the colloidal-biological membrane systems. In the early of 1960s,
when Bangham identified lipidic structures as artificial cell membranes, biophysics
and biologists gained an innovative platform for studying the properties of biological
membranes [2, 21]. The biological membranes present abilities similar to those of
the colloidal systems with lipids as basic building units, like phospholipids, choles-
terol, etc. (Fig. 2.1). The phospholipid hydrocarbon chains have a length of 12-24
carbons, and because of their synthesis mechanism, they always have an even num-
ber of carbons. The chains are usually parallel to each other. The conformation of the
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Fig. 2.1 Structure of cellular membrane’s lipids

Table 2.3 Frequently occurring fatty acids in the phospholipids

Saturation of fatty
Molecular structure/formula chain Nomenclature
CHj;(CH,),,COOH 16:0 Palmitic acid
CH;(CH,),COOH 18:0 Stearic acid

16:1 Palmitoleic acid
CH, (CHZ)S CH= CH(CH2)7 COOH

18:1 Oleic acid
CH, (CHZ) CH= CH(CHZ)7 COOH

18:2 Linoleic acid
CH, (CHZ)4 CH= CHCHz) (CH2 )6 COOH

18:3 Linolenic acid
CH,CH, (CH = CHCHZ)z (CH2 )(, COOH

20:4 Arachidonic acid
CH, (CHZ)A (CH =CHCH, )4 (CH2)7 COOH

Polar groups of
phospholipids

Cholesterol — "=~

Water molecules [ ——jm—_

Fig. 2.2 Phospholipid cell membrane with incorporated cholesterol

carbon-carbon (C-C) bond along the chain makes the trans or gauche stereochemis-
try. The trans stereochemistry allows the chains to be close to each other, while the
gauche stereochemistry widens the distance between the twisted chain and the neigh-
bor ones. The distance of the hydrocarbon chains defines the membranes’ physical
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abilities like lipid transfer, permeability from polar groups, and phase transition from
fluid to colloidal. In colloidal phase, the lipid chains are mainly in trans conformation.
The membrane liquid phase is characterized from high permeability of membrane
components and smaller width of the lipid layer due to the gauche isomers of the
hydrocarbon chains. The double C=C bonds in the chains can also be in frans or
gauche conformation. Phospholipids in trans conformation have high density. On the
contrary, phospholipids in gauche conformation, that is, the most usual state in bio-
logical membranes, have lower density due to the change of the chain arrangement.
The presence of double bonds makes the length of the hydrocarbon chain smaller, and
the phospholipid membranes of the unsaturated lipids are smaller compared to the
ones of saturated having the same carbon atoms. The most usual lipids in phospho-
lipid molecules are gathered in Table 2.3. The phospholipid double layers contain also
cholesterol (Fig. 2.2). The membrane permeability is affected from the presence of
cholesterol. The cholesterol concentration has been genetically defined in human spe-
cies and is ideal for the expression of the biological function. The presence of choles-
terol in the lipid membrane allows the thermodynamic organization of the double
layer, making it fluid, offering its morphological and functional characteristics, and
therefore keeping it alive (Fig. 2.2). The phospholipid mobility in membranes is their
characteristic and is affected from their properties. The type of the phospholipid, the
polarized head, the type and the lipid saturation of their chains play an important role
in their mobility inside the membrane. Simulating synthetic membrane prototypes
with phospholipid composition with or without cholesterol, we can have a completed
picture of the behavior of a lipid system for drug delivery. The knowledge of the lipid
mobility in the membranes allows thermodynamic measurements and design that cor-
responds to the physicochemical characteristics of the bioactive molecules that we
want to enclose in them. Completing our report in the meaning of biomolecules, bio-
materials, biostructures, through the science of biophysics and describing the compo-
sition, the organization and the structure of the biological systems, their stability and
their complexity, but mostly their functionality, we must understand that this knowl-
edge and these approaches have value when they can be used as tools for the develop-
ment of useful systems for the protection of the human health [14].

Therefore, the laws and the principles of biophysics through thermodynamics
and biomaterials are the tools to the rational design of nanosystems with applica-
tions in therapeutics, diagnostics, and imaging and for the understanding of their
function and behavior in the biological environment.

It is extremely important for these senses to be transferred in the level of design-
ing and developing nanosystems that will follow the principles of the cell in behav-
ior, stability, diversity, and functionality. The question that follows refers to the
ability of nanotechnology to develop and study the nanosystems that will be similar
in composition and behavior of those of a cell of an organism. The ability of design-
ing nanosystems similar to the cells is extremely difficult and perhaps impossible,
as the cells are a result of the evolution process in billion year’s time.

Having in mind the basic principles that characterize the biophysical behavior of
a cell, we can search for the structural components, like lipids, cholesterol, phospho-
lipids, etc., which have high cooperativity among them. Therefore, they will behave
as a whole, according to physics and thermodynamics, and they will be nontoxic,
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biocompatible, and biodegradable, so that we will be able to develop nanosystems
whose biophysical behavior will resemble the one of the living cells. The relationship
regarding the biophysical behavior between biomembranes and cell biology has pro-
moted nanoparticulate systems as leading nanosystems to deliver drugs to the target
tissues (see Chap. 5).

As an example of the biophysical approach in the development of nanosystems,
we can refer to the phase transitions of the liquid crystalline state that is present in
the cells and correlate with their functionality, stability, and effectiveness. Therefore,
nanosystems like liposomes, dendrimers, nanoemulsions, polymeric nanoparticles,
etc. could transfer and release the bioactive molecules into the cells of damaged tis-
sues in respect to the “decoding” of the hidden to them and the science of nanotech-
nology by simulating and mimicking the function and the structure of cells: this is
referred to the “silence functionality.”

The liquid crystalline state, the study of the nanosystem thermodynamics as it is
quantified from the physics laws, and the study of their thermotropic behavior as it is
known from the functionality of nanosystems in correlation to their physicochemical
characteristics — for example, the study and the evaluation of size and distribution of
sizes in colloidal dispersions in reference to the biocolloidal dispersions of living
organisms — are very important physical approaches in pharmaceutics and comply
with the science of biophysics.

From all of the above, we conclude that we can build nanostructures and nano-
systems, study them, and evaluate them making nanotechnological products that
can be used in disease diagnosing, damage tissue imaging, and their cure.

Before mentioning the nanoparticles that belong to soft matter (see Chap. 5) and
the biomaterials that are used to formulate them, we must mention the basic princi-
ples and properties of the state of the matter that is related with our biological cell,
the liquid crystalline state. The liquid crystalline state of matter and its transition
phases (“metastable phases”), which we will mention later on, consist of the basic
knowledge into understanding the phenomena of life and the nanosystem design and
development, exceeding the biochemistry knowledge for systems and presenting
them by their biophysical approach.

2.1.2.2 Liquid Crystalline State of Matter

Liquid crystals are thermotropic (Fig. 2.3) in that their transition state depends on the
temperature, while liquid crystals are lyotropic in that their transition state depends on
the temperature and their concentration in the medium that they are found. The basic
difference between the thermotropic and lyotropic liquid crystals is that the anisotro-
pic dispersion forces between structural units are responsible for the thermotropic
transitions (intermediate states with different structural unit orientation of the thermo-
tropic liquid crystals), while the dispersion media are primarily responsible for the
lyotropic transition of the liquid crystals (and secondly is the temperature change).
Enantiotropic are the thermotropic liquid crystals that transit to liquid crystalline
state either by lowering the temperature of a liquid or by raising the temperature of a
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Fig. 2.4 Classification of thermotropic liquid crystals

solid. Monotropic are the thermotropic liquid crystals that transit into the liquid crys-
talline state only by lowering the temperature of a liquid or only by raising the tem-
perature of a solid, not with both ways at the same time (main difference with the
enantiotropic). The thermotropic liquid crystals are classified as shown in Fig. 2.4.

The thermotropic liquid crystals are classified as nematic, smectic, and colum-
nar. In nematic liquid crystals (Fig. 2.5), the molecules (structural units) are free to
move to all directions, are parallel without setup, and move along the direction axis.
In smectic liquid crystals (Fig. 2.6), the molecules present a transition grade, set up
along one direction, and have the tendency to line up in layers or in plateaus. Finally,
in columnar liquid crystals (Fig. 2.7), the molecules are in disk shape (and not as
linear rods/bars) forming piles. Each one of the categories of thermotropic liquid
crystals that were mentioned before presents new transition phases (that are subdivi-
sions of the above classification) according to the molecule arrangement. For exam-
ple, according to the degrees of molecule assembly and the place they take in each
level, we can discriminate 12 smectic phases.

The lyotropic liquid crystals consist of one polar and one nonpolar part. The
polar part is an ionized chemical group, while the nonpolar is a hydrocarbon (satu-
rated or unsaturated) chain. The lyotropic liquid crystals are surfactants due to their
chemistry (while the opposite doesn’t always apply, not all surfactants form liquid
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Fig. 2.5 Molecular order of nematic liquid crystals. Schematic representation of the instant
assembly of rodlike molecules into the isotropic phase (a) and in the polar uniaxial nematic phase
(b). In both figures, the positions of the molecules are random, while in (b) the addresses of
molecules show statistical alignment to direction/directional n
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Fig. 2.6 Molecular order of smectic liquid crystals. (a) Smectic A (SmA): complete disorder of
molecular positions within the smectic layers. (b) Smectic C (SmC): complete disorder of molecu-
lar positions within the smectic layers. (¢) Smectic B (SmB): partial order of molecular positions
within the smectic layers

crystals). The lyotropic liquid crystals are called this way because they are formed
due to the mixing of two or more, different to each other, components, not being in
liquid crystalline phase on their own. There are two basic categories of lyotropic
liquid crystals:

* Solutions of anisotropic colloidal macromolecules or particles whose structure
presents powerful orientation (e.g., rigid or semirigid polymer bars). The role of
the dispersion media in this case is to form the appropriate dilution, so that the
liquid crystal fluidity will appear, while the order (e.g., nematic, smectic, etc.) in
the direction will be ensured from the orientation of the macromolecular struc-
ture, therefore, from the material itself.

* Nonliquid crystalline molecules in solutions that are self-assembled in supramo-
lecular structures that are self-organized in liquid crystals. They are usually formed
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Fig. 2.7 Molecular order of columnar liquid crystals. (a) Columnar hexagonal phase: hexagonal
network/grid of columns in the level x, y. (b) Columnar orthogonal phase: orthogonal network/grid
of columns in the level x, y. (¢) Columnar inclined phase: the directional deviation from the angle
by column axis by angle ¢

from the dilution of amphiphilic molecules in the appropriate solvent. Changing
the component concentration, the solution goes through different liquid crystalline
phases that according to symmetry and order/disorder are proportional to the ones
in thermotropic phases, nematic, smectic, and columnar.

The entities that follow this order can be either molecules or some supramolecu-
lar units (micelles) that result from the molecular self-assembly. For example, we
have the smectic phase in which the molecules form layers, while the formation
mechanism of the columnar phase has two stages: the formation (self-organization)
of supramolecular tubes and the self-organization of these tubes in columnar phase.
The dependence mechanism of the molecular self-assembly is led from the ten-
dency of the hydrophobic units of the amphiphilic molecules to decrease the inter-
face that is formed with the solvent and proportionally, from the tendency of the
hydrophilic ones to increase it. This phenomenon is concentration dependent. As it
has already been mentioned, for the liquid crystalline transition phase apart from the
temperature, the concentration is also a main factor. Depending on the temperature,
the amphiphilic molecules can form micelles or liquid crystals. Right before the
temperature of the shape formation, the solution remains clear. Also, the amphiphi-
lic molecule organization in solvent, like water, depends on the particle concentra-
tion in the dispersion.

More in particular, in low concentrations, the molecules are randomly dispersed
in the medium. In high concentrations, on the contrary, the hydrophilic heads are
intact with the water, while the hydrophobic hydrocarbon chains are oriented in a
way where they do not come in touch with the solvent molecules. Raising the con-
centration in a solution of anisotropic polymers or colloids, we can observe transi-
tion from isotropic phase (random orientation) to nematic phase (the molecules are
oriented without having crystalline 3D structure). When the concentration rises
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enough, the molecules begin to self-organize themselves in micelles that have dif-
ferent shapes. Usually they take the shape of a sphere that is empty on the inside.

The polar groups are at the outside of the micelle while the hydrophobic tails are
on the inside. The size of the micelles depends on the molecular concentration (they
enlarge as the molecular concentration increases). According to the micelle size, the
dispersion is either clear or it fogs (forming microemulsions or emulsions). It is
important to mention that the membrane lipid double layers of the cells act as lyo-
tropic liquid crystals. This observation is important as we can design nanosystems
that can be used in therapy or as cosmetics with increased efficacy [1].

2.1.2.3 Liquid Crystals in Biological Systems

The cell membrane of living entities is a natural liquid crystal. Its structure is a lipid
double layer with phospholipids as dominant components. In both sides of the dou-
ble layer and on the inside, there are proteins and other biomolecules. The harmony
(Greek word is appovia) in the coexistence of the molecular order and the fluidity
of the liquid crystal phase gives the cell membrane the required mechanical stabil-
ity, permeability, and general functionality. This way the cell membrane functions
as a proper cover of the cell contents and offers the ability of molecular movement
so that the physicochemical processes would have the required speed that is needed
for the interaction with the environment.

The phospholipids are amphiphilic molecules that are composed from a polar
head groups and two hydrocarbon chains (tails). In the cell membrane of the animal
kingdom species, there are only a few phospholipid types that are different in the
chemical structure of the polar part, while the length of the hydrocarbon chains var-
ies (1620 carbon atoms).

The particular structure of the membrane is defined from the general characteris-
tics of the phospholipid molecular structure. The structure of the polar head defines
the chemical processes that take part on the surface of the membrane. The length of
the lipid chain and their relative flexibility control the temperature limits of the mem-
brane crystalline state. In lower temperatures, the membrane transits from the liquid
crystalline phase to the gel phase. In the gel phase, the flexibility of the lipid chains
decreases and the polar heads orient themselves in a hexagon mesh. As a result, the
membrane actively restricts the interaction of the inside of the cell with its environ-
ment. It has been observed that the temperature that cells in the living organisms
function is slightly higher than the transition temperature (see Sect. 2.3) of cell mem-
brane phospholipids from the liquid crystalline phase to the gel phase.

The lyotropic liquid crystal nanostructures are the dominant structures in living
organisms and their part on the cell function and preservation of life is definitive. The
contribution of the lyotropic structures in organization and fluidity of the cell mem-
brane but also in the preservation of homeostasis and in matter exchange is character-
ized as definitive for the evolution process of the living organisms. Also the lyotropic
liquid crystals have a special interest in the field of biomimetic chemistry. The
components of the biological membranes — i.e., phospholipids, lipids, cholesterol,
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etc. — are structurally and thermodynamically organized so that the membranes are
fluid and flexible. The biomolecules that compose the membranes can move into the
fluid mosaic without leaving the cell. They can move freely into the membrane,
changing orientation and direction, and diffuse into the membranes (flip-flop and
lateral diffusion phenomena) [16]. These membranes that are in liquid crystalline
state have on their inside macromolecules, like protein receptors and other surface
macromolecules that participate in the organization according to the absolute coop-
erativity with the main structural elements of the membrane. There are also many
biological structures that have the liquid crystalline behavior like the concentrated
colloidal protein dispersion that comes out from the spider to produce its web. The
sequence of the biomolecules on the web is critical to get the necessary durability.
DNA and polypeptides can be in liquid crystalline phases, and it must be mentioned
that the biological transition is most of the times chiral and plays an important role in
their structure and function. There are many applications of the lyotropic liquid crys-
tals in pharmaceutics. A lyotropic liquid crystal can be used to cover up a bioactive
molecule and protect it along the gastrointestinal tract. As a result, the bioactive
molecule can be taken orally, and when it reaches the target, it is released as the liq-
uid crystal dissolves. Lipids can be organized in biostructures and biosystems form-
ing colloidal dispersions into the organism for the enclosure and transport of
hydrophilic and hydrophobic substances of the living organisms. The predominant
membrane lipids can give scientists new ideas for the development of lipid nanosys-
tems for the bioactive molecule transport in cells and target tissues. Anticancer and
antifungal medicines, vaccines, and other pharmaceutical products are being admin-
istered with lipid carriers that transfer them to the target tissues.

The predominant lipids that we meet in cell membranes are the phospholipids,
whose hydrophobic section consists of long chains of saturated or unsaturated fatty
acids. Their amphiphilic properties are of crucial importance, as they take the appro-
priate orientation when in water environment, forming lipid double layers in the
logic of favorable thermodynamic arrangement of the fatty acids chains, the develop-
ment of hydrophobic interactions, and the minimization of the system free energy. In
water environment, phospholipids are in very distinct transition phase known as L,
L, and Ly. The capital letter (L) corresponds to the characterization of the system
structure-organization (lamellar or leaf structure) (long order), while as a subscript,
the letter of the Greek alphabet corresponds to the characterization of the system
structural unit configuration (*;” corresponds to the system structural unit configura-
tion in a specific angle) (short order).

The L phospholipid transition structure concerns the lamellar gel phase, at zero
angle structural unit (phospholipid) configuration. The L, transition state concerns
the liquid crystalline state. The phospholipids have the ability of transit from the gel
phase to liquid crystalline state by temperature rise. In this case, the phospholipid
molecules move in greater speed increasing the lateral motion and diffusion and the
flip-flop motion and diffusion between them, while the intermolecular movement
around the C-C bonds increases, forming knocks.

The phenomenon of conformational polymorphism plays an important role as it
affects the physical properties of phospholipid transition phases, and as a result, the
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release and the pharmacokinetic profile of the bioactive molecule that is encapsu-
lated into the nanosystem are changed, if the phospholipids are the structural units
of such nanosystem (e.g., liposomes, Chap. 4).

Referring to cell membrane transition phases, we can notice that they have an
important side of their properties and they are correlated directly to their structure.
The temperature variations lead to cell liquid crystalline state transitions. These
could be due to physiological variations of the biological environment physical
chemistry and are important for the organism homeostasis. According to the cell
membrane behavior, we can assume that the control of the biomaterials’ liquid crys-
tal state and transition state has important advantages into the enclosure and transport
of the bioactive molecules in the organism.

It must be mentioned that the biomolecule structural characteristics (i.e., the
double bond number, the fluidity rate, the length of the fatty acid chain, etc.) that
contribute to the cell structure and the structure of a nanosystem that transfers bio-
active molecules affect the transition temperature that is related to the biomolecules’
orientation (i.e., phospholipids, lipids, etc.) and the speed of diffusion phenomena,
into the membrane. This way the increase in the saturation of the fatty acids lowers
the transition phase temperature. The length and the hydrocarbon bonds change in
the chains, affecting the degree that the lipid molecules can be compressed and,
therefore, the membrane fluidity [10].

Indeed, the unicellular organism temperature changes according to their environ-
ment. They change their metabolic path for production of the necessary biomaterials by
adapting to the temperature changes and therefore preserving the fluidity and the func-
tionality of the cell membrane. It has been observed that the cold-blooded animals have
a greater percentage of unsaturated chains in their cell membranes than the warm
blooded. It is possible that the unsaturated chains give a greater stability in liquid crys-
talline phase as the temperature changes. The presence and the cholesterol concentra-
tion percentage also affect the coherence and the fluidity of the cell membrane by
participating in the organism homeostasis and the function of the cell’s basic unit.

2.1.2.4 Properties of Liquid Crystals

Liquid crystals are extremely complicated and their elongated structure allows the
light to be transmitted in different speed, through their structural units. This leads to
a dipole reflection that describes this unusual behavior. This insight allows us to
study in detail the liquid crystals through crossed polarizers under the microscope
and is the foundation for most applications. In crossed polarizers, a usual, common
fluid does not change when placed between them, as the liquid doesn’t affect the light
polarization as it will be absorbed from the second polarizer. On the contrary, placing
a liquid crystal material between crossed polarizers, we can observe that the polar-
ized light turns in a way. As the light turns through the liquid crystal, the two polar-
izers travel toward the same direction, but in different speed. As the two beams of
polarized light travel, one is ahead of the other due to their property to double reflect.
The two polarized beams emerge again from the specimen in different phases.
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The light emerging from the liquid crystal specimen is elliptically polarized, allow-
ing a quantity of light to emerge from the second polarize. While the liquid crystal
materials change their visual image, when trying a transition from one phase to
another, during that exact phase, can become ideal materials for thermotropic appli-
cations. Choosing the appropriate structural units for the liquid crystal production
and thermometer production, we can broaden the temperature changes. On the con-
trary, in liquid crystal monitors that are based on the nematic phase properties, tem-
peratures beyond classic limits are a necessity [1].

Materials for the liquid crystal production in nematic phase are now available in
temperatures between —30 and 90 °C in special applications that can be placed in
variable temperatures.

A characteristic property of the liquid crystals is their behavior in the electric
field. This behavior is related to the molecular charge of the liquid crystal. The lig-
uid crystal molecule is inherently consisted of a positively charged and a negatively
charged molecule. In the presence of an electric field, the charged sides of the mol-
ecule try to resist the forces and are set along the electric field direction. If the liquid
crystal molecules are not sensitive to this kind of differentiation during charging,
the electric field can move the positive charge at one side and the negative at the
other side, forming a dipole. This has as a result the arrangement of the liquid crys-
tal molecules in the electric field. Generally, the liquid crystal molecules can have
either permanent or temporary dipoles that are responsible for their arrangement in
the electric field. Most of the liquid crystal molecules correspond with the field by
arranging their longitudinal axis across the electric field.

Liquid crystal molecules behave in a similar way in magnetic fields. When there
is a magnetic field, some of the charges within the molecule act like very small
mobile chargers. This is called induced magnetic dipole with an orientation of the
North and South Pole along the direction of the magnetic field. The induced mag-
netic dipoles, along or transverse the elongated direction, possibly give to the liquid
crystal molecules a direction either parallel or vertical to the magnetic field, accord-
ingly. The magnetic fields are most of the times inappropriate and unpractical for
this kind of applications and generally they are used for research purposes.

2.2 Nanocolloidal Dispersion Systems

2.2.1 Introduction

Disperse systems can be classified according to particle size in molecular, colloidal,
and coarse dispersions. In colloidal dispersions, dispersion phase particles are in
sizes between 1 and 500 nm, in coarse dispersions exceed 500 nm, and in molecular
are less than 1 nm size [9].

How important are colloidal systems in everyday life? If they are, it is interesting
to study how they affect life sciences and how we can use our knowledge to improve
various parameters in our life, like in health. Life sciences are related directly or
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indirectly with biological systems. Sciences like physics, mathematics, chemistry,
and science of materials, engineering, as well as any of their combinations can
improve the quality of the agricultural products and the environment and affect the
biotechnology and biological processes. The heterogeneity of living systems is well
established, referring to macromolecules like proteins, polysaccharides, amphiphi-
lic molecules, etc. that exist in water, while other life processes take place in the
interface of these systems. Membrane’s structural molecules have a specific func-
tion, e.g., cell wall glycoproteins are related to aggregation and cell growth, while
the mononuclear phagocyte system (MPS) takes part in phagocytosis. The protein
aggregation or agglomeration process relates to various diseases, for example,
Alzheimer’s disease is related to the aggregation of amyloids. Biological systems
contact biomaterials, e.g., for pharmaceutical applications like controlled drug
release systems produced by biomaterials (monoclonal antibodies, macromole-
cules) in order to target damaged tissues, etc. We can say that biomaterials and other
biological components interact with biologic systems surfaces developing interfa-
cial interactions. Biomaterial adsorption into cell affects their biological functional-
ity. Pharmaceutical products in colloidal shape can affect various system functions
possibly improving them in human favor. Pharmaceutical industry tries to develop
high-quality colloidal biomaterials, emphasizing in controlling their properties so
when in the appropriate environment, they will influence it to the desired direction.
We highlight that colloidal are the systems that the dispersed particles are in sizes
between a few nanometers to a few thousands nanometers. When referring in dis-
persed particles of a few nanometers, at first sight, it looks like they act like molecu-
lar solutions. These solutions have completely different properties when compared
with the properties of solutions that have particles in molecular size at the same
concentrations (e.g., decrease of osmotic pressure, degradation of melting point,
etc.). The upper limit of the particle size is the point where (Brownian motion) ther-
mal movement allows and reserves the particle in dispersion state. The attractive
interactions between the particles are minimum and proportional to their masses. A
colloidal system acts according to the equilibrium state between thermal motion and
interaction forces between particles. The colloidal systems dispersed particles have
great surface per volume unit. This way, the interface effects can be interpreted
mainly according to the surface tension (y) (“y” is the force opposing to the surface
growth due to attraction of water molecule or dispersed particles to the inner fluid
due to interactions) and the {-potential [19]. Due to the great surface per volume
unit, the system has great surface energy that is expressed from the following
equation:

E=vS 2.1

where y is the surface tension and S is the particles’ surface.

At this point, the particles’ total surface area in colloidal solutions must be men-
tioned. In one liter of colloidal solution or better colloidal dispersion where the
volume of colloidal particles with a diameter of 10 nm is 1 %, the correspondent
interface area is 6,000 m2. This corresponds to a low surface area (S) of the colloidal
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system which could be achieved by aggregation or agglomeration or a mechanism
that lead to entropy increase. If the aggregation phenomenon is prevented with the
addition of an electrolyte — or the agglomeration phenomenon is prevented with the
particles {-potential increase — then the surface tension will decrease and therefore
achieving system free energy (G) increase. Figure 2.8 presents classification of
colloidal systems. Table 2.4 presents the classification of colloidal dispersion
systems.

The approach to be followed for developing an appropriate nanocolloidal system
is crucial in order to formulate bioactive molecules (small compounds) or therapeutic
biological substances like peptides, proteins, genes, and oligonucleotides. Also, in
categories of bioactive molecules that are used to treat diseases like cancer (anthra-
cyclines) and fungal infections (polyene antibiotics, amphotericin B), nanocolloidal
systems for substance transfer are proven more effective especially in reducing their
toxicity.

C-potential is an important physical parameter which corresponds to the total
charge of nanoparticles’ slipping plane ({-potential is not the surface charge of
nanoparticles) and how it is affected from the physicochemical characteristic changes

Fig. 2.8 Classification of
colloidal dispersion
systems
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Table 2.4 Colloidal dispersion systems

Dispersion

medium Solid, S Liquid, L Gas, G

Solid Solid suspension (bone wood, | Emulsion (opals, Foam (loofah,
various composite materials) pearls) bread, styrofoam)

Liquid Liquid suspension (blood, Emulsion (milk, Foam (detergent
polymer latex, ink) rubber, crude oil, foam, beer foam)

shampoo)

Gas Aerosol (smokes, dust Aerosol (fog, -
aerosols) sprays)

Biopolymers Biological media - -

Hydrophilic gels | Chromatography materials Gelatin, celluloses | —

Conjugated Surfactants, microemulsions, - -

colloids biological membranes,

liposomes
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of the nanoparticle environment (e.g., electrolytes, pH). {-potential will be thoroughly
discussed later on, but it is a physical parameter that can offer information related to
the interaction of nanoparticles between them or with cells and information on the
nanosystem stability under certain conditions.

Colloidal particles (nanospheres, nanocapsules, liposomes, etc.) can be admin-
istrated intravenously, orally, transdermally, subcutaneously, and intramuscularly.
The colloidal nanoparticle intravenous administration is the ideal route of admin-
istration, despite the problems appearing, like the activation of the MPS, the
possible lack of particles’ physicochemical characteristic control (e.g., size and
size distribution), their toxicity, and the vascular endothelial quality in target
areas [18].

Per os is the most common way for drug administration. This route presents dif-
ficulties caused by the successive barriers that the bioactive molecules meet and by
the bioactive molecules, themselves. It is the most beneficial route of administration
offering low cost and patient compliance.

The colloidal system study for applications in biological and pharmaceutical sci-
ences has presented significant progress during the past 30 years. Nowadays research-
ers emphasize in studying the steric effects of sterically stabilized nanosystems, i.e.,
invisible from MPS or Stealth™ (trademark of Liposome Technology Inc.) bioactive
molecule transfer nanosystems. Also targeting damaged tissues is an important research
field either by monoclonal antibodies or by molecules recognizing specific receptors in
the cell surface like sugars, lectins, growth factors, etc. Also, biotechnology products
that are sensitive due to their disintegration into biological fluids (genes, oligonucle-
otides, proteins, peptides) are trapped and transferred in nanosystems, improving even
their cell entrance.

Emulsions and suspensions are dispersion systems, where a liquid or a solid
phase, respectively, is dispersed in an outer liquid phase. The continuous phase is
the one where the dispersed phase is distributed. Emulsions and suspensions are
intrinsically thermodynamic systems and need stabilizers to ensure their useful life-
time. Pharmaceutical emulsions and suspensions are in colloidal state, i.e., the dis-
persed phase particles have a size of few nanometers to few micrometers (visible).
Suspensions may have either a water or oil continuous phase. Aerosols are dispersed
systems of a liquid or solid in gas state.

The forces that appear among particle and nanocolloidal system interaction are:

* van der Walls interactions or electromagnetic forces (attractive forces)

* Electrostatic forces (repulsive forces)

* Born forces — mostly low range (repulsive forces)

» Steric forces (repulsive forces) due to adsorbed molecules (especially macromol-
ecules) in the particles surface

* Solvation hydration forces

Lastly, the use of these systems in diagnostic methods is under development, and
these systems with targeting properties, as mentioned above, are useful tools for
ex vivo cell therapy.
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2.2.2 Stability of Nanocolloidal Dispersion System: DLVO

Theory

Nanocolloidal dispersion system stability is shown in Figs. 2.9 and 2.10. The sta-
bility of a colloidal system is related to the difference in density between the dis-
persed particles (p;) and the media (p,) of dispersion, the particle size («), and the
viscosity (n). According to Stokes’ law, the rate of sedimentation or creaming u of
a globular particle in a liquid media, having a viscosity n, is according to the fol-

lowing equation:
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Fig. 2.9 Destabilization mechanisms and consequences on colloidal dispersion systems (Adapted
from [11] with permission from Elsevier)
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Fig. 2.10 Schematic configuration of the destabilization of a colloidal dispersion system

where « is the particle radius, p; is the particle density, p, is the media density, and
g is the gravity standard.

Nanocolloidal dispersion system stability is directly related with DLVO theory.
In 1940, having in mind the forces mentioned earlier and mainly the electrostatic
(repulsive) and the van der Waals (attractive) forces, scientists Derjaguin, Landau,
Verwey, and Overbeek (DLVO) suggested a satisfactory theory which approaches
the aggregation process of particles dispersed in aqueous media. This theory is
known as DLVO theory.

Debye and Huckel in 1923 described a theory in charge distribution in ionic solu-
tions. Later on, Levine and Dube noted that Debye and Huckel’s theory is applica-
ble in colloidal dispersion systems. Levine and Dube’s contribution was that they
discovered strong medium-range repulsive forces and weaker attracting forces of
high range between charged colloidal particles. We have to notice that the theory did
not provide explanations on the physical instability of colloidal dispersion systems
through irreversible aggregation in high ionic strength solutions. Derjaguin and
Landau in 1941 [6] developed a theory related to physical stability of colloidal dis-
persion systems that interprets the instability effect due to strong but short-range
van der Waals attractive forces. Verwey and Overbeek, in 1948 [23], independently
made the same observations and they concluded to the same result. DLVO theory



2.2 Nanocolloidal Dispersion Systems 39

(Derjaguin- Landau-Verwey-Overbeek) was the appropriate one to fill in the gap of
the Levine and Dube theory, concerning the colloidal dispersion systems physical
stability related to electrolyte ionic strength.

Classic DLVO theory refers to all forces developed between the two charged
particles that are in the same dispersed media having a specific distance between
them (Fig. 2.11). All forces are expressed as the total of van der Waals attractive
forces and repulsive electrostatic interactions. van der Waals interactions (V) are
attractive forces developed when two particles of the same radius r have a specific
distance x between polar and nonpolar molecules. These forces do not appear when
the distance between the particles is more than x and depend on the Hamaker con-
stant (A) that is the attractive parameter related to particle chemical composition.
According to particle shape, the attractive potential (V,) (4: attractive) is calculated
by the following equation:

_Ar
12x

A 23)
(Vi: van der Waals attracting interactions). This equation is referred to spherical-
shaped particles, where A is the Hamaker constant, r is the radius of the spherical
particle, and x is the distance between particles.
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(Va: van der Waals attracting interactions). This equation is referred to flat-
shaped particles, where A is the Hamaker constant, r is the radius of the spherical
particle, x is the distance between particles, and 7=3.14.

The electrostatic repulsive forces (Vi) (z: repulsive) are present only in colloidal
systems where the dispersed particles have surface charge (potential). Also, they
depend on ionic power (I), the pH of the dispersion media and its dielectric properties,
and on the surrounded electric double layer that covers each one of these two particles.
The electrostatic repulsion is the main force preventing aggregation or agglomeration

Van der Waals Electrostatic
interactions interactions

Fig. 2.11 Interaction between particles according to the classical DLVO theory
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development in a colloidal dispersion system of charged molecules and is given from
the following equation:

2

zey

=Y
2m2 zkpT

- 8KT er(xe,m. e’ 2.5)
R 2. 2 zey .

ez 7_1"*1

ZKg

e

This equation is referred to spherical particles, where « is the Debye length, r is the
radius of the spherical particle, K is the Boltzmann constant, 7 is the absolute tem-
perature, ¢ is the electric constant, yis the surface potential, z is the chemical poten-
tial of the counterion, « is the chemical constant, n is the viscosity in electrolyte
solution, and x is the distance between particles.
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K
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This equation is referred to lamellar particles, where « is the Debye length, T is the
absolute temperature, Ky is the Boltzmann constant, n is the viscosity in electrolyte
solution, and x is the distance between particles.

After the presentation of the interactions taking place in the DLVO theory, the
following equation describes the total potential Vy (T: total):

Ve=V,+Vy 2.7)

Like each of the interactions separately depends on and is affected from some
parameters, the total dynamic Vi is related to:

» Polyelectrolyte concentration
* pH of the dispersion media
* The valence of the metals that can be added to the colloidal system

According to DLVO theory, depending on which of the two kinds of forces will
dominate in a colloidal dispersion system, there are two different cases:

* Vi, Vi the attractive forces are predominant, and therefore, the particles come
together, creating aggregates or agglomerates and the system that is character-
ized from thermodynamic instability and collapses through processes like sedi-
mentation, agglomeration, clouding, and creaming.

e Vir>V,: the repulsive forces are predominant, and therefore, the majority of the
particles are away from each other, resulting to a thermodynamic and, therefore,
colloidal stability.

During the period between 1940 and 1948, the DLVO theory was related to col-
loidal dispersion systems like emulsions and suspensions, and the description of
these properties was through this theory that was adequate at that time. A naturally
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occurring colloidal dispersion system is the human milk that is mostly consisted of
lipid dispersions. These lipid dispersions that can be found in lipid colloidal disper-
sion systems cannot be considered as well-defined self-assembled structures, e.g.,
liposomal structures. Liposomes, as mentioned in the corresponding chapter (Chap. 4),
demand energy for their development in order to maintain their effectiveness besides
their thermodynamic instability. In 1965, when Bangham suggested the term “lipo-
some” (from the Greek word Airog=fat + copa=body) to the scientific society,
liposomes were concerned as colloidal dispersions in nano-dimensions that devel-
oped after experimental processes, and DLVO theory was capable for explaining
the liposomal stability as a lipidic colloidal dispersion systems [20].

The weakness in interpreting effects with classic DLVO theory developed the
need to extend this theory. The forces developed between particles in a colloidal
dispersion system were the driving force for extended DLVO theory. Scientific efforts
have contributed in discovering and measuring forces that take place during the orga-
nization of such a colloidal dispersion system. Apart from the electrostatic and van
der Waals forces, the additional interactions that have been mentioned could be
hydration forces, hydrophobic interactions, oscillations, forces related to various
membrane shapes, or interactions related to water network structure.

Important variations between experimental results and theoretical predictions
were the driving forces for the extended DLVO theory. These differences were
noted in biochemical processes and biological effects studies. The biological sys-
tems look like a huge complex colloidal dispersion system consisted of particles
(cells) mostly of lipid composition (phospholipids, cholesterol, etc.) that are sur-
rounded from a dispersion media with specific physicochemical properties depend-
ing on the biological compartment they are into (outer cellular fluid, intracellular
fluid, blood plasma) and interact with each other, preserving stability homeostasis.
For this reason, it is possible to explain various effects with the same physical laws
that are used in colloids. DLVO theory has been proven to be inefficient to describe
these interactions, since, according to various studies, the theory loses the predic-
tion in salt concentrations higher than 5x 10~ M (organisms have high salt concen-
trations), for distances between particles less than 100 A and for ionic dispersion
media. Evolving nanotechnology/nanoscience, nanocolloidal dispersion systems
have nanoparticles of less than 100 nm size. It is obvious that the transition in nano
scale classification brings out the need of incorporating DLVO theory with various
physical parameters that will contribute into the most adequate theoretical descrip-
tion of the experimental data. Also, DLVO theory cannot describe the particle
behavior whose surface is not charged, as well as the particle behavior with
C-potential when divalent or multivalent ions have been added into the system.

In both occasions, and contrary to DLVO theory that exclusively refers to the
attractive van der Waals forces and the electrostatic repulsion forces, the existence
of a different kind of interaction has been noted, the hydration interaction (Fig. 2.12).

When colloidal particles have a surface with certain hydrophobic grade, different
experimental techniques and theoretical approaches have focused to the existence of
hydration energy Eyq that is in general a repulsive force. The hydration forces act in
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Fig. 2.12 Interaction between particles according to the extended DLVO theory

a distance of 1 nm. A hydration force is included in the interactions between par-
ticles and polyelectrolyte solution. This is happening due to the water molecule
orientation onto the particle surface. The hydration forces are present in polar envi-
ronment. Most systems in nature consist of water, and it is crucial to mention them
and their contribution in order to describe the behavior of a colloidal dispersion
system. It has been noted that the interaction energies can be divided into two dif-
ferent categories according to the nature of the two interacting membrane surfaces,
the attractive and the repulsive. They are directly linked to the interface distance
(distance between two particles) and related to the particle size and the width of the
lipid or polymer or any other composition of the membrane.

The hydration forces are generally strong but short-range repulsive when the
surface particle is highly hydrophilic. The hydration energy in this case is necessary
for the water molecules to move from these hydrophilic surfaces. The force gradu-
ally weakens depending on the interfacial distance, taking into consideration a small
depreciation constant of 1.7-2.5 A.

In the case where the particle surface is hydrophobic, the hydration forces are
attracting due to the water realignment onto the membrane surface. At this point, it
must be mentioned that the hydrophobic properties of a surface with negative
C-potential increase when the multivalent cations are added to the dispersion system
and are attached to the particles surface. As every membrane surface consists of a
mixture of smaller hydrophobic and hydrophilic surfaces, the term of total hydra-
tion interaction energy has been introduced. This is the total of the repulsive hydra-
tion energies and the attracting hydration energy. The total hydration potential is
given from the following equation:

(Hyd = hydration)
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R A
VHyd = VHyd + VHyd (2.8)

So the total potential Vr is given from the following equation:

Vi=Vy+Vi + VHyd (2.9)

Extended DLVO contains other forms of interactions, one of which is the hydra-
tion [1]. The hydration interactions appear in intermembrane distances of 20-30 A
and increase exponentially when the distances become less than 20 A. Even
though it was expected when particles of 10 A distance, always compared to their
size, merge and create aggregations, this seemed to be necessary but not suffi-
cient, since the repellant hydration interactions at this point have great values.
Therefore, it has been noted that these interactions predominate over the rest in
distances less than 25 A (mostly between 10 and 25 A) and should be taken under
consideration. In the special case where the particles consist of zwitterionic bio-
materials (do not have a clear charge) and are dispersed in water, then the electro-
static forces do not act, and the attracting van der Waals interactions predominate.
This means that aggregation and general phenomena of system thermodynamic
collapse are inevitable.

Experimental data of various research groups have shown that, if large concen-
trations of ionic salts are added to this system, there is no thermodynamic collapse
of the system. Especially, in the case where the surface of the system structural unit
major contact, i.e., phospholipids, with water molecules is great and characterized
of a great polarity, the hydration forces act in a greater distance (in comparison with
20 A), more or less 25 A. At this distance, van der Waals interactions do not pre-
dominate over the rest of the forces.

Extended DLVO is connected to its contribution to the hydration energy theoreti-
cal calculations. Hydration energy explains the thermodynamic stability or instabil-
ity of a colloidal dispersion system. DLVO theory is the qualitative approach to
colloidal dispersion system stability and is related to physical stability and the
aggregation mechanisms.

In colloidal dispersed systems, the electrokinetic potential is referred to as
C-potential and denoted using the Greek letter { (zeta) [4]. It gives an indication
concerning the physical stability of a nanosystem. The {-potential of a nanocolloi-
dal system should be +£30 mV in order to stabilize the nanosystem based on electro-
static forces. By combining electrostatic and steric forces, the value of {-potential
could be around +20 mV. It should be mentioned that {-potential is the electric
potential at the “slipping plane” of the particle and not on its surface, which corre-
sponds to the Stern potential () [13].

C-potential is not the particles’ surface potential y,, but these two are related
(Fig. 2.13):

» (-potential can be used as a credible parameter that functions as a guide to quantify
the repulsive forces between particles.
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Fig. 2.13 The {-potential is the potential of slipping plane — it is not the surface charge (Adapted
from [13])

» (-potential is considered as an indicator to predict the physical stability of a dis-
persed colloidal system.
* Henry’s equation is used for the {-potential () calculation using the ug:

_ G
Uy = (k) (2.10)

The Debye length in a colloidal dispersed system is denoted with '

K.T
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I is the ionic strength; &, is the permittivity of free space; ¢, is the dielectric constant;
K3 is the Boltzmann constant; 7 is the absolute temperature in K; N, is the Avogadro
number; and e is the elementary charge.

Where f(ka) ranges between 1 (for low xa values) and 1.5 (for high xa values), e
is the dielectric constant of the continuous phase and »n the viscosity.

In systems where xa is low, the equation can have to following form:
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It is obvious that the physicochemical characteristics of particle surface in colloidal
dispersion systems are critical parameters for the interaction determination with the
plasma proteins. Measuring the particles’ {-potential offers information for the total
charge and how it is affected from the surrounded environment, e.g., electrolytes,
pH, proteins, etc. Also, extremely valuable are the information for particles’
C-potential when in a specific environment, with specific physicochemical charac-
teristics, for both the enclosure and the release studies of the bioactive molecules-
taking into consideration the bioactive molecule physicochemical characteristics in
the environment where the particles are dispersed. The {-potential, as previously
mentioned, is not the surface potential yr, (Stern’s layer) of the particle, but is related
to it. The {-potential changes by surfactants or other substances added and affects
colloidal stability. In the literature, the stability studies are described by addition of
various substances, e.g., addition of phosphates in a dispersion with positive
C-potential particles can change (reduce) the particles’ {-potential. DLVO theory is
only for electrostatic repulsion, while colloids can be stabilized with repelling
forces that are a result of macromolecules and surfactant adsorption onto their sur-
faces (stereochemical or steric stabilization). In water media, the adsorbed mole-
cules will be hydrated; therefore, the repulsion between hydrated surfaces (repulsion
between hydrated surface steric stabilization) is a result of the entropic effect or
osmotic effect or enthalpic stabilization. We have to note that {-potential is not only
an indicator of the stability of the nanocolloidal system, but it contributes to the
biophysical behavior of nanoparticles which could be used as carriers of a bioactive
molecule for therapeutical purposes. Additionally, regulatory considerations aim to
provide stability proofs of the final drug formulation’s physical characteristics, and
measurements of the {-potential should be included into the dossier submitted for
evaluation from the authorities.

The entropic effect causes, to chains’ adsorbed molecules, the loss of free move-
ment. The approach of the two particles with the adsorbed stabilized chains leads to
steric interaction when the chains interact. The steric effect appears only when x=2r
when the interaction increases with the distance reduction. The reduction of confor-
mational freedom leads to a negative entropy change (—AS). Each chain loses its
conformational freedom, and therefore, free energy system increases, leading to
repulsion. The steric effect depends on:

* The chain length of the adsorbed molecule
¢ The chain-solvent interactions
¢ The chain number

The osmotic effect arises as the macromolecular chains of the neighbor particles
increasing their concentration in the overlapping area. The resulting repulsion is due
to the solvent osmotic pressure as the solvent tries to dilute the saturated area. This
can only be achieved when particles are drawn away.

According to particle approach, the hydrated water molecules that are adsorbed
are being detached. This fact is the cause of the increased enthalpy leading to repul-
sion. More examples for the systems stability in Pharmaceutical Nanotechnology
(e.g., liposomes) using DLVO theory will be mentioned in Chap. 5.
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2.3 Basic Principles and Physicochemical Characterization
of Nanocolloidal Dispersion Systems

2.3.1 Microscopy
2.3.1.1 Optical Microscopy

Optical microscopy is a widely known and commonly used technique for the direct
observation of nanosystem shape transformation in real time, for example, lipo-
somes. Microscopy of high-intensity dark-distant field is used for nanosystem
imaging, for micrometer-sized systems observation, and for characterizing the lipid
membrane interactions, i.e., liposomes, surfactants, etc. Nanosystem “optical trap-
ping” is a useful technique for their manipulation for studying their properties and
their spectroscopic observation. Optical forces create submicron-scale deforma-
tions in small particles measuring their elasticity and rigidity.

During the past decades, multiple technical approaches have been made for opti-
cal analysis in nanometer scale. Using confocal fluorescence microscopy and 3D
confocal microscopy, scientists have achieved substantial improvement in analyzing
nanosystems.

2.3.1.2 Scanning Probe Microscopy

Scanning probe microscopy (SPM) is an effective analytical technique that allows the
visualization of proteins, nucleic acids with lipid membranes, and nanoparticulate sys-
tems like liposomes and of their complexes with biomolecules. Scientists can also mea-
sure the width of lipidic vesicles, and by using the tunnel microscopy, they can define
their shape and diameter. The advantages are high analysis and functionality in air and
liquid vacuum. The samples cannot be damaged due to presence of high vacuum and
because they are not being subjected to specific treatments. There are developments
and improvements in the way the probe contacts the sample and probe structural and/
or chemical modifications that aim the friction reduction between the probe and the
sample. Atomic force microscope (AFM) is the most common scanning probe micros-
copy for liposome and lipidic vehicle studies encapsulating bioactive molecules.

International literature refers to various analytical techniques that have been used
to characterize nanoparticles. Among them, the widely used are chemical, thermo-
dynamic, hydrodynamic, microscopic (microscopy), spectroscopic, diffraction, and
light scattering techniques and, finally, chromatographic techniques.

Scientists have used these techniques in order to physicochemically characterize
nanosystems and nanoparticles like liposomes, dendrimers, polymers, etc. More in
particular, this characterization refers to the study of nanoparticle properties, i.e.,
measurement of the width of the liposomal lipid membrane, the ability of allowing
biomolecules to penetrate their membrane, the bioactive molecule loading ability for
therapeutic purposes, but also for tissue diagnosis and imaging. Also, the nanosystem
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stability in biological fluids over time is a part of studying and characterizing these
properties according to the methods mentioned before [12].

2.3.1.3 Electronic Microscopy

Electronic microscopy (EM) is used to study nanoparticle shape and its changes during
time or to investigate the changes of the physicochemical characteristics of nanoparti-
cles. Transmission electron microscopy (TEM), scanning electron microscopy (SEM),
reflection electron microscopy (REM), and scanning transmission electron microscopy
(STEM) are techniques providing information for vesicles, e.g., lipidic carriers in terms
of shape, bilayer thickness, and distance between layers in nanosystems. They can also
offer information concerning nanosystem aggregation process. The restrictions of the
electronic microscopy methods are related to the need of high-vacuum conditions in
order to handle or to edit the samples (i.e., gold or carbon cover) that might cause non-
reversible changes or sample damage [12].

2.3.1.4 Atomic Force Microscopy (AFM)

AFM belongs to the scanning probe microscopy family, therefore, is almost an inva-
sive technique, as the probe forces are applied across the nanoparticulate systems
surface and might cause deformations. It uses silicon-based needles of atomic
sharpness and applied to study the surfaces’ topography at atomic level [17]. On the
contrary, the “optical trapping” in order to measure the elastic properties does not
acquire nanoparticulate systems adsorption in any substrate, therefore, without risk-
ing deformations [22]. The optical probe’s contact surface is a lot smaller than lipo-
some surface, while the optical force analyzing depth, much larger. So, their
combination of these two methods is considered the ideal one for the optimal study
of nanoparticulate shape transitions. AMF is a technique that can study the shape,
the mechanical deformations, and the micro-engineer properties of liposomes, in
nanometer scale. AFM is an important topographic and spectroscopic tool as spec-
troscopy of force deformation can measure the bond forces between biomolecules
and electrostatic forces, offering information for nanoparticulate systems’ stability,
their elastic properties, or relevance forces, without causing structural disorder.
AFM is used for detection of viruses for early diagnosis of vital infections (Bioforce
Virichip (Ames, IA, USA) and offers challenges for developing innovative sensors
for diagnostic purposes. It can be concluded that AFM is a probe microscopic tech-
nique for applications at nanoscale analysis [24].
Electronic microscopy techniques also include the following:

Magnetic resonance force microscopy

Near-field scanning optical microscopy

Characterizing nanostructures with Halo ™ LN100 technology
4pi microscope [12]
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2.3.2 Thermal Analysis

Thermal transitions appearing during a nanosystem life and especially to nanosys-
tems to be used in the field of health are extremely important. Their thermotropic
behavior is related to nanoparticle dispersion system thermodynamic behavior and is
affected from temperature changes. It is obvious that the methods with which scien-
tists can study these changes contribute to stability understanding and nanoparticle
rational design. According to International Confederation for Thermal Analysis and
Calorimetry (ICTAC), thermal analysis can be defined as: “the total of analytical
techniques where scientists can measure a property of the sample or its products in
correlation to temperature, while the sample is submitted in a programmed thermal
process, in a designated environment.”

Thermal analysis advantages in comparison to other analytical techniques are
summarized in the following points:

* The sample properties can study in a wide temperature range, using various heat-
ing and cooling programs.

* The sample can be in any form: liquid, solid (amorphous or crystalline), or gel,
using various crucibles/ sample holders made from different materials (e.g., plat-
inum, aluminum, etc.).

e Smaller sample quantity is required, i.e., 0.1-10 pg nonhomogenous samples in
combination with the small quantities required for analysis can cause problems
related to the sample representativeness.

» Sample preparation is simple and refers to grinding and homogeneity of solids.

* The atmosphere around the sample is defined from the analyst.

* The required time of analysis is ranged between few minutes to few hours.

* The acquisition and function cost of thermal analysis tools is small.

The disadvantages of thermal analysis in comparison to other analytical techniques
(i.e., spectroscopic or electrochemical) are summarized in the following points:

* They are nonselective techniques. In many occasions, extra analysis is needed,
i.e., IR (infrared) spectroscopy or microscopy analysis. Also, they can be com-
bined with additional techniques, for example, the evolved gas analysis (EGA).
Featured examples include the combination of mass spectrometry (MS) and
Fourier transform infrared resonance, thermogravimetry-MS, and TG-FTIR,
accordingly.

» Sensitivity and accuracy in quantitative measurements of thermal analysis tech-
niques do not exceed +2 %.

Thermal analysis techniques can be classified according to the property under
investigation. The most common used are the following:

* Thermogravimetry(TG)/differential TG (DTG)
 Differential thermal analysis (DTA)
 Differential scanning calorimetry (DSC)

* Thermomechanical analysis (TMA)



2.3 Basic Principles and Physicochemical Characterization 49

* Dynamic mechanical analysis (DMA)
* Evolved gas analysis (EGA)

Many applications of these methods refer to analysis of polymers, minerals, met-
als, alloys, ceramics, glass, building materials (i.e., concrete), catalyst agents, explo-
sives, fireworks, lipid oil and soaps, lubricants, fuels, medicines, food, fabrics, fibers,
biological samples (e.g., bladder stones), flame retardants, etc. [10].

2.3.2.1 Differential Scanning Calorimetry

The test sample and the reference sample that may — or may not — acquire thermal
phenomena in the designated temperature range are heated at the same time with the
same rate. The temperature rises exponentially with time and the difference between
their temperature grades equals zero. The study sample is subjected to thermal phe-
nomena; the control system sensitizes and offers greater or lower temperature to the
study sample, so the temperature would be the same with the one of the reference
sample. The calorimeter records the differential heat as a temperature function. The
energy change that is offered to the system in the form of heat during time (dgq/d¢) is
proportional to the heat capacity of the study sample.

When a thermal phenomenon occurs, the differential heat that is recorded has the
shape of a curve, where the concave face downward or upward, depending if the
phenomenon is endotherm or exotherm, respectively (the opposite might occur as
well depending on the device or analytical program that is being used). The recorded
curves are the thermogram of the study sample. The transition enthalpy (AH) — from
one state to another — is the amount of energy transferred as heat under stable pres-
sure conditions and is related to the system’s heat capacity (C,). It can be calculated
as the curve integral that results from the differential heat as a temperature function
and is recorded from the calorimeter:

AH = C,dT (2.13)

Apart from the change of transition enthalpy (AH), the differential scanning calo-
rimeter allows the determination of important thermodynamic parameters. The
change in Gibbs free energy of a process corresponds to the equation:

AG = AH - TAS (2.14)

where AH is the enthalpy change and AS is the entropy change accordingly during
the process. When the change of Gibbs free energy (AG) equals zero, the system is
a mixture of two equivalent states. The temperature where the two states are equal
is temperature T,,. At T, temperature, if the change of Gibbs free energy (AG)
between two states equals zero, then:

_AH
T, =2/, (2.15)
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The main transition temperature T, is the temperature where the system has the
maximum heat capacity C,.

During phase transitions that are described with symmetrical graphic curves,
the corresponding main transition temperature 7;, represents the temperature where
the phenomenon is half completed. However, in asymmetrical curves, the tempera-
ture T, does not correspond to the middle of the phase transition curve and, instead
of T,,, is used AT, that corresponds to the middle of the asymmetrical phase tran-
sition curve range and represents the actual temperature where the phenomenon is
half completed.

The shape of the differential temperature curve versus temperature offers impor-
tant information related to the occurring phase transition. The temperature range that
correlates to the middle of the curve height is related to biomaterials or material
purity, quality, and cooperativity in the system during transition phase or phases
versus temperature changes. The presence of biomaterials that function as additives
(non-thermodynamic cooperative biomaterials) results in the expansion of phase
transition curve (i.e., asymmetry, multiplicity). The result indicates the kind of the
interaction the additive has with the studying nanosystem. Usually, the phase transi-
tion, i.e., in a phospholipid bilayer — in case of liposomes — contains intermediate
phase sequences, until it switches from one phase to another that is thermodynami-
cally stable, for a specific time, in a specific temperature change range.

These intermediate phases, the “mesophases,” occur due to the formation of areas
within the nanosystem structural units’ different orientation, i.e., phospholipids in
case of liposomes due to flip-flop phenomena, lateral motion, and diffusion into the
double layer. These intermediate phases can be created due to additional infections,
materials, or biomaterials that do not have the demanded cooperativity [10] with the
actual structural biomaterials and create thermodynamically non-favorable meso-
phases. This pattern can be correlated, as previously mentioned, with the presence of
additional biomaterials or biomolecules from the environment that can develop — in
a cellular level — unwanted mesophases onto the cellular membrane, retaining its
functionality and leading to diseases according to biophysical approaches.

In case of liposomes, the phospholipids’ numbers that exist in each phase as well
as the dispersion of phases that coexist in the phospholipid bilayer define the range
of the total transition that is expressed as cooperativity between biomaterials. The
cooperativity of biomaterials during transition phases is usually expressed as the
temperature change that corresponds to the one half of the curve, known as AT),.
The onset of the thermal phenomenon is the temperature, where the extension of the
straight baseline intersects with the extension of the straight line from the top of the
curve that corresponds to T, to the start of the thermal transition, and it is character-
ized as T, while at the end of the phenomenon it is characterized as T4, accord-
ingly [5]. It is worthy to note that lipidic nanoparticulate systems such as liposomes
have thermodynamic advantages over other nanosystems such as polymeric nano-
structures. Their thermodynamic profile does not meet to the thermodynamic equi-
librium, but they behave as a kinetically trapped nanosystem, contrary to those
nanosystems (e.g., polymeric nanosystems or microemulsions) that they are affected
when changes in their environment occurred. However, lipidic nanosystems preserve
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their physicochemical properties and could be attractive drug delivery nanosystems
from a physicochemically and thermodynamically point of view [15].

DSC measures the change in the heat flow that is emitted or absorbed between
the sample and the reference substance, when they are both heated in a controlled
rate. It is interesting to mention that DSC measures the change of a property than the
change of temperature rate that is usually emitted due to the increased temperature
of the sample. When there is no change in the temperature of the sample, the change
on the heat flow cannot be measured, except if a chemical reaction takes place.

There are two DSC types:

* Heat-flux DSC where the sample and the reference substance receptors are heated
in a controlled rate in the same space. The appropriate connection of the thermal
balances (sensors) between the sample and the reference substance allows the
measurement of the heat flow that is independent of the specimen properties. The
sample’s enthalpy change is defined after the comparison of the calibration of a
known substance and the one of the sample.

¢ Power-compensation DSC, where the two receptors of the sample and the refer-
ence substance are heated from two different sources (heat resistance) in a stable
temperature. The additional heat that is needed to be added or eliminated during
the transition to the one or other receptor to achieve the same temperature balance
offers the transition energy thermodynamic curve.

The greatest advantage of the heat-flux DSC over the power-compensation DSC is
that the first type can function in higher temperature, while the second one has greater
sensibility due to direct energy measurement onto the sample and the reference sub-
stance. The measurement values that are obtained with differential scanning calorim-
etry allow the determination of thermal capacity, transition temperature, glass
transition temperature, movement data, etc.

2.3.2.2 Thermal Behavior and Calorimetric Characterization
of Materials and Biomaterials

Materials or biomaterials can undergo the following thermal changes: melting, crys-
tallization, polymorphic changes, boiling, sublimation, dehydration, solid-solid
transition, and glass transition (amorphous and/or semicrystalline materials). These
changes can be endothermic or exothermic (Table 2.5). It is important for all DSC
tests to state the onset temperature (7;,.), the extrapolation of Tj, (Tix,), the endset
temperature (7,4s), as well as the scanning rate.

Crystalline materials undergo a first-order melting transition from the organized
solid phase to the unorganized liquid phase. DSC offers precise melting temperatures
that might be impossible to achieve with traditional methods. For example, in the
case of carbamazepine, two different transitions are described in DSC that are related
to the melting temperature of a polymorph that recrystallizes in a second more stable
crystalline form and has a second melting temperature. Using the classic method, only
the second melting temperature is observed. Melting is an endothermic transition
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Table 2.5 Enthalpy changes/ Endothermal Exothermal
transitions during the

. . . Glass transition Decomposition
differential scanning - —
calorimetry (DSC) Melting Crystallization

Evaporation Condensation
Disruption Disruption
De-solvation Solvation
Decomposition Oxidation

where the sample collects energy. For small or 100 % crystal molecules, the curve top
is sharp and the melting temperature is the temperature at the top of the curve. For
larger molecules, like polymers, the melting temperature is wider since the curve top
is broader and proportional to the polydispersity of the molecule. Often, melting
temperature is the onset or endset temperature of the phenomenon, with the endset
temperature being the most rational one as it defines the temperature where all crys-
tals have been melted. Conventionally thought, T;, is the temperature at the top of the
curve. The area under the curve represents the total of temperature absorbed during
the melting process. The area under each first transition in a DSC diagram offers the
total eliminated/absorbed temperature during transition. DSC data measures thermal
capacity or temperature change in time dg/dz. Integrating, we receive total tempera-
ture q or otherwise enthalpy AH:

7

j(d‘ldT)dT:q — AH (2.16)

h

The endothermic melting curve can be described with the following parameters:

e Onset temperature (7, is the temperature where the phase transition starts
depending on the temperature change.

e Main temperature is the temperature at the top of the curve.

» Endset temperature (7,4 is the temperature where phase transition is completed
and the curve meets the baseline.

» Extrapolated onset temperature is the temperature where the curve extension of
the endothermic or exothermic top meets the baseline.

The purity of crystal substance can be calculated from the enthalpy and the melt-
ing temperature using the Van’t Hoff equation:

T, =T, —RT'x/AH,F, (2.17)

where T is the sample temperature in equilibrium (K), 7. is the melting temperature
of the pure substance (K), R is the gas constant (9.314 J/mol/K), X is the molecular
impurity fraction, AH, is the enthalpy of the pure substance (J/mol), and F is the
sample fraction in the melting temperature 7. When T; is depicted as the function
of 1/F;, linearity is expected. Despite all these, Van't Hoff diagrams have a curve
shape due to thermal delay and formation of solid solutions. Also, an important
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percentage of the substance can be melted before a measurable energy flow is
observed in the DSC.

To limit these kinds of phenomena, a constant is usually added to the measured
areas for Van’t Hoff diagram correction. The curve section being used in the calcula-
tions can affect the purity value being received. To limit the error from the thermal
delay phenomena that take place during the onset of melting transition, it is recom-
mended to use various fractions, 3—30 %, 3—40 %, and 3—-50 % during purity calcula-
tions. This way it can be concluded whether there is a slow decomposition and decay.
Generally, the measurements for purity are made for a variety of fractions around
10-50 %. The requirements for defining purity are low scanning speeds (<5 °C/min,
preferably 2 °C/min) that limit the thermal delay phenomena and small samples
(1-3 mg). To avoid solid-solid transition states, like polymorphic changes, the test of
various scanning speeds is recommended. If the purity values are within experimen-
tal error limits, then the substance decay or the transition in other polymorphic states
is not taken under consideration. Generally, accurate results come from samples with
purity levels between 98 and 99.5 %. The advantage of this method is the measure-
ment speed. Small amount of sample is needed and the impurity type doesn’t need to
be known. The purity determination can aid into the evaluation of pharmaceutical
batches’ quality and has been used for the determination of the amorphous content
and the organic substance degradation.

The understanding of crystalline and amorphous nature of bioactive molecules
and biomaterial excipients is very important for the development of pharmacotech-
nological formulations. In case of crystalline molecules, a percentage can change
into amorphous during the transition process, for example, during liquid granulation
and sieving. This can affect the final product, especially its physical and chemical
stability. Using DSC, crystallization looks like an exothermal transition, and samples
that crystallize during heat contain automatically an amorphous percentage. Despite
all these, there are amorphous ingredients that do not crystallize. The energy released
during crystallization relates to the energy formation of the molecule’s crystalline
lattice. This way, DSC can be used to quantify the crystallization of lyophilized or
sieved substances.

Polymorphism is defined as the phenomenon where solid compounds of the
same molecular structure are crystallized in more than one forms. As a result, the
polymorphs have different melting points, viscosity, solubility, physical and chemi-
cal stability, different physical properties, and bioavailability. The choice of a known
stability polymorph is of great importance for the development of stable pharma-
ceutical products. Polymorphs are divided into categories: enantiotropic and mono-
tropic. Enantiotropic polymorphs produce a single crystal form in a huge range of
pressure and temperature grades. The stable form has a greater melting point and
enthalpy than the less stable crystal in all different grades of pressure and tempera-
ture. If the form with the greater melting point has the smallest enthalpy, then the
polymorph is characterized as enantiotropic [1].

DSC can be used as a quick method for stability test, in combination with chro-
matographic techniques. The advantages of DSC include the measurement speed
and the small amount of substance that is needed. The decomposition kinetics can
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be defined by the use of Arrhenius equation and DSC experiments. During isother-
mal decomposition experiments, the sample reception (pan) temperature is retained
stable in various temperatures for various time intervals. Then, the sample is scanned
in a high speed to avoid additional decomposition.

2.3.3 Light Scattering Techniques

2.3.3.1 Measurements of Size Distribution and {-Potential
of Nanocolloidal Dispersion Systems

The evaluation of measurements related to size distribution and {-potential of par-
ticles in a nanocolloidal dispersion system is important as they define the stability
of the pharmacotechnological product and its effectiveness as a pharmaceutical
product. Light scattering is the method used. This method is used for the evaluation
of nanoparticles’ parameters, i.e., diffusion coefficient, size, and molecular mass.
The evaluation of particle size with light scattering technique is based on the follow-
ing physical principles:

» Light diffraction. The principle that light scattering is based on when it falls onto
small-size particles is related to the intensity of the diffraction radiation that
depends on the diffraction angle, the particle optical properties, and their size.
The particle size is calculated according to the distribution of the diffraction
radiation using computer programming.

» Single particle scattering. Single particle scattering is based on the principle that
the particle size is evaluated basically from the intensity of the scattering radia-
tion and secondly from the diffraction angle.

The equipment angle is stable, and according to particle size distribution and
particle number, the median diameter and the size dispersion are calculated.

Literature has shown that the therapeutic value of a nanoparticulate system with a
loaded bioactive molecule is related to the bioactive molecule release kinetics from
the nanoparticle colloidal system core. It is obvious that the core composition and
physical characteristics affect the system’s physicochemical characteristics and,
therefore, the bioactive molecule release. The nanoparticle physicochemical charac-
terization is a process that includes high technological studies and requires great
expertise in result evaluation. These techniques relate to measure nanoparticles’ size
and size distribution, to {-potential measure, to shape studies, to bioactive molecule
loading capacity, to physicochemical characterization of a bioactive molecule nano-
system, etc.

It must be mentioned that the parameter study of nanosystem characterization
should be achieved when nanoparticles are empty from the bioactive molecule.
These parameters should be compared to the ones attained when the bioactive mol-
ecule is loaded to the nanosystem. The nanoparticles’ size — which is defined
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according to the diameter of a sphere which has equivalent diffusion coefficient
(D) to that of the nanoparticles — and size distribution are important parameters that
affect the system’s therapeutic result. The greater surface for the same volume or
mass is an advantage that nanoparticles of a nanocolloidal dispersion system have
over microparticles.

The sphere volume is given from the following equation:

V= %m@ (2.18)

The sphere surface is given from the following equation:
S=4nR’ (2.19)

The relation between surface radii of a particle is given from the following
equation:

v
R

S (2.20)

The equation above shows that the smaller the nanoparticle size (diameter D or radius
R) of a colloidal dispersion system, the greater the overall surface. This fact facilitates
the bioactive molecule release from nanoparticles. The nanoparticle size and size dis-
tribution facilitate their passage through barriers and help in the nanoparticle interac-
tion with the cells and their fusion, bioadhesion, or absorption to the cell membrane.
The method used is the laser light scattering. The polydispersity index (PDI) is a
measurement of nanoparticle uniformity. The study of nanoparticle shape according
to their size cannot be completed with the use of optical microscopy, as they are hardly
distinguished.

Scanning electron microscopy (SEM), atomic force microscopy (AFM), and
fluorescent microscopy are used in case of colored particles, i.e., rhodamine.
Nanoparticle’s {-potential is also a very important parameter that should be studied.
C-potential can affect the system’s stability and its interaction with cells whose
charge is most of the times negative. Therefore, nanoparticles can be designed hav-
ing the appropriate {-potential that will affect the load or the release of bioactive
molecules from the nanosystem. Depending on the total charge of the bioactive
molecule, scientists can design its interactions with nanoparticles and develop an
appropriate carrier for controlled and targeted release.

The question is whether the bioactive molecule’s physicochemical characteristics
when it is loaded into the nanosystem and then released from it are the same as before
its entrapment. This question is crucial and the response to it assures the effectiveness
of the final medicine. It is known that the molecule’s chemical characteristics can
change according to the environment that they are in. This is referred mostly during
the configuration study after their interaction with the nanoparticle components into
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the nanosystem. The conformation properties of a bioactive molecule or a biomole-
cule (proteins, peptides, etc.) are crucial factors especially for when it reaches the
designated target.

Also the presence of enantiomers and the possibly different release from the
polymer matrix or their simultaneous release can affect the pharmacological result.
The release rate of each enantiomer offers advantages or disadvantages to the total
therapeutic result. Studies referring to techniques like DSC can offer information
for the interaction of molecules with polymer matrices. Bioactive molecule confor-
mational properties in lipidic drug delivery systems and their release affect probably
not the bioactive molecule but definitely the nanosystem thermotropic properties,
and this affects the total system behavior during release process.

The particles that are dispersed in a liquid are in constant move (Brownian
motion). The motion speed depends on their size, the temperature, and the viscosity
of the medium. The size distribution is proportional to their stability. When the
particle size distribution is stable in time, it means that the dispersion system is
stable as well. In case where size distribution increases with time, the nanosystem
can be characterized as unstable and probably inefficient as pharmacotechnological
formulation for loading bioactive molecules. Using dynamic light scattering tech-
nique (DLS), the measurement of this movement is possible through the data col-
lected for the scattered light. By measuring Brownian motion, the diffusion
coefficient (D) and the particle size can be calculated. The diffusion coefficient (D)
and the particle size as it is expressed from the average hydrodynamic diameter are
mathematically related with the Stokes-Einstein equation:

K.T
D=—2 221
67mnR,

where T is the absolute temperature, Ky is the Boltzmann constant, 7 is the medium
viscosity, and Ry, is the particle hydrodynamic radius. DLS measures the particle
size that is related to the particle movement in a liquid, therefore, Brownian motion.
The result is the diameter of an equivalent sphere with the same diffusion coefficient
(D) with the particles that exist in the sample. The diameter of the equivalent sphere
is called hydrodynamic diameter. The diameter of a tube-shaped particle with
dimensions 100 and 20 pm is defined according to diffusion coefficient of an equiv-
alent sphere with a dimension of 39 pm. Therefore the diameter of a tube-shaped
particle according to the determination of the diffusion coefficient of the equivalent
sphere is 39 pm.

The hydrodynamic diameter is a little larger than the real diameter of the sample
particles due to solvation and the interactions between particles.

C-potential is nanoparticle stability measure (Table 2.6) and its measurement
contributes to their physicochemical characterization.

C-potential is measured through electrophoresis. The sample is placed in the elec-
trophoresis cell; an already known electric field is applied and lights from crossed
laser beams. Particles moving to the lighted sample mass scatter the light.
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Table 2.6 Approximate ¢-potential (mV)
values of.stability . Maximum agglomeration and 0-3
(C-potential) of nanoparticles .
precipitation
Strong agglomeration and precipitation 5
Threshold of agglomeration 10-15
Threshold of delicate dispersion/suspension | 15-30
Moderate stability 3040
Fairly good stability 40-60
Very good stability 60-80
Extremely good stability 80-100

Adapted from Koutsoulas et al. [13] with modifications

C-potential relates with electrophoresis movement and is expressed through Henry’s
equation:

_ Arnug

o (Ka) (2.22)
Where uy; is the electrophoresis movement, { is the {—potential, ¢ is the dielectric
constant, n is the viscosity, fika) is the Henry’s function, a is the radius of the par-
ticle, and ka is the fraction of particle radius to bilayer width. For particles in polar
solvents, the maximum value of fixa) is 1.5 (Smoluchowski approach), while for
particles in nonpolar solvents, the minimum value of f(ka) is 1 (Hiickel approach).

2.4 Freeze Drying of Nanocolloidal Dispersion Systems

The target of pharmaceutical technology science is to find the appropriate pharma-
cotechnological formulation, in order for the final product to maintain its effective-
ness, its safety, and its commercial appearance. Freeze drying is the method that
assures the physical and chemical stability of the pharmaceutical products espe-
cially pharmaceutical dispersions and solutions. It is the mildest method where dry-
ing is achieved with water sublimation. The product is cooled down in temperatures
between —20 and —60 °C, so the water from the liquid form turns into solid form.
Following, the ice sublimates in a special device that functions under vacuum. It
turns into air form (water vapor) without passing by from the liquid form. This
method is expensive, demands complicated devices, and is not being used in routine
processes. The freeze-drying process started in the 1930s and was industrially
developed during World War II due to the need of stable pharmaceutical products.
Production of freeze-dried products started due to the following needs:

 Stability of pharmaceutical products.
* Receiving of a solid (amorphous) from a water solution or dispersion system
when its crystallization is not possible.
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» Sensitive in temperature or in solutions products.
* Use of mild temperature and pressure conditions. Avoid breakdown of products.

Freeze drying is:

* The transformation of liquid product in a solid product through the process of
sublimation.

» The water of dispersion or solution of the product is removed from the ice with
sublimation.

* The solid residue includes bioactive molecules and biomaterial excipients and a
very small amount of water (0.5-2.0 %).

The freeze-drying procedure design is a subject of innovative research and can
be patented. The temperature and the pressure that correspond to the triple point
relate to pure water. The conditions for the products to be lyophilized are unknown
for the original product. The procedures that assure the sublimation process and
limit the dispersion process of the products should be investigated. The experimen-
tal design of the freeze-drying process in pharmaceutical industry is related to the
kind of products to be lyophilized, their sensitivity, and the duration of their stability
that the pharmaceutical industry wants to achieve.

The freeze-drying process of nanocolloidal dispersion systems is described as
follows:

* Solution or colloidal dispersion production

* Filling of the containers, usually vials

 Plastic cap placement onto the vial orifice (partial closure)

* Vial placement in freeze dryer under aseptic conditions

* Freeze in previously stated critical temperature for each product

* Use of appropriate temperature and pressure to sublimate the ice from the
final product

* Application of appropriate temperature and pressure discarding the bound water
from the product

* Automated vial sealing

* Vial discarding under aseptic conditions and aluminum seals placement onto the
orifice

Characteristics of a freeze-dried pharmaceutical product:

* Lyophilic cake

» Satisfactory mechanical resistance

e Uniform color

e Satisfactory drying

» Satisfactory porous

e Sterilized

* Pyrogenic-free

* Chemical and physical stability of the dry form after reconstitution
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An important advantage of this method is that the final dry product must have the
same volume with the solution prior to freeze drying. This will result in the ease of
its reconstitution. This happens because of the existence of vacuum spaces during
the sublimating of the substance’s particles.

Products that are usually freeze dried belong to the following groups:

e Small or large bioactive molecule

e Bacteria

* Viruses

e Vaccines

e Plasma

* Fruits

e Coffee

» Flakes

* Products that are easily disintegrated in water

Freeze-drying process is applied only in a small number of pharmaceutical indus-
tries around the world as it requires highly controlled manufacturing conditions.
Defining these parameters during the freeze-drying process demands expertise that is
not widely known and high cost equipment, making the initial investment rather
large. Freeze drying outmatches other drying techniques because the manipulation
takes place in mild temperature and pressure conditions and, therefore, offers the
following advantages:

» High-quality products that would have been impossible to be produced with any
other method

* Limitation of product disruption, a fact that makes freeze-drying process the
most suitable one for highly cost raw materials

* Easy and quick reconstitution of the final product after the addition of the appro-
priate solvent as the dry lyophilized product has the same volume with the solu-
tion that was produced from

* Greater life expectance of the final product, as the dry product has greater stabil-
ity than a corresponding solution

2.5 Summary

Biomolecules and biomaterials are the building blocks of nanosystems for pharma-
ceutical applications that meet the basic requirements of biodegradability and bio-
compatibility to be approved to the market.

Medicine is the commodity that is composed of the bioactive molecule and
the pharmacological inert excipient. The medicine in its parts (bioactive mole-
cule and excipients) and as a final marketed product should be considered as a
biomaterial.
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Biophysics is the science that deals with biomolecules, cells, and tissues. The
biophysics and thermodynamics of cell membrane provide projection of the behav-
ior of a lipid-based nanosystem.

The synergy regarding the biophysical behavior of artificial biomembranes and
of cell biology has promoted nanoparticulate systems as leading nanosystems to
deliver drugs to the target tissues.

The thermotropic behavior of the liquid crystalline state of nanosystems provides
information which can be correlated with their functionality.

The phase transitions of the nanosystems’ membrane due to the flip-flop and
lateral diffusion behavior of its building blocks from which it is composed could be
correlated with the biophysical disease factor as well as with the stability perfor-
mance of the nanosystem.

Liquid crystalline state has properties affecting the visual, electrical, and mag-
netic behavior of a nanosystem.

The stability studies of nanocolloidal dispersion systems were measured based
on DLVO theory and measurements of their charge ({-potential).

DLVO theory can be divided in its classical and extended mode. The first one
deals with the repulsive and attractive forces, while the second one accommodates
the hydration energy.

Thermal analysis techniques referred to the thermotropic behavior of nanosys-
tems measuring the changes of the thermodynamic parameter. These changes reflect
to their biophysical behavior.

Lipidic nanosystems such as liposomes are considered as kinetically trapped sys-
tems and are not at the thermodynamic equilibrium. Therefore they preserve their
physicochemical profile.

The freeze-drying process of nanocolloidal systems is an approach to lyophilize
and protect fragile and sensitive to the environmental conditions nanosystems,
incorporating drugs.
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Part 11
Nanotechnology in Imaging, Diagnostics
and Therapeutics



Chapter 3
Application of Nanotechnology in Imaging
and Diagnostics

Abstract The technological evolution and the knowledge gained to provide useful
tools to the scientific community to develop molecular tools for toxic substance
detection in everyday life and accurate determination of biomolecules (e.g., pro-
teins) that can lead to diseases. Diagnosis at the molecular level was introduced to
the clinical application to investigate diseases and to monitor their progress. The
term nanotechnology on a chip refers to the application of molecular diagnosis in a
variety of methods. The most accurate approaches that have been introduced to
diagnostics and imaging are nanochips and nanoarrays. These approaches are sensi-
tive and have greater speed that already exist in clinical applications. The term ther-
anostics refers to the integration of the diagnosis/imaging and therapy approached.
Nanotheranostics combine the simultaneous noninvasive diagnosis and treatment of
diseases with the exciting possibility to monitor in real time drug release from the
nanocarrier and distribution, thus predicting and validating the effectiveness of the
therapy. Due to these features, nanotheranostics are extremely attractive for opti-
mizing treatment outcomes in cancer and cardiovascular and other severe diseases.

Keywords Diagnostics ¢ Imaging ¢ Nanotheranostics ¢ Biosensors
* Microelectromechanical systems (MEMS) ¢ Nanobiotechnology

3.1 Nanomolecular Diagnostics and Imaging

3.1.1 Introduction

During the past decades, there is great development in biotechnology and chemistry,
as new chemical and biological molecules are both produced and used in various
fields of human activities. The nonrational use of these products of high technology
resulted in the promotion of problems from their use, such as the environmental
pollution, the ecotoxicity, the need for the development of a biological cleansing
unit for the chemical and biological waste, etc. Thus, the need for the development
of new detection methods for these substances was essential. The bioanalytical
assays that are based on protein or nucleic acid determination are valuable bioana-
Iytical tools.
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Table 3.1 Nanotechnological applications in diagnostics, imaging, and therapeutics

Diseases Diagnostics, imaging, therapeutics

Cancer Nanoparticle tracers and contrast agents for diagnosis
Nanoparticles for monitoring of therapy
Minimal invasive endoscope/catheter for diagnostics and therapy
Nanostructured surfaces for biosensors
New nanoformulations for targeting agents to tumors
Implantable devices for localized delivery of drugs
New therapeutic tools with physical mode of action
Monitoring of therapeutic efficacy

Cardiovascular Nanoparticles for theranostic approaches
Implantable devices (nanosurface modification)
Targeted drug delivery into plaques

Neuro degenerative Image-guided implantation of advanced neurostimulators
Semi-invasive nanodevices for drug delivery (for Parkinson)
Nanoformulations for crossing the BBB

Metabolic (diabetes) Encapsulation and monitoring of labeled islet transplants
Whole body imaging of fat distribution with nanoparticles
Implanted noninvasive continuous glucose monitoring
Insulin measurement and delivery by nano-enabled devices

Inflammatory Imaging of nanoparticle labeled with blood cells

Soft nanomaterials for bone regeneration, rheumatoid arthritis, and
Crohn’s disease

Nowadays, the technological development and the extra knowledge gained
helped scientists develop molecular tools for toxic substance detection in everyday
life and accurate determination of biomolecules (e.g., proteins) that can lead to dis-
eases. The clinical application of molecular technology diagnosis and the monitor-
ing of human diseases are referred to as molecular diagnostics. The term relates to
the expanded meaning of “DNA diagnostics™ that is used during the nucleic acid,
gene, and protein technology application. Monoclonal antibodies (MAbs) and
enzyme-linked immunosorbent assay (ELISA) are also considered as diagnostic
tools in biotechnology diagnostics. The term genomic diagnostics is used for appli-
cations in genomic molecular diagnostics that studies the organism genes, the base
sequence, the structure, the mechanisms of regulation, the interactions, and the final
medicines. Nanobiotechnology uses terms from molecular diagnostics that are
included in the expanded category of biochips/microarrays, but the use of terms
nanochips/nanoarrays is considered as a more accurate approach. Nanotechnology
on a chip relates to various applications and performs assays in nano-volume capac-
ities. A huge number of nanodevices that consist of organized nanostructures from
inorganic materials are used to study the DNA sequence that has applications in
medicine and biology. These nanodevices are characterized as markers.

We can mention nanodevices like sensors in nanodimensions that are accurate
during assays, i.e., receptors and other living organism systems. Also nanoparticles
that can be used as labeling systems can measure the presence or the efficacy of
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certain products with elevated sensitivity and greater speed in assays. Table 3.1 pres-
ents nanotechnological applications in molecular diagnostics, imaging, and thera-
peutics. It should be noted that biomaterials are considered as a breakthrough area
of nanoscale technologies. Their properties provide new insights to the material
science to produce innovative technological platforms for every day products,
mainly in therapeutics and as daily goods [7].

3.1.2 Biosensors

The development in biosensor technology occurred due to the need of bioanalytical
tool developments that have the ability to transform the interaction of the biological
receptor with the molecule or the biomolecule that we need to define in analytical
grade. The biochemical sensors are chemical sensors whose system is based in a
biochemical mechanism. The fields in which biosensors technology is applied are
many and continually developing during the years. Clinical diagnostics, biomedi-
cine, quality control and pharmaceutical analysis, microbiology for virus and bacte-
ria detection, food production and quality, veterinary, industrial waste control,
industrial and toxic gas identification, and environmental pollution observation are
some of the fields of biosensor applications. Their capability to grant assay results in
low detection levels and high specialization in short time offered great advantages
and benefits. The techniques used today for the analysis of biological and environ-
mental samples usually take time, days or even weeks to offer a result. The delay on
the start of a therapy or the application of the certain measures in environmental
pollution puts a risk in human lives [18].

Also, in order to fulfill these assays, the use of special equipment and properly
trained personnel raised the actual cost. Therefore, the application of sensitive and
quick techniques has an advantage by limiting the result times and lowering the
assay cost. Biosensors are the tools that have a biological substance (enzyme, anti-
body, nucleic acid, cells, or tissue parts) and in combination with a physicochemical
analysis are used to detect molecules (Fig. 3.1).
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Fig. 3.1 Schematic representation of an optic biosensor (Adapted from [17])
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Briefly, biosensors provide a reading after the reaction with the analytical sample
without the addition of an extra reagent.
Each biosensor is composed from:

* A recognition biomolecule (sensitive biological element) that provides special-
ization to the sensor in relation to the sample (e.g., tissue, microorganism, organ-
elle, receptor, enzyme, antibody, nucleic acid).

* Assignal transducer (detector element) that acts in a physical/chemical way (opti-
cal, electrochemical, etc.). This part transforms the signal that is produced from
the reaction of the sample and the biorecognition element, to a measurable
signal.

* A signal transducer or an electronic processor for the result presentation.

The parts that the biosensor is consisted of and their combinations can contribute
to greater sensitivity, specialization, and portability and improve the assay time
needed. Usually the biosensor detection element that is responsible for the sample
recognition is located onto the detection area surface and is immobilized. The
advantages of this biomolecule immobilization are the following:

* The ability of continuous molecule detection in flow systems
e The use of well-defined biomolecule quantities
» The possibility of reusing the biosensor

The effective use of the biosensor is affected from the materials used, i.e., the
materials used for the biosensor mechanical support, materials used as matrices, or
membranes including the biological active factor. Biosensor support types include
the inactive support for the mechanical support, the optical waveguide that plays an
important role in sensor optical examination, and the active support like fluorescent
nanoparticles, metal films, metals spheres, and inorganic and organic micro- and
nanoparticles, and they function as small light sources and can take part in the spec-
troscopic plan. The size of the identified molecule is the one defining the biosen-
sor’s structural organization. For example, enzyme biosensors usually metabolize
small- or medium-sized substrates. Hydrogel matrices are useful only for low
molecular mass, molecules that can penetrate into the matrix and can be applied in
biosensors with whole cells. There are three different test types where biosensors
can be applied on:

» Direct type tests
* Indirect type tests with competitive link
e Indirect type tests with non competitive link

3.1.3 Nanocrystals/Quantum Nanodots

Quantum nanodots are spherical nanocrystals which have been used as diagnostic
probes (imaging) and as therapeutic products [16, 19]. They can be produced from
metal elements with semiconductor properties (e.g., CdS, CdSe, Cdte, ZnS, PbS)
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and other metals (e.g., Au). Quantum nanodots’ diameter ranges between 2 and
10 nm that correspond to 10-50 atoms. Generally speaking, quantum nanodots con-
sisted of a semiconductor core that is covered from a shell, e.g., ZnS to improve its
optical properties and its solubility in buffers.

The use of quantum nanodots (or nanocrystals), semiconductor quantum dots (or
semiconductor nanocrystals), and quantum dots (QD) that are composed from metal
ions and colloidal stabilizers for biological labeling and imaging, used in medical
applications, keeps on growing. The future applications include their use as fluores-
cent labels for cell labeling, intercellular biosensors for deep tissue and tumor imag-
ing agents, and sensitizers for photodynamic therapy, while due to their surface
chemistry, their use can be extended in biological applications because of their low
cytotoxicity. Recently, there was a great interest due to their applications, for
nanoparticle study used as nanoparticle-mediated drug delivery.

Nanocrystals (quantum nanodots) are designed with a few hundred atoms.
Usually, they are consisted of II-VI or III-V group type atoms of the periodic system
and have dimensions smaller than the Bohr’s radius. Nanocrystals (Fig. 3.2) absorb
light in a wide wavelength range, but they emit unicolor light in a wavelength that
depends on the crystal size. Scientists can produce nanocrystals that will emit light
in a specific wavelength, from infrared to ultraviolet.

Connecting nanocrystals with cells, proteins, and nucleic acids offers scientists
the ability to observe one cell with a single nanocrystal, since the intensity of the
light emitted is more than enough.

Nanocrystals are composed from inorganic structural elements; they are very
stable, while their coating with dormant biocompatible material makes them less
toxic compared with organic matrix. Targeting properties of QD can be achieved by
modification of their surface properties. Polyethylene glycol coating can protect QD
from MPS and reduce their toxicity after i.v. injection [16, 19]. Their binding with
antibodies that correspond to some type of cancer creates exceptional advantages
when used for diagnosis. After entering the organism, antibodies are attached to the
nanocrystal, track the antigen target, and connect with it. Following, they receive
radiation and emit light, allowing the detection of cancer tumor [1].

Fig. 3.2 Vials containing nanocrystals illuminated with light. Each nanocrystal emits light of a
specific wavelength, even if illuminated with monochromatic radiation. The colored spheres/
bullets indicate the relative sizes of the nanocrystals



70 3 Application of Nanotechnology in Imaging and Diagnostics
3.1.4 Nanoshells

Metal nanoshells [4], usually composed of gold, are a new group of nanoparticles
with adjustable optical properties and can be used for biomedical applications. They
are composed of a dielectric core covered by a metal shell. Silica and gold are the
preferable biomaterials that are used for their production. They can convert their
electrical energy into light in the spectra region from UV to IR which reflects to
their optical changes that are considered important for their application as contrast
agents [2, 7, 9]. The possibilities for simultaneous therapy and imaging of gold
nanoshells, spherical nanoparticles with silicon dioxide core, and golden shells have
drawn great deal of attention during the past two decades and have been highlighted
as a very useful tool for cancer therapy and bio-imaging.

3.1.5 Carbon Nanomaterials

Carbon nanotubes (CNTs) with nanoparticles entrapped into graphite walls have
been developed for biomedicine and pharmaceutical applications [12]. Carbon
nanotubes present unique properties like great surface area, great mechanical
strength, and extreme chemical and thermal stability. They can interact with cell
membranes, biological molecules, and structural components inside the cell. A car-
bon nanotube is like a graphene lamellae enfolded in cylinder shape with a nanome-
ter-scale diameter. It is a one-dimensional nanostructure and the ratio length to
diameter is more than 10,000. In 1993 the first walled carbon nanotube was synthe-
sized, while in 1991 the multi-walled carbon nanotube synthesis appeared. Sumio
Iijima’s report was of great value since it has drawn the scientific interest on this
field [5, 6, 15]. Carbon nanotubes can be with multiple walls (multi-wall nanotubes,
MWNT) with one central tube surrounded with one or more graphene layers or with
a single wall (single-wall nanotube, SWNT) where there is only one tube and not
additional graphene layers. When nanotubes are grouped together, they form nano-
tube bundles. In a nanotube bundle, commonly oriented unilamellar nanotubes are
linked together with weak van der Waals forces, forming a two-dimensional trian-
gular lattice. The coefficient of this lattice is 1.7 nm while the distance between
nanotubes is 0.315 nm. NanoMix (Emeryville, CA, USA) is an in vitro diagnostic
CNT sensor for monitoring functions of the respiratory system. This product is used
to improve the sensitivity of the analysis and it is considered as a novel sensor [20].

3.1.6 Superparamagnetic Nanoparticles

Superparamagnetic nanoparticles have a metal core (iron, cobalt, or nickel) that is
magnetically active and are used as contrast agents in magnetic resonance imaging.
They have a diameter of less than 10 nm. Also, superparamagnetic nanoparticles
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have been coupled with antibodies, a fact that possibly allows simultaneous cancer
imaging and therapy [7].

3.1.7 Inorganic Nanoparticles

The advantage of inorganic nanoparticles is the simple production process in mild
conditions, with the desired size, shape, and porosity. Their very small size (less than
50 nm) gives them the ability to avoid the MPS, while pH changes do not affect them.
Particles made from silica, argils, titanium, etc. are tissue biocompatible. Apart from
that, monoclonal antibodies or other molecules can be connected on their surface for
in vivo targeting. The growing interest to use inorganic nanoparticles, which recently
characterized as self-therapeutics, in medicine is due to the unique size-, shape-, and
morphology-dependent optoelectronic properties. Gold, silver, and platinum nanopar-
ticles are developed for therapeutic applications with regard to cancer in terms of
nanoparticles being used as a delivery vehicle as well as therapeutic agents. Inorganic
nanoparticles show low toxicity and promise for controlled delivery properties, thus
presenting a new alternative to viral carriers and cationic carriers. Inorganic nanopar-
ticles generally possess versatile properties suitable for cellular delivery, including
wide availability, rich functionality, good biocompatibility, potential capability of
targeted delivery (e.g., selectively destroying cancer cells but sparing normal tissues),
and controlled release of carried drugs. Critical properties of inorganic nanoparticles,
surface functionalization (modification), uptake of biomolecules, the driving forces
for delivery, and release of biomolecules are studied systematically.

3.1.8 Nanobars

Another nanodevice that allows cancer cell detection is composed of nanobars that
carry antibodies and are attached from one side. When proteins enclosed in cancer
cells connect with the antibodies attached to nanobars, nanobars start to slightly
bend. This slight nanobar bending causes detectable potential change that is recorded
as an analytical sign. Its evaluation leads to conclusions and information on the
presence/absence of cancer cells, and the type of cancer cells, depending on the con-
nection and the nanobar bending of the specific antibody.

3.1.9 Nanowires

Nanowires, 1-2 nm width, when placed in a suitable substrate can be covered with
monoclonal antibodies against various cancer types. This results in sensitivity increase,
approximately 100 times more than the existing diagnostic techniques, using the
smallest sample quantity.
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3.1.10 Magnetic Nanoparticles

Magnetic nanoparticles can connect to antibodies and enter the human organism.
According to their ability of connecting with the antigen target that is overexpressed
in specific cells, by applying an external magnetic field, nanoparticles lead to a
certain magnetic behavior. In other words, the diagnosis is based on the external
applied magnetic field change. Nanoparticles not connected with the antigen target
are rotated freely and their total magnetic field is zero. On the contrary, nanoparti-
cles connected with the antigen target cannot move freely and give a measurable
magnetic field change. Many diseases can be detected simultaneously using mag-
netic nanoparticles with various antibodies. Magnetic nanoparticles improve the
detection ability in lymph nodes of metastatic damages that are caused in breast or
prostate cancer.

3.1.11 Microelectromechanical Systems (MEMS)

Microtechnology already affects the biological analysis field in a very important
way. Evolutions on MEMS like functioning in a lab scale, on a completed chip, has
created lab on chip, offering the possibility of substance detection (bioanalytical
assay). The implementation of microcircuitry in devices helps in automation
increase, creating advantages due to their mass production. BloMEMS have been
designed to be applicable as sensors, e.g., to detect glucose levels in humans or in
drug delivery [22]. The technique of changeable lithography used by microfluidics
is being developed more easily especially in nanoscale than in microelectronics
level. Scientists implementing nanofluids can work on smaller matter quantities and
separate proteins or nucleic acids (DNA and RNA) according to size and shape.
Nanomembranes present great evolution potentials on this field. For example, the
single DNA or RNA beam’s transit through a nanopore or a nanodiode forces the
bases to pass through the specific nanopore, and then they are studied in polymor-
phism level (especially in conformational or structural polymorphism that is related
to genetic diseases).

More in particular, conformational polymorphism is extremely difficult in study-
ing, since the liquid crystal phase of the base plays an important role. It is difficult
to determine and evaluate the base’s mesophase, i.e., the change in the crystalline
structure and not in the structural characteristics. These mesophases constitute con-
formational polymorphism that is above all a kinetic phenomenon. The change of
the electric field where the nanopore is placed could be used in the identification of
the passing by base. This way, its structural and the conformational integrity is
detected, i.e., its normal state and smooth functionality. A possible outcome of this
approach is the ability of placing consecutively the whole genome (the total genes
of an organism) in just a few hours time.
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3.2 Theranostics

The challenges of the next-generation therapeutics are the inhomogeneity and
adaptability of major chronic diseases such as cancer and inflammatory disorders
and the seemingly infinite variability of the patients’ genomes. Facing the above
challenges, the personalized (patient-tailored) medicine is the answer and adapts the
treatment to the patient specific characteristics. This scientific orientation requires
the knowledge of the molecular defects of the diseases and of the biological systems
to effectively and efficiently identify those defects, deliver bioactive molecules, and
monitor the therapy. The molecular imaging is a growing research discipline aimed
at developing and testing novel tools, reagents, and methods to image-specific
molecular pathways in vivo, particularly those that are key targets in disease pro-
cesses. Personalized medicine is the ultimate goal of molecular imaging [13] which
is an interdisciplinary approach for:

1. Identification of a marker of disease such as genes, cytoplasmic or free proteins,
and enzymes.

2. A beacon (e.g., fluorescent or bioluminescent molecule, a metallic nanoparticle,
an ultrasound air bubble) that can be attached to the marker via a chemical reac-
tion or interactions.

3. Optical, ultrasound, electrical, or other methods can be used to identify the pres-
ence or absence of the marker and consequently of the beacon.

A diagnostic test that identifies patients most likely to be helped or harmed by a
new medication (biomarker identification and validation, patient stratification, “pre-
dictive pharmacology”) and targeted therapy and in vivo imaging based on the test
(tests based on sophisticated technology involving genetics, molecular biology, and
testing platforms such as microchips). The test results are used to tailor and monitor
treatment, usually with a drug that targets and images a particular gene or protein.

Nanobiotechnology offers a promise to revolutionize the life sciences because it
equips biologists with tools and materials that can interact directly with the biomol-
ecules that they study on a daily basis biomolecules-material interaction, the sine
qua non of nanobiotechnology. Both biotechnology and nanotechnology have
matured to the point that their convergence offers opportunities for novel solutions
to unmet needs in biology, pharmaceutics, and medicine. In the field of drug deliv-
ery, the particle is preloaded with a therapeutic agent, and, once at the target, the
outer shell disintegrates, releasing the bioactive molecule. The medicine is released
directly over the disease location at a high concentration, resulting in a more aggres-
sive treatment fewer and much less intense side effects compared to current regi-
mens, e.g., chemotherapy.

According to Kostarelos [8], the chemical character of the nanomaterial is evi-
dently a fundamental parameter that contributes greatly to the biological responses
obtained upon interaction with biological matter (i.e., modulation of the nanomate-
rial chemical character by covalent linkages can lead to dramatic changes in the
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physical and the biological properties of the nanomaterial; proof of concept that
carbon nanotubes (see Chap. 3) can act as delivery systems for drugs, antigens, and
genes with minimal cytotoxicity via a novel uptake mechanism which has proven to
be energy independent) (see Chap. 2).

The term theranostics refers to the simultaneous integration of the diagnosis/
imaging and therapy approached [10]. Therefore, the purpose is to diagnose and
treat the diseases, when the diseases are most likely curable or at least treatable.
Theranostic nanomedicine shows better characteristics than other theranostic agents
since they have advanced capabilities, which include sustained/controlled release,
targeted delivery, and imaging [3]. Nanotheranostics hold great promises because
they combine the simultaneous noninvasive diagnosis and treatment of diseases
with the exciting possibility to monitor in real time drug release and distribution,
thus predicting and validating the effectiveness of the therapy. Due to these features,
nanotheranostics are extremely attractive for optimizing treatment outcomes in can-
cer and cardiovascular and other severe diseases. The following step is the attempt
to use nanotheranostics for performing a real personalized medicine which will tai-
lor optimized treatment to each patient, taking into account the individual variabil-
ity. Clinical application of nanotheranostics would enable earlier detection and
treatment of diseases and earlier assessment of the response, thus allowing screen-
ing for patients which would potentially respond to therapy and have higher possi-
bilities of a favorable outcome. This concept makes nanotheranostics extremely
appealing to elaborate personalized therapeutic protocols for achieving the maximal
benefit along with a high safety profile [14]. In an extensive review article by Zhang
and coworkers, gold nanorods (AuNRs) are referred as promising for biomedical
applications as they fuse in one system both imaging and therapeutic approach.
AuNRs are well studied in in vitro experiments and in hyperthermia therapy, but
efforts are needed in order to establish their effectiveness in therapeutics [21].

In other words, theranostic nanoparticles contain diagnostic and therapeutic
functions in one integrated system, enabling diagnosis, therapy, and monitoring of
therapeutic response at the same time. For diagnostic function, theranostic multi-
functional nanosystem requires the inclusion of noninvasive imaging modalities.
Among them, optical imaging has various advantages including effectiveness, sen-
sitivity, real time, and convenient use and non-ionization safety, which make it the
leading technique for theranostic nano-platforms [11]. For therapeutic function,
theranostic nanoparticles have been applied to chemotherapy, photodynamic and
photothermal therapy, and gene therapy.

3.3 Summary

Nanodevices are introduced to diagnostics and imaging as nanochips and nanoar-
rays are more accurate approaches providing sensitivity and greater speed in assays.

Theranostics refer to the combining of diagnosis/imaging and therapy approach
in one nanodevice.
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Chapter 4
Application of Nanotechnology in Drug
Delivery and Targeting

Abstract Lipidic nanoparticulate self-assembled structures are effective carriers
for drug delivery. This chapter describes the most famous nanotechnological drug
delivery systems that are already used in clinical practice and clinical evaluation or
in academic research. Liposomes are nanocolloidal lyotropic liquid crystals that are
able to deliver bioactive molecules. Their membrane biophysics and thermody-
namic properties reflect to the creation of metastable phases that affect their func-
tionality and physicochemical behavior. Thermo- and pH-responsive liposomes are
innovative nanotechnological platforms for drug delivery and targeting. Polymeric
micelles and polymersomes are nanostructures that are promising drug carriers,
while dendrimeric structures are considered as real nanoparticulate systems that are
used in drug delivery and as nonviral vectors as well as in prevention of serious
infections leading to diseases. Vaccines based on nanoparticles such as liposomes
are an emerging technology and liposomes seem to meet the requirement criteria of
adjuvanicity.

Keywords Packing parameter ® Liposomes ¢ polymersomes * micelles ® Dendrimers
* Vaccines

4.1 Pharmaceutical Nanotechnology

Nanotechnological systems are used as bioactive molecules’ delivery systems for
therapeutic purposes and for tissue imaging. Furthermore, new scientific studies
combine nanosystem application for simultaneous disease treatment and monitoring
disease progression, helping the clinical doctor to get the most accurate diagnosis.
These systems are known as theranostics (diagnostic-therapeutic products) (see
Chap. 3). In this chapter, the most important nanotechnological drug delivery sys-
tems will be studied, starting from their technological development in the laboratory
to their clinical use regarding their biophysics, therapeutic efficacy, and safety. The
pharmaceutical scientists have a great advantage when they try to understand the
behavior of these nanosystems in a technological point of view and by correlating
their functionality with the living organisms as well. Pharmaceutical nanotechnology
research aims in the development of new medicines based on bioactive molecule
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delivery with nanosystems and in geometric increase of medicines that are currently
in clinical studies. Pharmaceutical industry follows the same path, investing in the
bioactive molecule development, in pharmaceutical nanotechnology point of view.

4.1.1 Lipidic Nanocarriers

Lipidic nanocarriers [4] are considered the most beneficial and promising techno-
logical platforms for encapsulating bioactive molecules. The biocompatibility and
biodegradability due to their lipidic nature are advantageous properties, among oth-
ers, like high ability entrapment of bioactive molecules with different solubilities.
However, they have emerged as interesting nanosystems for delivering bioactive
molecules to the target tissues. Their ability to improve the active and passive target-
ing mechanisms is of importance for exploring new disease targets. The most com-
mon and interesting lipidic carriers are liposomes. Commercially available lipidic
nanocarriers that contain amphotericin B in the market are Abelcet® (Sigma-Tau
PharmaSource Inc.) which is a lipidic complex suspension for intravenous infusion.
It consists of dimyristoyl phosphatidylcholine (DMPC) and dimyristoyl phosphati-
dylglycerol (DMPG) in a 1:1 drug to lipid ratio. It forms ribbonlike particles with a
size of 1.6-11 um. Amphotec® (Ben Venue Laboratories, Inc, Bedford, OH) con-
sists of amphotericin B in a complex with cholesteryl sulfate at a 1:1 drug to lipid
molar ratio. The shape of the particles is determined as disk with a size of 120-
140 nm. Two more lipidic nanocarriers are also referred in the literature. These
lipidic nanosystems are the archaeosomes and nanocochleates.

Archaeosomes are lipidic bilayer vesicles composed of ether lipids that are
obtained from the bacteria Archaea (Archaebacteria). They are more stable than
liposomes to the changes of temperature, pH, oxidation, and hydrolysis. Omri and
coworkers have reported the i.v. and oral delivery of archaeosomes in mice [62].

The name cochleates first presented in the pioneer work by Papahadjopoulos and
coworkers [64]. The addition of divalent cation such as Ca-2+ (10 mM) to the lipidic
preparation composed of phosphatidylserine in aqueous NaCl buffer following incu-
bation for 1 h at 37 °C leads to the production of multilamellar structures which pres-
ent cylindrical morphology. The spiral configuration was studied by using freeze
fracture electron microscopy. Papahadjopoulos and coworkers proposed the name
cochleate lipid cylinders. Nanocochleates are lipidic nanocarriers composed mainly
of charged lipids and a divalent cation. They are applied for delivery of DNA, proteins,
and peptides. Their structure (cigar-shaped MLV structure) is the reason for consider-
ing them as candidates for oral and systemic delivery of bioactive molecules [4].

4.1.1.1 Liposomes

Just before mentioning lipid nanosystems for therapeutic and diagnostic pur-
poses, like liposomes, a very important step is the short description of the lipid
bilayers that consisted of. Liposomal lipid bilayer is a study subject of many
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scientists like physicists, chemists, biologists, biophysics, etc., while its thermo-
dynamic behavior is also an important study subject that relates with their stabil-
ity and functionality. Its physicochemical characteristics and thermodynamic
phase transition (see Chap. 2) that characterize the lipid system thermotropic
behavior and, therefore, its effectiveness are related to the geometry of its struc-
tural materials. The question arising during lipid membrane study is: “which is
the driving force that causes the self-assembly of biomaterials, e.g., lipids — and
in the case of liposomes, mostly phospholipids — in structures, e.g., spherical
structure instead of flat (foliate) structure?” or even better “which is the driving
force creating the specific nanostructure type?” The answer is based on the phys-
icochemical and thermodynamic characteristics of the medium where a nano-
structure is self-assembled.

The geometric characteristic determination of nanoparticulate systems contain-
ing amphiphilic surfactants (e.g., phospholipids) such as liposomes is based on the
packing parameter S,. This parameter is symbolized in this book as S, so there will
be no confusion with parameter S that will be mentioned later on and relates to the
biomolecule orientation in a nanosystem (Figs. 4.1 and 4.2) [39]:

ap

Fig. 4.1 The geometric characteristics of surfactant amphiphilic
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Fig. 4.2 Nanostructures of self-assembly of biomolecules resulting in a different shape. Calculation
of packing parameter, S,

S, = r 4.1
ayl,

where V is the volume of the hydrophobic chain(s), /. is the length of the hydropho-
bic chain(s), and qy is the surface area of the hydrophilic polar group/head of the
amphiphilic (surfactant) molecule, e.g., phospholipids. The geometrical character-
istics of the structural units of nanosystem affect through their self-assembly pro-
cess, its organization, shape, and structural characteristics. Another important
parameter is the one referring to the biomolecule orientation regarding the vertical
settlement axis. This parameter is characterized with the letter S and can have values
1 and 0.3-0.9 that have been emerged from the experimental data.

The mathematical type that calculates the S and based on its value classifies the
system in crystalline form (S=1) in isotropic liquid (S§=0) and in liquid crystal
(§=0.3-0.9) is the following:

~ 3cos’0-1
2

S 4.2)

S=1 (crystal), S=0 (liquid), and §=0.3-0.9 (liquid crystal). Where cos? is the settle-
ment axis angle of the nanosystems’ biomolecule to the vertical axis. Important
categories of self-assembled nanosystems with variations regarding the biomole-
cule chemical structure will be presented in detail in the following pages.
Liposomes were firstly described by Alec Bangham in 1965 [5]. In reality, the
simple phospholipid stirring (Fig. 4.3) in water has led to the development of a phos-
pholipid dispersion that aimed in cell membrane study regarding its biophysical



4.1 Pharmaceutical Nanotechnology 81

o— P—o—CH2
0
: HC\ CH,CH,(CHp)1oCH,CH,CHg

.................................................... / O\[I/CHQCHQ(CH2)1OCHQCHZCH3

v

Fig. 4.3 (a) Structure of phospholipid. In cycle, the polar group (choline). (b) Liposomes (c)
lipidic bilayer phospholipid

behavior. Liposomes belong to the self-assembled colloidal nanodispersion systems
composed of lipidic bilayers that are able to incorporate lipophilic bioactive mole-
cules or to entrap them into their aqueous core [5, 65]. This phospholipid dispersion
was basically related to large phospholipid structures of irregular shape and microm-
eter size with multiple lipid layers. The lipid layers’ polar heads were oriented toward
the water molecules where the lipid chains have created the lipid bilayer through
hydrophobic interactions. This effort was the beginning of the nanosystem develop-
ment, liposomes that delivered bioactive molecules. During the past decades, lipo-
somes are one of the most promising bioactive molecule delivery nanosystems.
Liposomal technology is a developing research field, while scientific reports in this
field are hundreds per year. Liposomes are closed pseudo-spherical structures that
consisted of one or more lipid bilayers where inside them entrap water media and are
characterized as thermodynamically unstable colloidal dispersions. Lipid bilayers
consisted mainly of phospholipids and cholesterol without excluding the use of other
biomaterials, e.g., polymers as liposomal structural units. Phospholipids, due to their
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amphiphilic character, in water environment orient so their polar heads are toward
the water medium, while lipophilic hydrocarbon chains are protected from the water
molecule connection, developing hydrophobic interactions. On liposomal surface,
small molecules or macromolecules can be connected; these include antibodies that
change the physicochemical properties of their surface. This fact is very important
and depends upon the nanosystem functionality and its physical stability on time of
production and over time.

The discovery of multilayer’s irregular structures that lipids form where in water
medium could be of use as a simulation model for cell membrane is a historical
observation that enriched the biophysical and colloidal dispersion system science. In
the early 1960s, there was a great interest in studies related to lipid colloidal system
properties that could be used as design standards of cell membrane behavior. Initially
they were called bangosomes, since AD Bangham was the first one that noticed
them, but later on they were called liposomes from the Greek words Aizo¢ (fat) and
owpa (body) [5]. Bangham had suggested the term amphisomes as more appropriate
since the cell membrane structural parts were amphiphilic molecules. Studying the
cell membranes’ dynamic properties like fluidity and lipid layers’ mesophase change
was a challenging field when studying biophysics and thermotropic behavior of lipid
membrane and, therefore, liposomal dispersions. Lipid vesicles in their initial form
(simple dispersion in water environment) had no thermodynamically organized
structures and were characterized as multilamellar vesicles (MLVs).

In 1967 Demetrios Papahadjopoulos and coworkers [63] described the structure of
sonicated microvesicles that later on were known as small unilamellar vesicles
(SUVs). These researches offered the biomembrane potential structure, explaining
lipid layer fluidity and diffusion properties. The evolutions in this scientific field have
created a fertile ground in scientific groups that started studying the possibility of
applying lipid dispersions as vehicles for bioactive molecule transfer and delivery.
During the past years, research related to liposomes as transport and delivery vehicles
for therapeutic purposes has been developed [41]. The scientific interest in this area
included the interaction of encapsulated biomolecules (nucleic acids, proteins, bioac-
tive molecules) with the liposomes’ structure units, their in vivo administration, the
mechanisms when liposomes enter the cell, and their immunological properties.
Changing the lipid composition (phospholipids and generally lipids of different struc-
ture), {-potential, liposomes’ size, and size distribution were characterized as impor-
tant properties that could define liposome behavior in vivo and in vitro. Phospholipids’
distribution in water medium resulted in spontaneous development of lipid vesicles,
and not liposomes, since liposome development needed a specific process (see
Appendix). Lipidic vesicle structures (e.g., double layer, cubic structures, hexagonal
structures, etc.) depend upon the phospholipid or lipid concentration that takes part in
the process and their geometry that is related to their chemical structure. If the condi-
tions mentioned before, i.e., phospholipid/lipid concentration and chemical structure,
lead to lipid bilayer development, then the hydrophobic parts come in contact with
water environment in a non-favorable energy way. This results to a bending so they
will interact through hydrophobic interactions minimizing lipid chain exposition in
water medium. The energy required for lipid bilayer bending is covered from the
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energy increase due to lipid bilayer’s hydrophobic section exposition to the water
environment. The result of hydrophobic lipid chains’ bending and assemble is the
development of multilayer lipid vesicles. Their description was reported for the first
time in 1965 from Bangham and his coworkers [5]. So, lipid vesicles are the closed
pseudo-spherical structures of one or more lipid bilayers that entrap the dispersion
medium where they are. This formation offers lipid vesicles the property of being
consisted of both the hydrophilic dispersion medium and the lipid chain hydrophobic
section, respectively. For this reason, they can entrap hydrophobic, amphiphilic, or
even hydrophilic bioactive molecules. Liposomal production with a specific process,
mentioned in the Appendix —i.e., the lipid vesicle production with structural organiza-
tion depended on the biomaterials’ structural and geometrical characteristics, physico-
chemical characteristics, and their energy content —is an important fact directly related
to their physical stability, the bioactive molecule entrapment ability, their release rate,
and their efficacy according to their ADME (absorption, distribution, metabolism, and
excretion) profile that will develop the final pharmaceutical product. During the past
decades, liposomes are one of the most promising bioactive molecule carriers and
delivery systems to the damaged tissues, and liposomal technology is a potential
research development field while the scientific publications in this field are hundreds
per year. According to the above, it can be said that liposomes are closed pseudo-
spherical thermodynamically unstable lipid structures of dispersed lyotropic liquid
crystals that are composed of one or more lipid bilayers that can bind on the inside of
the water medium where they are. Lipid bilayers are composed of phospholipids,
cholesterol, or other lipid molecules. Cholesterol is an important biomolecule that was
chosen among the others through centuries in natural evolution process, since the
system demanded thermodynamic self-sufficiency, structural stability, survival time
ability, and life perpetuation through multivariate and multilevel cell organization.
Cholesterol has been chosen as the most appropriate biomolecule that can sufficiently
regulate the lipid bilayer fluidity that is necessary for its functions [38, 53]. Also, on
liposomal surface, small molecules or macromolecules can be attached and modify
their surface properties, for example, targeting antibodies through antigen connection.
Nowadays, liposomes are considered as nanoparticles that develop liposomal colloi-
dal nanosystems, extremely useful and highly promising for new pharmaceutical
product development [28].

The target of each pharmaceutical formulation is the distribution optimization of
the bioactive molecule in the human organism, the control over its release rate, and
the maximization of the therapeutic result. Liposomes have the ability to entrap and
transfer a wide range of bioactive molecules and have the following advantages:

* Liposomes can direct the bioactive molecule in specific parts of the organism
(damaged tissues) enhancing the therapeutic effect while minimizing its accu-
mulation in healthy tissues and, therefore, limiting toxicity and side effects.
Targeted therapeutics is a continuously developing research activity.

* Liposomes can act as transport and delivery vehicles and as bioactive molecule
accumulation tanks. Liposomes release the bioactive molecule in a controlled
rate, modifying the bioactive molecule’s pharmacokinetics.
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e Protection of the entrapped bioactive molecule physicochemical integrity.
Bioactive molecules entrapped in liposomes are protected since there are no enzy-
matic degradation processes taking place.

* Liposomes have the ability of transferring bioactive molecules inside the cell
through different mechanisms, like fusion, phagocytosis, etc.

Moreover, the physicochemical properties and their behavior in biological media
promote advantages over other delivery nanosystems. We have to refer that thermo-
dynamics which relates to the stability profile of liposomes should be kept into
consideration. It is worthy to note (see Chap. 2) that liposomes are not at thermody-
namic equilibrium, but they behave as a kinetically trapped nanosystem, contrary to
those nanosystems (e.g., polymeric nanosystems or microemulsions) that they are
affected when changes in their environment occurred. However, liposomes preserve
their physicochemical properties that promote their usefulness as drug delivery
nanosystems [42].

Nowadays liposomal products are in the market for therapeutic purposes. Due to
their double nature (lipidic bilayer, hydrophilic inside), liposomes can be used as car-
riers for both lipophilic and hydrophilic bioactive molecules. Depending on their
nature, various bioactive molecules can be placed into the lipid bilayer or in the hydro-
philic section of the liposome. In the first case, the bioactive molecule is incorporated
into the bilayers of liposome, while in the second case, the bioactive molecule is
encapsulated into the aqueous interior of liposome. Bioactive molecules entrapped in
liposomes seem to be more effective to treat diseases and to protect healthy tissues
from their exposure in toxic biomolecules. Liposomes are able to transfer infected
organism antigens, malaria antigens, and bacterial toxins, and these have been suc-
cessfully used for the development of chemical or cellular immunity in test animals.
All of the above show that liposomes can be protein and peptide transferring systems
but more research is needed for vaccine development.

Liposomes could be considered as artificial biomembranes, and their relationship
regarding the biophysical behavior between biomembranes and cell biology has pro-
moted them as leading nanosystems to deliver drugs to the target tissues. Liposomes
have been successfully used in the field of cell physiology, and the pioneer work of
Gregoriadis and coworkers in the 1970s provided evidences regarding the use of
liposomes in enzyme replacement therapy [25-27]. They can be developed having a
specific composition simulating cell membrane functionality, offering a model sys-
tem for their study. Due to their relevant structure with the basic cell membrane
components, they have been used to both stimulate and study them. These studies are
on their thermotropic behavior, i.e., on the phase transitions, due to heat absorption
or elimination. This thermotropic behavior can be related with the cell behavior and
many assumptions can be concluded on their functionality. Also, this relation can
highlight the disease factors and the biophysical changes due to mesophases result-
ing from phase transitions. The term disease factor can be related to the cell bio-
physical and thermodynamic behavior, e.g., a microbial infection can cause a cell
membrane biophysical functionality change and, therefore, act as a disease factor.
It is obvious that the more cell membranes and other cell organelles, even genetic
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material’s phase transitions, affect the living functions, the more dangerous the bio-
physical disease factor becomes for the organs’ function and for life itself. Liposomes
have been used successfully for bioactive molecule action mechanism investigation,
i.e., aminoglycoside antibiotics’ cytotoxicity mechanism. Also, they have been used
to understand the local anesthetic mode of action and as models for studying the
phototoxic active oxygen-mediated incidences. Table 4.1 presents liposomal applica-
tions in various scientific fields. It should be mentioned that liposomal applications
in medicine and pharmaceutics are due to the need of new medicine development,
especially new bioactive molecule delivery moieties with specific physicochemical
characteristics. Liposomal properties related to their biocompatibility with cell mem-
branes, their ability to transfer and deliver bioactive molecules and biological prod-
ucts, and their ability to target damaged tissues connecting with macromolecules on
their surface (e.g., antibodies) are the basic reasons for health science applications.
Most important parameters studied in liposomal technology are:

* Liposome lipid composition. The predominant lipids are phospholipids and
cholesterol.

» Temperature, pressure, ionic strength, and presence of ions or macromolecules,
e.g., proteins, enzymes, and bioactive molecules in water environment where lipo-
somes are.

* Lipid membrane permeability, elasticity, width and shape, and its ability to inter-
act with other cell membranes.

* Lipid concentration in the final dispersion system.

The classification of various liposomal types can be done according to size and
number of bilayers. According to these criteria, they can be distinguished in:

* Multilamellar vesicles. They consisted of many concentric bilayers of 500-
5000 nm size. These can be also divided in large multilamellar vesicles (MLVs)
that have up to 20 bilayers and in oligolamellar vesicles (OLVs) that usually
consisted of 5 lipid bilayers.

* Large unilamellar vesicles (LUVs). They have only one bilayer and their size is
between 200 and 800 nm.

Table 4.1 Applications of liposomal technology

Science Application

Mathematics Topological study of space of two- or three-dimensional surfaces.
Fractal geometry

Physics Physical properties of biomaterials

Biophysics Permeability, transitions of liquid crystalline phases of materials

Physical chemistry Study of physicochemical characteristics of colloidal systems

Biology and biochemistry | Biological membrane models. Studies on the interactions between
cells

Pharmaceutics Drug delivery and targeting

Medicine Diagnostics, pharmacological effectiveness of liposomal products
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Small unilamellar vesicles (SUVs). They have only one bilayer and their size is
100 nm.

Multivesicular vesicles (MVVs). They include many sections in their interior,
but contrary to MLVs, they are not concentric.

An additional liposomal category can be according to the lipid bilayer composi-

tion, and therefore, there are the following:

Conventional iposomes. Conventional are called the liposomes that consisted of
neutral phospholipids (neutral phospholipids of ionic nature — their total charge
is zero as they have equal number of positive and negative charges).
pH-sensitive liposomes. These liposomes mainly consisted of phospholipids, e.g.,
DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine. According to
Connor and coworkers [16], pH-sensitive liposomes composed of DPPE promote
fusion, while the presence of phosphatidylcholine inhibits the fusion process
according to water environment pH that it is exposed to, they present a different
charge [46].

Cationic liposomes. Cationic liposomes are those with a positive charge [e.g.,
DOTAP 1,2 dioleoyl-3-(trimethylammonium)-propane, DOTMA chloride N-{ 1-
(2,3-dioleoyloxy)-propyl }-N,N,N-trimethylammonium]. They are used exclu-
sively in intracellular transfer of negatively charged macromolecules like nucleic
acids (DNA and RNA) and other oligonucleotides.

Immunoliposomes or antibody-targeted liposomes [33]. This category relates in
liposomes of targeted delivery that have on their surface an antibody that func-
tions as a detection center for surface antigens of target cells. Usually, the anti-
body is covalently bonded with the active group on the liposome bilayer surface,
usually a maleimide molecule.

Long-circulating or sterically stabilized liposomes. These liposomes include
phospholipids in their bilayer. These phospholipids are covalently bonded with
polyethylene glycol (PEG). PEG offers a kind of steric stabilization, a barrier for
interactions between liposomal surfaces and biological environment’s compo-
nents. These interactions usually include plasma protein penetration into the
bilayer that can destabilize the liposome structure or have opsonization proper-
ties, whose interference lowers the immune system phagocytes’ recognition abil-
ity. So, these liposomes stay for a long time in plasma circulation without having
a small size.

Stealth liposomes. These liposomes’ structure is modified in order to lower their
destruction rate from macrophage cells and to maximize their stay in the organ-
ism. Usually, they have a small size and on their surface they have polymers like
polyethylene glycols (PEG), carbopol, and polyvinyl alcohol. Liposomes can act
as bioactive molecule “tanks” for their extended release.

Liposomes with macromolecules on their surface. These liposomes, known as
ligand-targeted liposomes (LTLs), can have on their surface monoclonal antibod-
ies, peptides, polysaccharides, receptors, hormones, vitamins, growth factors, etc.
Macromolecule connection on liposomal surface can be either directly or through
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a “ligand.” In the case of ligand-targeted liposomes, bioactive molecules are con-
nected on polymer chains (e.g., PEG).

Depending on macromolecule type on the liposome surface, these can be classi-
fied into the following:

* Liposomes with peptides on their surface. In this category, there are liposomes
that have plasminogen on their surface and they target fibrin clots. Also, there are
peptide liposomes that block angiogenesis in endothelial cell targets.

» Liposomes with polysaccharides on their surface. These liposomes through their
surface polysaccharides are directed to specific cell targets.

Moreover, liposomes can be used in imaging when loaded with the appropriate
contrast agent. Several efforts have been made for the accumulation of contrast
agents in the required area by using carriers of the agent. Liposomes were found to
be the most relevant nanoparticulate nanosystems because of their release of the
agent profile [85]. Their applications in imaging and as diagnostic agents are mainly
based on their biocompatibility and on their entrapment efficiency of diagnostic
agents [29, 39]. Liposomes are attractive carriers that are able to overcome skin bar-
rier and depending on their composition can behave as penetration enhancers mainly
that with high values of hydrophilic-lipophilic balance. Transfersomes are liposo-
mal formulations that have been introduced by Cevc [12] and can promote great
fluxes of active ingredients through the skin. More innovative products are produced
for cosmetics based on liposomal concept delivering compounds such as antioxi-
dant, hydrated agents, etc. and even proteins [88]. It should be mentioned that, not
surprisingly, liposomal technology accommodated nonmedicinal and pharmaceuti-
cal areas such as catalysis, cosmetics, ecology, etc. [40].

Initially, the bioactive molecule is dispersed in the multilayer lipid vesicle envi-
ronment that is developed during lipid dispersion in aqueous medium [51, 52]. This
dispersion depends on the physicochemical characteristics of the molecule and the
vesicles formed. The presence or absence of charged groups within the bioactive
molecule that are created depending on the pH of the dispersion medium is a crucial
parameter in bioactive molecule encapsulation process in liposomes. Liposomes will
be developed according to the multilayer lipid vesicles and their membrane physico-
chemical characteristics. Regardless on the liposome production method that follows
the initial lipid dispersion in water medium and the development of multilayer vesi-
cle structures, the bioactive molecule encapsulation into the liposomes that will be
developed later on is based on three different techniques. The technique to be used is
chosen according to the bioactive molecule physicochemical properties that can be
either hydrophilic, hydrophobic, amphiphilic, or amphoteric (weak base or acid).

* Encapsulation. Encapsulation as a term is used basically in case of hydrophilic
bioactive molecules. The process involves the bioactive molecule phospholipid
or other lipid hydration with water medium. During the multilayer lipid vesicle
development, the hydrophilic molecule is passively encapsulated into the inner
water environment and between the bilayers. Following, liposomes with the
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bioactive molecule encapsulated on the water environment are developed accord-
ing to process described in the Appendix of this chapter.

e Incorporation. A hydrophobic or amphiphilic molecule is dissolved in organic
solution and then mixed with phospholipids or lipids. Evaporation follows on
rotation device in vacuum and a thin lipid film is produced. The thin lipid film,
phospholipid and/or lipid, bioactive molecule mixture hydration with the water
solution results in multilayer lipid vesicle formation where hydrophobic or
amphiphilic bioactive molecules are encapsulated in their lipid bilayer due to
hydrophobic interactions with its lipids. Liposomes are then developed accord-
ing to methods described in the Appendix of this chapter.

* Active loading. It is based on bioactive molecule passive diffusion through lipo-
some lipid bilayer. Molecules like weak acids are in neutral or ionic form depend-
ing on the pH of the dissolution media. A bioactive molecule like that can
penetrate the liposomal bilayer. The pH inside the liposomes is regulated so the
bioactive molecule can be in its ionic form and due to charged groups cannot
penetrate the lipid bilayer barrier and, therefore, accumulates inside the lipo-
somes. This method includes initially, the liposome development through multi-
layer lipid vesicle development and then bioactive molecule addition through
encapsulation in liposome water environment as mentioned earlier. An example
of bioactive molecule active loading in liposomes is the encapsulation of the
anticancer bioactive molecule, doxorubicin.

According to Sidone and coworkers [73], the pharmacokinetic variability of liposo-
mal agents was 2.7-fold and 16.7-fold greater than non-liposomal agents as measured
by ratio of AUC CV% and ratio of AUC,,,, to AUC,;,, respectively. It is of importance
to figure out that the incorporated bioactive molecule into liposomes does not interact
with the site tissue until it releases from the liposomal formulation. It is obvious that the
pharmacokinetic profile of the liposomal product combines the pharmacokinetics of
the liposomal delivery system as well as the pharmacokinetics of the incorporated bio-
active molecule after it releases from the carrier. However, the total pharmacokinetic
profile of a liposomal product still remains a scientific area to be developed, because
the rate of the release affects the overall pharmacokinetics of the liposomal product [1].
Today many anticancer liposomal formulations are available in clinical practice, while
a huge number are in clinical trials. The first one which received approval in 1995 was
doxorubicin HCI as liposomal injection (Caelyx® in Europe and Doxil® in the United
States), to treat HIV-associated Kaposi sarcoma and ovarian and breast cancer [75].
The published data by Allen and Stuart [1] showed that the pharmacokinetic data
between the two well-known anthracyclines, i.e., doxorubicin and daunorubicin incor-
porated into different composition liposomal formulations with those of the free form
of the two anthracyclines, showed that the clearance rates of the liposomal formula-
tions are lower than that of the free form of the drugs. It is of importance that the steri-
cally stabilized (surface PEG grafted) liposomal formulation that corresponds to Doxil/
Caelyx has shown a decrease clearance rate, in comparison with that of DaunoXome®
which is the liposomal formulation of daunorubicin, even though the liposomal vehi-
cles of DaunoXome have larger hydrodynamic diameter (size).
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Thermo- and pH-Responsive Liposomes

The development of stimuli, dual- and multi-stimuli-responsive nanosystems, follows
the same approach for improving the pharmacotherapy as stealth and chimeric lipo-
somes (see Chap. 5) (combining two different or same biomaterials). These systems
use intrinsic or extrinsic (external) stimuli as triggers in order to succeed in site-spe-
cific drug delivery and to improve the safety and efficacy of bioactive molecules. pH-,
thermo-, redox-, enzyme-, magnetic field-, and light-responsive nanopreparations
have been already studied extensively [13, 20]. Temperature-sensitive drug delivery
systems offer great potential over their counterparts due to their versatility in design,
tunability of phase transition temperatures, passive targeting ability, and in situ phase
transitions [37]. Thermosensitive liposomes are developed in order to improve tumor
accumulation, trigger liposomal drug bioavailability, enhance drug delivery specific-
ity (i.e., drug painting dosing and chemodosing) and drug internalization, and person-
alize the treatment [77, 91]. Thermosensitive liposomal formulations minimize the
toxicity of the encapsulated active substance/anticancer agent, control the release rate,
and enhance the long-circulating properties by modulating the composition and the
“smartness” “decision making” of the nanocarriers [44]. ThermoDox® (Celsion) is a
nanoengineered drug delivery system in clinical trials (phase III) and is a low-temper-
ature-sensitive liposomal formulation incorporating doxorubicin (anthracycline) for
the treatment of metastatic malignant melanoma and liver cancer. ThermoDox is the
first heat-activated liposomal formulation, which consisted of three synthetic low
phase transition temperature phospholipids and releases the anticancer agent at
39.5 °C [22]. In the past decades, there have been reported and developed many strate-
gies for formulating pH-sensitive liposomes. The main categories based on the com-
ponents and the mechanisms of triggering pH sensitivity are listed below. The first
way is to combine polymorphic lipids such as phosphatidylethanolamine (PE),
diacetylenic phosphatidylethanolamine (DAPE), dioleoylphosphatidylethanolamine
(DOPE), and palmitoyl-oleoyl-phosphatidylethanolamine (POPE) [74]. Secondly,
the majority of these systems may contain “cage” lipid derivatives, such as
N-citraconyl-dioleoylphosphatidylethanolamine (C-DOPE) and N-Citraconyl-
dioleoyl-phosphatidylserine (C-DOPS) [46]. The mechanism of action of pH-sensi-
tive liposomes is presented in the literature [47, 74]. Since pH-sensitive liposomes
cannot always sustain a slow and steady release, especially in a physiological pH
solution, thus resulting in cytotoxicity for normal tissue, more sophisticated struc-
tures are being investigated, in order to overcome this possible instability of pH-
sensitive liposomes. The investigation in the area of pH-sensitive liposomal vehicles
for drug delivery is still an interest approach, and because of the new intracellular
targets that are recognized, the efforts in this scientific field should be expanded [15].

Immunoliposomes

Immunoliposomes belong to the lipidic class of carriers that are able to reach to the
target tissue via the active targeting process. They possess macromolecules on their
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surface such as antibodies, carbohydrates, and hormones that act as detection cen-
ters from surface antigens that are on cell targets. During the 1980s, various tech-
niques connecting monoclonal antibodies on liposomal surface have been developed.
The preferable strategies by which the macromolecules attached on the outer sur-
face of the liposomal membrane are adsorption to the outer surface of liposomal
vehicles, insertion into the lipid bilayers, via biotin-avidin pair, and finally covalent
binding [39]. The macromolecules that they are attached on the surface of lipo-
somes have complementary ligands on the target cells, and consequently when they
arrive close to the target cell, liposome binds specifically to the target site. Bioactive
molecules encapsulated in liposomes that have monoclonal antibodies on their sur-
face include anticancer agents like doxorubicin (anthracyclines), vinca alkaloids,
and taxol (taxanes) that are released in the surrounding area of the target cell, reduc-
ing the adverse drug reactions and the toxicity and improving the therapeutic effect.
The research on this medicines aims to the pharmacokinetic parameter improve-
ment and the increased concentration of the bioactive molecule on target cells using
immunoliposomes [33].

Mitochondriotropic Liposomes

Particulate delivery systems of bioactive molecules in highly specific targets such as
subcellular organelles represent a great challenge in drug targeting. The mitochon-
drion is an organelle composed of two membranes which create two separate com-
partments and is responsible for the energy metabolism. They are unique organelles
as they contain their own genome mitochondrial DNA (mtDNA). It is well known
that possible drug targets are located inside the mitochondrial matrix and it is of
particular interest to design and develop carriers that are able to move through the
mitochondrial matrix to release drug to the target. Mitochondrial Medicine is a new
field of biomedical research. Mitochondriotropic liposomal approach is considered
as an effort for producing mitochondria-targeted particulate drug and DNA delivery
systems. The use of reconstructed proteoliposomes containing mitochondrial mem-
brane components was an effort to prove the hypothesis that liposomes by modifying
their surface with a mitochondriotropic residue could be rendered as mitochondrio-
tropic [19].

Analyzing Liposomes

Liposomes can be used as carriers for bioactive molecule (hydrophilic, hydropho-
bic, amphiphilic macromolecules and genetic material) encapsulation/ incorpora-
tion or transport. This property seems to be due to two different areas: a polar
interior cavity and a lipophilic bilayer. Hydrophilic groups in the outside liposomal
surface develop macromolecular attachment places like antibodies, peptides, etc.
These properties have led scientists in the use of liposomes in bioactive molecule-
targeted delivery research and in the field of diagnostics. The basic liposomal
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application as analytical tools is related to the immobilization of the label molecule
on the liposome surface and to the entrapment of the marker molecule inside the
cavity. The marker allows liposome detection and quantitative determination and,
therefore, detection and quantitative determination of the molecule under assay,
using the appropriate analytical method (optical or electrochemical).

Liposomes as analytical diagnostic tools have the following advantages:

* Great outside surface, where various biological macromolecules can be attached,
e.g., antibodies and peptides.

» Flexibility when choosing the individual components. This fact allows the pro-
duction of liposomes with desired properties, required stability, and connection
ability with various targeted/detection molecules.

* Great internal volume that allows the entrapment of a huge number of hydro-
philic indicator molecules like dyes.

¢ Time-independent signal production.

The use of liposome flow injection systems is mentioned since 1988. Flow injec-
tion systems offer advantages like greater accuracy and possibility of automotive
process. This method has been used in theophylline, estrogen, fumonisin B1, E.
coli, etc. detection.

Biosensors According to Liposome Technology

Bioanalytical assays related to quality and quantity detection of various substances
into biological fluids (e.g., blood) can be classified into two broad groups: those
depending on protein detection and those depending on nucleic acid detection.
Examples of assays depending on protein detection are enzyme-linked immunoas-
say (ELISA), radioimmunoassay (RIA), and immunoblotting. These assays depend
on antibody-antigen interaction. The second assay group that depends on nucleic
acid detection is applied for special DNA and RNA sequence detection.

In these assays, the detection sequence is multiplied for DNA by polymerase
chain reaction (PCR) method. For RNA detection, RNA is firstly converted to
complementary DNA through real-time (RT) method and then follows PCR
(RT-PCR) enrichment or nucleic acid sequence-based amplification (NASBA). After
multiplication, the enriched molecules (amplicons) are determined according to their
size with electrophoresis in agarose gel (they have been previously died with ethid-
ium bromide), and their possible functional identity is certified through hybridization
with specialized probe molecules. Finally, the safest procedure is to find primary
structure molecules with base sequencing. Nowadays, many specialized analytical
assays for substance determination are available but require special equipment, ana-
lytical labs, and trained personnel. For this reason, there is a continuous effort to find
simple, fast, and low-cost methods to selectively detect the quantity of substances of
interest. This determination should be available without the use of expensive equip-
ment and from nonspecialists. The speed has great interest, especially when control-
ling production in industrial scale. For example, if scientists are able to detect a great
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concentration of an infectious factor in food, they will be able to stop production and
eliminate the damages. In this case, the use of biosensors, devices that convert the
biological receptor interaction with the molecule (substance) that needs determina-
tion into an analytical signal (optical, electronical, etc.). Chemical sensors are com-
posed of two basic elements: the chemical (molecular) recognition system and the
physicochemical converter. The biochemical sensors are chemical sensors where the
recognition system is based on a biochemical mechanism. During the past years,
there is an intense research activity in the field of liposomes used to develop biosen-
sors. The liposomal size and the number of bilayers can be adapted depending on the
production method, so small unilamellar vesicles (SUVs), large unilamellar vesicles
(LUVs), or multilamellar vesicles (MLVs) can be created.

Various phospholipid polar heads offer connection ability of various molecules
on liposome surface, while the different chain length and their saturation degree
allow liposome production of various properties. Additionally, other molecules or
lipids can be integrated on lipid bilayer and offer desired abilities to liposomes. For
example, the addition of phosphatidylglycerol creates negatively charged liposomes,
while the addition of cholesterol lowers the membrane permeability. Due to their
great outside surface and their ability to connect to other molecule lipid bilayers,
liposomes can be applied in analytical determinations. Liposome advantages include
their great inner volume that allows a large amount of dye to be encapsulated (or
another appropriate indicator), enhancing the received signal. The analytical deter-
minations are distinguished as homogeneous and heterogeneous. Homogeneous are
the determinations where all substances are mixed together in a container and all the
reactions take place without any separation step. Heterogeneous determination
needs one or more separation stages to achieve excess reagent withdrawal.

The basic factors affecting liposome physicochemical stability are their compo-
sition, i.e., the kind of lipids that they are composed of, the number of the layers
(production method), their charge, their water-binding ability, and the lipid concen-
tration. Modifying these factors, liposomes that are produced have the desired prop-
erties and physicochemical characteristics.

Liposome Physicochemical Characterization and Their Physical Stability

The characterization of liposome physical properties involves techniques and mea-
surements for size, size distribution, surface charge, and {-potential determination.
Liposome dispersion system stability relates to its physical, chemical, and biologi-
cal stability. Liposome size and size distribution measurements around the average
value are important parameters to calculate the liposome dispersion physical stabil-
ity. More in detail, we can mention the following: liposomes developed and dis-
persed in chosen water medium are in constant movement (Brown movement). The
particle movement speed depends on their size, solution temperature, and viscosity.
Liposome size distribution is a measure of their stability. When size distribution
is stable in time, the liposome dispersion is characterized as stable and suitable for
pharmaceutical use. The liposome nanosystem stability is time dependent since
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according to the second thermodynamic law, it is leading to collapse. In case where
liposome size distribution increases with time, the liposome dispersion system is
characterized as unstable and unsuitable for pharmaceutical use. With dynamic light
scattering (DLS) technique (see Chap. 2), the Brown movement calculation is pos-
sible through data collected from the light scattering. Brown movement calculation
will help to determine diffusion coefficient and, therefore, liposome size and size
distribution around the average value. Diffusion coefficient (D) and particle size
(characterized from their hydrodynamic radius, Ry, are related mathematically with
Stokes-Einstein equation (see Chap. 2).

Dynamic light scattering (DLS) technique measures particle size in relation to
particle movement in a liquid, Brown movement. The results being received are the
diameter of an equivalent sphere with the same particle diffusion coefficient (lipo-
somes) in the specimen. The hydrodynamic diameter is a little larger than the actual
specimen liposome diameter due to solvation phenomena and interactions between
particles.

Liposomes belong to colloidal dispersion systems and are characterized as lyo-
tropic liquid crystals (see Chap. 1). These particular liposomal lyotropic states are
responsible for the mesophases taking place in phase transitions and are related to
their thermal stress during phase transitions. Their thermal stress takes place during
liposome dispersion system storage or during administration in humans. The ther-
modynamic parameters that affect and participate in physical stability and, there-
fore, in pharmaceutical effectiveness of the liposomal product are the following:

e T, temperature of basic transition from liquid crystalline state to isotropic fluid.

e ATy;: width of the transition at half peak height. Range in the middle of the peak.
This temperature range is related to the cooperativity of system phospholipids or
phospholipids and enclosed bioactive molecule.

* AH: system enthalpy change.

*  C,mx: Maximum systems’ heat capacity under constant pressure.

The identification and study of the phase transitions of liposomal dispersion
systems lipid bilayers allow the control over the thermodynamic parameters men-
tioned above, in order to rationally design the liposomal system with the most
satisfactory physical and thermal stability. The design of liposomal nanosystem
and their evaluation in technology level and in vivo behavior are linked with their
thermodynamic response. At the same time, thermal analysis and more in particu-
lar differential scanning calorimetry (DSC) (see Chap. 2) are valuable tools for
liposomes’ physical stability prediction and physicochemical property interpreta-
tion [51] (Fig. 4.4).

The basic electron microscopy methods used in liposomal physical characteristics
study are non-flame atomic spectroscopy (NFAS), transmission electron microscopy
(TEM), cryogenic TEM (Cryo-TEM), scanning electron microscopy (SEM), freeze
fracture electron microscopy (FFEM), scanning tunneling microscopy (STM), scan-
ning force microscopy (SFM), atomic force microscopy (AFM), lateral force micros-
copy (LFM), cryogenic atomic force microscopy (Cryo-AFM), near-field scanning
optical microscopy (NSOM), and magnetic resonance force microscopy (MRFM).
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Fig. 4.4 A classical graph of differential scanning calorimetry (DSC) shows the T, ATy, Cpmax,
and 7, during the phase transitions of the phospholipid dipalmitoyl phosphatidylcholine (DPPC)

Atomic force microscopy (AFM) is an electron microscopy technique (see Chap.
2) used in the study of the structure of liposomal bilayers, their dynamics, and sta-
bility. The latter is studied by the use of AFM, and useful calculations concerning
the liposomal morphology [57] can be extracted (Fig. 4.5).

Until recently pharmaceutical formulations containing bioactive molecules of
anthracyclines, a class of known anticancer antibiotics, have been approved and
used in clinical practice. The great interest in anthracycline entrapment in liposomes
came up since during their administration they can cause acute and most impor-
tantly accumulative cardiotoxicity in patients. To overcome this problem of cardio-
toxicity, the following strategies were followed:

» Extended anthracycline administration in order to avoid acute concentration
increase in plasma

* Coadministration of substances that prevent free radical formation

* Development of new anthracyclines

* Anthracycline entrapment in liposomes in order to modify their pharmacokinet-
ics and improve their therapeutic index

The formulations already in the market contain doxorubicin in sterically stabi-
lized liposomes (Doxil®/Caelyx®), doxorubicin in conventional liposomes
(Myocet) and daunorubicin in conventional liposomes (DaunoXome®) (Table 4.2).


http://dx.doi.org/10.1007/978-981-10-0791-0_2
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Fig. 4.5 AFM images of lipid bilayers (top images) and of liposomes (down images) which are
composed of egg phosphatidylcholine/dipalmitoyl phosphatidylglycerol (EPC/DPPG) (Adapted
from [57]; Cooperation of Laboratory of Pharmaceutical Nanotechnology, Faculty of Pharmacy,
University of Athens and the National Technical University of Athens)

These formulations differ in indications, liposome size and lipid composition, and
drug release rate. The reason why there are such a small number of liposomal for-
mulations is related to stability and sterility problems as well as final product life-
time. AmBisome® (Gilead Science Inc.) is a liposomal formulation of the polyenic
antibiotic amphotericin B. It is a freeze-dried product for intravenous infusion. It
consists of hydrogenated soy phosphatidylcholine (HSPC), cholesterol, distearoyl
phosphatidylglycerol (DSPG), and a-tocopherol. It is considered as a real liposomal
product that consists of unilamellar liposomes with a size of 80 nm. It must also be
noted that liposomal product development in large-scale production must follow
Good Manufacturing Practices (GMP) as defined from international pharmaceutical
control agencies in the United States (Food and Drug administration, FDA) and in
Europe (European Medicines Agency, EMA).
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Quality control during liposome production stages and appraisal and method
reliability are extremely difficult and very expensive, especially in the production of
medicines where the bioactive molecules are enclosed into liposome membranes.
Unfortunately for the liposomal products in the market, industries do not release
their full methodology or give incomplete data. Despite all these difficulties, there
is a great activity and a lot of interest from pharmaceutical industries to develop new
liposomal pharmaceutical formulations since liposomal technology offer solutions
in drug administration that presents problems (e.g., paclitaxel) and improves their
therapeutic index (Table 4.3). Recently, a liposomal formulation of the anticancer
bioactive molecule, i.e., irinotecan, has been approved by the FDA against advanced
pancreatic cancer (Onivyde®, Merrimack Pharmaceutical Inc. of Cambridge,
Massachusetts) (Table 4.2). So, in the near future, scientists expect the approval of
more new liposomal anticancer medications.

Liposomes’ most important property — apart from their ability to protect the bioac-
tive molecule from the enzyme degradation, the fact that they have low toxicity with-
out immune response and are biodegradable — is that they can accumulate due to the
enhanced permeability and retention effect (EPR effect). This phenomenon is based
upon the differences of the tumor and the healthy tissue blood vessel network. So
tumor vessels have better permeability since they are developed in greater speed to
support tumor’s fast development. Apart from this fact, cancer cells are not that thickly

Table 4.3 Liposomal anticancer drugs in clinical phases

Encapsulated Clinical
drug Trade name Company Indication phase
Cisplatin SPI-077 Sequus Advanced cancer /1L
Cisplatin Lipoplatin Regulon Lung cancer I
Oxaliplatin Aroplatin Antigenics Rectal cancer II
Vincristine Margibo Inex/Enzon Non-Hodgkin’s /1

lymphomas, acute
lymphatic leukemia,
Hodgkin’s lymphomas
(phase II/IIT) metastatic
malignant uveal
melanoma (phase I1I)

Lurtotecan OSI0211 OSI Opvarian cancer, 111
microcellular lung
cancer

Irinotecan SN-38 NeoPharm Rectal and lung cancer | I/II

metabolite

Topotecan INX-0076 Inex Advanced cancer v

Paclitaxel LEP ETU NeoPharm Breast, ovarian, and /11
lung cancer

Doxorubicin ThermoDox Celsion Non-resectable 111

Corporation, hepatocellular

Lawrenceville, NJ | carcinoma
Binolerbin NX-0125 Inex Advanced cancer I
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placed next to each other, like healthy cells, and the tumor’s lymph system that
removes substances and nanoparticles (like liposomes) from tissues and organs is
insufficiently developed. Therefore, nanoparticles like biological macromolecules or
synthetic polymers with a molecular weight greater than 3040 kDa and liposomes
with a diameter up to 600 nm can penetrate tumor blood vessels and accumulate in
cancer tissue and not in healthy tissues or organs. The phenomenon is called passive
targeting. Liposomal technology has a lot to offer in disease therapy. It must be men-
tioned that a literature review between 1970 and 2007 related to publications and
patents through Scopus TM data (Elsevier B.V) presents 95,082 reports on liposomal
technology, 30,979 reports on polymer systems connected with bioactive molecules,
and 7453 on copolymers that are used as bioactive molecule delivery systems.

4.1.1.2 Solid Lipid Nanoparticles (SLN)

Solid lipid nanoparticles (SLN) that appeared in bibliography in 1991 are alterna-
tive bioactive molecule transfer systems to colloidal nanocarriers, i.e., colloidal dis-
persions like nanoemulsions, liposomes, and polymeric nanoparticles [58]. These
nanoparticles having a size range of 50-1000 nm and the newly categories of nano-
structured lipid carriers (NCL) combine more advantages in comparison with clas-
sical systems. They can be characterized as safe and effective nanosystems due to
biodegradability and biocompatibility. Solid nanoparticles of lipid nature are devel-
oped using the homogeneity and microemulsion production method. The lipids of
choice are tristearins, stearic acids, cholesterol, and cetyl palmitate. When homoge-
neity method is applied, the bioactive molecule is dissolved in melted lipids in tem-
perature 5—10 °C over the melting point. The method of thermal homogeneity
includes the bioactive molecule dissolution and its dispersion in the melted lipids by
continuous mixing in a heated surfactant solution, in the same temperature. The pre-
emulsion that is developed is homogenized to get the nanoemulsion and then left to
cool down in room temperature. The parameters that can affect the nanoparticle size
and the bioactive molecule entrapment percentage are the following:

* The type of homogeneity
* The homogeneity speed
* The cooling rate in case of thermal homogeneity

The method of cold homogeneity is applied for high-sensitivity hydrophilic bio-
active molecules. The lipid particles are dispersed in a cold surfactant solution that
is homogenized in a temperature less than room temperature. This process mini-
mizes the lipid melting and, therefore, minimizes the hydrophilic bioactive mole-
cule loss in the water medium.

4.1.1.3 Nanoemulsions

Emulsions are considered as liquid-liquid immiscible dispersion systems. The dis-
persion phase presents as the low-volume percentage. Emulsions with a dispersion
phase particle size of nanoscale are called nanoemulsions [21].
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According to the characteristics regarding phase transitions, nanoemulsions can
be classified into the following:

¢ Qil/water (oleum/water, O/W) nanoemulsions
e Water/oil (water/oleum, W/O) nanoemulsions

Nanoemulsions differ not only in dispersion phase particle size but in their prop-
erties when related to microemulsions whose particle size is in micrometer (pm).

Nanoemulsion development is not a spontaneous process but requires energy like
other nanoparticle categories, i.e., liposomes. So they are characterized as thermo-
dynamically unstable dispersion systems and this relates to their stability. The ratio-
nal nanoemulsion ingredient choice, the production process, the production
temperature, and the raw ingredient concentration, especially the emulsifiers, are
critical parameters related to their physicochemical stability and effectiveness.

Nanoemulsions differ from microemulsions since they are transparent (light
scattering in a non-visible wavelength) due to dispersed particle nanodimensions
and depend on the volume fraction of the dispersion phase. In dimensions greater
than nanoscale, dispersion systems are cloudy. An important observation to be
mentioned is the surfactant concentration, which in microemulsions is greater than
20% — nanoemulsions can be produced using surfactant concentrations less than
10%. The use of nonionic polymers as surfactants is useful in order to avoid and
neutralize interaction forces between nanoparticles. It should also be mentioned that
the oily phase choice of low viscosity presents advantages of smaller dispersed
nanoparticle dimension production in nanoemulsions when compared to oils of high
viscosity (triglycerides with long fatty acids).

Generally, nanoemulsion stability studies follow the rules governing the disper-
sion nanosystem stability studies (see Chap. 2).

The nanoemulsion physicochemical property characterization (size, size distri-
bution, surface charge, {-potential, osmolarity, conductivity) involves techniques
and observations like the ones presented in the nanosystems mentioned previously
(see Chap. 2). For commercial use, long-term stability studies should be performed,
especially for their use as drug delivery systems.

Nanoemulsions present advantages in relation to classic emulsions. The most
important advantages are the following:

* Due to particle nanoscale, they have a greater outside surface and free energy
when compared to common emulsions.

* Do not present the dispersion system’s common stability problems.

* Depending on their composition, they can be characterized as nonirritants; there-
fore, they can be used for skin product development.

e The surfactant choice (that has been approved for human use) allows the paren-
teral route of administration.

According to all of the advantages mentioned above, nanoemulsions can be used
as products for skin care and therefore for cosmetic use. They can be used as lipo-
philic bioactive molecule carriers due to their lipophilic inside, a fact that makes
them more favorable in comparison to liposomes. Their applications are related to
their act against bacteria, viruses, fungus, and seeds.


http://dx.doi.org/10.1007/978-981-10-0791-0_2
http://dx.doi.org/10.1007/978-981-10-0791-0_2
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The important antimicrobial action relates to concentrations that do not affect the
skin functionality. Last but not least, nanoemulsions can be used in applications like
detergents, bioactive molecule delivery systems (parenteral, intravenous, per os,
etc.), and intraocular systems.

4.1.2 Polymers

Polymers are substances of high molecular weight, consisted of repeated units
called monomers that are connected onto a long chain. Polymer molecules can be
linear or branched, while the linear or branched chains can be linked with covalent
bonds. Polymers that consisted of the same monomers are called homopolymers.
Polymers that consisted of more than one type of monomers are called copolymers
[3, 70]. The polymer schematic representation is shown in Fig. 4.6. Polymers do
not form perfect crystals but have semicrystalline and amorphous areas (Fig. 4.7).

Various copolymer types can be consisted of monomers with different orienta-
tion. Therefore:

* Various monomers can be oriented in linear chain in random or specific altera-
tion along the chain.

* Linear polymer chains can be in monomer block systems called block copoly-
mers. These can be:

— Diblock copolymers: AB diblocks
— Triblock copolymers: ABA or BAB triblocks like poloxamers where the chain
A is polyethylene or chain B is polyoxypropylene

HO(CH,CH,0), ~(CH(CH,)CH,0) -(CHCH,0) -H
— where x and y are the monomer numbers in each block.
—A—A—A—A—A—A—A—A—A—A—
—A—B—A—B—A—B—A—B—A—B—2
—A—B—B—B—A—B—A—B—A—A— 3
—B—B—B—B—B—A—A—A—A—A— 4

—ATATATA—TATA—A—A—A—A— 5

—B—B—B B—B—B——

Fig. 4.6 Structures of homopolymers and copolymers composed monomers A and/or B. (/ linear
homopolymer, 2 alternating copolymer, 3 random copolymer, 4 block copolymer, 5 graft copoly-
mers) (https://en.wikipedia.org/wiki/Copolymer#/media/File:Copolymers.svg)


https://en.wikipedia.org/wiki/Copolymer#/media/File:Copolymers.svg
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AMOrphous  gemicrystalline

Fig. 4.7 Schematic representation of an amorphous and semicrystalline polymer (https://en.wiki-
pedia.org/wiki/Crystallization_of_polymers#/media/File:Polymerketten_-_amorph_und_kristal-
linEN.svg)

The chains can be composed of repeated units from a monomer on which there
are grafted chains of a second monomer, like a brush. These polymers are called
grafted copolymers [78, 86].

The polymer melting point cannot be absolutely defined, like in low molecular
weight crystalline solids due to areas not perfectly structured that are melted in a tem-
perature range. Also, polymer melting point presents variation from the glass transition
temperature 7, (g: glass). In a temperature lower than the glass transition temperature
(T,), polymer chains are rigid-immobile and the polymer is glassy and fragile.

In temperatures above the T,, polymer chains present mobility. Polymers are
products that are widely used in the pharmaceutical industry in various pharma-
cotechnological formulations and in bioactive molecule delivery system coating.
Polymer behavior is directly related to their chemical structure. Also, their abilities
depend on the way that monomers are connected to each other. Polymers can have
linear or branched chains that may cross each other. Copolymers are composed of
more than one monomer and develop new polymers with completely new properties.
An important polymer application is the genetic material DNA transfer. Concluding
the polymer section, important facts for their development must be mentioned:

» Possible toxicity due to cationic polymer use that will develop DNA complexes.

* System physicochemical instability during storage and agglomeration develop-
ment results in polymer nanoparticle changes in size and size distribution.

* Minimization of cell target transfection ability.

* System stability problems while in the organism.

* Possible final product high-cost production in industrial scale (scale-up).

A particular class of polymers is the class of polyelectrolytes. A polyelectrolyte,
according to IUPAC, is considered to be a macromolecule that has ionic groups or
groups that are able to ionize [35]. In other words, a polyelectrolyte is a polymer
that consists of one repeating ionizable group along their backbone. This group
can dissociate in a polar solvent such as water and leave counterions resulting in an
opposite charge on the backbone. Polyelectrolyte block copolymers constitute an


https://en.wikipedia.org/wiki/Crystallization_of_polymers#/media/File:Polymerketten_-_amorph_und_kristallinEN.svg
https://en.wikipedia.org/wiki/Crystallization_of_polymers#/media/File:Polymerketten_-_amorph_und_kristallinEN.svg
https://en.wikipedia.org/wiki/Crystallization_of_polymers#/media/File:Polymerketten_-_amorph_und_kristallinEN.svg
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intriguing class of bio-inspired macromolecules, as they combine the structural
properties of amphiphilic block copolymers, polyelectrolytes, and surfactants and
provide various possibilities for use as nanostructural delivery platforms of genes
and proteins/peptides, through electrostatic complexation of the pharmaceutical
agent. The polyelectrolytes’ solution shows particular properties and behavior that
are different from those exhibited in neutral polymer solutions and solutions of
electrolytes [69]. They are water soluble and are considered to be promising drug
delivery systems especially therapeutic biomolecules like protein and peptides (see
Chap. 5) [10]. They are also used as stabilizing agents in colloidal dispersions and
as rheology modifiers as well as in pharmaceutics, as suspending agents [11].

It is important to mention that DNA and RNA are polyanions due to their nega-
tively charged phosphate esters in their backbone [8] and are belonging to the biologi-
cal polyelectrolytes. Several other biological molecules such as proteins and
polysaccharides are charged macromolecules with essential functions for the living
organisms. Association of biological polyelectrolytes with synthetic polyelectrolytes
or polyelectrolyte complexes is of great importance in drug delivery and in biophar-
maceuticals [49]. The application of polyion complex micelles into therapeutic fields
is rapidly increasing due to the simple and efficient encapsulation of biopharmaceuti-
cals like insulin, lysozyme, antitumor peptides, and DNA/RNA and outstanding bio-
compatibility among various polymer-based nanocarrier delivery platforms. Proteins
and polyelectrolytes interact, primarily via electrostatic interactions, to form hybrid
complexes, which can have widely varied stoichiometries, morphologies, architec-
tures, and shapes. These mixed systems are bio-functional with potential applications
in the design and development of delivery systems of biopharmaceuticals.

Polylysine-based block copolymers are suitable nanocarriers to transport and deliver
proteins, peptides, and genes. These mixed biomaterials exhibit both pH- and temper-
ature-responsive behaviors and self-assembly properties and are used as nanocarriers
with enhanced properties. According to Lee and Kataoka [43], ionic biopharmaceuti-
cals, such as genes and proteins, can interact with ionic block copolymers to form
polyion complex micelles with core-shell morphology. Insulin is an attractive biomol-
ecule to encapsulate into polyion complex micelles. It is a polyampholyte with isoelec-
tric point at pH 5.5 and can be either positively or negatively charged due to both basic
and acidic groups. The encapsulation of insulin into nanoparticles is a promising strat-
egy that has been developed in order to enhance its absorption and its bioavailability,
aiming a successful delivery. Several approaches have been employed in order to real-
ize effective insulin formulations. The structural analysis of insulin in pharmaceutical
formulations recently appeared in the literature. An ideal insulin carrier should have
reasonably high protein encapsulation efficiency and loading capacity and sustained/
controlled release of the loaded protein while retaining bioactivity [7, 30, 79].

4.1.2.1 Polymersomes

The evolutions in the field of controlled polymerization techniques have allowed the
design of a new category of amphiphilic membranes composed of block copolymers.


http://dx.doi.org/10.1007/978-981-10-0791-0_5
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Block copolymers are macromolecules that have one or more polymer types as men-
tioned earlier. This combination of various polymers resulted in new properties.
Polymer amphiphilic bonds have the ability of self-assembly into complex mem-
branes offering stability and improved mechanical properties in comparison to the
conventional phospholipid membranes. The simplest structure that these membranes
can form is a pseudo-spherical shell known as polymersome [84]. Polymersomes are
interesting structures that can be self-assembled and can be used for bioactive mol-
ecule delivery to the damaged tissues. Their ability to encapsulate hydrophilic mol-
ecules and integrate hydrophobic bioactive molecules makes them attractive delivery
systems. But they demand specific physicochemical parameter values for their devel-
opment and a specific ratio of hydrophilic/hydrophobic section for, i.e., a block copo-
lymer to form vesicular structures.

Biophysically speaking, polymersomes — and liposomes as mentioned before —
are interesting biological membrane simulation systems (membrane mimics), while
intermembrane proteins can be integrated with reconstitution methods leading to
proteopolymersomes [59]. On the other side, amphiphilic block copolymers have
been widely studied for biomedical and pharmaceutical applications from the con-
trolled, sustained, delayed-release advanced technology to membrane-mimic and
bioactive molecule transport.

Polymersomes with dimensions varying from 10 nm to 10 pm have a relatively
high control on size distribution around the average value of the dispersion medium.
Polymersomes have drowned scientists’ attention to study innovative nanosystems
for various applications in different scientific fields. More in specific in the field of
pharmaceutics, polymersomes have the ability of incorporating a wide range of bio-
active molecules and biomolecules and offer control over their release rate.
Amphiphilic molecule (like phospholipids) self-assembly with various chemical
structures is related to their geometrical characteristics (Thompson 2012). The geom-
etry of these structures is defined from the proportion of hydrophobic-hydrophilic
section of the amphiphilic molecule. This self-assembly amphiphilic molecule
approach through geometric characterization has facilitated the understanding not
only of phospholipids but of low molecular weight surfactants as well. The high
molecular weight molecules like amphiphilic block copolymers, polypeptides. etc.
can be designed to have the same amphiphilic character as phospholipids and surfac-
tants but also composed of polymer chains covalently linked in series of two or more
blocks. It is known that block copolymers can be organized in a great structure range,
for example, in lamellar structures. Lamellar structure hydration with water solution
results in a steady dispersion of amphiphile block copolymers. Proportional to the
packing parameter S, (see Chap. 4), the factor F corresponds to the hydrophilic frac-
tion and determines the morphology of copolymers formed in aqueous media. In the
case of polymersomes (unilamellar polymer vesicles), F' is between 25 and 40 %.

Initial copolymer studies with F values that form polymersomes having a molec-
ular weight (MW) between 2000 and ~20,000 Da have shown through cryogenic
transmission electron microscopy (cryo-TEM) that the membrane core (d) increases
by molecular weight increase from d ~8—21 nm. Simulations that took place revealed
that, only in small molecular weight systems, the polymorphic bilayers show a clear
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average level of high density that strongly reminds “methyl through” like the one
appearing in lipid bilayers. For the high molecular weight copolymers, the two lay-
ers of the lipid bilayer are mixed or melted together in a homogenous thick shell. It
is possible to produce diblock copolymers, triblock copolymers, multiblock copoly-
mers, and grafted copolymers by controlling their synthesis. This observed chemical
architecture variety can be of use when designing various membrane polymersomes
with various structures. Polymersomes produced from AB diblock copolymers pres-
ent interconnected membrane. The powerful entanglement inside the hydrophobic
layer can be granted as physical crossed connection enhancing their mechanical
strength in comparison to conventional liposomes.

Triblock copolymers BAB, i.e., hydrophobic-hydrophilic-hydrophobic copoly-
mers, are similar with diblock copolymers since there is only one molecular structure
that leads to membrane development: hydrophobic parts of the chain are put together
to form the membrane and the hydrophilic diblock forms a U-shaped loop. BAB
diblock copolymers cannot form a loop where the two hydrophobic diblocks link at
the same part of the hydrophilic diblock. The membrane structure can be additionally
evolved by using multiblocks that have various polymers and are subjected into phase
separation after assemblage. When the proportion of hydrophobic/hydrophilic section
favors the membrane development, ABC copolymers are formed into asymmetric
membranes that form polymersomes whose inner and outer chemistry is different in
order to minimize the surface tension and enhance the vesicle curvature (Fig. 4.8).
Polymersomes, when making block copolymers, assemble in lyotropic phases of the
liquid crystalline phase, like reverse hexagonal structures, lamellar, hexagonal perfo-
rated membranes, sponge phases, etc. Figure 4.9 shows a detailed representation
where the formed structure is presented as a proportion to the polymersome molecular
weight and concentration in water. The polymersome size significantly affects the
lyotropic phase development and the dispersed vesicle structures. The evolution from
solid to lyotropic liquid crystal shows that small molecular weight copolymers are
formed initially in reversible hexagonal structure and then in lamellar, while the high
molecular weight copolymers are dissolved directly to lamellar structure. The transi-
tion from lamellar to sponge phase is not affected by the amphiphilic molecule molec-
ular weight; instead the transition from sponginess structure to vesicles is quantitatively
different and depends on the amphiphilic diblock copolymer size. Smaller copoly-
mers form dispersed vesicles, while high molecular weight copolymers initially form
vesicle gel bluster diblocks that are finally disrupted in dispersed vesicles. Amphiphilic
molecules’ molecular weight affects the nature of the developed vesicles. Large
amphiphilic molecules form exclusively unilamellar vesicles and smaller copoly-
mers form multilamellar vesicles. Copolymers’ molecular weight does not only
affect phase transition but the kinetic transition from phase to phase. One of the most
important diblock copolymer clusters is their non-ergodic nature, for their formation
in organized structures. This practically means that there is no structural unit
exchange (polymeric chains) between micelles/vesicles and solution, underlying a
critical agglomeration concentration near zero. This is a desired property for polymer-
somes and causes long lifetime.
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Fig. 4.8 Membrane structure of polymersomes formed by diblock (AB), triblock (ABA, BAB,
ABC), multiblock copolymers and micto-arm copolymers (Adapted from [50] with permission
from Springer)
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Fig. 4.9 Phase diagram of copolymer in water (Adapted from [50] with permission from Springer)
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Polymersomes that form diblock copolymers swell when in contact with water in
two different phases. Initially, the water and copolymer are diffused into each another
resulting in amphiphilic membrane molecular setup. After a critical time where the poly-
mer’s molecular weight is exponentially changed, the amphiphilic membranes will gain
balanced structure, and therefore, the formation will follow Fick’s diffusion. This
kind of complex movement shows why polymersomes were studied later than copo-
lymer micelles. Polymersome production method is presented in the Appendix.

Polymersome Size and Size Distribution Appraisal

Polymersome size and size distribution are critical parameters to study in order to use
polymersomes as bioactive molecule carrier and delivery nanosystems. Polymersome
size and size distribution appraisal define in vitro and in vivo nanoparticle effective-
ness. In vivo, the size defines the nanosystem circulation times and their ability to
reach specific targets, the extravasation possibility, their properties, and their final
decomposition and clearance. It is not yet completely understood which parameters
affect polymersome size and size distribution.

Regarding polymersome formation, it was observed that the proportion of hydro-
phobic/hydrophilic copolymer section seems like micelle structure (i.e., the copoly-
mer is mostly hydrophilic), the mean vesicle diameter decreases to three times down.
This is attributed to the curve formed and it is obvious that the more hydrophilic the
copolymer is, the more curved and stable the polymer structures are. On the contrary,
crystalline development can show that the polymersome size is reversely propor-
tional to the copolymer concentration. Under mixing conditions, where the concen-
tration is high, polymersomes appear to be in nanometer-size diameter, while in mild
mixing conditions, their diameter is in pm size. Experimentally, polymersome size is
strictly defined from the method used for their development (Fig. 4.10).

Polymersome Properties and Applications

Polymersomes have the ability to integrate into their membrane an important amount
of hydrophobic bioactive molecules. This integration prevents self-aggregation that
would normally take place when these molecules were in solution in their free form
and protects them from interactions with biological components.

The polymersome amphiphilic nature allows the intake and integration of amphi-
philic molecules on their membrane. Polymersome macromolecular nature makes
them especially resistant in detergent dissolution, and therefore, the surfactant inte-
gration is proposed to be on the polymersome membrane to avoid collapse.
Ruysschaert and coworkers [71] observed that this hybrid structure helps imple-
menting phospholipids inside polymersomes, a fact that offers them advantages
related to their physicochemical properties and greater effectiveness as bioactive
molecule transports. Possibly, the most important example of amphiphilic mole-
cule stabilization is the use of polymersomes for cell membrane protein scaffold.
The ability of hydrophilic molecule entrapment into polymersomes is an important
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Fig. 4.10 Schematic representation of the size distribution of polymersomes, which depends on
their manufacture methodology (Adapted from [50] with permission from Springer)

advantage for their transport and delivery to damaged tissues. Despite all the above,
the hydrophobic or amphiphilic molecule entrapment is more or less simple; the
complex kinetics when forming polymersomes prevent hydrophilic molecule
entrapment. The most important parameter regarding hydrophilic molecule entrap-
ment is the polymer membrane permeability. One of the advantages that polymer-
somes have is that polymer solution properties are strictly checked according to side
groups’ chemistry. The same polymer chain has both soluble and insoluble parts
and their equilibrium defines total solubility. Therefore, polymer solubility can
change from outer stimulants like temperature, pH, ionic strength, light, etc. This
polymersome response to the outside environment has been used in polymer
mechanics, and many devices have been developed based on polymer solubility. In
polymersomes, these properties can be used for structure development that will be
dissolved under specific environmental conditions. The simplest approach has
been made with hydrophilic polymer connection with hydrolyzed polymers. In
contact with water, polymers will be degraded by nonreversible polymersome dis-
assembly and content release. The degradation ability after a period of time or an
external stimulant is of critical importance for new carriers and for the modified
polymersome diameter development. Reversible disassembly can take place when
combining hydrophilic polymers with polymers presenting pH, temperature, and
radiation-dependent solubility. For example, polymersomes with structural units of
poly(L-glutamic acid)-poly(L-lysine) that respond to pH can be modified reversibly
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into weak acidic or basic water solutions. Lastly, similar transition can take place by
theuseofsensitivetoradiationgroupslikepoly(ethyleneoxide)-poly(methylphenylsilane)
(PEO-PMPS) and azobenzene-containing poly(methacrylate)-poly(acrylic acid)
(PAA-PAzoMA). Recently, Mabrouk and his coworkers [48] published structures
of asymmetrical polymersomes whose membrane consisted only of one lamellar
copolymer sensitive to radiation: poly(ethyleneglycol)-poly(4butyloxy-2-
(4-(methacryloyloxy)butyloxy)-4 (4-butyloxybenzoyloxy)azobenzene (PEG-b-
PMAazo444). When exposed to radiation, these polymersomes burst. This fact is
attributed to thermodynamic changes related to membrane curve.

Polymersomes’ Surface Chemistry

Polymersome membrane is the result of amphiphilic diblock copolymer auto-
assembly in water, as mentioned earlier. Also chemical structure can be used offer-
ing the necessary hydrophilic/hydrophobic conditions to preserve the assembly. As
mentioned before, hydrophilic blocks concentrate in brush configurations, which
according to polymer nature will modify-control the polymersome surface charac-
teristics and its interaction with the environment. As an example, it can be men-
tioned that block copolymers have polyethylene oxide (PEO) that assemble in
polymersomes with highly hydrated and neutral polymeric brush orientation, hav-
ing little protein interactions. This orientation allows PEO polymersome structural
integrity in biological fluids without immune systems interactions.

Their ability to escape the immune system is known as “stealth” and has been
widely used to increase liposomes and other nanoparticles lifetime in the organism.
The brush thickness and structure are critical parameters for polymersome stealth
ability, as Photos and coworkers [67] have proven since they found different circula-
tion times for different molecular weight PEO polymersomes. Polymers of the poly-
ethylene glycol (PEG) category and other non-fouling polymers are acceptable for
biological applications. It has been recently proven that polymersome surface can
be additionally modified with molecules characterized as islands and have different
chemistry. This is made possible by mixing various copolymers developed to pro-
duce polymersomes that separate phases of polymer-polymer. In a second level of
complexity, polymersome surface can withhold macromolecular structure biomate-
rials like proteins, antibodies, vitamins, hydrocarbons, etc. Biotin groups’ connec-
tion with hydrophilic diblocks is used to group together abidines to predefined
polymersomes that will later on connect to biotinyl targeting ligand (since each
abidine group has four connection spots for biotin). Using a similar approach, poly-
mersomes with anti-ICAM-1 antibodies have been tested for inflamed endothelial
cell treatment.

Polymersome Applications

Some important polymersome applications concern the in vivo tissue imaging by using
near infrared (NIR) and protein, DNA, and bioactive anticancer molecule entrapment
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on their inside. Apart from an exceptional delivery and a bioactive molecule release
system, polymersomes seem to be equally useful in imaging applications.

Additionally, polymersomes offer the ability of hydrophobic and hydrophilic
bioactive molecule incorporation, addition of targeting macromolecules on their
outer surface, as mentioned and analyzed earlier on, forming the nanocarrier for
damaged tissue targeting according to “combined drug delivery” and magnetic
resonance imaging (MRI). Another polymersome application is their use as pro-
tein incorporation systems, as mentioned earlier. Recent studies on this field con-
cern primary human antibody delivery using fluorine-labeled antibodies. Gene
therapy is another important research field mostly due to the polymersome abil-
ity to replace or exclude specific gene expression. Intracellular genetic material
delivery lacks effectiveness due to their negative charge and size since repulsive
interactions exist with the negatively charged plasma cell membrane. Many
methods have been explored to avoid interaction with cell membrane by using
gene transport carriers inside the cell. Some of these methods include polymer-
some use [59].

4.1.2.2 Biodegradable Polymeric Nanoparticles

Polymeric nanoparticles are solid, colloidal particles of 10—10,000 nm size. The
bioactive molecule can be entrapped inside the nanoparticle, absorbed, or connected
on its surface. According to the production method used, polymer nanoparticles,
nanospheres, and nanocapsules have different properties and characteristics that
affect bioactive molecule release. Nanocapsules are systems where the bioactive
molecule is on the inside surrounded by a polymer membrane. Polymeric nano-
spheres consisted of a matrix where the bioactive molecule is dispersed. The advan-
tages of using polymeric nanoparticles for bioactive molecule administration and
transfer are due to their basic properties: small size to achieve small blood vessel
penetration, taken over by cells and accumulate in target areas. The use of biode-
gradable materials allows bioactive molecule steady release rate in the target tissue
for a period of time equals days or even weeks.

4.1.2.3 Polymeric Micelles

Amphiphilic copolymers in water solutions can self-assemble, like previously men-
tioned and form micelles (Fig. 4.11). Polymer micelles have nanometer size, with a
hydrophobic core (where lipophilic molecules can be attached) and hydrophilic parts
that help in the steady dispersion development in water. Their distribution in the
organism depends on its surface properties. Polymer micelles due to their small size
(<100 nm) are not recognized from the MPS and can be accumulated in the damaged
tissue environment with passive diffusion. Surface macromolecules, like antibodies,
can connect on polymer micelles and produce immunomicelles that will present
selectivity. Polymeric micelles present advantages over conventional micelles that are
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Fig. 4.11 Polymeric micelles (Adapted from www.atrp.gatech.edu/pt18-3/18-3_p3 with
modifications)

formed from surfactants because they have better thermodynamic stability in biologi-
cal solutions, resulting in their slow in vitro disintegration [86].

4.1.2.4 Nanogels

Nanogels are swollen nanosized networks consisted of hydrophilic or amphiphilic
polymer chains. Nanogels can protect and transfer bioactive molecules and thera-
peutic nucleotides and control their release by integrating highly familiar functional
groups that correspond in configuration and biodegradable links in the polymer net-
work. Like other nanosystems, nanogels can be easily administered as liquid phar-
macotechnological formulations for parenteral administration. Nanoparticle size
offers high special surface that is available for bioconjugation with factors targeting
special macromolecular targets on damaged tissue surface.

4.1.2.5 Dendrimers

Dendrimers belong to polymers of the fourth generation that were firstly formed in the
beginning of the 1980s and are consisted of long chains connected to a central tube.
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Fig. 4.12 Development of generations of dendrimers (http://www.chembheritage.org/discover/
online-resources/chemistry-in-history/themes/microelectronics-and-nanotechnology/tomalia.aspx)

They are structured around a central core and are composed of repeated structural
units (Figs. 4.12 and 4.13). They are attractive bioactive molecule transfer nanosys-
tems due to their small size (<10 nm) and the multiple functional groups that can be
attached on their surface. Dendrimer interaction with biological environment is
defined from their end groups. Dendrimers have special properties due to their shape
that looks like a tree and their inner cavities. Bioactive molecules can be enclosed in
dendrimer cavities or connect to final surface groups [17, 18, 36]. The term dendrimer
comes from the Greek word 6évdpo (dendron (=tree) and uépog meros (=part) and
describes a new group of branched macromolecules whose architecture looks like a
tree. In 1985 Donald Tomalia and his coworkers [80] published the composition and
the full characterization of a new macromolecular group of the poly(amidoamines)
[Poly(amidoamine)(PAMAM)] calling them dendrimers. Until this day, the mostly
studied dendrimer group is PAMAM generation that is the most commercially used
for research applications. Many new dendrimers are composed of various structural
units. Dendrimers have an important research interest as these branched polymers of
nanometer size offer conventional methodology of bioactive molecule transfer and
delivery, i.e., their structural unit chemical control, their molecular weight, their sur-
face characteristics, and biological targeting process control [81-83].

In comparison to conventional linear polymers, dendrimers have specific dimen-
sions, almost spherical shape and molecular weight and not molecular size distribu-
tion. In contrast with other polymers, the critical parameters in nanoscale, like size,
shape, and final active groups, can be accurately controlled through their architec-
ture, i.e., core, internal branching units, and final surface groups. These properties
are not the sum of the monomer properties but are completely different and follow
different rules. The term dendrimer phenomenon is used to describe these unex-
pected dendrimer properties. Dendrimers, as mentioned earlier, have branched units
with end chemical groups that have various properties, allowing charge, hydrophi-
licity, or hydrophobicity alteration. Dendrimer size is extremely small, 2—10 nm,
and therefore can be characterized as true nanoparticles. Their dimensions cannot
be extremely large because of their branching unit stereochemistry. Branched poly-
mers presented in the 1960s were the precursors of dendrimers since their branched
units are simple branched polymers and can be characterized from their molecular
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Fig. 4.13 Dendrimer structures (generations 2 and 3) which present the cores, the branches, and the
peripheral functional groups (Adapted from [24] with permission from Bentham Science Publishers)

weight, structure, and physicochemical characteristics according to technology
evolution and analytical assays developed in the past decade. Biologically speaking,
dendrimers seem to present architectural similarities with macromolecules like pro-
teins, polysaccharides, and nucleic acids.

Dendrimers are composed of three distinct areas:

e The core where all the branching units start from
* The branching units that compose the dendrimer
* The outer surface where the active groups are placed
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The core and the repeated units define the microenvironment inside the mole-
cules, while the surface groups define the solubility and the physical and chemical
interactions with the environment. Therefore, the combination of these three areas
defines the physical and chemical properties of the dendrimer molecule. Since the
innovative works of Tomalia [80] and Newkome [61] which were published inde-
pendently, the research in this field created intense interest and concentrated on
dendrimer design and development with specific physical and chemical properties,
aiming on their application on fields of great scientific and commercial interest such
as biomedicine.

Dendrimer Use in Biomedicine

There are a large number of applications of dendrimeric structures in biomedicine
with emphasis to drug delivery and imaging. However, dendrimers are used for
diagnostic and therapeutic purposes like:

 In diagnostics — Gd™ block dendrimers are used in magnetic resonance imaging
(MRI).

* In DNA biosensors.

 In therapeutics as controlled release drug delivery.

* In gene therapy (gene transfection).

 In cancer therapy with °B (boron neutron capture therapy).

* As antimicrobial and antivirus medication.

The advantage of dendrimer use as bioactive molecule carriers is based upon
their structure control which is a result of their controlled production. This con-
trolled synthesis allows molecule production with special properties, like hydro-
philic groups on the outer surface and internal hydrophobic cavities that offer the
possibility of different chemical molecules’ entrapment. The dendrimer family that
has been studied the most as a bioactive molecule carrier is the PAMAM.

Tomalia [81] and other scientific groups have studied the relation between
structure and biocompatibility of PAMAM derivatives. They observed that cationic
dendrimers (that have NH, groups on their surface) are generally toxic and cause
hemolysis even in low concentrations. Also, they observed that toxicity increases
in greater generations, i.e., seventh generation is much more toxic than fifth or
third generation. In contrary, anionic dendrimers (that have COOH groups on their
surface) do not present toxicity. Despite these, negatively charged carboxyl den-
drimers are not appropriate for delivery systems as they cannot interact or connect
with the negatively charged surface. To overcome this problem, PAMAM deriva-
tives have been developed that had hydroxyl groups on their surface, or polyethyl-
ene glycols (PEG) chains were connected to outer groups and used as anticancer
bioactive molecule entrapment.

Another dendrimer class that has been studied and developed is poly(ester)
dendrimers, firstly produced by Frechet [23, 34]. Poly(ester) dendrimers that are
usually asymmetric can enclose anticancer molecules like doxorubicin. Also, the
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development of a liposomal nanosystem and dendrimer (PAMAM) has been tested
for the entrapment of a large quantity of the anticancer agent methotrexate and
doxorubicin. Two different ways of using dendrimers as bioactive molecule carriers
have been described: the bioactive molecule entrapment inside the dendrimer (inside
the cavities formed from the branches) through hydrophobic interactions and ionic
links and the covalent bonding of the bioactive molecule on the dendrimer surface.
The development of a multifunctional dendrimer consisted of PAMAM G5 genera-
tion connected with the anticancer agent methotrexate or paclitaxel, folic acid, and
fluorescein as detection molecules for dendrimer course into the organism is a con-
tribution to nanosystem development that has targeting, imaging, and therapeutic
functions against cancer at the same time. It is well established that cancer cells due
to their quick multiplication need large quantities of folic acid. They achieve that by
increasing the folic acid receptors on their surface. So, by taking on folic acid that
is connected to the dendrimer, anticancer cells receive at the same time the bioactive
molecule. Lastly, the fluorescent molecule allows dendrimer tracking. The first
in vitro experimental results in cancer cells that overexpress folic acid receptors are
encouraging. Some of the bioactive molecules enclosed in or connected with den-
drimers are indomethacin, methotrexate, doxorubicin, fluorouracil, paclitaxel, and
ibuprofen. Dendrimer synthesis is analyzed in the Appendix of this chapter.

Dendrimer Applications

There are more than 50 dendrimer families, each one with unique properties like
surface, internal cavities, and core that can be adjusted in various applications.
Polymer multiple possible applications are based on their molecular uniformity, mul-
tifunctional surface, and internal cavities. All the above properties make dendrimers
appropriate for high technology applications in the fields of biomedicine and indus-
try. More in detail:

* Dendrimers have been used in in vitro diagnostics.

* Dendrimers have been used in preclinical studies.

* There are research efforts for dendrimer use in the delivery of bioactive molecule
target tissues. Bioactive molecules can be equally incorporated inside dendrimers
or connect to outer groups.

* Dendrimers can be used in industrial processes’ improvements.

* Dendrimers have been used as carriers known as “vectors” in gene therapy.

Dendrimers belong to a chemical group that presents special characteristics
resulting in a great variety of applications. They belong to nanotechnological sys-
tems, and their basic characteristic is the lack of polydispersity due to absolute
controlled synthetic reaction process that leads to polymer systems of specific
molecular weight. Their almost spherical outer surface allows many outside groups
with various functions (targeting, detection, delivery of bioactive molecule), while
cavities formed inside can enclose bioactive molecules. The application of den-
drimers has been studied in several fields of modern technology. It is important to
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figure out that the profile of a candidate drug is affected by its solubility in aqueous
media, its lipophilicity, degree of ionization, pharmacokinetics and pharmacody-
namics, permeability, and its behavior regarding the binding process with plasma
proteins. As dendrimers belong to the class of polymers, polymer therapeutics is a
term that describes nanosized polymeric carriers that are in clinical phases and prac-
tice for diseases such as multiple sclerosis, renal failure, and virucide vaginal for-
mulations [87].

Dendrimers have been used for most hydrophobic anticancer molecule dissolu-
tion due to their ability to produce a great amount of hydrogen bonds in water envi-
ronment. In relation to other nanotechnological systems, liposomes and polymers
have been used in order to take advantage of the EPR phenomenon (see Chap. 6).
This in vivo anticancer action and the simultaneous toxicity reduction of the known
chemotherapeutic agents like doxorubicin and cisplatin when incorporated in den-
drimers were attributed to the enhanced permeability and retention (EPR) phenom-
enon. Poly(glycerol-succinic acid) dendrimers have been used to dissolve
10-hydroxycamptothecin. The system effectiveness was increased in human breast
cancer series, but the bioactive molecule quick release (6 h) excluded its systemic
administration. Important entrapment percentages in various dendrimer structures
have been achieved for anticancer molecule etoposide, paclitaxel, methotrexate, and
6-mercaptopurine. The hydrophobic anticancer molecule entrapment in middle size
dendrimers (G4-G6 generation) has been proven to increase their solubility and tox-
icity. The most basic disadvantage is the lack of kinetic controlled release since these
systems release their content in a few hours after systemic administration. Possibly,
dendrimer systems with incorporated anticancer agents can be used in the future for
infusion directly to the tumor. The method of bioactive molecule covalent bonding
on dendrimer surface offers advantages in comparison to their cavities. Different
bioactive molecules can be connected to a dendrimer molecule and their release
depends in the linkers’ nature. With this method, methotrexate, paclitaxel, doxorubi-
cin, and 5-fluorouracil have been covalently bonded with dendrimers of the polyami-
doamine group (PAMAM). In all occasions, the results showed effectiveness
sustenance, delayed release, selective accumulation on cancer cell, and lower toxic-
ity. Dendrimers can be applied as viruses’ inhibitors, and their activities has been
shown against HSV, RSV, and HIV, while a dendrimeric formulation as vaginal gel
(i.e., VivaGel™, Starpharma) is in clinical trials.

Active Targeting

Taking full advantage of dendrimer architecture allows simultaneous bioactive mol-
ecule and target group connection on the same dendrimer molecule. In the field of
oncology, targeted transport of chemotherapeutic molecules in cancer cells is trans-
lated as side effect reduction since healthy tissues like the liver, spleen, and bone
marrow can accumulate bioactive molecule toxic levels. For dendrimer system
active targeting, monoclonal antibodies, PEG chains, and imaging agents with the
encapsulated drug have been used for the production of multifunctional dendrimers
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(Fig. 4.14). Dendrimer great surface in relation to their size and high solubility
makes them useful as catalysts since they can combine the advantages of homoge-
nous and heterogeneous catalysts.

Dendrimer Application in Imaging with Magnetic Resonance Imaging
Technique

An important diagnostic method is the magnetic resonance imaging (MRI) that is
the spectroscopy application of the nuclear magnetic resonance (NMR) that offers
three-dimensional imaging of the living organs and their blood vessels. The use of
paramagnetic metal cations (enhancer parameters) improves the method sensitivity
and accuracy. A very common enhancer parameter, the gadolinium salt diethylene
triamine pentaacetatic acid (DTPA), is unfortunately diffused outside the blood ves-
sels due to its low molecular mass. To overcome this problem, scientists studied
dendrimers with gadolinium salts on their outer region. These studies showed that
the modifications of dendrimer characteristics, like size and nuclear or regional
composition, can lead to the development of enhancer factors that will be special-
ized for specific organ imaging or lymph node blood vessel imaging. Additionally,
the use of dendrimers makes targeted delivery possible since the dendrimer molecu-
lar structure can be transferred to cancer tissues making dendrimers useful tools in
cancer imaging. An example of dendrimer application in cancer treatment is in
boron neuron capture therapy (BNCT), an experimental method of two steps.
Initially, the patient is injected with a boron 10B radioactive isotope which selec-
tively accumulates in cancer cells. Following, the patient receives radiation of a
low-energy neutron neutral beam. Neutrons respond to boron inside the tumor and
produce a-particles that destroy only tumor cells leaving intact the healthy cells. For
this process to be effective, high concentration of 10B inside the cancer cells is
needed. This can be achieved by the use of boron incorporated dendrimers and only
if they can deliver it to cancer cells.
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4.2 Therapeutics and Nanotechnology

Pharmaceutical sciences have a great interest in developing new nanotechnology
products, understanding the new material behavior through the development of ana-
Iytical assays and the possibility of measuring and taking pictures of products and
devices in nanoscale. In the field of health, the problems of medicine’s safety and
efficacy, on time diagnosis and therapeutic confrontation of many diseases, like
cancer, lead to the need of maximizing knowledge, aiming to the maximum devel-
opment in therapeutic potential of the existing bioactive molecules [54].

The National Cancer Institute (NCI) and the US National Institutes of Health
(NIH) under the Cancer Nanotechnology Project — a strategic initiative that targets
the change in clinical oncology and basic research with immediate application of
nanotechnology achievements — have completed the program by entering nanotech-
nology in biomedical research with encouraging results and started a new program
applying nanotechnological achievements in cancer diagnosis, treatment, and pre-
vention, with an ultimate goal of the reduction of deaths caused by cancer. The meth-
odology for decision implementation includes finance securing for exchanging
scientific opinions and researchers of all grades between universities and institutes in
the fields of clinical oncology, molecular biology, and nanotechnology. The develop-
ment of nanotechnology, electronics, and robotics is expected to offer important
advantages in biomedical applications, like genome therapy, drug administration,
imaging, and new drug discovery techniques.

Pharmaceutical nanotechnology orients in developing and evaluating bioactive
molecule colloidal system transport, diagnostics, and imaging materials offering
solutions in fields like:

» Imaging and diagnosis of diseases like cancer, in early stages.

* Developing systems for evaluating treatment effectiveness in real time.

* Multifunctional systems deliver bioactive molecules to damaged tissues in high
concentrations.

* Nanomaterials that can detect molecular changes to prevent cancer metastasis or
precancer cell transport. Innovative bioactive molecule delivery that can be used
for central nervous system diseases with targeted imaging biomaterials.

* Uncontrolled cell multiplication and gene indicator (promoting cancer cells)
detection systems.

» Research tool development that offer possibilities like new target cell identifica-
tion and possible drug resistance detection.

* Study and development of new nanodimensional herbal medicinal products by
improving their solubility in biological fluids.

* Alternative nanotechnological ways for insulin delivery.

* Applications in dental treatment by developing and evaluating new nanodimen-
sional materials of high durability and biocompatibility.

For the pharmaceutical industry, these new technologies that deliver bioactive
molecules are a strategic tool for their development. Technology can offer new
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solutions for the already existing bioactive molecules, increasing their effective-
ness, improving their safety, and offering better patient compliance. Moreover,
new drugs being developed under computational chemistry, using the knowledge
gained from the human genome decoding program, need administration and deliv-
ery to the damaged tissues systems in order to be effective. Nanotechnology offers
the possibility of administering bioactive molecules that are practically insoluble
to water or unstable to biological environment. Designing and developing delivery
nanosystems that target damaged tissues are an emerging direction in therapy.
Even though nanotechnology offers the possibility of developing effective delivery
systems for all kinds of bioactive molecules, the major directions are the develop-
ments in drug administration in diseases of the respiratory, the central nervous, and
the cardiovascular system.

The advantages of nanotechnology in pharmaceutical sciences come as a result
of controlling the nanomaterials’ physicochemical properties and biological action.
The cooperation of nanotechnology and biotechnology can lead to the develop-
ment of nanodevices and nanosystems for studying the physiological processes of
the living matter. The most important biomaterial in living organisms is their
genetic material and mainly the DNA — also proteins and other biomolecules/bio-
materials that participate actively in the existence of the living matter and its func-
tions. The transport of the genetic material that is complexed with nanoparticles
can offer solutions in genetic diseases and create appropriate conditions for the
development of nanosystems that transfer and deliver genetic material with advan-
tages in the genome therapy.

Nanoparticles consisted from polymers, synthetic or natural, from naturally
occurring or synthetic lipids or from inorganic materials. Bioactive molecules that
transfer nanoparticles can interact with them (covalent bonds or electrostatic forces)
or encapsulate them in order to transfer them to the target tissues. The biomaterials
mostly used for biodegradable nanoparticles and nanosystem production are poly-
acrylates, especially the quickly biodegradable butyl cyanoacrylate, gelatin, poly-
lactic acid, and the polylactic acid copolymers.

Also, molecules of lipid nature that are compatible with human organism and
biodegradable are used for nanosystem development, i.e., cholesterol, lipid acids,
and phospholipids. The problem arising during bioactive molecule transport is their
recognition from the MPS that detects them as foreign biomaterials and destroys
them through opsonins’ detection mechanism.

Opsonins are proteins functioning as flags, detecting the foreign-unknown bioma-
terials that are then detected from the macrophages of the MPS and are destroyed.
Therefore, their long period of time stay in blood circulation that aims to the bioac-
tive molecule transport to target cells is related to their surface physicochemical
properties and their size. Changing the surface characteristics leads to behavior
change and possibly reticuloendothelial system (RES) detection while particles of
greater size like micro-sized systems or nanosized systems are detected and destroyed.
Modern bioactive molecule nanocarriers have the ability of increasing the therapeu-
tic index of the existing drugs by lowering the toxicity in tissues and achieving
control release therapeutic levels for a prolonged period of time. Nanocarriers can
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increase the solubility of lipophilic bioactive molecules and improve their stability
and therefore allowing the use of bioactive molecules that were rejected during pre-
clinical and clinical studies due to short pharmacokinetics and biochemical and phys-
icochemical properties. Lastly, nanotechnology can help in the development of
multifunctional nanosystems that transfer bioactive molecules to the targeted area
and nanosystems having diagnostic and therapeutic properties at the same time,
allowing the simultaneous diagnosis and treatment of the damaged tissue. The mul-
tifunctional nanoparticle whose development in the future will offer the possibility of
many independent functions. Nanosystems that can be characterized as nanorobotics
are very difficult to be developed due to their complexity of their physicochemical
properties and their thermodynamic abnormalities that lead to their instability.
Despite all that, modern technology moves toward that direction. Target detection
can occur in organ level or even in a single surface macromolecule target that is spe-
cific for some cells like surface antigens. The most common form of identification is
the identification in molecular level that is based on the fact that each organ’s or tis-
sues’ special macromolecules (antigens) can be detected. To achieve that targeting
macromolecules can be used, i.e., antibodies capable to interact with a target express-
ing a special macromolecule (antigen). Nowadays, many protocols for the develop-
ment and evaluation of innovative medicines are being developed and have various
approaches. In some occasions, for damaged tissue targeting, many physiological
characteristics of the targeted area can be used. In basic protocols of targeted therapy
that have already been used experimentally or in clinical trials, the following
approaches are included: the approach of the bioactive molecule to the damaged tis-
sue; the passive accumulation through structural and functional abnormalities of the
vessels that appear in areas with tumors, heart attacks, or inflammations; the natural
target that is based on the difference of a physical parameter (i.e., pH or temperature)
in the target area (such as tumors or inflammation); the magnetic targeting that is
connected to paramagnetic carriers, with the effect of outside magnetic fields; and
the active target using molecule carrier that are specially related to the damaged tis-
sue or the cancer cell. There are already synthetic nanoparticles (liposomes, nano-
capsules, nanospheres, dendrimers, etc.) that can target and enter damaged tissue
cells releasing the bioactive molecules. Nowadays nanopharmaceutics and nanomed-
icine lead to the development of products that offer great advantages and effective-
ness. The majority of the candidate bioactive molecules present low solubility in
water, preventing their effectiveness. Research has shown that when the bioactive
molecules are encapsulated in nanoparticles that have the appropriate physicochemi-
cal properties especially on their surface, preventing their aggregation, a stable and
effective nanosystem carrier of the bioactive molecule is developed. The nanocrystal
technology that big pharmaceutical industries in the United States apply has led to
the development of therapeutic products [rapamycin (Rapamune® Pfizer) and apre-
pitant (Emend® Merck & Co.)] that are based on this technology.

The development of nanotechnology, electronics, and robotics is expected to
offer great advantages in biomedical applications like gene therapy, bioactive mol-
ecule transport, imaging, and diagnostic techniques. Many bioactive molecules are
ineffective due to limited access to target tissue. Nowadays, the major directions of
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pharmaceutical and medical research are therapeutics, lab diagnostics, and in vivo
imaging diagnostics. There is an important effort in developing innovative medi-
cines according to the interdisciplinary path of nanotechnology for the therapeutic
approach for many diseases.

4.2.1 Nanotechnology and Cancer

During the past decades, there is an important progress in understanding and in
description of the carcinogenesis mechanisms, while important diagnostic tools have
been developed for damage tissue imaging and treatment. Despite this progress, the
universal cancer mortality is one of the most important causes of death.

The in-depth knowledge of genetic and industrial changes that are responsible
for cancer cell development has changed the therapeutic confrontation strategy.
During the past years, new methods in diagnostics are developed that aim to the
early malignant diagnosis and its therapeutic confrontation. Scientists have also
understood that the microenvironment of cancer cells affects the treatment and pro-
vokes drug effectiveness.

Therefore, even if normal cells that neighbor cancer cells do not present changes
in their genetic material; can change their physiological activity because they are
surrounded and close to the cancer cells. Understanding the microenvironment
around cancer cells, and not only their evolution and their behavior, is crucial in
order to understand their development and design a strategy that scientists need to
follow to develop effective anticancer agents targeting the cancer tumor and the
environment where it grows. Moreover, a multifunctional system is developed that
includes physical chemistry, biochemistry, and biophysics whose parameters should
be evaluated in order to choose the therapeutic strategy. The factors and the proce-
dures of this multifunctional system can be classified as follows:

* Factors related with the development and the multiplication of cancer cells and
should be controlled.

» Physiological factors controlling the development and the multiplication accord-
ing to the genetic information that cancer cells do not respond.

* Cancer cells do not obey the apoptosis procedure (programmed cell death).

* Development of vessel network process (angiogenesis) around tumor to provide
oxygen and nutrients.

* Cancer cell metastasis process from the original tumor that results to death of
90 % of the patients.

It is scientifically proven that cancer therapy should be according to its complex-
ity. The recognition of this complexity and the understanding of parameters and
processes related to it have created new trends to the development of innovative
medicines that are now designed according to the “system” cancer with the param-
eters and processes that define it. Nowadays, cancer therapeutics is oriented in
the interdisciplinary cooperation and new technologies, with which we can detect
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sooner the “trace,” understand the microenvironment, and design the bioactive mol-
ecule transfer, delivery, and target system. Dr. Andrew C. von Eschenbach, director
of the National Cancer Institute (NCI), has set a target: to reach cancer therapy until
2015 or, more rationally, to develop effective therapeutic protocols. For this reason,
the scientific alliance NCI Alliance for Nanotechnology in Cancer was founded in
the United States that methodizes the tools and practices related to cancer preven-
tion, diagnosis, and therapeutics with the means that nanotechnology can offer. This
aims to bring in collaboration the physical, chemical, biological, and medicinal sci-
entific community in a coordinated effort, so all nanotechnology benefits are directed
to cancer patients [54].

NCI in the NCI Alliance for Nanotechnology in Cancer and other European-
related initiatives emphasize the following sectors:

* Cancer prevention and control. Includes the nanodevice development for deliv-
ery of bioactive molecules to target tissues by using liposomes, dendrimers,
nanoemulsions, etc. Complex anticancer vaccines will be synthesized using
nanodevices for their systemic administration.

» Early diagnostics and proteomics. Implanted stable molecular sensors will be
developed in order to find bio-indicators. These biosensors will be evaluated in
situ or ex vivo, and the results will be transmitted through wireless technology to
medicinal personnel and other databases.

* Imaging diagnostics. Aiming toward sensitive and precise imaging and “smart”
injectable nanoparticles that will allow cancer tissue analysis cell by cell to be
developed. Nanodevices analyzing the biological diversity of tumor’s cancer cell
will be also developed.

* Multifunctional therapies. There is a great need of nanosystems that will incor-
porate a combination of diagnostic and therapeutic functions. For example,
nanocrystals can be used for both bioactive molecule transport and performing
tissue imaging at the same time. Toward this direction, scientists are designing
the development of smart devices in the near future that will control the bioactive
molecule release in the particular place and time and evaluate the effectiveness
of the treatment at the same time.

* Quality of life improvement during chemotherapy. Nanosystems for the treat-
ment of nausea, pain, appetite loss, and fatigue will be designed.

* Interdisciplinary education. Nanotechnology success is relied upon the scien-
tists” ability from various fields to interact and communicate effectively with
each other. Steps like education for chemical engineers, physicists, and chemists
on molecular and system biology as well as education of scientists on nanotech-
nology are very important.

The combination of the above scientific fields has led to the introduction of the
term “nano-oncology” in the literature world [28]. Nano-oncology is divided into
five basic fields: bio-imaging, gene therapy, thermal ablation, immunotherapy, and
drug delivery.

The developments in managing genetic material and the scientific directions con-
cerning its transport are related to the gene expression control during transcription,
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translation, and replacement of defective genes with compensatory genes. Despite
the many possibilities of gene therapy, its clinical practice has important problems.
More than 400 clinical studies have been evaluated during the past 15 years, and
most of them have failed to achieve the desired results.

Here we can refer the liposomal vectors that are able to transport genes. It is well
established that there are identified huge number of genes that are able to correct
diseased phenotypes. Several delivery systems that are defined as nonviral vectors
such as micelles, emulsions, and lipidic vectors have been used for gene delivery.
A suitable nonviral vector should be stable and biocompatible to efficiently deliver
genes to specific tissues, upon administration. The viral vectors despite their high
efficiency in transfecting cells present a numerous problems like immunogenicity,
toxicity, and difficulties in the scale-up process. However, the exploration of nonvi-
ral vectors is a demand. Liposomal vehicles could be systems that offer advantages
because of their easy and safe administration by several routes such as i.p., i.v., etc.
DNA can covalently attach on the surface of cationic liposome created complexes
that are known as lipoplexes or can be accommodated into anionic liposomal vehi-
cles. We have to keep in mind that the route of administration plays a key role in the
in vivo results. Gene therapy is an emerging scientific field, and liposomes are con-
sidered as such nonviral vectors that could play a role in the development and evalu-
ation process in gene therapy [45].

The effective gene therapy demands the combination of two different factors:

» A therapeutic gene that can be expressed in the target cell
* A safe — regarding the gene material safety — and effective delivery system that
can transfer the gene in a specific tissue or organ

Even though impressive results have been published and presented when a thera-
peutic gene is injected on cancer tissue, its systemic administration has been proven
to be especially difficult since most systems degrade in biological medium or
excreted from the kidneys before reaching the target. Viruses, retroviruses, and
adenoviruses that have presented infectious abilities are now abandoned because of
the difficulty in incorporating into a large amount of genetic material and the safety
matters related to carcinogenesis and immunostimulation. The synthesis of polymer
nanosystems that transfer and deliver genetic material seems helpful in the develop-
ment of innovative nanosystem that will be biocompatible, biodegradable, and
effective. Some categories of polymer nanocarriers are the following:

* Poly-L-lysine.

* Synthetic biodegradable polycations.

e Chitosan.

¢ Cyclodextrins [55].

e Polymeric micelles (see Chap. 4). They have been used in research for gene
transport and can be further divided in micelles composed of polyethylene
glycol-polyester, polyethylene glycol-poly(amino acid), and polyethyleneglycol-
polysaccharide lipid.

¢ Dendrimers.
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Many studies have used dendrimers as gene material vectors through cell mem-
brane to cell core. Liposomes and modified viruses have been extensively used for
this reason. During the past years, PAMAM dendrimers have been tested and found
to be very stable. They can carry great amount of genetic material in relation to
viruses and are more effective than liposomes since they have a strictly defined
structure and low pK amine values that help pH stabilization inside the human body.
For this reason, PAMAM dendrimers tend to be established in an effective category
of polycation synthetic dendrimers for gene transport.

To achieve local hyperthermia in order to destroy cancer cells is a subject that
scientists study the past years but presents important problems. A basic problem
occurring is the fact that the source of thermal energy might harm the surrounding
healthy tissue even in case of targeted radiation. To resolve this problem, materials
that selectively heat the tumor using gold nanoparticles absorbing near infrared
have been developed. These systems are called nanoshells (see Chap. 3) and con-
sisted of a silicon core surrounded by a thin gold shell. Nanoshells absorb heat (they
are heated) during radiation in appropriate wavelength exposure. The characteristics
of near infrared radiation have been chosen because the tissue absorbance in this
wavelength is in minimum state while light permeation is in maximum state. To
achieve hyperthermia, carbon nanotubes (see Chap. 3) have been used (tube struc-
tures with one carbon atom wall thickness) after the addition of specific antibodies.
The results in breast cancer series were encouraging.

An important chapter in therapeutics is immune response. It has been proven that
it can contribute in small tumor termination. But cancer cells have the ability to
respond by developing mechanisms that provoke the organism’s antigen ability.
Research scientists try to develop immune system activation mechanisms against
tumors that will possibly give the organism the ability to destroy cancer cells. Tumor
antigens are not immune and if administered as vaccines can strengthen the immune
system against cancer. The new vaccine toward this direction connects antigens
with nanospheres. To increase the effectiveness, nanospheres must have a specific
diameter (40-50 nm) and narrow size distribution that will allow them to target
dendrimer cells of the lymph node.

The effectiveness of bioactive molecules that are administered to destroy can-
cer cells can be improved by using nanotechnological approaches. The design of
appropriate nanosystems for bioactive molecule transport and delivery is an
important research field that aims the development of Trojan horses that will not
be detected from our immune system and will not affect healthy tissue cells. More
in particularly, the following conditions must apply for the cytostatic bioactive
molecules:

* Adequate bioactive molecule concentration in biological fluids will allow the
effective concentration on the cancer tissue. For greater safety, the concentration
of the bioactive molecule free form that is not loaded in the nanosystem must be
the smallest possible in the biological fluids.

* The bioactive molecule should have high differential toxicity against cancer cells
or at least a favorable therapeutic window.
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Nanotechnology research aims to the points mentioned above using the special
characteristics of cancer cells. These characteristics allow the passive and active
nanosystem targeting cancer tumors.

High heterogeneity in cancer tumor vascularization includes areas of vascular
necrosis and areas of high vascularization from where oxygen and nutrients reach
cancer tissue. Cancer blood vessels present abnormalities regarding the correspond-
ing normal blood vessels like high proportion of endothelial cells presenting abnor-
malities in the cell membrane, high blood vessel bending, and defects in the
pericytes. Cancer capillary vessels present increased penetration that is mainly
regulated by the abnormal secretion of the endothelial vessel growth factor, brady-
kinin, nitrogen monoxide, prostaglandins, and metal proteins.

Macromolecule transport in tumor microcirculation can take place through inter-
endothelial connections and endothelial channels. The molecular exclusion level of
these transport channels is less than 1 pm, and in vivo extravasation studies of lipo-
somes in cancer xenografts have shown molecular exclusion of 400 nm. Generally
particle extravasation is inversely proportional to size, and smaller particles
(<200 nm) have shown to be more effective for tumor microcirculation extravasation.
Lymph cancer network is also defective resulting in fluid retention and increased
pressure relative to the fluid flow outside the tissue.

The absence of an intact lymphatic system results in nanocarrier’s retention in
the intracellular space. The combination of deficient microcirculation and the lack
of an intact lymphatic system results into the enhanced permeation and retention
(EPR) effect. Nanotechnology takes advantage of this effect for passive cancer tar-
geting through nanosystem concentration into the cancer tissue at significantly
higher levels compared with the plasma or healthy tissues. The bioactive molecule
release from the nanosystem results in its relatively increased concentration in the
tumor as well as the increased toxicity against cancer cells.

The modification of nanosystems’ outside surface aiming the cancer tissue active
targeting can be achieved by using antibodies, peptides, and small molecules that rec-
ognize special cancer antigens in tumor microenvironment. When these nanoparticles
are directed at the outside section of the intramembrane cancer antigens, they are pos-
sibly taken over from the cancer cell through enhanced receptor endocytosis.

Known anticancer drugs like dimeric indole alkaloids, camptothecin, lignans
derivatives, taxanes, and many more are the modern armory against cancer.
Questions arising during treatment are the following:

*  Why are current treatments not effective and most of the times fail?

*  Why cannot we improve or completely eliminate drug toxicity and avoid toxic
side effects?

* How can we achieve greater efficacy since the discoveries in the field of cancer
molecular approach have noted gene expression in cancer cells leading to spe-
cialized protein production?

Current therapies fail to destroy compact tumors for three reasons:

1. At the state of diagnosis, the tumor is already well developed. A tumor of 1 cm?
size (the smallest clinically traceable tumor) contains one billion cells. To achieve
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complete therapy, all cells must be destroyed. Even if we manage to destroy 99.9 %
of those cells, one million of living cancer cells will remain in the organism.

2. Fifty percent of patients that will surgically remove the tumor will not be cured
due to metastasis. During metastasis, the genetically modified cells will expand
from their initial place and through circulation will be installed in new places
like the liver and lungs. Usually, metastasis is not traceable due to their small size
(<5 mm) and can remain inactive for many years.

3. The third and greatest obstacle in achieving successful treatment is tumor hetero-
geneity. Tumor contains cells with different genetic materials and biochemical,
immune, and biological characteristics. Cells can vary according to surface cell
receptors, enzymes, karyotype, morphology, recycle time, sensitivity in various
therapeutic factors, and metastasis ability. This heterogeneity sets a limitation in
surgery and therapy to achieve total tumor cell destruction. Apart from all the
above, especially in the colon, kidneys, and adrenal gland tumors, the gene of
P-glycoprotein is overexpressed resulting in tumor drug resistance.

Drug resistance is due to mrd-1 glycoprotein that carries cytotoxic drugs from the
inside of the cell through adenosine triphosphate (ATP). It is believed that tumor cell
compact structure is another obstacle for drug transportation into the tumor. Compact
tumors do not have sufficient lymph system and as a result there is an elevated pres-
sure in tumor’s center. It is believed that the inside increased pressure in combination
with the fast and abnormal tumor cell increase is responsible for the compaction and
the blood vessel exclusion. After entering the organism, the bioactive molecule is not
selectively accumulated in the damaged tissue but is distributed in various organs and
tissues (depending on the bioactive molecule nature and administration route).

Despite all these, in order to reach its target (organ, tissue), it must come through
many biological barriers, like other organs, cell membranes, and intercellular
compartments where it can be disabled or present side effect in organs and tissues that
are not involved in the pathological process. Therefore, in order to achieve the desired
therapeutic concentration in the desired area in the organism, we must administer a great
concentration of the bioactive molecule, which most of it will be lost in healthy tissues.

Furthermore, cytotoxic drugs have side effects as they cannot discriminate between
healthy and tumorous cells (i.e., the most commonly used anticancer bioactive mole-
cule, doxorubicin, presents cardiotoxicity). During the last decades, efforts are made
to resolve the problems above through targeting of the bioactive molecules to the dam-
aged tissues. Generally speaking, bioactive molecule targeting can be defined as the
ability to accumulate into the organ target selectively and quantifically despite the
route and method of administration. The bioactive molecule local concentration must
be greater in the damaged area, while its concentration in the rest of the organs and
tissues should not be above a certain level, preventing or limiting side effects.

For target therapy, the following conditions should apply:

e Drug administration protocols should be simple.

e The drug concentration needed for therapeutic result should be as small as pos-
sible, to prevent toxicity to healthy tissues.

* Bioactive molecule concentration in target tissue should have the ability to
increase enough, without causing side effects in the rest of the tissues.
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The theory of target therapy was introduced by Paul Ehrlich 100 years ago, and it
involved a hypothetical magic bullet with two components: the first should detect the
target and attach to it and the second should have the therapeutic effect.

Nowadays the theory of the magic bullet to target the damaged tissues involves
different ingredients. The most common form of damaged tissue identification is the
molecular level identification and is based on the fact that in every organ or tissue
special macromolecules (antigens) can be found and only expressed in the particular
organ. To achieve targeting, biomolecules/biomaterials can be used that are capable
of selectively interacting with the target (e.g., special antibodies for the correspond-
ing antigens).

Nowadays many protocols for targeted therapy are being developed and include a
variation of approaches. The basic schemes of a therapeutic approach that have been
already used in the lab or in clinical practice include the following:

» The bioactive molecule direct application at the area of the damaged organ (tissue)

» [ts passive accumulation through the “incompatibilities-abnormalities” appear-
ing in the vessels next to cancer tumors

* The target process that is based on a physical parameter (i.e., pH or temperature)
at the target area (like tumor or inflammation)

* The magnetic targeting of nanosystems that are connected with paramagnetic
materials, influenced by external magnetic fields

* The active targeting using molecule carriers that are specially related to the dam-
aged tissue or cancer cell

There are many nanosystems (i.e., liposomes, nanocapsules, nanospheres) that can
target cancer cells, enter inside their membrane, and release the bioactive molecules.

4.2.2 Nanobiotechnology

Nanobiotechnology is the interdisciplinary field of nanotechnology with biological
systems and includes biophysics data that are described in Chap. 2. In the science of
biology, many of the organism’s biological structures and biomaterials have the
same evolution and development with nanotechnology. The combination of these
two fields is the interdisciplinary field of nanobiotechnology aiming at the nanosys-
tem development from materials that possess both properties of nanomaterials and
biomaterials, applied in disease therapeutics, the development of “green” energy,
and the elimination of environmental pollutants.

The relation between biology and nanotechnology can be found in processes that
are common in both scientific fields for the system development and the organization
(bio- and nano-, respectively). The basic procedure reported in biological systems
and nanosystems is self-assembly that controls various processes kinetically and
thermodynamically. The most important biomaterial used by biomedical engineer-
ing, the scientific environment of nanobiotechnology in the field of health that
combines the biological properties with the nanomaterial properties, is the genetic
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material, the DNA. DNA is implicated in numerous biological functions through
biochemical paths while, because it is a nanomaterial, we can approach its physical
properties through the science of biophysics. Recently, literature suggested that the
genetic material plays an important biophysical role in physical phenomena with
possible future biological applications. More in particularly, Kunming Xu [90] sug-
gested at his work entitled Stepwise Oscillatory Circuits of DNA Molecule published
in the Journal of Biological Physics, 2009 that the DNA biomolecule functions as a
stepwise oscillatory circuit of electromagnetic radiation. One DNA molecule is char-
acterized as a stepwise oscillatory circuit of electromagnetic radiation, where each
base pair is a capacitor, each phospho group acts like an electric self-induction, and
each desoxyribose acts as an electric switch. The circuit calculates the DNA conduc-
tance through charge rebounds between smaller and greater distances according to
the experimental results that lead to many stages of mechanical rebounds. Therefore,
in a charge rebound that is opposite to the phenomenon, the circuit acts according to
the charge transfer mechanisms that reflect the genetic material credibility in electron
transfer. The stepwise oscillatory charge transfer through DNA sequence is the one
controlling the oscillatory frequency. Another approach of biophysical background
concerns the electromagnetic signals that are developed from water nanostructures
derived from bacterial DNA nucleotide sequences. Montagnier and his partners pub-
lished a study presenting a new DNA property that is based in some bacterial
sequence property to produce electromagnetic waves in high concentration water
solutions. This appears to be a coordination phenomenon due to the low-frequency
electromagnetic field wave that is applied. Most pathogenic organisms’ DNA con-
tains sequences that produce these signals. This phenomenon gives rise to the devel-
opment of high-sensitivity detection systems for chronic bacterial infections in
human and animal diseases. Most pathogenic organisms’ DNA contains sequences
that are able to produce these signals. This phenomenon raises new possibilities for
the development of high-sensitivity tracking systems in both human and animal
chronic bacterial infections. From all the examples mentioned above, the contribu-
tion of biophysics in the study of materials that structure the living organisms and are
involved in numerous biochemical paths that lead to biological processes is observed.
Classic physics, through its principles and laws, offers tools that can be used in
understanding the behavior of these materials, not as chemical macromolecules, but
as material sections with such a behavior that is based on their physical abilities like
electrical conductance and electromagnetic radiation emission. Modern physics,
especially quantum mechanics, has set a framework for the DNA behavior interpre-
tation, one single nanobiomaterial that codes the genetic information.

4.2.3 Nanogenomics and Nanoproteomics

The term nanogenomics can be defined as the nanobiotechnology application in an
organism’s genetic material study. Some of the technologies used when studying the
genetic material are presented in Table 4.4. Also, important technologies for the
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Table 4.4 Examples of application of nanoparticles in gene therapy

Nanoparticle
Poly(D,L-lactide-co-glycolide)
nanoparticles with entrapped stem p53
DNA

Intravenous administration of liposomal
complexed form with composition

of DOTAP: Chol-FUSI for repression
of FUSI gene

Cationic gelatin nanoparticles

Calcium phosphate nanoparticles
Nonionic polymeric micelles composed
of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide)
Nanocomposite materials: titanium oxide
nanoparticles in combination with DNA
oligonucleotides which are activated by
light or radiation

Combination of gene nanoparticles and
surfactants

Integrin-targeted nanoparticles

DNA nanoparticles (20-25 nm): each
DNA molecule covered with positively
charged peptides

Nanoparticles’ complexes with
composition: EGF-PEG-biotin-
streptavidin-PE-DNA

Dendrimers with composition
polyamino(amine) which can hold within
DNA

Application

Inhibition of cellular proliferation in cancers due
to sustained expression gene with consequent
release of intracellular p53

Inhibition of tumor growth in mouse models with
metastatic lung cancer

Nonviral and nontoxic vectors for gene therapy
Nonviral carriers for targeted therapy

Gene transfer (gene) in the gastrointestinal tract
using oral administration in laboratory animals
(mice)

Genes encoding antibodies may be transferred to
a particular intracellular target and in combination
with radiation therapy aimed at killing cancer cells
in patients

Gene transfer to the brain through the blood-brain
barrier permeation

Targeted delivery of anticancer drugs

Crossing nanoparticles by nuclear passages (pores)
with millions folds to facilitate gene expression
compared to the non-genomic DNA. Used for
trans-nasal treating cystic fibrosis

It presents great post-vaccine (transfection)
effectiveness absence of aggregation of
nanoparticles

Non-immunological carriers for in vivo gene
delivery

study of the genetic material and its applications in therapeutics and diagnosis are
mentioned in Table 4.4 and in the following section:

* Genetic polymorphism nanotechnological determination
* Nanoparticles for cancer therapy through p53 (immunolipoplex for p53 gene

transfer)

 Silicon and gelatin nanoparticles for gene transport

With respect to nanogenomics, nanoproteomics is the application of nanotechnol-
ogy in proteomics. The term proteomics expresses the protein effect study on absorp-
tion, distribution, metabolism, and excretion (ADME) from a bioactive molecule
organism. The determination of protein effect with nanotechnology techniques is

described as follows:

* Multiphoton detection of proteins
* Nanoflow liquid chromatography

* High-field asymmetric waveform ion mobility mass spectrometry
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* Nanoproteomics for study of misfolded proteins
* Use of nanotube electronic biosensor in proteomics
* Nanofilter array chip detection

Some of the most common nanoparticles used to study the mitochondria are the
following:

* Biosomes. Self-assembled structures composed of amphiphilic molecules (bola-
amphiphile) that develop nanosystems for mitochondrial DNA transport in gene
therapy.

* Liposomes are designed for bioactive molecule transport in the mitochondria
using ligands with hydrophobic areas.

* Nanoparticles with special ligands that target mitochondria aiming to take con-
trol of mitochondrial functions.

* Quantum nanodots with special ligands that target the mitochondria aiming to
take control of mitochondrial functions and morphology.

4.2.4 Nanotechnology and Biological Treatments

Biological therapies are those therapies where molecular biology can be applied.
Biological therapies include vaccines, gene therapy, antisense, and RNA interfer-
ence. Some of the biological therapies include the use of nucleic acids and proteins,
while others include the genetic material management. The application of nanotech-
nology in therapeutics is definitive as materials and systems can be managed in
nanoscale. Also, biological therapies use therapeutic products and not classical phar-
maceutical products (bioactive molecules). The European Medicines Agency (EMA)
(see Chap. 7) committee for therapeutic products’ approval is called Committee for
Advanced Therapies (CAT) (see Chap. 7).

The increased availability of therapeutic biological products in the market,
like proteins, peptides, and antibodies, offers an important asset in therapeutics.
These therapeutic macromolecules mentioned above have important advantages
against conventional bioactive macromolecules, while the route of administra-
tion is an important research area for academic institutes and pharmaceutical
industries.

Per os administration is an important drawback since these therapeutic products
will permeate the surface of the buccal cavity or other biological membranes with
difficulty. The sensitivity of their structure and conformation leads to peptide bond
cleavage, proteolysis, oxidation, etc., and the disruption of noncovalent interactions
resulting to aggregation, sedimentation, and finally immune response is developed.
Problems mentioned above flag the macromolecule sensitivity in relation to the con-
ventional bioactive molecules. They require special handling techniques, and the
administration route should be chosen taking under consideration the rapid liver xxx
that requires controlled doses.


http://dx.doi.org/10.1007/978-981-10-0791-0_7
http://dx.doi.org/10.1007/978-981-10-0791-0_7

130 4 Application of Nanotechnology in Drug Delivery and Targeting

It is obvious that their administration demands proper delivery systems that will
enhance the above problems and will try to eliminate side effects. The alternative
routes of administration are oral, nasal, and pulmonary. Today, the most common
route of administration is the parenteral associated with compliance problems due
to the repeated therapeutic dose, especially for chronic diseases. For example, dia-
betes is a disease that requires repeated doses and, therefore, long-term compliance
that is a problem for patients. Biological therapeutic products transferred through
mucosal and other administration routes, like oral, nasal, rectal, buccal, transder-
mal, and ocular, are under study. Tables 4.5 and 4.8 present biological therapeutic
products that are in clinical trials or already in the market.

Systems mentioned in Tables 4.5, 4.6, 4.7, and 4.8 offer advantages in the field
of therapeutics based on biological products. The development of micro- or nano-
systems for drug delivery and administration through the routes mentioned above is

Table 4.5 Development of orally administered therapeutic biological products which are in
clinical phases

Company Product Clinical phase

Emisphere Technologies Salmon calcitonin | Clinical phase III

Emisphere Technologies/Novo | GLP-1 (glucagon- | Clinical phase I

Nordisk like peptide)

Emisphere Technologies/Novo | Insulin Clinical phase I

Nordisk

Biocon IN-105 (insulin Clinical phase III (India)
conjugate) Clinical phase I (USA)

Fosse Bio-Engineering Insulin Clinical phase 111

Development Ltd.

Generex Oral-lyn™ (buccal | Approved product for sale on the market
insulin spray) in many countries. Experimental products

in the United States

Table 4.6 Developed inhaled technological forms of insulin

Company Product Clinical phase

Pfizer EXUBERA® Withdrawal due to low sales
Novo Nordisk AERx® Interruption in clinical phase III
Eli Lilly and AIR® Insulin Completion of the clinical
Company and phase III

Alkermes Inc.

MannKind Technosphere® Insulin System Clinical phase III (USA, Europe,
Corporation Latin America)

Baxter Recombinant human insulin Clinical phase I

inhalation powder (RHIIP) based

on Baxter’s proprietary

PROMAXX formulation technology
Ventura and QDose insulin Encouraging results of inhaled
MicroDose insulin will be announced.
Technologies Inc. Prospective clinical studies
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Table 4.7 Therapeutic biological products administered by the nasal cavity (nasal administration)

Company Product Description

Sanofi-Aventis Kryptocur® Nasal administration of luteinizing
hormone-releasing Hormone
(LHRH)

Novartis Miacalsin® Nasal administration of salmon
calcitonin

Unigene Laboratories/Upsher-Smith | Fortical® Nasal administration of salmon

Laboratories, Inc. calcitonin

Ferring Pharmaceuticals, Inc. Desmospray® Nasal administration of
desmopressin (analog of 8-arginine
vasopressin (ADH)

Sanofi-Aventis Suprecur Buserelin (agonist of LHRH)

Sanofi-Aventis Suprefact Buserelin (agonist of LHRH)

a scientific and technological challenge oriented in their development from the
pharmaceutical industry. Polymer chemistry and the design/evaluation of drug
delivery systems (see Chap. 5) in nanoscale in order to enable biological product
transfer will contribute in effectiveness and decreased side effects of these biologi-
cal macromolecules.

4.2.5 Nanotechnology of Vaccines

The development of nanosystem transferring DNA for the vaccines’ development
and production, nanoemulsions (see Chap. 4), and nanoaerosols is an important
direction in the field of vaccines. Table 4.9 presents examples of vaccines that are
currently in the market or in different development stages and their administration
is either nasal or per os. Vaccination is one of the most valuable and cost-effective
health measures to prevent and control the spread of viral/bacterial infectious dis-
eases responsible for high mortality and morbidity as reported in Strategic Research
Agenda for Innovative Medicines Initiative 2 (IMI2) “The right prevention and
treatment for the right patient at the right time” and in the report by Vaccine Europe
2013 entitled “Advancing health through vaccine innovation.” A significant number
of infectious diseases and chronic disorders are still not preventable by vaccination
such as HIV, tuberculosis, malaria, healthcare-associated infections (HAIs), cyto-
megalovirus (CMV), and respiratory syncytial virus (RSV) for which new genera-
tion vaccines are needed. Novel technologies such as adjuvants (including immune
modulators and molecular targets) can enable safe and effective vaccines for diffi-
cult target populations such as newborns, elderly, and the immunocompromised.
The adjuvants need to be very well designed in order to avoid excessive response,
long-term autoinflammatory diseases and allergy, and secondary effects. Therefore,
particulates and especially liposomes could represent a perfect vaccine adjuvant,
thanks to the possibility of a high level of customization and control. More recently,
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Table 4.9 Examples of vaccines on the market or in various development stages which are
administered orally (oral administration) or by the nasal route (nasal)

Route of
administration | Disease Type of vaccine Clinical phase
Oral Poliomyelitis Live attenuated On market
Typhus Live attenuated On market
Cholera Live attenuated On market
Acute gastroenteritis Live attenuated On market
Diarrhea Neutral/inactivated Clinical phase
I
Dysentery Live attenuated Clinical phase
I
Ulcers in the digestive system, Neutral/inactivated Clinical phase
gastrointestinal cancer I
Anthrax Vaccine strain Preclinical
phase
Nasal Influenza Live attenuated On market
Hepatitis B Vaccine strain Preclinical
phase
Diseases of the respiratory Live attenuated Preclinical
system phase
Anthrax Neutral/inactivated Preclinical
phase
Bronchiolitis/pneumonia Neutral/inactivated Preclinical
phase
Cervical cancer Neutral/inactivated Preclinical
phase
SARS Vaccine strain Preclinical
Vaccine strain phase

liposomes have found application as vaccine-adjuvants due to their ability to pre-
vent antigen degradation and clearance, coupled with enhancing its uptake by pro-
fessional antigen-presenting cells (APCs), and have marked liposomes as useful
vehicles for the delivery of a diverse vaccine antigen. The majority of vaccines
currently in development belong to the category of subunit vaccines, consisting of
recombinant or purified pathogen-specific proteins or encoded (DNA) antigens that
will be expressed and presented in vivo [66]. Subunit vaccines when administered
alone have low efficacy in activating the immune system and require the addition of
adjuvants in order to induce a measurable immune response of the antigen, through
activation of the innate, and subsequently the adaptive immune system. Ideally, the
adjuvant should be able to improve antigen uptake by APCs and induce an antigen-
specific immune response while eliciting minimal toxicity [66]. Liposomes (Chap. 4)
are a type of adjuvant that can potentially satisfy the above criteria. The adjuvant effi-
cacy of cationic liposomes composed of Dimethyldioctadecylammonium bromide
and trihalose dibehenate is well established in the literature. While the mechanism
behind its immunostimulatory action is not fully understood, the ability of the
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formulation to promote a “depot effect” is under consideration. The depot effect
has been suggested to be primarily due to the cationic nature which results in
electrostatic adsorption of the antigen and aggregation of the vehicles at the site
of injection. Virosomes are liposome-based vaccine formulations that are con-
structed from viruses without their genetic material. However, they are not able
to replicate and to cause infection. Inflexal V (Berna Biotech Ltd.) and Epaxal
(Janssen-Cilag Ltd.) are biological medicines that are vaccine-based antigen lipo-
somal delivery nanosystems against influenza and hepatitis A virus (HAV),
respectively. They are composed of DOPC (dioleoylphosphatidylcholine) and
DOPE (dioleoylphosphatidylethanolamine), and their formulations are classified as
suspensions. They mimic the viral infection promoting immune response while both
are well tolerated and effective in children [14]. Dendrimers are under investigation
as vaccine carriers and/or adjuvants for both infectious diseases and cancer immu-
notherapy. The adjuvant capacity of mannosylated poly(amidoamine) (PAMAM)
dendrimers was documented in the literature as well as glycopeptides dendrimers and
phosphorus dendrimers. Additionally, polymeric nanoparticles have been applied in
vaccine delivery, showing significant adjuvant effects as they can easily be taken up
by antigen-presenting cells.

4.2.5.1 Proteasomes™ as Vaccine Transport Vehicles

Proteasomes (Proteasomes™, GlaxoSmithKline, Brentford, Middlesex, UK) are
considered to be vaccine transferring vehicles and create structures and cystic clus-
ters at the size of viruses. The size of nanostructures is between 20 and 800 nm and
depends on the type and the amount of antigen that is shaped into proteasome. The
proteasome hydrophobic nature can contribute to vaccine transfer by facilitating the
interactions between vaccine particles and their uptake from the ESN cells that will
result in immune response. This technology is applied for vaccines against viruses,
allergens, swines, and viruses of the respiratory syncytium.

Appendix
Liposome Preparation Protocols

Liposomes can be prepared with various techniques that offer energy in order for
the phospholipid bilayers to bend and form pseudo-spherical structures.

The methods that are used for liposome preparation include the following basic
steps: removal of the organic solvent that the phospholipids or lipids are dissolved,
dispersed lipids in aqueous medium, encapsulation of the bioactive molecule into
the lipid bilayers or into the aqueous core of liposomes, purification (e.g., using
column chromatography) of liposomes encapsulated the bioactive molecule from its
free from, and finally analytical methods to determine the encapsulation efficiency
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of the liposomal vehicles [60]. The conventional methods that are used for encapsu-
lating the bioactive molecule into liposomes are:

* Reverse-phase evaporation technique [76]
» Ether injection technique [72]

¢ Freeze-thaw method [68]

» Rapid solvent exchange method [9]

There are two more conventional techniques that are used by the liposomal
manufacturers:

e The French press technique [6]
e pH adjustment method [31]

The following liposome preparation protocols depend on the desired characteris-
tics and size.

Thin-Film Hydration Method

This method (Fig. 4.15) is the most commonly used technique for multilamellar
vesicles (MLVs). It is primarily based on lipid thin-film production that takes over
the greatest possible surface in spherical flask in rotary evaporator under reduced
pressure followed by hydration in a temperature greater than the main transition
temperature of the phospholipids. The enclosed bioactive molecule to be incorpo-
rated or encapsulated is added either in the lipid film during its production if it is
lipophilic or in the aqueous medium if hydrophilic [76].

The thin-film hydration method leads to multilamellar vesicles characterized of
great size heterogeneity (1-5 pm). These liposomes can undergo size reduction
and transform into small unilamellar vesicles (SUV) or large unilamellar vesicles
(LUV) with greater size uniformity. This can be achieved by using probe sonication
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Fig. 4.15 Thin-film hydration method (Adapted from De Arou’ jo Lopez et al. [2])
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or extrusion through specific porous polycarbonate filters. Both sonication and extru-
sion provide energy to the system (thermal, mechanical) that is required for breaking
the MLVs’ liposome bilayers in small lipid vesicles, reducing the hydrophobic part
exposure to the aqueous environment. Usually, before the use of polycarbonate fil-
ters, the liposomal MLVs’ mixture undergoes fusion to reduce their size. The freeze-
thaw method includes the rapid change between cold and hot temperatures of dry ice
or liquid nitrogen and the basic phospholipid transition temperature used in liposome
structural units. These extreme conditions break the bilayers up and produce smaller
multilayer lipidic vesicles.

Solvent Injection

Phospholipid solvent injection in ethanol or diethyl ether in water medium is a tech-
nique for small or large unilamellar liposome (SUV, LUV) production. Phospholipids
are primarily dissolved in a small volume of ethanol or diethyl ether and then quickly
or slowly injected in water medium in a temperature greater than phospholipids’
transition temperature.

The organic solvent is removed with evaporation, filtration, or dialysis. This
method is simple and free from harmful (for the ingredients) chemical or physical
processes, which is an important advantage of the method.

Nevertheless, the disadvantages of this method include the extra stage of the organic
solvent and solute removal and the production of liposome dispersion systems.

Reverse-Phase Evaporation (REV)

Just like solvent injection method, phospholipids are dispersed in water environment
through organic phase. The organic phase is not being removed but forms water in oil
(w/o) emulsion. The phospholipid molecules are placed in unilamellars in a reverse
micelle formation around the water molecules that during the organic solvent removal
stage are agglomerated to form a mixture of unilamellar and multilamellar lipo-
somes. Usually, a part of the water medium used for the liposome production is
added into the solution of phospholipids in organic solvent. The rest is added after
the organic phase removal. An advantage of this method is the great output in hydro-
philic water molecules.

Heating Method

This method for liposome and nanoliposome production has been developed with-
out using toxic chemicals and hazardous processes. This method includes liposome
structural component hydration followed by their heating in a temperature of 120 °C
in the presence of glycerol [56].
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Glycerol is water soluble and physiologically acceptable from the human organism
chemical molecule. It has the ability to increase lipid vesicle stability and doesn’t need
to be removed from the final liposomal product. The heating process is the major
stage, and therefore, the method is called heating method and the produced liposomes
are called heating method vesicles (HMV). By thermal method application, there is no
need to sterilize the utensils used; therefore, the time for this method is reduced and
the liposome production costs are limited. HM Vs can be used as bioactive molecule
delivery systems and for biological membrane simulation. In comparison to conven-
tional liposome production, during this method, no volatile organic solutions are used,
only glycerol that is a biocompatible and nontoxic parameter already used in pharma-
ceutical products preserving osmolarity during liposome production. There are cases
where structures that are produced with heating method resemble the cell membranes
of organisms in primordial earth. This is another leading indicator that liposomes are
critical parameters in life’s origin and determination.

Energy Demand and Approach of Liposome Preparation

To form lipid bilayers and, therefore, liposomal vesicles (i.e., liposomes), no matter
the preparation method used, the hydrophilic/hydrophobic interactions between lip-
ids and lipid/water molecules are essential. The energy offered (sonication or heat)
in the lipid system results in lipid molecule appropriate orientation through hydro-
phobic interactions and, therefore, lipid vesicle formation to achieve the necessary
thermodynamic balance of the lipid system. Lasic, in his book entitled Liposomes:
from Physics to applications in 1993 [39], suggested that symmetric membranes
favored flat configuration and energy should be offered for lipid bending.

The lipid type used and the presence/absence of cholesterol are parameters defin-
ing membrane rigidity. Whether pseudo-spherical lipid structures form liposomes
in one or two stages (i.e., pseudo-spherical lipid vesicles), with specific thermody-
namic content, as suggested by Lasic and coworkers, the basic condition for lipo-
some formation is energy offered into the system. To summarize, liposomes are not
formed spontaneously during lipid (mostly phospholipid) dispersion in aqueous
medium, but extra energy input is required. In ‘heating method,” for example, lipo-
somes are formed due to energy offered into the system, and the mixing throughout
the heating is performed to facilitate the homogenous ingredient distribution.

Polymersome Preparation Methods

During copolymer hydration, the motivation force for polymersome formation is
the concentration gradient between copolymer diffused in water and water diffused
into the copolymer. During simple hydration, the concentration degrades exponen-
tially by time. The most common used method for polymersome formation is the
thin-film hydration method. This method produces polymer emulsions with great
size dispersion but also great amounts of other thermodynamically metastable poly-
mersome structures.
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Organic Solvent Method

This method is based on organic solvents and is related to water-in-oil-in-water
(W/O/W) double emulsions. This method produces polymersomes with asymmetric
membrane, where the inside and outside surfaces are of different nature. This is
achieved by stabilizing water in oil (W/O) emulsion using the copolymer for the
inside lamellae and producing vesicles permeating the water droplets through a sec-
ond oil in water interface that consisted of the copolymer in order to form the outer
membrane lamellae. Polymersomes are finally formed with controlled organic
phase water removal using dialysis through membranes. The disadvantage of this
method is that the organic solvent residues can cause biologic toxicity, limiting the
produced polymersome application and use.

Dendrimer Synthesis

Many times during dendrimer production, scientists use, as cores bonds with special
chemical and/or physicochemical properties, mostly photoactive or electroactive
groups like porphyrins, ionic complexes, organ metal bonds, and fluorescent dies.
The branches of dendrimers can be composed of repeated structural units. The num-
ber of the repeated structural units is controlled and defines the dendrimer genera-
tion (G). Each repeated structural unit is connected to the core or to another repeated
structural unit through a branching spot. The branching spot between the core and
the branch is of high importance since it determines the interaction between them.
The branches play an important role in the dendrimer three-dimensional configura-
tions and in the internal microenvironment. The dendrimer outer section ends up in
peripheral groups. The part of these groups is also of great importance since they
define the interaction between the dendrimer and each surroundings. The number of
the peripheral groups increases exponentially as the dendrimer generation increases.
Dendrimer formation always includes a series of repeated reaction sequence whose
completion provides each time a new generation. Dendrimers are composed of
monomers through polymerization and this process includes two methods. The
methods can be classified into two basic synthesis methods, the divergent method
(Fig. 4.16) and the convergent method (Fig. 4.17), and there are processes that com-
bine these two methods (Fig. 4.18). The divergent method seems to be more effec-
tive for large-scale dendrimer synthesis, since the dendrimer weight doubles or
triples in each generation. By increasing the generation number, the active group
number in the surroundings increases exponentially by the necessary use of large
excess of reagents. These reagents have a big difference in their molecular weight
with the product and therefore are easily separated from it during reaction treat-
ment. The exponential surrounding groups increase in each generation, increasing
the possibility of incomplete reaction or by-product production. In these cases, the
by-product separation is usually extremely difficult since they have similar weight
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Fig. 4.16 Schematic of divergent synthesis of dendrimers (Adapted from [24] with permission
from Bentham Science Publishers)

and structure with the dendrimer. The convergent reagent has more advantages in
relation to the divergent method. Fewer reactions per molecule are needed during
coupling and activation steps, and therefore, the use of large excess of reagents is
not necessary — the cleaning is usually easier and the final product structure flaws
are limited. Also, the precise surrounding group setting from the very first step
allows the design of more target complex courses. In an effort of developing more
efficient and less time-consuming complex courses for dendrimer synthesis, many
complex courses combining the convergent and divergent method have been men-
tioned. This way the disadvantages of both methods will be limited by preserving their
advantages. In 1991, Frechet’s group [32, 89] mentioned a double-stage convergent
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Fig. 4.17 Schematic of convergent synthesis of dendrimers (Adapted from [24] with permission
from Bentham Science Publishers)

course (Fig. 4.18) in which the divergent method was used for large core formation
(actually it was a low-generation dendrimer) followed by the convergent method for
the coupling of the core and the branches that were formed separately.

Another combining approach aiming in complex course development with few
steps is the orthogonal coupling method (Fig. 4.19) which targets in activation step
removal during branching formation.

Summary

Liposomes are lipidic self-assembled nanostructures that are able to accommodate
into their lipid bilayers or into their aqueous core, lipophilic and hydrophilic bioac-
tive and biological molecules, respectively. Liposomes can be used as carriers for
imagining and for diagnostic agents.

Liposomes are characterized as nanocolloidal lyotropic liquid crystals, and their
mesophases that taking place during their thermotropic behavior affect their func-
tions and their effectiveness as drug nanocarriers.

Liposomal membranes are studied based on their thermodynamics and biophysi-
cal aspects. Their thermotropic behavior affects their pharmaceutical effectiveness.
They have been used to simulate biological membranes and to understand biologi-
cal phenomena, i.e., the protein fusion in cell membranes.

Thermo- and pH-responsive liposomal vehicles are emerged nanotechnological
platforms for drug delivery and targeting.

Polymersomes are composed of bilayers and their structural organization is close
to that of liposomal bilayers.

Dendrimers belong to the very last generation of polymeric structures. They are
considered as real nanoparticulate systems with very low polydispersity profile.
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Fig. 4.18 Schematic of double-stage synthesis of dendrimers (Adapted from [24] with permission
from Bentham Science Publishers)

They are used in diagnosis, in drug delivery, and as nonviral vectors in gene
therapy.

Nano genomics is the term by which we describe as the nanobiotechnological
applications.

Vaccines based on nanoparticulate systems are an emerging technology.
Liposomes are promoted as a type of adjuvants that can potentially satisfy the criteria
of adjuvanicity.
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Fig. 4.19 Schematic of orthogonal conjunction synthesis of dendrimers (Adapted from [24] with
permission from Bentham Science Publishers)
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Chapter 5
Application of Nanotechnology in
Modified Release Systems

Abstract The most appropriate route of administration is considered to be oral,
because of the patient compliance and of economical issues. Drug delivery nanosys-
tems are defined as technological platforms that promote the effective administra-
tion of bioactive molecules or therapeutic agents (protein, peptide, antibody, genetic
material) in the human organism. Drug delivery nanosystems have been evaluated
based on their physicochemical and structural properties and on the way that they
behave within biological media. They are developed to optimize the production of
new medicines, to ameliorate patient compliance, and to improve their targetability
from systemic to specific tissues and cells. Hybrid and chimeric drug delivery nano-
systems are two major classes that are categorized based on the nature of the mixing
biomaterials to produce the final nanocarrier. Their ability to mimic the functions of
natural objects proceeds to the category of bio-inspired drug delivery systems.

Keywords Drug delivery nanosystems ¢ Routes of administration ¢ Controlled
release  Targeting ¢ Bio-inspiration and bioengineering

5.1 Drug Delivery Nanosystems

The routes for drug administration could be categorized in two main sectors. The
first one is the local and the other is the systemic. The systemic administration is
further classified in the parenteral (intravenous, subcutaneous, and intramuscular)
and enteral (buccal, oral, rectal, and sublingual) routes. The most appropriate route
of administration among others is considered to be the oral, which is the most stud-
ied one, because of the patient compliance and of economical issues [16]. The oral
route to administrate drugs is obviously the most adequate, but the oral delivery of
biomolecules (i.e., proteins and peptides) for therapeutic purposes is hindered due
to their low bioavailability. The enzymatic degradation into the gastrointestinal tract
(GI) and the hydrolysis into the stomach hinder their administration orally, pro-
moted the parenteral route. However, new and innovative drug delivery systems
emerging as an approach could be contributed to the difficulties in drug delivery,
especially of therapeutic biomolecules by developing nonviral colloidal systems
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with improved physicochemical properties that are able to transport biomolecules
(i.e., proteins and peptides) to the desired tissues [36].

Primary research in drug delivery started in the 1950s by using polyclonal anti-
tumor antibodies in order to specifically approach tumors with anticancer drugs
[23]. There were published several efforts in the 1960s to deliver macromolecules
using microcapsules [5]. It is important to figure out that the main concerns in drug
delivery systems were on the one hand their physicochemical and structural proper-
ties based on the nature and behavior of their building biomaterials and on the other
the way that they behave within biological media. Drug delivery systems are devel-
oped to optimize the production of new medicines, to ameliorate patient compli-
ance, and to improve their targetability from systemic to specific tissues and cells
[27]. New approaches in biology, immunology, biochemistry, and technology lead
to produce innovative delivery systems that are able to control the pharmacokinetic
and pharmacodynamic (PK/PD) behavior of bioactive molecules [34].

Nanotechnology offers benefits to the research, development, and scale-up pro-
cesses for production of delivery nanosystems. The innovation is based on the mul-
tidisciplinary approaches in order to fabricate smart nanoscaled drug delivery
systems. Drug delivery nanosystem is defined as a technological nanodevice that
contributes in the bioactive molecule or therapeutic agent (protein, peptide, anti-
body, genetic material) effective administration in the human organism. As a result,
the improvement of pharmacological effectiveness, the reduction of side effects,
and the control of the pharmacokinetic parameters appear. The benefits from the
bioactive molecule delivery nanosystem production are based not only on their
properties because of their size but in their ability to achieve the following: tissue
and organ targeting; bioactive molecule or therapeutic agent biochemical protec-
tion, with increased stability and lower toxicity within the organism; absence of
unwanted interactions with the biological environment; great circulation time; sub-
stance biodegradability; easy and low cost production; and final product great stor-
age time and physicochemical stability.

At this point, it is important to mention that, in nanoscale level, the biomaterials
and final nanosystem results and properties are very important due to the surface
over volume fraction that is greater in relation to microscopic system scale and to
the quantum effects.

The pharmacokinetic analysis based on clearance offers quantitative information
regarding biodistribution that is related to delivery nanosystem physicochemical
abilities. Various drug delivery nanosystems — including liposomes, dendrimers,
and polymersomes (see Chap. 4) — have been designed and developed until today
[15]. The bioactive molecule delivery can be improved by using colloidal nanocar-
riers that include apart from the above, polymeric nanoparticles, micelles, and car-
bon nanotubes.

The bioactive molecules incorporated in nanosystem transport and delivery to
damaged target tissues have two major advantages: the bioactive molecule is pro-
tected from the outer environment until it is released to the damaged tissue and the
pharmacological effectiveness of the bioactive molecule is defined more from the
nanoparticle nature and less from the bioactive molecule special physicochemical
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Table 5.1 Basic physicochemical properties of drug delivery nanosystems

Regarding to their use Regarding to their preparation and properties

Surface area Interactions between drug and nanosystems

Shape Interactions between different biomaterials
of the nanosystem

Drug release Hydrophobicity and hydrophilicity of
surfaces of nanosystems surfaces

Diffusion (i.e., tissue and mucus) Size, size distribution, and {-potential

Destabilization of nanosystems. Aggregation Adsorption of macromolecules onto surfaces

and/or flocculation (in vitro and in vivo)
Absorption (i.e., into biological and polymeric
membranes)

Deposition (i.e., into surfaces)

Rheology (i.e., into blood)

Flexibility (to help the movement into capillary
networks)

characteristics. This happens because the organism identifies, mostly through the
immune system, the delivery nanosystem and not the bioactive molecule. This fact
has extreme advantages in the effectiveness of therapy through nanotechnological
approach for new medicine development.

The basic physicochemical properties of drug delivery nanosystems are pre-
sented in Table 5.1.

It is important to note that the difference between the pharmacokinetics of the
bioactive molecule released from the nanosystem and the kinetics of the nanosys-
tem within the organism is an important parameter affecting the final product effec-
tiveness and should be studied. The rational design of a drug delivery nanosystem
demands control and tests to preserve the stability characteristics after administra-
tion in the organism. The kinetics of nanosystems within the organism requires
adjustments of their physicochemical characteristics — which should be anticipated
during experimental design — through their limits to preserve their stability charac-
teristics. Since nanosystems move through tissues, many changes take place in their
environment, one of which is the change in the surface characteristics caused by
opsonization process. These proteins that are attached to the “unknown” of the
organism particle surfaces function as “flags” by detecting them and activating the
macrophage cells of the endothelial system in order to destroy them.

5.1.1 Activation-Modulated Controlled Release Delivery
Systems

In this controlled release system, the bioactive molecule release is activated from
physical, chemical, and biological processes or is backed up from external energy.
The enclosed bioactive molecule release rate is indirectly controlled by controlling
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Table 5.2 Methods applied for the release activation of the loaded bioactive molecule of the
activation controlled drug delivery systems

Systems activated by

Physical methods Chemical methods Biochemical methods
Osmotic pressure Change of pH Enzymes
Hydrodynamic pressure Change of ion concentration Biochemical reactions

Vapor pressure Hydrolysis -
Mechanic energy - -
Magnetic energy - -
Ultrasound - -
Iontophoresis - -

Hydration -

the activation process or the energy delivered to the system. Table 5.2 presents the
methods applied for the release activation of the loaded bioactive molecule of the
activation controlled drug delivery systems.

5.1.1.1 Feedback-Regulated Controlled Release Systems

These are controlled release systems third generation, where the molecule release is
regulated from a biochemical-induced biosensor. This sensor usually detects a bio-
chemical substance in the organism that activates the system. Depending on this
substance/activator concentration, the system feedback mechanism regulates the
loaded bioactive molecule release rate. This specific controlled release technology
is currently being developed and expected to be used in applications demanding
precise and repeated bioactive large molecules doses, like insulin delivery in dia-
betic patients. Important feedback-regulated controlled drug delivery systems are
the following:

¢ Bio-responsive systems
* Self-regulated systems

5.1.1.2 Triggered Controlled Release Systems

In these systems, the bioactive molecule is carried in a device surrounded from a
biodegradable polymeric membrane. The membrane permeability is controlled
from a biochemical substance (e.g., glucose) concentration in the tissue where the
system is placed. A typical example of this diffusion-controlled or biodegradation-
controlled release system is the glucose-triggered insulin delivery system. The insu-
lin tank is in a hydrogel membrane with -NR, groups. In alkaline solution, -NR,
groups are neutral and the membrane remains not swellable and not insulin perme-
able. Since glucose, the system biochemical activator, permeates the membrane, it
is oxidized from glucose oxidase enzyme that is located in the membrane and forms
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gluconic acid. Then, the -NR, groups accept protons to form -NR,H* and the hydro-
gel membrane swells and renders permeable to insulin molecules. The amount of
insulin released in the organism is proportional to the glucose concentration pene-
trating the system membrane.

5.1.1.3 Self-Regulated Controlled Release Systems

These systems are based on a competitive binding system that activates and regu-
lates the bioactive molecule release in the organism. The bioactive molecule is
stored in a grid surrounded by a semipermeable membrane, and its release is acti-
vated when a biochemical substance from the nearby tissue penetrates the mem-
brane. One of the first examples of self-regulated delivery systems used a competitive
binding system between sucrose molecules and lectin. An insulin-sucrose-lectin
complex is placed in a semipermeable membrane. While blood glucose is diffused
in the apparatus, it connects competitively on sucrose connective spots on lectin
molecules (concanavalin A). At the same time, the insulin-sucrose molecules are
released. Then the released complexes are diffused out of the appliance toward the
blood.

5.2 Innovative Drug Delivery Nanosystems

Controlled release of a bioactive molecule from an innovative drug delivery system
results in modulating the pharmacokinetic parameters and aims toward treatment
effectiveness. The novelty is not only in the delivery nanosystem in relation to bio-
materials composition, in the structural biomaterial cooperativity and in its thermo-
dynamic characteristics, but in the possibility of modulating the loaded bioactive
molecule release rate. The controlled release, basically the release rate, is related to
concepts like bioavailability, pharmacokinetics, toxicity, and final therapeutic result
of the final medicinal product. Liposomes, polymeric nanosystems, dendrimers, etc.
mentioned in Chap. 4 are classified as controlled release therapeutic nanosystems.

It is estimated that the majority of the bioactive molecule candidates that are
studied to become drugs are either hydrophilic or lipophilic regarding their physico-
chemical characteristics. Low water solubility results in unacceptable pharmacoki-
netic properties, low bioavailability, and possible toxicity minimizing its therapeutic
effect. In an effort to improve the problems mentioned above, there are many bio-
materials — known as excipients — that are used to improve solubility and improve
the bioactive molecule effective administration. We can mention the following cat-
egories of such biomaterials:

* Nonionic surfactants like polyethoxylated castor oil, polysorbate 80, etc.
*  Water-soluble organic solutes like ethanol, polyethylene glycol 400, polypropyl-
ene glycol, cyclodextrins, phospholipids, etc.
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The resulted pharmacotechnological forms are characterized as conventional and
apparently they contribute in per os administration. Despite of the important contri-
bution of biomaterials-excipients in therapeutics, we should not confuse their
unwanted side effects during their administration as components of the final
medicine.

Toxicity, their low ability to solubilize the bioactive molecule, and fast release
rate after administration are crucial factors for their reevaluation. Also, many of the
so-called compatible biomaterials-excipients present unwanted side effects, like
inflammations, pain during injectable administration, kidney toxicity and/or neuro-
toxicity. For example, polysorbate 80 and Cremophor ELR present side effects like
peripheral kidney toxicity and acute anaphylactic reactions. According to all infor-
mation mentioned above, in relation to biomaterials-excipients used in a medicine
development, and especially for drugs of high toxicity and specialty (e.g., cancer),
the development of new innovative nanotechnological systems for bioactive mole-
cule delivery to the damaged tissues is obligatory. Biocompatibility and biodegrad-
ability of biomaterials that nanosystems are comprised of, e.g., polymers, lipids,
macromolecules, etc., are the basic characteristics that need to be evaluated before
clinical trials and finally for public consumption. Other important characteristics of
nanoparticles that will be used as innovative carriers of bioactive molecules are their
physicochemical and thermodynamic properties [8] and should be tested with the
appropriate analytical techniques/assays (see Chap. 2.3).

The ideal properties of a delivery nanosystem is the size and shape and structural
control, the biocompatibility, the lack of toxicity, the precise structural and chemical
modifications, its nanometric scale, the loading capacity, and the bioactive molecule
release rate. Based on pharmacokinetics, the ideal delivery nanosystem includes
structural surface macromolecules for tissue targeting. The effective nanoparticle
system cellular adhesion, endocytosis, and intercellular transport can allow bioac-
tive molecule or imaging factor transport to the cell cytoplasm or nucleus.
Nanosystem most important advantages are the ability of size, structure, and shape
control as well as the ability of multiple-function integration in a single nanodevice
or nanosystem.

Therefore, a test of their colloidal properties in various dispersion media must be
made with the aid of a great variety of physicochemical parameters, like chemical
composition, concentration, and temperature. In the recent literature [26], a
Modulatory Liposomal Controlled Release System (MLCRS) is described that
combines liposomal and dendrimer technology where the anticancer drug doxoru-
bicin is entrapped and its release rate was studied. The aim was to study the behav-
ior of two different biomaterials in a nanosystem regarding doxorubicin’s release
rate. Recent bioactive molecule carriers of nanometer size offer the ability of
increased therapeutic effectiveness, lowering the toxicity against normal tissues and
achieving controlled therapeutic levels for extended time. Also, they can increase
the lipophilic bioactive molecule solubility and increase their stability and allowing
the completion of preclinical or clinical studies. Lastly, nanotechnology can help in
the development of multifunctional systems with targeted bioactive molecule deliv-
ery and nanosystems with simultaneous diagnostic and therapeutic properties.
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Despite of the fact that nanotechnology offers the ability of developing effective
nanosystems for bioactive molecules [19] of all kinds of administration and deliv-
ery, the major orientations are toward nanosystem development for bioactive mol-
ecule administration in diseases of the respiratory system and the central nervous
system. At the same time, nanosystems for administration and delivery of antican-
cer agents, hormones, and vaccines are being developed.

In a recent study, Rowland and coworkers [31] mention: “A drug delivery system
is the pharmacotechnological system that carries bioactive molecules in the human
body improving their efficacy, safety, controlling the release rate, time and choosing
the tissue where the bioactive molecule will be released.” According to our approach,
the development process of delivery nanosystem development should be based on the
following three important aspects: the biomaterial cooperativity in order to create a
homogeneous behavior in the biological environment; the quality characteristics of
the individual biomaterials that are related to their chemical structure and their physi-
cochemical characteristics; and lastly, the nanosystem phase transitions, i.e., meta-
stable phases (see Chap. 2.3), which should be studied. Even though the nanosystem
physicochemical characteristics are sufficiently evaluated by the material science and
science of colloidal dispersion systems, it should be taken under consideration that
the nanosystem physicochemical behavior after in vivo administration should be
reevaluated. Figure 5.1 presents important bioactive molecule delivery nanosystems.

The question arising during nanosystem design and development is whether
these nanosystems can mimic the behavior or better the functionality of living cells.
The science of interfacial phenomena — which have a definitive part through bio-
logical processes that are strictly defined and evolve according to adjustability
potential of the living systems — requires nanosystem surface physicochemical
parameter control through the science of biophysics and nanotechnology, in order to
simulate the organism cell membrane functionality. This functionality is directly
related to the liquid crystalline state (see Chap. 2). Also, the phase transitions (see
Chap. 2.3) of membranes are thermodynamically metastable phases and contribute
in the positive energy balance (energy accepted vs. energy offered), related to their
functionality. These metastable phases should be definitely studied and simulated
biophysically with the living cell membrane [8]. The characteristic and functions of
a nanosystem designed to simulate cell’s functionality are the self-assembly, the
functionality according to the interfacial phenomena, and control over liquid crys-
talline phase transitions and its characteristics like size, shape, and physicochemical
properties.

Bioactive molecule delivery nanosystem classification is not easy. Crommelin
and Florence [6] classified them into the following:

» Targeting systems
* Biofeedback systems
* Remote control systems

The remarkable evolution in material sciences in the recent decades is the driving
force to reconsider the term excipients that are used as classic carriers of bioactive
molecules. It is obvious that in the near future new approaches and concepts will set
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Fig. 5.1 Important drug delivery nanosystems

up regarding innovative excipients with self-assembled properties. The functional
excipients are used characterizing biomaterials that improve the quality and effective-
ness of the final medicinal product. However, nanoscaled drug delivery systems such
as liposomes, dendrimers, polymersomes, etc. could be introduced as self-assembled
innovative excipients. This approach could be the tool that nanosimilar drug delivery
products will develop under an analytical new and rational concept (see Chap. 6) [10].

An effort to further classify drug delivery nanosystems resulted to a proposal
published in Drug Delivery journal by Demetzos and Pippa [9]. The nature of the
biomaterials being used is a critical factor for nanosystem classification. In the first
case where nanosystems are of the same nature, i.e., lipids, the nanosystem is
defined as hybrid (Hy-) [33], while in the second case where biomaterials are of dif-
ferent nature, i.e., lipids and polymers, the system is defined as chimeric (Chi-) from
Chimera, the mythical form of the ancient Greek mythology [29]. The metastable
phase determines the hybrid or chimeric membrane structure (Fig. 5.2). Examples
of innovative drug delivery nanosystems are presented in Table 5.3.

The innovative drug delivery nanosystems classified as hybrid and chimeric con-
sisting of the same or different biomaterials, respectively, should design, develop,
and evaluate according to the following:

* Cooperativity between them. How much and in what way the individual biomo-
lecular units develop homogeneous network that deliver information, having as a
motivating force the chemical potential (i) of the individual biomaterials

e The nature of biomaterials, i.e., polymer lipids, macromolecules, proteins, or
even metabolism products of an organism

* The biomaterial phase transitions, in the final network of the drug delivery nano-
system according to its thermodynamics that is defined from the environment’s
physical parameters, its physicochemical characteristics, and its dynamic evolu-
tion in time
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Fig. 5.2 Representation of the structure of liposomal membrane with anchored gradient block
copolymer for creating chimeric nanosystems (Adapted from [29] with permission from Elsevier)

Table 5.3 Examples of innovative drug delivery nanosystems

Bioactive Biomaterials and/or
System molecule inorganic materials References
Liposomes in Liposomes (LiLs) | Leuprolide Lipids [33]
MLCRs/Chi-aDDnSs Doxorubicin Lipids/(newly [12-14]
synthesized) dendrimers
Chi-aDDnSs (targeted Paclitaxel Polymers (ABA-type [4]
nanospheres and pretargeted copolymers, PEG)
radioimmunotherapy)
Chi-aDDnSs Indomethacin Lipids/gradient block [29, 30]
copolymers

These innovative drug delivery nanosystems according to the characteristics
mentioned above, following the biologic system functionality, lead according to
their surface composition toward the development of bio-inspired drug delivery
nanosystems. The use of dendrimers incorporating or attached to liposomes during
the past years is highly interesting (see Chap. 4) as modulators in anticancer drug
release rate. Nanosystems composed of liposomes and dendrimers have been named
as LLDs (Liposomal “Lock in” Dendrimers) [12] or by the current name chimeric
drug delivery nanosystems (Chi-DDnSs) and are possibly the base of a new field of
research that combines liposome and dendrimer technology and targeting the
change of bioactive molecule bioavailability. The idea of LLDs or Chi-DDnSs came
as the natural evolution of nanomaterial entrapment into liposomes. Figure 5.3 rep-
resents an LLD system. LLD technology consolidation took place in 2002 by
Khopade and coworkers [18], for the chemotherapeutic bioactive agent, methotrex-
ate, and increased entrapment percentage in liposomes. It has been previously men-
tioned from previous studies that the methotrexate entrapment can be increased by
the use of positively charged lipid, stearylamine, by connecting the bioactive mol-
ecules in lipids in order to produce pre-liposomes. The problem with all these phar-
macotechnological developments was the bioactive molecule, methotrexate, and
low entrapment percentages. Taking into consideration that this specific bioactive
molecule demands high dosage administration, Khopade and coworkers [18] used
cationic dendrimers of PAMAM group to increase the methotrexate entrapment per-
centage into liposomes. This increase was due to the alkaline environment inside the
liposomes that creates pH gradient. The entrapped dendrimer was assumed to act as
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Fig. 5.3 Schematic representation of a LLD/chimeric liposomal drug delivery nanosystem (Chi-
DDnSs) incorporated a drug

a tank for methotrexate flow inside the liposome while there was a decrease in the
bioactive molecule release rate from the liposomal nanosystem.

PAMAM-doxorubicin liposomal nanosystem complex study was based on this
observation [26]. The specific LLD allowed doxorubicin prolonged release from the
liposomal nanosystem in relation to the conventional liposome, while it increased
doxorubicin effectiveness in studies of in vitro breast and lung cancer series. By this
successful technology application of dendrimers and liposomes, the term Modulatory
Liposomal Controlled Release System (MLCRS) [26] was introduced in the field of
nanotechnology regarding the controlled release liposome nanosystem use, whose
evolution — according to our scientists’ many years of efforts in the pharmaceutical
nanotechnology laboratory in the National and Kapodistrian University of Athens —
leads to the international literature consolidation of the term chimeric drug delivery
nanosystems (Chi-DDnSs). In the specific study, the dendrimer molecule through
the lipophilic complex with doxorubicin plays the modulator part.

Another LLD approach is the immobilization of the DPPG liposomes in layer-by-
layer film with the aid of a PAMAM fourth-generation dendrimer. This method seems
to be very promising for the bioactive molecule transdermal delivery and the biosen-
sor development through a creation of porous films that could entrap ions and small
molecules. Small molecule release from liposomes can take place through diffusion
from dendrimer layers. The most recent LLD approach is related to bioactive mole-
cule transport in cancer photodynamic therapy. This new system seems promising
since the dendrimer photosensor can lead directly to the cancer tissue with the aid of
the liposomal carrier. Despite of the inspiring results from the LLD technology, these
hybrid systems seem to have stability issues since dendrimer presence causes lipid
cyst agglomeration and fusion. In order to develop physicochemically stable LLDs
with desired bioactive molecule entrapment and release characteristics, the physico-
chemical interactions between its component control and study are very important.

So far the studies have used PAMAM dendrimers with various end groups in
their structure, and their interaction with the lipid membranes has been mostly stud-
ied with atomic force microscopy (AFM), *'P NMP spectroscopy, and differential
scanning calorimetry (DSC) techniques. The results related to PAMAM dendrimer
interaction with lipid bilayers.
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Recently, other polymers with similar architecture to dendrimers known as hyper-
branched polymers (HBPs) have been used to develop chimeric drug delivery nanosys-
tems [22]. Combining liposomes and amphiphilic block copolymers, we can secure
more stable nanosystems also known as sterically stabilized nanosystems. Sterically
stabilized liposomal nanosystems are the second-generation liposomes and are charac-
terized of important properties including their high stability. Sterically stabilized lipo-
somal nanosystem technology was achieved by modifying the liposomal membrane
surface with conjugated hydrophilic polymer (like polyethylene glycol, PEG) engi-
neering that is the most commonly used conjugated polymer, while at the same time a
decrease intake from the immune systems unicellular phagocytes is observed, since the
circulation time is increased with the PEG-phospholipid increased concentration.

Sterically stabilized liposomal nanosystems can be developed with two different
ways, by grafting or by polymer absorption onto the liposomal surface. Phospholipid
bilayer penetration from water-soluble surfactant block copolymers is an interesting
approach for the bioactive molecule controlled release rate design and development.
Stabilized nanosystem nontoxicity, high biocompatibility, and low immunogenicity
and antigenicity are interesting aspects for clinical applications. Polymer-stabilized
liposomes are usually used to transfer bioactive molecules targeting the prolonged
release in bloodstream. It is generally accepted that the durability of these stereo-
chemically protected nanosystems from the immune system macrophages is due to the
suppressed opsonization process and to protein absorption to their surface that func-
tion as flags for their localization from the immune system macrophages. Innovative
drug delivery nanosystems can be characterized as mixed nanosystems due to their
combination of various biomaterials and are used for bioactive molecule delivery.

As mentioned, bioactive molecule controlled release nanosystems are classified
as hybrid and chimeric. This nanosystem interest is due to the abilities they can offer
for basic understanding of biological behavior, since biological systems use a range
of mixed biomaterials to develop multifunctional self-assembly behavior.

5.2.1 Encapsulation and/or Incorporation of Bioactive
Molecules into Nanosystems

Encapsulation (usually referred in water-soluble bioactive molecules) or incorpora-
tion (usually referred in lipophilic bioactive molecules) and their release rate from
the nanosystem are important parameters for the nanosystem (that will carry the
bioactive molecule) design and development.

The following definitions are related to the bioactive molecule encapsulation
and/or incorporation in the nanosystem and are:

* Drug loading or drug content (DL) (%)

. f bioacti lecule i t
Drug Loading (% ) _ mass o bioactive molecule in nanosystem y

100 (5.1)
mass of nanosystem
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* Entrapment efficiency (EE) (%)

experimental bioactive molecule loading %100 (5.2)

Entrapment Efficiency (%) =
P y (%) nominal biactive molecule loading

It must be clarified that the percentage of the effective bioactive molecule encapsu-
lation and/or loading describes the method effectiveness used for nanosystem’s
encapsulation and/or loading. The ideal method would achieve a great bioactive
molecule encapsulation and/or loading, minimizing the nominal drug loading offer-
ing a great percentage of entrapment efficiency. It should also be mentioned that
percentages should be referred as molecular ratios (fraction of bioactive molecule to
the nanosystem) when the bioactive molecule nanosystem is homogenous to its
composition, i.e., liposomes, composed only from lipids.

In case where the system is heterogeneous, i.e., lipids and polymers, in order to
produce bioactive molecule transport nanosystems or better chimeric nanosystems,
scientists must use the ratio of bioactive molecular mass to nanosystem ingredient
mass to define the bioactive molecule encapsulation and/or loading into the nano-
system. Mostly the mechanisms referred to the bioactive molecule encapsulation
and/or loading are the following: hydrogen bonds, ionic interactions, covalent
bonds, and/or links and/or absorption onto the nanosystem surface.

The techniques used to study these interactions are nuclear magnetic resonance
(NMR), ultraviolet spectroscopy (UV-vis), infrared spectroscopy (IR), and differen-
tial scanning calorimetry (DSC) or generally techniques for thermal analysis,
X-rays, photoelectron spectroscopy (XPS), etc.

Bioactive molecule release from nanotechnological biomaterial matrix technol-
ogy is the modern pharmaceutical research sector that is connected to physics as it
takes advantage of the biomaterial physical properties to develop delivery nanosys-
tems that affect the pharmacokinetics and therefore the pharmacological properties
of the encapsulated or loaded bioactive molecule and are improved in comparison
to the conventional pharmacotechnological formulations. The scientific culture of
medicinal products nowadays more than any other time in history is formed from
not only the science evolution but mostly of the technological evolution.

Release technology is the result of various scientific platforms, like pharmaceu-
tics, polymer chemistry, and nanotechnology. Regarding the composition of the
release nanosystem, it can be composed of biodegradable, nonbiodegradable, solu-
bilized, biocompatible organic, or inorganic materials, while its form may vary from
micro- and nanostructures to huge implants or membranes. In all carriers, a bioac-
tive molecule diffusion phenomenon is implicated. The release mechanism is con-
trolled from the diffusion phenomenon that is due to the escalated concentration
gradient through polymeric network swelling or degradation (i.e., hydrolysis or bio-
material bond enzymatic degradation), in case of biodegradable polymeric
biomaterials.

The two most commonly used terms to describe the mechanism for bioactive
molecule release are:
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¢ Sustained release
¢ Controlled release

The first mechanism is for pharmacotechnological systems that can sustain the
bioactive molecule release and its circulation to the bloodstream to improve their
therapeutic action. The term controlled release indicates transfer nanosystems
with predictable and repeatable bioactive molecule release rate. During bioactive
molecule administration, in order to obtain a pharmacological action, its concen-
tration should slightly exceed its therapeutic concentration, while to avoid the
toxicity symptoms, it should not exceed a maximum value that is referred as the
maximum allowed concentration. The controlled release rate during application
in pharmaceutical research presents important advantages but disadvantages as
well.

The advantages refer to bioactive molecule concentration stabilization above the
therapeutic levels for the treatment period, to less concentrations fluctuations, in
lowering the side effects, in minimizing the bioactive molecule quantity needed for
treatment, in reducing the dose administration frequency, in better patient compli-
ance, and lastly in the effective bioactive molecule administration with small bio-
logical halftime life. On the other hand, the disadvantages refer to the high
productivity costs, the possibility of toxicity due to materials used during produc-
tion, the risk of bioactive molecule toxic levels due to entrapped bioactive molecule
unexpected release, and possible patient’s disturbance from the pharmacotechno-
logical form or from the route of administration.

For many decades, the treatment of an acute or chronic disease was based on
patients’ drug administration in various pharmacotechnological forms like capsules,
tablets, creams, solutions, and other conventional forms. These conventional bioac-
tive molecule transport nanosystems are the pharmaceutical products predominant
in the market.

Despite all these, to achieve and preserve the bioactive molecule concentration
in the organism in the therapeutic levels, it is usually necessary to administer the
dose many times during the day. As a consequence, an unwanted increase/
decrease of bioactive molecule level in the bloodstream can result in decrease
effectiveness of the dosage form and can be the cause of product low safety. At
the same time, pharmaceutical products with controlled release technology have
larger lifetime, and therefore this technology is more preferable in the pharma-
ceutical industry.

Modern technology allows bioactive molecule control release, extending the
therapeutic action time (lowering the doses as well) or/and targeting in transport
to a specific tissue (drug targeting). The interest has been moved to more complex
pharmacotechnological forms of bioactive molecule administration for macromol-
ecules like proteins, peptides, etc. that present difficulties when administered as
pharmacotechnological formulations and are usually administered by injection. In
addition, there is an effort to replace the macromolecular injection administration
with other routes of administration, mostly per os, and to improve the quality of
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many biologically active molecules with greater safety due to dosage lowering. To
achieve all the above, the interest is focused in research activities with very prom-
ising technologies like controlled drug delivery with innovative nanosystems.

5.3 Bio-inspired Drug Delivery Nanosystems

Nanosystems whose design follows the rules of living nature functionality are
called bio-inspired drug delivery nanosystems and are characterized as innovative
[21]. According to Carmen Alvarez-Lorenzo and Concheico [1], bio-inspired
drug delivery systems are “The way nature design, processes and assembles
molecular building blocks to fabricate high-performance materials with a mini-
mum of resources is a suitable model for the design of drug delivery system
(DDS) with advanced functionalities.” According to this approach, they can be
characterized as bio-inspired drug delivery nanosystems. These nanosystems are
inspired from biological units like viruses, bacteria, cell structures, dendrimer
structures, etc. that are present in living matter. The fact that these biosystems
have the ability of self-assembly is due to the cooperativity of various materials
they are composed of, e.g., lipids, phospholipid proteins, carbohydrates, nucleic
acids, etc., which in an admirable cooperativity offers thermodynamic sufficiency
for their stability, can achieve complex and multiple activities. The choice of dif-
ferent materials can lead to cooperativity that is unique to its result and can relate
to nanosystem stability, entrapped bioactive molecule release rate control, and
change of function mechanisms when conditions require continuous self-assem-
bly to preserve its thermodynamic sufficiency. These bio-inspired systems are
composed of different biomaterials that aim to achieve all actions mentioned
before and can be characterized as chimeric bio-inspired drug delivery nanosys-
tems (chi-aDDnSs) [30]. Bio-inspired drug delivery nanosystems that were men-
tioned above as well comprise the effort of biological system synthetic approach.
The meeting area of synthetic and biological course of their production consists a
new emerging scientific field of new delivery nanosystems for bioactive mole-
cules and biomolecules like proteins, antibodies, macromolecules, etc. with bio-
functionality similar to biological systems. Table 5.4 [37] presents biomimetic
and bio-inspired nanosystems’ categories and development strategies, applica-
tions, and uses. Bio-inspired nanosystems should follow the systems biology and
pharmacology approaches.

5.4 Antibody-Drug Conjugates

Targeted drug delivery is a method of delivering bioactive molecules to a
patient in a manner that decreases the side effects and increases the therapeutic
index. The main goal of a targeted drug delivery system is to prolong, localize,



163

5.4 Antibody-Drug Conjugates

(panunuoo)

AIQAT[P QUIOIBA-UOU JOJ Pasn
uayMm AJIoTuagounuIwI [BNU0q

Kyoedes Surpeo] paywr|
*(s109)32 1o81R)-1J0) ANTIqR
JurjeSIe) poyrwur "(9ouUNITA
01 UOISIOAQI) SUIOUO0D K)oJes

BJBP OAIA UI PAJIWI]
apureyooesAjododry 0y

Suimo Ayoruagounwuil [BRUAOJ
soronredoueu oiqneduiosorq
a K)IqIsea, “s[opour

aseasIp emoe ur Ayjiqesrddy
(ooud[niIA

0) UOISIOADI) BLIDJORQ Pajenualje
)M PIJRIOOSSE SUIAOUO0D K)2Jes
(ooud[nIIA

0} UOISIOADI) BLI)ORQ PIjenualje
1M PIIRIDOSSE SUIIOU0D AJoJes

suone)IWI[ Io/pue sAFua[[ey)

((GuIppIgoXe]D)
XIIBAIDD

103 (OIN) [ISepIen

(111 pue |
aseyd) stewn [eorur)

[ed1ur[oa1d

[eorur[oaIg

(1 aseyd)
S[eLn [edtur))

Snye)s JuaLIN))

KI9AT[OP

VNJ pue 3niqg
KIQAT[Op QUIOOBA

SurSewr
Jo/pue Ade1oy) auan

KIOAT[Op QUIOOBA
KI9AT[Op YN( 10 SniQg

KISAT[Op
urajoid 10 ouan)

KIQAI[OP QUIOOBA

suonjeorddy

uoneIYIPOW JOYINJ

s Aiqe Sunediey pue wisidon [eimeN
saniiqedes Surpeol-3niq

Kyoruagnue 9AIesaId

1500 MOJ & Je dn 9[eds 0] Aseq

spisdeo [exia

Jo pasodwiod a1e Jey seponted po[quIdsse-J[oS
sorontedoueu A1re)

'soua3 1931e) Jo uorssardxe urIe)-3uo] MOV
sasnuA jo Kjjiqe uonesrdar

-J[S puE UoNONpSuUeI) Jo d3eIUBAPE AR,
souo

J[qEIISAp Y)IM S[BLIdJeW O1QU3 [edia doe[doy

1500 uononpoid mo[ pue AJoJes 9[qelopIsuo))
siown}

Surpnpour ‘sanssn snotrea 0} wsidor) ernyeN
Kyoedeo Surpeor-3nip o51e]

sonradoxd

QoeJINs JorIU] “SIuU0d orwse[dojfo oN

BLIO)ORq

Jo A110doad aarseaur oy} Jo a3ejueApe Ye],
paxmbar st uonendruewr

o1oua3 Jou uondnisip [BLI9)0Bq JOYION
BLIOJORQ JO 20BJINS AU} uo sa[ontedouru A1e)

Kyoruagoyred oN
wsidon rowng,

saniiqedes/senqrmye Aoy

soronTed oyI[snIIA

SI0JOQA [BIIA
SASNAIA

sI1soy3 [eLdjoeg

$10QOIDTIA

BII9)ORQ
JUBUIQUIOOY
sonauul SNAIA

sar3orens

SIOLLIED AIQAT[OP SNIp onowIwolq pue ‘pasdsur-oiq ‘paroourdusolq Jo snjess Juawdo[oadp JuaLn) S B



5 Application of Nanotechnology in Modified Release Systems

164

PIPa2u UOHEPI[BA OAIA U]
uonTu3ooar
QuNWWI 0} J[qeIouNA

KIQAT[OP QUIDOBA 0] PAIWI]

KaSoyur urejurewr 0} JNOYFI
1091100 03 [NOYII

AyI3oyur urejurewr o} JNOYJI
199[[02 OOy

A)11393ur urejurew o3 JNOYJI
199[[05 03 J[NOYJIJ

Aypiqe SuneSre) poyruur|
AjuI3oyur urejurewr o) JNOYJIQ

AJOAT[OP QUIOOBA-UOU JOJ PIsn
uaym AJIoTuagounuIwil [enud}oq

suoneIIWI| J0/pue sagua[rey)

OIIA Uf

[eoturpoaid

[eorur[o2Iq

[eorur[oaIg

[eorur[oaIg

[eorur[oaIg

(T19om1D) A TeXSPu[
103 (RZUANYUI

KBAJOS) OBATAUT
‘(1r0n1D) exedy)
snje)s JuaLIn))

siown) 3unogie],

KIQAI[OP QUIOOBA

Adexoyy 100U
130ued Jo Adeiay)
1190 I 2Andopy
Jedyoeq e,

SIOLLIRD AIQAI[OP
osioy uefoiy,,

KI9AT[Op SniQg

KIoAT[OP

VNA pue Sniq
KIQAT[Qp QUIOOBA

suoneorddy

S[[90 SurioqysIou 0) eI 0) A[IqY

adeoso [ewOSOpuUD pue Jsea[ar Inip

£q pomo[[0F ST SUI[oms 9[qISIoART dANIsuas-Hd
armyonns if-pisde)

uoneziunwiwl pasoidwr 10y suagnue pue
syuean(pe se steudis 1a3uep jo Jurdeyoed-0)
SWISTUBYOIU

uonmugodar uroped eia sueSoyied woiy sjeusis
103uep SuIsn S[[ed QUNWIWI Jje[nwns 0) QY

s[eSoueu
AnIsuds-Hd

$o1WIU SNAIA

SWISTURYOIW
uonug0oar urled

§2U12IDA DWW UISOYIDT

sorontedouru azieuraiur 0y QY

siown) PIjos 0} Aouopua) Suruoy [eInjeN
Surreaur3us onouad Aq AIQAT[Op Quan)
S[[2d

oy} Jo AJIfeuonIoun JISULIUI 0} dFewep ON
soronaed Jo saz1s snowrea A11ed o3 A[iqy
sopontedoueu 9s0)£o03eyd 01 QY

g4d4 oy ysnoxy aaow 0) A[Iqy

SIS 2SBASIP 0) AOUIPUD) FUTWOY [BINJEN
sonAjoquiony) pue safontedoueu A1red o3 AIqy
uonensdesus 3nip 10j swnjoA 9318
(sAep (g1 ~) uone[naIrn paguojoid

Kyanoe juean(py
K3191%0) MO[ 3tm onpoid 0) Aseq
adoroaua snita ezuanpur A)dws pojnnsuodIy

saniiqedes/sanque £y

S[[99 WIS

sqkooydwA

saSeydoIoey

S[[99 POO[q Py
§7129 onokivynzy

SOWOSOIIA

sararens

(Ponunuod) p°s AqeL,



165

5.4 Antibody-Drug Conjugates

VN SULISJIUI [[eWS YAYIS “WRISAS [RI[YIOPUA0[NONRI §7Y ‘S[[99 POO[q
pa1 Dgy ‘sorwreukpooewrreyd/sonounjooeurreyd (G d/Yd ‘OFes se popIedar A[[eIousd SYyOH ‘UonenSIUTUpPY Sni( pue pood SN V. ‘I9lIeq ureiq-pooiq ggg
A19A0081(] FnI Sma1AY 2IneN woij uorssiuiad yim [£¢] woij paydepy

soronredoureu rowA[od woiy Snip 19Yjo Ay} Jo

9seo[a1 paureisns pue JoAe[ pidi] ay) woj Inip

uonIu3odaI Juo Jo asea[ar prder :waIsKs asea[ar Inip fenq
QunuIwi 0} 9[qeIdU[NA [eoturoaid Aderay) 100uR) Soo159A prdif urim soponedoueu owWA[04 S[[900UBN
9ryoid aseaar paureisng
POpISU UOHEPI[BA OAIA U] QueIquIdW
uonIu3ooal [euI)X? 9y} woij pajeredas sjuowrredwod
QunwIwI 03 A[qeIUNA [eorur[oa1g AxaA19p SnuQg Jouur Jounsip :owosodi] & unpim sswosodry SOWIOSOSIA
uoyvypIUIULDAU0)
qwmn uone[noIrd paguojoid Jurjqeus sny) ‘ST
£q sOEY JO uonIu30daI-§[9s 03 SANQLIUOD)
Q0INOSAI PATWI] onIA uf SHY Jo uoliseAq DY WoIj PIALIAP ST ey} urjoid sueiquiaj LD Ijrew-Jo8
papasu
UONEPI[RA OAIA UI Pa[IRIo poo[q [eoynIR Aniqe Surkied-uasAxQ Ajqiqe Jurpeol-3niq
uonTu3ooa1 Jo yuouodwio)) sOEY Jo Aradoxd S[[e0
QunuWI 0) A[qRIAUNA [earur[oa1g KIoAT[Op SniQg [eorueyoow pue adeys orwrw o3 A[Iqy Poo[q PaI dNAYPIUAS
soyawuL 1120
(poom |
papasu d I9A0) POO[Qq UI W) UOHR[NDIID PaSuo[old
/31d oI uonesnsaAul y3nooy, [eorur[oa1g siown) 3unodie], so[[eorw padeys-juawe[y pue 9[qIxa[{ SQ[[eoIWO[I]



166 5 Application of Nanotechnology in Modified Release Systems

and target and have a protected drug interaction with the diseased tissue. The
advantages to the targeted release system are the reduction in the frequency of
the dosages taken by the patient, having a more uniform effect of the drug,
reduction of drug side effects, and reduced fluctuation in circulating drug
levels.

Antibody-drug conjugates (ADC) represent an innovative therapeutic applica-
tion that combines the unique properties of monoclonal antibodies with the potent
cell killing activity of cytotoxic bioactive compounds [25]. ADCs are complex
molecules composed of an antibody linked, via a stable, chemical, linker with
labile bonds, to a biological active cytotoxic (anticancer) payload or drug. The key
components of ADC include a monoclonal antibody, a stable linker, and a cyto-
toxic agent to target a variety of cancers. Antibody-drug conjugates are single
molecular species (or as close to single molecular species as current manufactur-
ing can produce). It should be noted that antibody-drug conjugates are not nanopar-
ticles but belong to molecularly targeted therapy. Monoclonal antibody therapy is
a category of immunotherapy including activation/suppression immunotherapies
that uses monoclonal antibodies to specifically bind to target (cells and/or pro-
teins) [35].

On the other hand, according to Beck and Reichert [2], ADCs are a subclass of
antibody-related therapeutics. Antibody-drug conjugates are a new class of highly
potent biopharmaceutical medicines designed as a targeted therapy for the treat-
ment of people mainly with cancer. ADCs are complex molecules composed of an
antibody linked, via a stable, chemical, linker with labile bonds, to a biological
active cytotoxic (anticancer) payload or drug [20]. By combining the unique target-
ing capabilities of monoclonal antibodies with the cancer-killing ability of cyto-
toxic drugs, antibody-drug conjugates allow sensitive discrimination between
healthy and diseased tissue. This means that, in contrast to traditional chemothera-
peutic agents, antibody-drug conjugates target and attack the cancer cell so that
healthy cells are less severely affected [20]. ADCs deliver highly potent cytotoxic
anticancer agents to cancer cells by joining them to monoclonal antibodies by bio-
degradable linkers and discriminate between cancer and normal tissue. The stability
of ADCs is due to biodegradable linkers, which are either cleavable or non-cleav-
able. The advantages of ADCs are the increase of the cell-killing potential of mono-
clonal antibodies, the higher tumor selectivity, the increase of drug tolerability, and
limited systemic exposure (compared to standard chemotherapeutic bioactive mol-
ecules) [32]. The only disadvantage of the ADC:s is the difficulties of linker technol-
ogy because the design/synthesis of a bio-functional is remarkably challenging due
to the requirements of specialized teams [24]. Ado-trastuzumab emtasine and bren-
tuximab vedotin are ADCs that are in clinical use (Figs. 5.4 and 5.5). These ADCs
selectively deliver cargoes to tumor cells and provide clinical benefit by minimizing
systemic toxicity. The mechanism of action and the biological activity are repre-
sented in Fig. 5.6.
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Maytansinoid DM1
SMCGC linker

Fig. 5.4 Schematic representation of trastuzumab emtasine in which the drug maytansinoid DM1
is linked to lysine via thioether SMCC. The sticks represent more than eight naturally occurring
lysines (Adapted from [11])
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Y

L J Monomethylauristatin E
Y (MMAE)
Maleimidocaproyl spacer
and VC linker

Fig. 5.5 Schematic representation of brentuximab vedotin which shows the conjugation of cyste-
ines via maleimidocaproyl-VC dipeptide-PAB-MMAE. The spheres represent the eight naturally
occurring cysteines (Adapted from [11])

Appendix
Thermodynamics of Innovative Drug Delivery Nanosystems

Calorimetry is a technique that can be used to measure the heat capacity of a mate-
rial with a well-defined mass. It is also used to determine thermal effects that occur
in physical, chemical, and biological processes. It is of interest that changes of
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Fig. 5.6 Schematic representation of the action mechanism of antibody-drug conjugates (Adapted
from Bourchard et al. [3] with permission from Elsevier)

enthalpies in mixed materials such as biological objects or biomaterial-formed
nanoparticles are issued to the field of calorimetry.

Thermodynamics is considered as a basic element in physics, and thermal analysis
is used to determine the thermal effects of materials and biomaterials, and it is consid-
ered as one of the most popular techniques in material sciences and engineering [17].
There are a numerous thermoanalytical techniques (see Chap. 2) which can provide
information such as polymorphism, stability, interactions, and physical purity of bio-
materials or of self-assembled nanostructures such as liposomes, micelles, and nanopar-
ticles (Gardikis et al. [13]). There are several applications that can be considered as
very helpful in order to establish the behavior of biomaterials and of nanostructures. We
can point out that processes such as melting, polymorphism, purity vaporization, glass
transition, compatibility between different biomaterials in nature, etc. are highly related
to the field of thermodynamics. Supramolecular structures at nanoscale level are very
promising and can be used in drug delivery in imaging and in diagnosis. The biophysics
and thermodynamics are considered as scientific building blocks for evaluating drug
delivery systems [8]. Biophysics is a valuable element in order to explain the orienta-
tion and reorientation process of a nanosystem taking into account the external environ-
mental parameters, and it is also used to understand the organization of nanostructures
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comparing their behavior with that of living organisms. It is well established that dif-
ferent phases such as cubic, hexagonal, inverse hexagonal, etc. can be produced
depending on the physical micro- and macro-environment parameters such as tempera-
ture, ionic strength, pH, osmolarity, and concentration of lipids to be used for produc-
ing liposomal bilayers. The aforementioned changes can be directly correlated with
physicochemical and biophysical behavior of liposomes as drug delivery systems, such
as kinetics in drug release, stability, surface functionality, etc.

The melting process of lipidic drug delivery nanosystems, i.e., liposomes,
affects the behavior of lipidic membranes and induces events leading to transitions
and creation of metastable phases (see Chap. 2). Thermodynamics is considered as
a basic element in physics, and thermal analysis is used to determine the thermal
effects of materials and biomaterials, and it is considered as one of the most popu-
lar techniques in material sciences and engineering. There are a numerous thermo-
analytical techniques (see Chap. 2) which can provide information such as
polymorphism, stability, interactions, and physical purity of biomaterials or of
self-assembled nanostructures. The naturally occurring infrastructures are com-
posed of different nature biomaterials such as hydrocarbons, proteins, lipids, etc.,
and this could be an efficient model that can promote artificial structures and strate-
gies in order to develop innovative drug delivery nanosystems. By combining dif-
ferent nature biomaterials such as lipid and polymers, chimeric artificial
supramolecular structures can be built up (see Chap. 5) [14]. Their thermodynamic
profile contributes to the development process and to study their equilibrium states
by passing from one metastable phase to another. The steady state is almost elimi-
nated and their organization profile promotes their functionality and can be related
with their stability. A Gibbs free energy difference, A (AG), is an appropriate ther-
modynamic parameter to initiate the equilibrium state in innovative mixed in
nature bilayer between different membrane segments of different curvatures. This
attributes to a high involvement of thermodynamics in studying and measuring the
transitions between lipidic phases. The formation of lipidic vesicles has been
extensively studied by researchers mainly in the field of colloidal science, and the
polymorphism of phospholipids seems to play a key role because of its relation
with the geometrical characteristics of liposomal vesicles. The geometrical aspects
and the thermodynamics and their compromise relationship are under investigation
especially with those vesicles that are categorized as chimeric drug delivery nano-
systems (Chap. 5). The metastable phases are considered as important element in
order to realize the thermal behavior of lipidic bilayers. The lipid-water systems
can create lipidic phases with predominant lamellar phases, depending on the lipid
concentration. Liposomes belong to drug delivery nanosystems and are character-
ized as lyotropic liquid crystals (see Chap. 4). The conformational polymorphism
of their lipidic bilayers is responsible for the mesophases, i.e., metastable phases,
taking place in phase transitions and is related to their thermal stress during phase
transitions. Their thermal stress takes place during liposome dispersion system
storage or during administration in humans. The thermodynamic parameters that
affect and participate in physical stability and, therefore, in pharmaceutical effec-
tiveness of the liposomal product are as follows: T,,, temperature of basic transition
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from liquid crystalline phase to isotropic fluid; AT, the phase transition range in
the middle of the peak (this temperature range is related to the cooperativity of
system phospholipids or phospholipids and enclosed bioactive molecule); AH,
system enthalpy change; and AC,, system thermal capacity change under constant
pressure. The identification and study of these mesophases of liposomal nanosys-
tem lipid bilayers allow the control over the thermodynamic parameters mentioned
above, in order to rationally design the liposomal system with the most satisfactory
physical and thermal stability [7].

Thermal techniques are considered as valuable to study the thermal behavior of
the conformational polymorphism (i.e., metastable phases) of drug delivery nano-
systems, such as liposomes, while they are used to evaluate the physicochemical
properties of drugs and their interactions in in vitro biological media, as well as
their behavior during the formulation process [28]. The regulatory issues concern-
ing the design and the development of innovative drug delivery nanosystems
involve a combination of valuable techniques for structural and thermodynamic
characterization in order to completely delineate the physicochemical/thermody-
namic balance [28].

From the regulatory point of view, thermal analysis can provide rational
approaches to fully characterize delivery nanosystems that could be applied in phar-
maceutics, adopting the thermodynamics in the evaluation of the development pro-
cess of medicines.

Summary

Innovative drug delivery nanosystems are classified as hybrid and as chimeric in
order to facilitate their studies based on biophysical and thermodynamic aspects.
The above terms are the evolution of the Liposomal Lock in Dendrimers (LLDs).

The metastable phases of hybrid and chimeric nanoparticulate systems deter-
mine their stability, release of the incorporated bioactive molecule, and functional-
ity and can translate the cooperativity of their building elements and their biophysical
behavior based on the origin of the biomaterials that they are composed of.

The innovation profile of bio-inspired drug delivery nanosystems is based on
their ability to mimic the function of natural objects. Moreover, their fabrication
process could adapt various aspects that nature use to build up high-performance
biological units.
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Chapter 6
Nanotoxicity and Biotoxicity

Abstract The toxicity of nanoparticles seems to emerge as the main concern in the
near future. This concern regards with their future reproductive possibility through
self-assembly mechanisms and of their stability that may pose a risk to human
health. It is worth to note that their toxicity could be associated with their physico-
chemical properties like size, size distribution, charge, and surface properties.
Moreover their toxicity seems to be a result of their greater total area in comparison
to particles of the same mass but larger dimensions. The toxicity in molecular level
is defined as biotoxicity, while the route of administration seems to be essential for
their accumulation in specific organs. Their clearance from the human organism
occurs via the spleen and liver. The Food and Drug Administration (FDA), National
Institute Of Safety and Health (NIOSH), and Environmental Protection Service
realized that they should turn their attention in the nanosystem risk investigation so
the appropriate safety rules and regulatory framework should be developed.
However, vigilance in the approval of nanotechnological products was an emerging
issue, and the manufactures and the regulatory agencies should act appropriately.

Keywords Fat and sticky fingers * Biotoxicity * Nanotoxicity ® Nanosystem risk
investigation ¢ Environmental Protection Service

6.1 Toxicity and Safety of Nanosystems

6.1.1 Toxicity and Safety of Nanotechnological Products

Regarding the safety of human health from the use of nanotechnological products
(nanosystems and nanodevices), there are objections and controversies. These con-
troversies function in a positive way and are beneficial — when they do not use
methods that lead to rejection of scientific product application in everyday life [16].
It is obvious that particle size reduction leads to better and greater permeability to
human tissues, resulting in passage to systemic circulation and possibly selectively
accumulation in organs and tissues. This is an initial evaluation that has references
and citations.
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The great concern does not regard the conventional nanostructure toxicity but
their future reproductive possibility through self-assembly mechanisms and devel-
oping nanosystems of great stability that may pose a risk to human health. Richard
Smalley, Nobel prized (1996) who discovered fullerene (carbon nanostructures), is
reassuring and considers that this is possible to happen. Barriers closely related to
manipulation of nanomaterials that prevent the construction and the development of
reproducible nanostructures are the following:

* Fat fingers
» Sticky or colloidal fingers

Nanostructure development requires interaction between atoms not only neigh-
bor atoms but distant ones as well [4]. The production of such nanostructures
requires robotic nature high technology application that based on technology new
achievements production rates is extremely distant. This is due to the phenomena
mentioned above (i.e., fat and sticky or colloidal fingers). Nanostructure and nano-
system technological produce large fingers would be much larger — huge in relation
to the person that handles production of self-assembly nanostructures/nanosystems.
Also, robotic system towing bracket interactions would be powerful and would
function adhesively restricting a number of movements.

We must also mention that nanostructure reproducibility requires massive
amounts of constructive energy that will create quantum escape channels for these
structures to other dimensions. If these nanostructures were created, their energy
content would destroy them before their development. The future possibility of
energy storage development during in situ nanomaterial self-assembly would make
our planet energy sufficient and space station visit possible in minimum time.

Going back to nanosystem toxicity, the questions are many and related to safety
of society health and personnel working in the field of health. Answers are vague
and absolute safety data do not exist. The reports relate to everyday used nanotech-
nological products, and there is a possibility that the development and production
processes do not follow the rules of good manufacturing practice, transport, and
storage. Users of cleaning products that have been presented with health problems
due to nanoparticles, the presence of which is debatable. It is obvious that nanopar-
ticles’ physicochemical characteristics, production, and development are not an
easy manufacture.

High technology, qualified personnel, and most basically regulatory framework
controlling the products production, transport, and storage are necessary. Therefore,
we can say that nanosystem-proven risk through completed study does not exist, but
this does not mean that we should stop looking for any hazards. Despite all these,
studies in test animals show nanosystem possibility in entering human body faster
than greater dimension particles. Their possible toxicity seems to be a result of their
greater total area in comparison to particles of the same mass but larger dimensions.
The easiest way to enter nanosystems into the organism is through the respiratory
tract, while the depth of their penetration depends on their aerodynamics. Studies in
test animals have shown that through respiration nanosystems can get into blood
circulation and affect living organs. Another possible nanosystem administration
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route is through the gastrointestinal tract. The transfer could be achieved either per
os or through the nozzles and reach the brain [5]. Titanium oxide nanoparticles were
studied in Great Britain, and the results showed that they could penetrate the upper
part of the skin (epidermis) without deeper penetration to the tissues [10,14,15]. The
same results were presented in carbon nanotube applications. However, these results
could not be considered equivalent to the ones on real conditions and not experi-
mental/lab conditions.

Various research groups, like the one of Gunter Oberdorster in Rochester
University, showed carbon nanosystems of 30-35 nm transport to the brain through
the nozzles. Researchers in Duke University placed fish in water with a minimum
carbon nanoparticle concentration (1 part nanosystem to 1,000,000 parts of water)
and observed greater fish brain lipids in comparison to those not exposed, while in
the research facility Johnson Space Center, NASA in Houston observed lung dam-
ages of mice exposed to carbon nanotubes.

Vigilance in the approval of nanotechnological products was directly decided as
imperative, and in the United States of America, Food and Drug Administration
(FDA), National Institute Of Safety and Health (NIOSH), and Environmental
Protection Service realized that they should turn their attention in the nanosystem
risk investigation so the appropriate safety rules and regulatory framework should
be developed. Special attention should be taken for nanotechnology production
workers according to NIOSH guidelines. This specific guideline includes guidance
for possible ways that human organism and the precaution measures should be
taken. The suggestions for employees’ safety do not differ from the safety and
hygiene rules that should be complied in labs and working places. The questions for
nanosystem risk control rely on their evaluation parameters. Size, size distribution,
composition, surface, charges, shape, surface properties, and stability in certain
conditions are possible evaluation parameters.

At this point, it should be mentioned that toxicity kinetics of particles and nanoscale
aggregations differ significantly. The parameters mentioned should be the Red Book
for customers’, employees’, and researchers’ protection in the nanotechnology field.
Also, the development of parameter evaluation methods is an important challenge, but
the nanostructure and nanodevice production processes in industrial scale are next
decade challenges regarding their toxicology studies. Nanosystem, nanostructure, and
nanodevice effect on the environment is an important challenge as well.

The biodegradability, the exposure, and the clearance kinetics of nanosystems
require computer modeling in order to develop monitoring tools for safety of living
organisms and environment. Nanotechnology product industry investments in the
field of research and safety tool development in all stages of production and when
in the market should be a primary objective. Research centers and universities
should invest in nanosystem toxicity research and evaluate with scientific criteria
the parameters that should be controlled during production, storage, and use as well
as their behavior toward the environment.

Health products designed by nanotechnology and currently in the market include
medicines, diagnostic, imaging, and cosmetic. The production of these products
takes place under strict safety rules, and complex approval processes are followed
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from the National and International Approval Mechanisms. For the United States,
there is the FDA and for Europe the European Medicines Agency (EMA) which
demand strict specifications and completed submissions of paperwork before
approval, while the production unit control follows more strict criteria.

We should mention that biomaterials being used and mentioned in the previous
chapters (see Chaps. 2 and 4), e.g., bioactive molecule liposomal carrier production
that are lipids, are biocompatible to human organism since they are cell membrane
components, while materials like polymers are checked for toxicity before their
production and bioactive molecule polymer carrier production.

Surely, we cannot claim that there is a reason for concern for nanosystem use that
is present in everyday life. There should be a full risk assessment record and evalua-
tion so that the coordinated actions between research institutes, industry, and com-
monwealth develop guidelines to evaluate risk parameters that should be minimized.

It is known that the energy sources that we currently use, for example, are extremely
dangerous for our health and for the environment without this prohibiting their use.
Epidemiology studies have shown important dangers from micrometer particle air
pollution that affects the respiratory and cardiovascular system, even sometimes lead-
ing to death. The risk degree for the respiratory system in relation to the air pollution
is known as London fog episode (1952). It is also known that thousands of pharmaceu-
tical substances and bioactive molecules are used for the production of new medicines
with dangerous side effects that cause unwanted effects and even lead to death of
hundreds of people. The risk benefit ratio is the one that will prove if the final product
is useful, ensuring the restrictions from toxic and unwanted side effects [3, 6, 17].

Nanotoxicology science is a challenge and a new direction to the toxicology
field. Responsible use of new technology will define the final benefit and lead to
new research for their improvement. The environment effect research for nanotech-
nology products is a subject of research activity in the United States but in also in
Europe and Japan. The studies include reliable risk and safety evaluation develop-
ment for nanotechnology products in the environment.

The evaluation and approval processes for nanotechnological products follow the
processes described in Chap. 7, since there are no specific guidelines for the evalu-
ation of nanopharmaceutical products. The Center for Technology Assessment
(CTA) is an organism related to health and environment and considers nanoparticles
as hazardous. This hazard is related with nanosystem ability to penetrate the skin
and from the respiratory system to reach tissues and organs without specifying nei-
ther their half-life nor their clearance time.

The International Committee on Harmonization (ICH) for the preclinical toxicity
studies suggests and group controls presumed necessary after the use of pharmaceu-
tical products (ICH, S6, 1997). These include genetic, immunological, and cancer
tests. The biomaterials used as excipients, i.e., pharmacologically inactive biomate-
rials that participate in the therapeutic action of the final medicine, are being men-
tioned in toxicology studies in FDA website in the Inactive Ingredient Guide (IIG).
It is obvious that these biomaterials are in micrometer-size scale (10~° m). The ques-
tion is what happens with biomaterials that are used as excipients and are in nanodi-
mension scale. This question also arises in the Handbook of Pharmaceutical
Excipients (HPE). Also the United Kingdom’s Royal Pharmaceutical Society
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suggests that excipients of nanoscale dimensions should be evaluated for safety
before final product development. So, the full nanosystem characterization physico-
chemically and biologically should be a part of the final product evaluation. Also,
the National Academy of Science (NAS), summarizing all the above, mentions that
nanosystems and pharmaceutical nanoproduct evaluating devices should be tested
and have the ability of detecting all parameters mentioned. It seems according to
up-to-date experience that in the future, there will be a requirement for nanosystem
physicochemical parameter test devices’ development that will have increased
detection abilities for nanomaterial properties and will be a demanding regulatory
procedure before leading to the final decision for the product approval.

We must mention that the nanosystem physicochemical properties are very
important for its interaction with organism cells in nanotoxicology level if in phar-
maceutical nanotechnology level this is a prerequisite for technological formula-
tion/development. Specific examples will be mentioned later on.

Another important phenomenon affecting nanosystem toxicity is the differential
absorption phenomenon, closely related to unwanted/toxic effects of nanoscale par-
ticles [12]. This approach implies that nanoparticle intravenous administration is
directed to their destination (target tissue) as long as plasma proteins are absorbed
onto them (e.g., albumin and immunoglobulins) [12]. Recent research studies pre-
sented results from nanosystem surface coating with lipoprotein E that eased nano-
system penetration to the brain by passing the blood-brain barrier. This phenomenon
called concept of differential absorption can cause side effects and toxic results
from the administered nanotechnological or biotechnological form. The concept of
differential absorption precedes nanosystem interaction with cells and defines
nanosystem presence in specific tissues or organs. The phenomena mentioned
before are present regardless if nanoparticles come from natural or human sources
(Table 6.1). Moreover, particle size and surface chemistry are related to alveolar
capillary spittle (Table 6.2). At this point, we must mention that the respiratory sys-
tem, due to its structure, is the system where most of the unwanted side effects and
toxic actions related to nanoparticles are present. After inhalation, nanoparticles set
on the respiratory system (nose, pharynx, lungs). The lungs are composed of air-
ways that import/export air and of alveoli where there is air exchange [9]. Human
lungs have a lining of 75-140 m? and 300 millions of alveoli. Pseudo-spherical
nanoparticles with a diameter of <10 pm reach the alveoli, while larger ones set on
the upper parts of the respiratory system. It is very difficult — even if impossible — to
remove nanoparticles from the alveoli with medicinal methods [9].

6.2 Nanotoxicology: The Toxicology of Nanosystems

Commission Recommendation 2011/696/EU, EC 2011 defines nanomaterial as any
particulate substance with at least one dimension in the size range between I and
100 nm. Their properties are characterized as specific, contrary to the larger in size
substances. The nanosystems have in a unique way an increased surface area that in
combination with their chemical structure and organization offers a huge potential
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Table 6.1 Ultrafine particles and nanoparticles (<100 nm)

Natural

Gas to particle conversions

Forest fires

Volcanos

Viruses

Biogenic magnetite:
(magnetotactic bacteria, protists,
mollusks, arthropods, fish, birds,
human brain, meteorite)

Ferritin (12.5 nm)

Microparticles (<100 nm)
Activated cells

Anthropogenic
Unintentional

Internal combustion
engines

Power plants

Incinerators

Airplane jets

Metal fumes (smelting,
welding, etc.) polymer
fumes

Other fumes

Heated surfaces,
frying, boiling, grilling
Electric motors

Adapted from Buzea et al. [1] with permission from Springer
Natural and anthropogenic sources

6 Nanotoxicity and Biotoxicity

Intentional

Engineered nanoparticles
(controlled size and shape,
designed for functionality)
Metals, semiconductors, metal
oxides, quantum dots/rods,
fullerenes, nanotubes, nanowires,
nanoshells, nanorings, etc.
Nanotechnology applied to many
products: cosmetics, medicals,
fabrics, electronics, optics,
displays, etc.)

Table 6.2 Particle size and surface chemistry-related alveolar capillary translocation

Particle

size (nm) Type Translocation

5-20 Gold nanoparticles, albumin Performed
coated

8 Gold nanoparticles, albumin Performed
coated

8 Gold nanoparticles, albumin Performed®
coated

18 Iridium nanoparticles Performed

30 Gold nanoparticles Performed®

35 Carbon nanoparticles Performed

60 Polystyrene nanoparticles, Unknown if it
positive charge happens

60 Polystyrene nanoparticles, Unknown if it
negative charge happens

80 Iridium nanoparticles Carried out

240 Polystyrene nanoparticles, Carried out
lecithin coated

240 Polystyrene nanoparticles, Not performed
without coating

400 Polystyrene nanoparticles Not performed

Adapted from Buzea et al. [1] with permission from Springer
Surface coating (chemistry) charge, size govern translocation

“Minimal

*Indirect evidence

Localization/effect

Via caveolae
Via “vesicles”
Via caveolae

Extrapulmonary organs
Platelet

Liver

Thrombus

No thrombus

Extrapulmonary organs
Monocyte

No thrombus
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for applications and the possibility for toxic effects in human body that is not obvi-
ous in the macroscopic matter. Some studies lead us to be suspicious that nanosys-
tems can act toxically in living organisms or show a high degree of uncertainty in
predicting their toxicity. This second characteristic is very important regarding their
chronic toxicity. Human organism does not have those effective mechanisms to
remove nanoparticles, for example, from the gastrointestinal system and the rest of
the organs, in comparison to larger particles of microscopic and macroscopic scale.
Nanoparticles can move very easily from the point of entrance, following the sys-
temic circulation in other parts of the human body, even in the heart and brain.

Scientific knowledge is limited concerning nanosystem various effects. In the
following, there are some illustrative effects:

e Long-term nanosystem accumulation inside the human organism (chronic
toxicity)

* Per os nanosystem administration and nanosystem toxic effects from per os
administration in human organisms

* Possible effects in reproduction

 Teratogenic effects

* Nanosystem transport to breastfeeding milk

* The relation between nanosystem physicochemical properties and their toxicity

* Nanosystem toxicity when used as nutrient additive in foods and cosmetics

* Nanosystem biological behavior (distribution, metabolism, clearance, toxicity in
specific organs and tissues toxicokinetics)

* Nanosystem accumulation during digestion along the gastrointestinal tract

The toxicity of nanoparticles includes assays to determine cytotoxicity, acute
toxicity, irritation activity, genotoxicity, repeated dose toxicity, carcinogenicity, and
reproductive and developmental toxicity among others (Guidance on the
Determination of Potential Health Effects of Nanomaterials Used in Medical
Devices, published in 2015 by the Scientific Committee on Emerging and Newly
Identified Health Risks (SCENIHR)).

6.3 Biotoxicity: The Nanotoxicity in Molecular Level

Apoptosis is a programmed cell death which takes place in all multicellular organ-
isms due to biochemical processes and paths triggered and lead to cellular form
changes and finally to death. Cell death can also be caused from an outside factor.
This outer factor can cause cell damage through mechanical press or through expo-
sition to toxic compounds. Obviously nanomaterials that we use in pharmaceutical
nanotechnology and nanomedicine level should have the minimum degree of tox-
icity, so nanodevices and nanoparticles can pass through the immune system with-
out being recognized, i.e., have stealth properties. Iron oxide (magnetite and
maghemite) nanoparticles and liposomes are biocompatible and, therefore, have no
toxic effects. An iron ion functional nanoparticle schematic representation is
shown in Fig. 6.1 (where iron magnetic nucleus is connected with polymer shell
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Ponméric chain

Lingand

N Nanoshell

Fig. 6.1 Schematic representation of a polymeric coating nanosystem with magnetic properties

and targeting factors in a core-shell nanoparticles), just like iron oxide. There are
of course other magnetic nanoparticles (elementals or compound alloys) more
toxic than iron oxides. Examples of magnetic nanoparticles are Co, Ni, Cu, Ag,
Fe, MnFe,, and some core-shell nanoparticles FePt/Fe;O,. Nanoparticles of
lipid composition are very popular as they are extremely biocompatible and cheap,
can be developed in many different ways and in various sizes, and have great
surface ratios to volume. Superparamagnetic iron oxides are distinguished in large
superparamagnetic iron oxides with a diameter of 50—100 nm and ultra-small
superparamagnetic iron oxide nanoparticles (USPIO) with a median diameter of
50 nm. These oxides are metabolized to elemental iron and oxygen with hydrolytic
enzymes and then are used in the organism for other functions. Of course,
iron oxides show relatively small magnetic susceptibility in comparison, for
example, to metal iron nanoparticles that are oxidized too easily. Lastly, we can
mention that toxicity, for example, in silver nanosystems, is reversely proportional
to their size and smaller nanoparticles have larger toxic effects from their larger
ones [10,15].

6.3.1 Surface Coating: A Way to Reduce Nanosystem Toxicity

Surface coating is the most important process in nanosystem production for bio-
medicine applications, i.e., the process of covering-coating the nanoparticle nuclei
with a biocompatible material, natural (like proteins) or synthetic (like dextran or
polyethylene glycol). At this point, we should understand that the material chosen
as coating material can be biodegradable, but this does not mean that the produced
nanoparticle will be biodegradable too. The compounds used as surface coating are
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placed around the nanoparticle nuclei and create an extra layer that makes the
nanoparticle invisible from the immune system.
General, nanosystem surface coating materials offer the following advantages:

* Colloidal stability under normal circumstances

» Functionalization enhancement

* Opsonization avoidance process (there will be an extensive reference in the fol-
lowing chapter)

» Resistance in phagocytosis from macrophages cells

e Mechanical stability

* Prolonged half-life

* Biodegradability

* Biocompatibility

* Okxidation resistance enhancement, regarding magnetic nanoparticles

Therapeutically speaking, functionality possibility is crucial when in need of a
multifunctional particle (simultaneous targeting, selectivity, and treatment).
Multifunctionality is related to bio-nanomaterials used as coating materials with the
ability to connect chemically or in an electrostatic way with different molecules at
the same time, so each one of these molecules will act autonomously and indepen-
dently from the rest for the function desired (e.g., simultaneous cancer cell detection
through MRI signal enhancement or through fluorescent in visible and chemothera-
peutic cytotoxic factor targeted release in controlled release conditions). Polymer
and synthetic chemistry development, during the past years, allowed the use of
many compounds as surface coating materials.

Gold is a very popular coating since its chemistry is familiar and offers remarkable
resistance to corruption and oxidation. Its biocompatibility is not desirable since gold
does not exist in normal circumstances into the organism; therefore, it is considered
as a foreign body and can cause immune reaction and toxic actions. Polysaccharides,
i.e., large hydrocarbon molecules of chained or branched form (composed of many
polysaccharide units linked together with condensation reactions), are extremely bio-
compatible and offer great possibilities to avoid phagocytosis, but they are structur-
ally unstable reactions and can be dissolved in acid environment. Examples for
polysaccharide coating are dextrans (composed of many glucose molecules).

Another type of surface coating that will be mentioned later on as multifunc-
tional nanosystem coating is silicon-based coating. These surface coatings are used
to protect nanosystems from lysosomal enzyme digestion, improving at the same
time their mechanical properties and physicochemical stability. As these coatings
create porous surfaces, their inner components might dissolve or be oxidized by
interacting with nanoparticle components. Lastly, very useful materials for surface
coating of metal or ceramic nanosystems or nanosystem adherence on their surface
are polymers. The polymer that functions more often as a polymer material is poly-
ethylene glycol (PEG). Other coating types are amphiphilic molecules (with hydro-
philic heads and hydrophobic tails), like carboxylic acids and phospholipids,
sol-gel-based coatings, etc. The Guidance on the Determination of Potential Health
Effects of Nanomaterials Used in Medical Devices was published in 2015 by the
Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR)
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which is authorized as the opinion of this committee. The risk assessment and
aspects regarding the safety of medical devices that are composed of nanoparticu-
lates are presented in this opinion of the SCENIHR committee.

The definition of what a medical device is was given by the directive 93/42/EEC
as amended by Directive 2007/47/EC “any instrument, apparatus, appliance, soft-
ware, material or other article, whether used alone or in combination, including the
software intended by its manufacturer to be used specifically for diagnostic and/or
therapeutic purposes, and necessary for its proper application, intended by the
manufacturer to be used for human beings for the purpose of: — diagnosis, preven-
tion, monitoring, treatment or alleviation of disease, — diagnosis, monitoring, treat-
ment, alleviation of or compensation for an injury or handicap, — investigation,
replacement or modification of the anatomy or of a physiological process, — control
of conception, and which does not achieve its principal intended action in or on the
human body by pharmacological, immunological or metabolic means, but which
may be assisted in its function by such means.” A new medical device regulation
amended the above (2014) under negotiation (EC 2012), but the amendments that
were proposed did not affect the already existing definition.

They are referred in the guidance report by the SCENIHR as nanomaterials that
are used in medical devices as the following: carbon nanotubes, nanopaste hydroxy-
apatite powder, polymeric material, polycrystalline nanoceramics, and nanosilver
or other nanomaterials used as coatings on implants and catheters and as an anti-
bacterial agent [17]. The physicochemical characterization of the nanomaterials
that the medical devices are composed of is included in ISO 10993-18: 2005 (ISO
10993-17:2002. Biological evaluation of medical devices — Part 17: Establishment
of allowable limits for leachable substances. ISO, Geneva, Switzerland) and ISO
10993-19: 2006 (ISO 10993-19:2006. Biological evaluation of medical devices —
Part 19: Physicochemical, morphological and topographical characterization of
materials. ISO, Geneva, Switzerland). Concerning the toxicological evaluation of
nanomaterials, the ISO/TR 13014:2012 describes the relevant guidance. We refer
below some of the crucial parameters that should be taken into consideration dur-
ing the evaluation process of nanomaterials used for medical devices: the size and
size distribution, chemical composition, particle and mass concentration, charge
(C-potential), surface properties, pH, viscosity, etc. as described in the relevant
document. The methods of their characterization have been already presented in
the Chaps. 2 and 4. The electron microscopy methods are proposed as more appro-
priate to characterize nanoparticles as in the SCENIHR document referred.

6.3.2 Clearance Time: The Most Critical Parameter
of Toxicokinetics

Toxicokinetics provide information regarding the behavior of nanoparticulates
when they arrive in specific organs and tissues. Their ADME (absorption, distribu-
tion, metabolism, and excretion) profile of nanoparticles is directly related to their
toxicokinetic profile. The metabolism of particular nanomaterials has been
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published. It is considered that the kidney is an important organ among others,
because of the excretion of nanomaterials, while the spleen and liver are also parts
of their total toxicokinetic profile. Some nanoparticles showed rapid uptake in the
kidney in comparison with the liver when administrated intratracheally, for exam-
ple, Au nanoparticles with a size of 1,4 nm, while after intravenous administration,
the liver is found to be the accommodation place of these nanoparticles. However,
the route of administration seems to be essential for their accumulation in organs
and consequently affects their toxicokinetic profile [13]. EFSA [2] underlines the
importance for evaluating nanoparticles in specific organs like the liver, kidney, and
spleen because of their high uptake from this organ.

A basic parameter for nanosystem viability into the human organism is the maxi-
mum time they can preserve their properties under normal in vivo conditions. This is
the clearance time, i.e., the time until full nanosystem clearance from the organism.

From the time nanoparticles enter the bloodstream/system circulation, most pos-
sibly penetrating some barriers (often by intravenous infusion), are very soon cov-
ered from systemic circulation protein components, like plasma and complementary
proteins, with a process called opsonization. Opsonization makes nanoparticles
detectable from the main human defense mechanism, MPS, and then they are sub-
mitted for phagocytosis. An important part of the nanosystems has been cleared
from the circulation system in less than 15 min. Of course the nanosystem clearance
rate is a function of various parameters related to their structure and functions, like:

* Nanoparticle size

e Shape

* Nanosystem surface charge

» Surface hydrophobicity

» Surface functional group number and kind
* Presence of surface coating materials

For example, small nanoparticles can get away easier from the endothelial network
system, and for this reason, they have greater clearance time and extended action and,
therefore, more unwanted and possible toxic actions. Therefore, these anionic parti-
cles have negatively charged surface and are similar to the cell membrane; they are
absorbed and biodistributed very easily during endocytosis process. Cationic particles
(i.e., cationic liposomes) can connect electrostatically with DNA molecules for gene
transport and great toxicity that depends on the size of their surface charge. Generally,
the more cationic the nanoparticle, the more toxic it is for the organism. The hydro-
philic surfaces, i.e., the hydrophilic coating materials like dextran and polyethylene
glycol, offer a potential hydrophilic and neutral chain cloud in the nanoparticle sur-
face that repels plasma proteins and prevent quick clearance from the systemic circu-
lation. Also, nanofibers can penetrate smooth tissues, like the nervous system, blood
vessels, and lungs, and create topical inflammatory reaction. Lung reaction resembles
the professional amianthus disease that was due to amianthus fibers and caused acute
pulmonary reaction and chronic pulmonary fibrosis. Therefore, the clinical doctor
should be suspicious with patients presenting fever with pulmonary inflammation that
is not treated with antibiotics and develops chronic disease if the patient has a history
of contacting nanotechnology materials [10,15].
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Other diseases mentioned are vascular diseases, for example, arteritis in the
peripheral blood vessel or bowel arteritis and hepatitis. Parkinson’s and Alzheimer’s
diseases and some other neurodegenerative diseases or brain vasculitis could be due
to nanotoxicity, and the clinical appearance is representative to the infected section.
Arthritis that resembles rheumatic diseases, inflammatory bowel diseases, and
bowel cancer can be related to this disease, and skin diseases are related to HIV and
Kaposi sarcoma. It can be said that nanotoxicity belongs to the diseases related to
the environment and human way of life. The experience is limited, and the small
fiber behavior resembles the behavior of known chemical fibers, like amianthus
fiber, and of forms called prions and affects human neuron and muscle systems,
causing the known spongiform encephalopathy. The World Health Organization
reports nanotoxicity as an environmental disease. It is possible that in the next years,
it will be in most medical specialties and all care levels. Figure 6.2 presents the

Diseases associated to nanoparticle exposure

C. Buzea, I. Pacheco, & K.Robbie, Nanomaterials and nanoparticles: Sources and toxicity, Biointerphase 2 (2007) MR17-MR71

B\ Brain Neurological diseases:

Nanoparticles , L.
P Parkinson’s disease

internalized ) ;
in cells f Alzheimer’s disease
Mithocondrion Nanoparticle inhalation

Nucleus s

;

Cytoplasm s Asthma

Membrane Lungs  gonchitis

Lipid vesicle ¢ Emphysema
Cancer

Circulatory Artheriosclerosis
system Vasoconstriction

Nanoparticles Thrombus
ingestion High blood pressure
* *Heart Arrythmia
Heart disease
Death

Gastro-intestinal system

Crohn’s disease
Colon cancer

Y
Other organs

Diseases of

unknown
in Y etilology in

Orthopedic implant ki p

wear debris Lymphatic laneys, liver
Auto-immune diseases system Podoconiosis
Dermatitis Kaposi’s sarcoma
Urticar{‘af Auto-immune diseases
Vasculitis

*SKin germatitis
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Toxicity

Size of nanoparticles

Fig. 6.3 Relationship between toxicity and particle size. /. Sigmoid curve. Progressive increase
of toxicity by reducing the particle size. 2. Below a certain particle size, small variation in particle
size significantly enhances toxicity

diseases related to nanotoxicity. Nanotechnology products currently in the market
are hundreds and relate to everyday life. Mostly they consisted of carbon nanotubes
and titanium oxide nanoparticles, but until today, no detailed epidemic study of the
short- and long-term use in the human organism was carried out.

We must mention that the main reasons of toxicity appearing in materials of
nanoscale dimensions are their structure. Figure 6.3 presents the relationship
between toxicity and particle size. We can observe in the sigmoid curve (1) the pro-
gressive increase of toxicity in relation to particle size, while beneath a specific
particle size, see curve (2), a small particle size change induces an important toxic-
ity increase.

Summarizing, it is obvious that the clearance process of nanoparticles from the
circulation has occurred via the spleen and the liver [7,8].

6.4 Summary

The toxicity of nanoparticulate systems seems to be a result of their great total sur-
face area and of their dimension. It should be taken into consideration that the nano-
technological products might be developed without the manufacturers strictly
following the necessary rules for their production, transport, and storage.

The physicochemical properties of nanomaterials and nanosystems like size, size
distribution, charge, shape, and surface property stability might be involved into
their toxicity.
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The nanotoxicity in molecular level is defined as biotoxicity.

The route of administration seems to be essential for the accumulation of
nanoparticles in organs and consequently affects their toxicokinetic profile.

An important aspect that should be taken into consideration is the clearance rate
of nanoparticles from the organism. The clearance of nanoparticles from the blood
has occurred mainly via the spleen and the liver.
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Chapter 7
Regulatory Framework for Nanomedicines

Abstract The nanotechnological products that are released in market are carefully
evaluated in the United States by the National Agency for Food and Drugs that is
called the Food and Drug Administration (FDA), while in Europe by the European
Medicines Agency (EMA). These organizations act according to proposals and rec-
ommendations of scientific committees that suggest changes and modifications of
the regulatory framework according to scientific, technological, and social facts
keeping into consideration as the main concern, the public health. These organiza-
tions develop the regulations for law applications related to medicines and medici-
nal products. The “copies” of nanotechnological medicines that are candidates to
release in market are called as nanosimilars. They are off-patent nanotechnological
products, and their similarity is considered as an emerging issue to be discussed
within the scientific community and moreover in the regulatory bodies which are
responsible for their approval. An important issue from the regulatory point of view
is innovative excipients that include the self-assembled nanostructures such as lipo-
some, micelles, dendrimers, etc. incorporating bioactive molecules.

Keywords Regulatory framework ¢ Nanotechnological products * Food and Drug
Administration (FDA) * European Medicines Agency (EMA) ¢ Nanosimilars

7.1 Regulatory Framework for Nanotechnological
and Nanobiotechnological Medicine Approval

Laws are the society’s basic structural characteristics and contribute to its develop-
ment. Laws are developed from the national parliament in each country, and their
applications are controlled by regulations. In the United States, the National Agency
for Food and Drugs that develops the regulations for law applications related to
health, drugs, and food is called the Food and Drug Administration (FDA), while in
Europe, the organization that develops the regulatory framework for pharmaceutical
product approval is the European Medicines Agency (EMA). These organizations
act according to proposals and recommendations of various scientific committees
that suggest relative changes and modifications of the regulatory framework
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according to scientific, technological, and social facts and the pharmaceutical prod-
uct or formulation effect in human health, i.e., safety and efficacy.

The legislative framework for nanotechnological and nanobiotechnological
medicinal product approval is constantly changing and developing [14]. High-
technology nanotechnological product developments even for everyday applica-
tions create the need for a legislative framework that will be updated with
technological evolutions [2,10]. Also, we must mention that social groups’ reflexes
in the field of nanotechnology product safety use are still very weak. It seems that
public awareness is in primitive stage and limited mostly into scientific reports and
papers that common people cannot understand easily. The present chapter describes
the necessary conditions for nanotechnology health product approval. The com-
mercial exploitation of nanotechnological products in the United States is faster in
comparison to the EU. This is mainly due to the investment status established in the
United States in relation to innovative products and idea promotion, in comparison
to the introvert character of the EU countries and Europe in general. Generally
there is a need of conductive conversations and good natured effort for the evolu-
tion of the present legislative framework for approving new and innovative phar-
maceutical products and diagnostics, especially those developed based on
nanotechnology [14].

The legislative framework that is developed through regulations is directly
related to the scientific approach of nanoparticle quality and safety but mainly with
challenges in various product development and production stages. The new nano-
product production abilities concern nanotechnology application to both hydropho-
bic and hydrophilic bioactive molecules in various solubility degrees in biological
fluids [6]. Nanoparticles are developed in various techniques and methods that are
evaluated from the approval mechanisms, before final product authorization for
market placing.

Crystalline bioactive molecule nanoparticles present advantages in their solubil-
ity and dissolution rate. According to the Kelvin equation, particle nanodimension
leads to greater solubility:

RTln[ij _2, (7.1)

0 r

where R is the gas molecular constant, T the absolute temperature, S the solubility
of spherical particles with radius r, S, the large crystal particle relative solubility, y
the interfacial tension, and V,, the partial molar volume.

Nanoparticle parameters and characterization methods required for approval
process for safety and effective final product placement in the market are presented
in Table 7.1.

The parameters and physicochemical methods for bioactive molecule nanopar-
ticles and nanosystem characterization are required and controlled for accuracy and
repeatability from the approval mechanisms prior to product authorization
process.
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Table 7.1 Parameters and characterization methods for the approval of nanoparticles

Parameter Method

Size distribution of and shape of | Dynamic light scattering, photon correlation spectroscopy,
nanoparticles electron microscopy

Surface area, porosity Gas absorption

Surface charge, hydrophilicity Electrophoresis, {-potential

Surface properties Static secondary ion mass spectroscopy
Analysis of surface elements X-ray photoelectron spectroscopy
Density Pycnometer/densitometer

Molecular weight Size exclusion chromatography

Purity Spectroscopy

Polymorphism, crystalline state X-ray diffraction, thermal analysis
Solvent residues Gas chromatography

Drug release Drug release studies, turbidity

7.1.1 The Regulatory Framework
Jor the Nanobiotechnological Products in the United
States and the Role of the FDA

Nanotechnology product supervision is applied in the United States from the FDA
that exercises the legislative supervision by the Office of Science and Health
Coordination through the Office of Commissioners [16]. The work groups suggest
scientific proposals and regulations for study, development, and promotion of new
and innovative pharmaceutical products. Examples of medicines approved from the
FDA are products with nanocrystals, liposomal products, albumin products con-
nected with nanoparticles for anticancer drug production, pharmaceutical products
with microemulsions and micelle technology, and pharmaceutical products with
polymer production (Table 7.2).

An important parameter for product safety is the nanoparticle size and size dis-
tribution measurement as well as the potential determination [12]. These studies are
related to their toxicity as large nanoparticles when forming aggregations or/and
agglomerations may develop thromboembolic episodes, crucial to life. The Center
for Drug Evaluation Research also known as CDER requires the same controls
regarding new medicine safety to be applied to nanotechnological products.
According to the Chairman of research policy and conformation of CDER pharma-
ceutical science office, appropriate regulations should be taken under consideration
for new nanotechnological pharmaceutical products in order to be safe and effec-
tive. We can mention as important decision centers inside the FDA the following:
Center for Biological Evaluations and Research (CBER), Center for Veterinary
(CVM), and Center for Device and Radiological Health (CDRH). It should also be
mentioned that the office for control and compliance according to the applicable
regulatory framework is the Office of Regulatory Affairs (ORA).
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Table 7.2 Examples of medicines based on nanoparticulate technology approved by the FDA

Brand
name Active ingredient | Indications Formulation | Company

Microemulsion and micelle products

Oragix Lidocaine and Local dental Gel, Dentsply
prilocaine anesthetic 2.5%/2.5% pharmaceutical
Lipofen Fenofibrate Lipid regulator Capsules Cipher
(antilipidemic) pharmaceuticals
Gengraf Cyclosporin Protection of Capsules AbbVie
rejecting organ pharmaceuticals
transplants
Polymeric products
Oncaspar Pegaspargase Acute Injectable Sigma Tau
lymphoblastic PharmaSource Inc.
leukemia
Sylatron PEG - Chronic hepatitis C | Injectable Schering-Plough
a-interferon 2b corporation
PEGasys PEG - Chronic hepatitis C | Injectable Hoffmann-la Roche

a-interferon 2b

Somavert Pegvisomant Acromegaly Injectable Pharmacia and Upjohn

Nanopharmaceutical product approval processes follow nowadays the already

existed certification procedure, since there is no special regulatory framework for
nanotechnological pharmaceutical products. Some important issues should be taken
into consideration before the approval of a nanobiotechnological product, such as:

The most appropriate techniques that should be applied for accurate physico-
chemical characterization.

The stability studies of nanopharmaceutical product in short- and long-term
period time.

The analytical methods for measuring the pharmacokinetic profile of the prod-
ucts should be validated and accurate.

The scale-up process should be determined in details in order to avoid unex-
pected phenomena.

The quality of the raw ingredients that have to be used for producing the final
product.

The adequate techniques that efficiently determine the kinetics and the release
profile of the bioactive molecule from the nanocarrier.

While nanotechnology and its application importance will be more noticeable

in the future, FDA has already approved products based on nanotechnology, like
imaging factors and nanosystems in sun block filters. FDA, according to com-
plex controls and procedures, has approved nanopharmaceutical products
(Table 7.2), like liposomal products, tissue imaging products (including gado-
linium) used in the magnetic resonance imaging (MRI), iron oxide products, and
contrast agents.
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There are nanopharmaceutical systems like liposome or lipidic systems that
are considered to be important for bioactive molecules like doxorubicin, dauno-
rubicin, amphotericin B, cytosine arabinoside, etc. that are incorporated into
lipidic nanocarriers. In some other products like sirolimus, NanoCrystal technol-
ogy was applied and received an FDA approval, while fenofibrate, aprepitant, etc.
are some of the pharmaceutical product examples whose formulation has changed
by using NanoCrystal technology, also approved by the FDA. Another product is
Vivagel® that is a dendrimer and binds to HIVgp 120 proteins and now in clinical
trials.

7.1.2 The Regulatory Framework for the
Nanobiotechnological Products in the EU and the
Role of the EMA

As previously mentioned in the European Union, the European Medicines Agency
(EMA) is responsible for the regulatory provisions concerning the national regula-
tory provisions for biotechnological and nanotechnological products. In the Agency
there are six committees that are presented in the following:

e Committee for Medicinal Products for Human Use (CHMP)

e Committee for Medicinal Products for Veterinary Use (CVMP)
e Committee for Orphan Medicinal Products (COMP)

¢ Committee on Herbal Medicinal Products (HMPC)

¢ Pediatric Committee (PDCO)

e Committee for Advanced Therapies (CAT)

The committees mentioned above meet in a monthly basis and are composed of
scientists assigned by the member countries. The therapeutic and pharmaceutical
product evaluations that are currently in the market or are about to be available in
the European Union are based on the scientific developments and social needs
according to safety and efficacy regulations and European legislation and especially
the guideline 2001/83/EC.

These Committees based on the above criteria and European directions decide —
considering the risk/benefit ratio — for a therapeutic product according to relative
studies.

The therapeutic product development process demands the production compli-
ance to guidelines and includes [4,16]:

» Preclinical studies in animals to study the toxicity

* Clinical studies of various levels in patients and healthy volunteers to study the
effectiveness and to define the appropriate dose

» Post-approval studies concerning the pharmaceutical or therapeutic product
safety and efficacy monitoring when already in the market
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Innovative medicinal products for human use:

» Gene therapy medicinal product
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Fig. 7.1 Regulatory extension of the centralized procedure for innovative medicinal products for
human use

We should mention that the therapeutic product is something different than the
classic medicine. Therapeutic products belong to a class of biotechnological medic-
inal products that do not include bioactive molecules but biological molecules such
as proteins, peptides, monoclones, large molecules, or even living cells whose phys-
icochemical behavior and especially the structural characteristic behavior (depend-
ing on the environment and immunogenicity) are extremely important factors for
safety and efficacy [2, 5, 8, 10].

We should also mention that pharmaceutical and therapeutic product post-
approval studies are extremely important and relate to the science of pharmacovigi-
lance and safe use of such products. The European legislation according to the
regulation EU No 1235/2010 of the European Council and the European Committee
modified in December 2010 mentions pharmacovigilance for pharmaceutical prod-
ucts for human use. The European Committee (EC) regulatory provisions (EC) No
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2309/1993, (EC) No 726/2004, and (EC) No 1394/2007 (Fig. 7.1) for advanced
therapies mention that pharmacovigilance is necessary for the protection of public
health in order to identify and evaluate the medicine and therapeutic product side
effects for human use [9].

The post-approval monitoring of pharmaceutical and therapeutic product safety
is necessary for the continuation —or not — of the product and the identification of
possible side effects that were not detected during clinical trials and are not men-
tioned in the patients’ leaflet.

New therapy development with products characterized as advanced therapy
medicinal products (ATMP) in the European environment is recognized from the
scientific community and from international approval agencies as important. Safety
and efficacy of such products, like gene therapies, body cells, therapeutics through
tissue mechanics, etc., demand regulatory provisions and probably regulatory
framework that will take under consideration the new innovative scientific and tech-
nological evolutions. The review of approval procedures is required to be according
to the scientific evolutions and the existing regulatory framework.

The EMA committee, referred as CAT, proposes recommendations and settings
using the central approval procedure for advanced therapeutic products, the
Marketing Authorization Applications (MAAs), with the positive outcome of the
Committee for Medicinal Products for Human Use (CHMPs), publishing the appro-
priate regulatory framework. It is also important to mention that the strategy for the
regulation application for innovative therapeutic products includes nanotechnology
products produced for therapeutic purposes — there will be an extensive report in the
following.

Therapies like gene therapy medicinal products (GTMPs) and tissue-engineered
products (TEPs) should be subjected to regulations, not only during production but
when in the market as well.

In our opinion and from all the above, a lot of work is required for regulatory
provisions related to nanotechnology products and innovative therapies, since the
scientific and technological orientations in the field of nanotechnology take advan-
tage of the biomaterial special properties in mesoscopic level and matter quantum
mechanics properties [15].

The approval process follows the processes required for new medicines (mutual,
national, central approval process for pharmaceutical products), having developed
the appropriate committee for safety and efficacy control for new innovative medi-
cines that as we mentioned is called the Committee for Advanced Therapies (CAT).
A review of the existing and an estimation for the future environment in the European
Union regarding the nanotechnological product approval regulatory framework as
well as comparative data regarding the European Union and the United States in the
field of nanotechnological products are in the reference section.

The regulatory provisions seem to be a very interesting matter for the body of
experts that define the approval regulatory framework. This is because the pharma-
ceutical products in the nanodimensions that are produced present different proper-
ties and behavior than the one of the materials in classic dimensions. The efforts for
mapping the regulatory framework regarding the nanotechnological pharmaceutical
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products are very important. FDA and 22 federal approval agencies developed the
National Nanotechnology Initiative (NNI) in order to coordinate the actions for
approving nanotechnological pharmaceutical and therapeutic products. Another
important aspect for the approval mechanisms’ effective role is the terminology
determination related to nanotechnology.

The term nanotechnology should be defined exactly with no variations in the size
limits and parameter value dispersion but also in method evaluation for pharmaceu-
tical and therapeutic substance nanoparticles and nanocarrier physicochemical
characteristics.

Based on this idea that is considered as definitive, the precise subject determi-
nation where the regulations and the future legislative framework should be
referred to, different perspectives were stated from the American Standards for
Testing and Materials (ASTM), British Royal Society, and Royal Academy of
Engineering, and the US Congress and even the National Strategy for Combating
Terrorism (NCST) gave different definitions on the nanotechnology subject and
effect size for protective regulatory framework against nanotechnology product
terrorist actions. We should mention that the differences on nanotechnology term
according to nanoparticle size lead the manufacturers to therapeutic nanotechnol-
ogy and in the future nanobiotechnology product attentive production based on the
specific regulations.

The work of Wagner and his colleagues [16] in the journal of Nature Biotechnology
[16], entitled The emerging nanomedicine landscape, mentions the nanobiotechnol-
ogy applications and the need to develop new regulatory provisions. More in par-
ticular they mention that “...there is a continuous consultation between scientists,
industry and experts that participate into approval mechanisms regulatory commit-
tees regarding the need for new regulations for the therapeutic products and nano-
biotechnology/nanotechnology drugs pharmacokinetic properties [16].”

In the European Union, for the products mentioned above, there is not a clear
regulatory framework and the guidelines are proposed in the article 1.2(b) Directive
2001/83/EC of the European Parliament and of the Council of November 6, 2001,
on the Community code relating to medicinal products for human use. Off. J. Eur.
Union, November 28, 2001, as amended, consolidated version: October 5, 2009.

The different approaches for the term nanotechnology may push to release to an
agreement between the United States, the European Union, and Japan that regarded
the pharmaceutical nanotechnology as a rising scientific field that should be defined
in order to develop the relative regulatory framework. The approval framework
development and application are related to science and technology evolutions and
have a powerful and continuous presence. The final product safety and efficacy
upgrade will contribute to new tool development that will target toward the nanopar-
ticles, and of course the final nanotechnological products, physical and chemical
properties, emphasizing in parameters like nanoparticle size and size distribution
and surface characteristics and developing intersurfacial phenomena, in combina-
tion with other analytical approaches regarding excipients, impurities, and organic
residues. Also, the approval mechanism guidelines for nanoparticle toxicity in pre-
clinical studies and the guidelines Q8 and Q9 of the International Conference for
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Harmonization (ICH) are characterized as very important in the development of
nanopharmaceutical products for therapeutic purposes.

Lastly, in our opinion, what seems to be an absolute prerequisite for new nano-
pharmaceutical product approval is public partnership and sensitive social groups’
participation to accept these innovative therapeutic, diagnostic, and imaging prod-
ucts. The health systems should take under consideration these specific social
groups to ensure the public’s approval for nanopharmaceutical product development
and their implementation to health systems.

7.1.2.1 Commission for Advanced Therapies (CAT)

The Commission for Advanced Therapies (CAT) was founded recently (2007) and
was composed according to the regulation (EC) No 1394/2007 and proves that the
European Agency for Pharmaceutical Products considers the evolutions in science,
especially in biotechnology, nanotechnology, regenerative and molecular medicine,
as well in tissue mechanics [9].

More in particular, the committee for advanced therapies is an interdisciplin-
ary scientific committee that collected some of the finest experts available in the
European area to evaluate the innovative therapy quality, safety, and efficacy and
coordinates with the scientific evolutions in this field. The new scientific
approaches in cellular and molecular biotechnology have led to advanced ther-
apy development. The rapidly growing field of biomedicine offers new opportu-
nities for disease treatment and human body congenital malfunctions. Advanced
therapy products should have properties for disease treatment or prevention in
order to be used or administered in humans for replacement, improvement, or
modification of normal functions. They should have pharmacological, immuno-
logical, and metabolic action and be classified as biological drugs according to
the Appendix 1 of guideline 201/83 EC of the European Parliament and the
Council of November 6, 2001, on the Community codes relating to medicinal
products for human use, in combination to pharmaceutical product definition in
the article 1(2).

7.1.2.2 Innovative Pharmaceutical Products

Innovative pharmaceutical products differ from pharmaceutical products available
in pharmacies and are open to the public and hospital pharmacies. According to the
guideline 201/83/EC and regulation (EC) No 726/2004, advanced therapy medici-
nal products (ATMPs) are any of the following pharmaceutical products for human
use:

* Gene therapy medicinal products
* Somatic cell therapy medicinal product
» Tissue-engineered products
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More in particular, according to the European Community (EC) guideline No
668/2009 emphasizing the terms for advanced pharmaceutical products, a gene
therapy medicinal product is a biological pharmaceutical product that has the fol-
lowing characteristics:

* Includes the therapeutic agent that is composed from recombinant nucleic acid
that is used or can be administered in humans in order to regulate, fix, replace,
add, or erase a genetic sequence.

* The therapeutic, prophylactic, or diagnostic factor is directly related to the
recombinant nucleic sequence included or to the product of this genetic sequence
expression.

According to all the above and the European Community guideline mentioned
before, gene therapy medicinal products do not include vaccines against infectious
diseases that are subjected to the Committee for pharmaceutical product for human
use regulatory principle.

Somatic cell therapy medicinal product is a biological pharmaceutical product
that has the following characteristics:

* Includes or is composed of cells or tissues that have been modified so that their
biological characteristics, their physiological/normal functions, or their struc-
tural properties that are important for their clinical use have been modified either
from cells or tissues that are not destined to be used for the same basic function(s)
of the recipient and the donor [2,8,10].

» Have properties that target disease therapy, prevention, or diagnosis due to phar-
macological, immunological, or metabolic action in cells or tissues [2,8,10].

According to scientist conversations participated from all European Union
countries in April 3, 2009, meeting the view that was formed, the pharmaceutical
product classification that harmonizes with the committee’s regulations is very
important since drugs are not inactive materials, but cells and bionanomaterials
that respond to external stimuli. The centralized procedure obligatory provision
extension on innovative pharmaceutical product regulations according to
European Medicines Agency articles and guidelines/regulations is presented in
Fig. 7.1.

Furthermore, according to the regulation (EC) No 1394/2007, the central proce-
dure was obligatory for these innovative products. Also, the following were
decided:

* Knowledge and information grouping regarding specific products with commu-
nity experts’ background knowledge

* Requirement harmonization and post-evaluation

* Access assurance for all consumers to these products in the market

* The existent regulation principles for drugs applied in advanced therapies, i.e.,
quality, assurance and effectiveness, authorization, and post-approval vigilance
(pharmacovigilance)
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7.1.2.3 Approval Process for Innovative Pharmaceutical Products

The estimations for an innovative pharmaceutical product approval are based on
scientific criteria that define if these medicines fulfill or not the necessary require-
ments for quality, safety, and efficacy (according to European Union regulations and
especially according to the guideline 2001/83/EC). These processes assure that the
innovative medicine risk benefit ratio is in consumers’ favor. For the innovative
pharmaceutical product development process, the following general steps should be
followed according to the strategies for pharmaceutical product regulation:

e Preclinical development phase
¢ Clinical development phase
* Post-approval development phase

It should be noted that the last post-approval phase is of great importance, since
it is related to public health and is defined as pharmacovigilance.

Apart from all the above that also apply with nuances for the rest of the pharma-
ceutical products for human use, the following requirements according to the
European Committee 2009/120/AC on September 14, 2009, for the European
Council 2001/83/EC guideline modification, regarding the Community code estab-
lishment for pharmaceutical products for human use, should be applied. For the
advanced therapy pharmaceutical products, the following apply:

1. Information for all the raw ingredients used for the bioactive molecule produc-
tion should be provided. This includes the products for human or animal cell
genetic modification, and when they are applicable for their further culture and
modification, taking under consideration the possible absence of cleansing.

2. For the products that include a microorganism or virus, the following data should
be mentioned and described: genetic modification, sequence analysis, virulence
attenuation, tropism for specific tissues and cell types, microorganism or virus
cycle dependence, gene strain pathogenesis, and characteristics.

3. Processes related to infectious parameters and to the product should be described
in the relative section of the authentication, especially if the virus is capable to
be transcribed or the carrier is designed to be transcribed-free.

4. Quantification of plasmids’ various forms are required and they should be taken
under consideration through the product’s life span.

5. For the genetically required cells, the cell characteristics prior and post modifica-
tion are required. Apart from the special requirements for gene therapy pharma-
ceutical products, the quality requirements for somatic cell therapy medicinal
products and tissue-engineered products should also be applied.

It seems that structure, function, and pharmacological properties of the advanced
therapeutic properties based on nanotechnology, biotechnology, and molecular med-
icine and therefore their evaluation from the regulatory authorities responsible for
quality, safety, and efficacy are questioned. For example, the Committee for
Medicinal Products for Human Use in 2006 underlined the need for interdisciplinary
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approach in order to accept new development standards and to adjust the methodology
for testing nanotechnological bioactive molecule advanced delivery systems. This
flexibility in adopting the appropriate scientific tools to determine a complete regu-
latory framework is applied from the Committee for the European Medicines
Agency innovative pharmaceutical products. On the other side, the scientific com-
munity responds in this challenge with numerous publications related to the man-
agement of nano- and biomaterials with astonishing physicochemical properties that
reflect the improved biological actions to treat incurable and degenerative diseases.

7.2 Nanosimilars

Nanosimilars are considered as the “copies” of the off-patent nanotechnological
therapeutic products. They are composed of the bioactive molecule and a nanocar-
rier which could be characterized as innovative excipient. It is important to point out
as mentioned in Chapter 5 that the self-assembled supramolecular structures like
liposomes, lipidic nanocarriers, polymerosomes, dendrimers, etc. could be defined
as innovative excipients. In light of this approach, nanosimilars belong to the area
between generics and biosimilars in terms of their evaluation process by the medici-
nal agencies. Moreover, the technological complexity of nanomedicines is consid-
ered as a barrier to develop identical “copies” of the prototype. However, the
similarity between prototype and nanosimilar is a demand, and efforts should be
focused on this approach in order to develop new and effective analytical tools for
proving nanosimilarity. The approaches for proving similarity cannot be applied to
nanosimilars as in the case of generic medicinal products (bioequivalence studies),
while the structural complexity and the immunogenicity of biosimilars seem to be
the major concern in the manufacturing process [1,7,11].

According to the European Medicines Agency (EMA), a generic medicine is
defined as a medicine that is developed, as the reference medicine and it contains
the same active substance, and it is used at the same doses to treat the same dis-
eases. Generic medicines are manufactured according to the same quality stan-
dards as all other medicines (EMA/393905/2006 Rev. 2). Furthermore, the EMA
defines that “a similar biological or “biosimilars” medicine is a biological medicine
that is similar to another biological medicine that has already been authorized for
use (EMA/837805/2011). Biological medicines are medicines that are made by or
derived from a biological source, such as a bacterium or yeast (EMA/837805/2011).
They can consist of relatively small molecules such as human insulin or erythropoi-
etin, or complex molecules such as monoclonal antibodies.” The Committee for
Medicinal Products for Human Use (CHMP) has provided guidance through several
guidelines, while advices requested by EMA are under discussion concerning the
development and regulation approaches of biosimilars. EMA published an open
consultation platform for biosimilar medicinal products on serious issues like the
immunogenicity assessment of therapeutic proteins, the quality issues of biosimilar
medicinal products containing proteins as active substance, and nonclinical and
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clinical issues of similar biological medicinal products containing monoclonal anti-
bodies. The current regulation environment in EU regarding biosimilars has been
extensively presented in a published work by Tsiftsoglou and coworkers [13].
Guidelines for nanosimilars in proportion/in analogy to biosimilars are posted by
the EU in October 11, 2011. In an effort to contribute to the scientific discussion,
Demetzos and Pippa [3] published a reflection note which deals with the approach
to approve nanosimilars by the medicinal authorities proposing new analytical tools
that should be carefully applied and evaluated.

The scientific discussion on nanosimilarity is an emerging approach that should
be carefully preceded by the scientific community. Nanosimilarity is proposed as a
new definition and projects the efforts that should be done in establishing the pro-
cess of the evaluation, the similarity with the off-patent nanomedicine in terms of its
physicochemical characteristics. It is important to point out that the surface coating
and consequently the physicochemical profile of a nanosimilar as well as of a nano-
medicine should be taken into consideration. However, EMA has published a reflec-
tion paper on general issues for consideration regarding the parental administration
of nanomedicines with surface coating (EMA/325027/2013). In this reflection
paper, EMA points out that the coating affects the pharmacokinetics and the biodis-
tribution and the stability of the medicine, as well as the surface interactions with
other biomolecules and the potential consequences of such interactions. According
to the EMA/CHMP/SWP/100094/2011, “variation in mean/median size and size
distribution and/or the accuracy of methods employed for nano-sizing may result in
the generic product displaying different physicochemical properties leading to a
different biopharmaceutical profile in respect of pharmacokinetics and biodistribu-
tion. This has the potential to significantly impact on safety/efficacy in comparison
to the reference product” [3]. It is obvious that the physicochemical properties (i.e.,
size, size distribution, {-potential, etc.) of nanosystems are considered as crucial
concerning their effectiveness. However, the full documentation profile in terms of
the physicochemical characteristics provides evidences regarding the similarity of
the nanosimilar product to that of the reference nanomedicine and is required for its
approval. It should be noted that the minimum requirements of nanosimilar prod-
ucts are the highly similar physicochemical characteristics.

The ADME profile of the nanocarrier (i.e., liposomes, micelles, etc.) influ-
ences the pharmacokinetics of the bioactive molecule as the “Reflection paper on
the data requirements for intravenous liposomal products developed with refer-
ence to an innovator liposomal product” (EMA/CHMP/806058/2009/Rev. 02)
underlined. In this reflection paper, it is mentioned that “significant changes in
pharmacokinetic characteristics are evident when an active substance is adminis-
tered in a liposomal formulation, i.e., volume of distribution and clearance may be
reduced and half-life prolonged. The clearance of the liposomal active substance
is dependent on:

1. The clearance of the liposomal carrier itself
2. The rate of release of entrapped drug from the liposomal carrier
3. The clearance and metabolism of unencapsulated drug upon its release”
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The changes in the formulation process of nanomedicines affects the pharmaco-
kinetics (i.e., AUC, Cy.x, Trmax) Of the encapsulated bioactive molecule. In the CHMP
report of the EMA regarding secreted protein acidic and rich in cysteine (SPARC)
products, it is recommended that “the qualitative and quantitative composition and
physicochemical properties of SPARC’s proposed Doxorubicin HCl Liposome
Injection and Caelyx are similar. The comparative analysis of lipid content between
SPARC’s product and Caelyx indicated similar content and physicochemical char-
acteristics of lipid component. Based on the similarity of composition and physico-
chemical properties, SPARC considered the proposed product as essentially similar
to Caelyx” [3]. In 2006, the reflection paper published (EMEA/CHMP/79769/2006)
referred that the nanosizing in nanomedicines does not correspond to novelty of the
product. It seems that that novelty could be achieved by using the principles and
fundamental directions of nanotechnology [3].

It is obvious that the term similarity reflects to the quality characteristics of the
nanosimilar products, and quality by design (QbD) approaches need new analytical
outcomes that could be complementary to those already exist. New QbD approaches
are welcomed by the regulatory authorities and the scientific community should
spend more time and funds to support new analytical entities in the QbD industrial
process for developing nanosimilar products. It is of interest to point out that the
first off-patent liposomal doxorubicin (doxorubicin hydrochloride liposome injec-
tion) (LipoDox) medicine has been approved by the FDA on February 4, 2013,
which has been classified as the generic version of Doxil (see Table 4.2). Based on
the FDA concept, generic drugs that have been approved by the FDA should meet
the requirements and the quality of the prototype. The author’s belief is that the
similarity should be carefully taken into consideration during the approval process
of liposomal medicines since the nanocarriers’ behavior affects the therapeutic
effectiveness and safety of the liposomal medicine. However, the innovative excipi-
ent for liposomal nanocarriers could be an alternative approach to be discussed for
approving self-assembled nanostructures such as liposomes, differentiating them
from conventional generic medicines’ excipients and consequently approval
process.

7.3 Summary

The process of developing a therapeutic medicine requires compliance according to
the guidelines to secure its safety and effectiveness.

The nanotechnological products are monitored by the FDA and EMA

Nanosimilars are the copies of the off-patent nanotechnological therapeutic
products. The scientific discussion on nanosimilarity is an emerging approach that
is under scientific consultation.

LipoDox is the first off-patent liposomal medicine that has been approved by the
FDA and has been classified as the generic version of Doxil.
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