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PREFACE

Microelectronics relates to the study and manufacture (or microfabrication) of very
small electronic designs and components. These devices are typically made from
semiconductor materials. Many components of normal electronic design are available in a
microelectronic equivalent.

These include transistors, capacitors, inductors, resistors, diodes and insulators and
conductors can all be found in microelectronic devices. Unique wiring techniques such as
wire bonding are also often used in microelectronics because of the unusually small size of
the components, leads and pads. This technique requires specialized equipment and is
expensive.

Nano electronics refer to the use of nanotechnology in electronic components. The
term covers a diverse set of devices and materials, with the common characteristic that
they are so small that inter-atomic interactions and quantum mechanical properties need to
be studied extensively. Some of these candidates include hybrid molecular/semiconductor
electronics, one-dimensional nano tubes/nano wires (e.g., Silicon nano wires or Carbon
nano tubes) or advanced molecular electronics. Recent silicon CMOS technology

generations, such as the 22-nanometer node, are already within this regime.



INTRODUCTION TO BASIC NANOSCIENCE
R.V.Pragadeesh- 111 ECE

Most of what we think we know about the properties of materials and chemical or
mechanical processes on the macroscale is either wrong, or at least incomplete, at the
nanoscale. The "rules” are completely different. Materials of a given composition exhibit
different chemical and mechanical properties on the nanoscale compared to the macroscale.
Surface energies are very large with respect to volumes, and therefore, the energetics of
reactions (and rates) are different because of the increased influence of surface energies
(e.g., interatomic coulombic interactions). As an introduction to this brave new world of
nanoscience, start with these resources from the National Nanotechnology Imitative

(Nano.gov).

NANOSCALE--HOW BIG?

A nanometre is one-billionth of a meter. The National Nanotechnology
Initiative provides some excellent comparisons of materials on different scales at Size of
Nanoscale. The following are some graphics that demonstrate the relative size of numerous
types of materials ranging from the nano- to the macro-scale. Nanomaterials have at least
two dimensions that are between 1 and 100 nanometres in size. On this scale, interatomic
(coulombic) forces become large, and must be considered when undertaking studies to

characterize, experiment, and model the behaviours of nanomaterials.


https://www.nano.gov/
https://www.nano.gov/
https://www.nano.gov/nanotech-101/what/nano-size
https://www.nano.gov/nanotech-101/what/nano-size
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TYPES OF NANOPARTICLES:

Nanomaterials (NMs) are functional materials consisting of particulates with at least

one dimension below 100 nanometres (nm). Hochella et al. (2019) Natural, incidental, and

engineered nanomaterials and their impacts on the Earth system, Science, March 29, 2019,

provide the following definitions:

Natural nanomaterials—A nanomaterial made by nature through
(bio)geochemical or mechanical processes, without direct or indirect connection to

a human activity or anthropogenic process.

Incidental nanomaterials—A nanomaterial unintentionally produced as a

result of any form of direct or indirect human influence or anthropogenic

process.



o Engineered nanomaterials—A nanomaterial conceived, designed, and
intentionally produced by humans. (Nanoparticles are being produced in any
number of processes, and they are at large in the environment. We just haven't had

the means to look for them—but here they are, and they are doing work!)

« Anthropogenic  nanomaterials—Both  incidental and  engineered

nanomaterials.
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Hochella M., Aruguete, D., Kim, B., and Elwood Madden, A., 2012, Naturally
occurring inorganic nanoparticles: general assessment and a global budget for one of earth's
last unexplored major geochemical components, Pan Stanford Publishing Pte. Ltd., Nature's

Nanostructures, 1-42 p. define the following:

« Nanominerals are defined as minerals that only exist in the size range of
approximately one to a few tens of nanometers inat least one dimension. Well-known
examples include most clays and metal (oxyhydr)oxides (with ferrihydrite, an iron

oxyhydroxide, as a type of example).

« Mineral nanoparticles are defined as minerals that have nano-dimensions, but these

are minerals that can also exist in larger sizes.

« Amorphous nanoparticles are the same, except without atomic structural order.



« Thin Films and Coatings also occur on the nanoscale. These may be on the order
from a few nanometers to a hundred nanometers in thickness, and may either be natural or
engineered. Surface films and coatings commonly have compositions and structures that are
not directly related to their underlying substrates. Thin films can be characterized by AFM
Imaging, and by a variety of analytical methods such as Auger Electron Spectroscopy, X-

ray photoelectron spectroscopy, and Time-of-Flight SIMS.

« Natural nanoparticles are ubiquitous in the Earth system. They have many sources;
volcanic activity, cosmic dust, aeolian particles derived from weathering and wind erosion,
chemical precipitation in many environments, biomineralization, and biomass combustion.
Nanoparticles are important constituents of the atmosphere, oceans, soils, and in biota
(produce or ingested by organisms). Detailed examples of Nanoparticles in the Earth system

can be found on the related webpage on Nanoscience Topics in the Earth and

Environmental Sciences.

SHAPES OF NANOPARTICLES:

Hochella et al., (2008) Nanominerals, mineral nanoparticles, and earth systems:
Science, v. 319, no. 5870, p. 1631-1635, provide some useful definitions for the shapes of
nanomaterials: Nanoparticles "are as small as ~1 nM and may range up to several tens of

nanometers in at least one dimension".

« Nanosheets or nanofilms have one dimension in this size range; (e.g., clay minerals)


https://serc.carleton.edu/msu_nanotech/nano_topics.html
https://serc.carleton.edu/msu_nanotech/nano_topics.html

« Nanorods have two dimensions in this size range
« Nanoparticles have three dimensions in this size range

« Nanotubes are nanoscale materials that have a tube-like structure, e.g., carbon

nanotubes in the accompanying above figure.

NEW UNDERSTANDING OF THE NANO-WORLD: CONTEXTS AND
CONCEPTS:

The nanoscience revolution requires a fundamentally new understanding of the
properties of matter at the nanoscale. These concepts, their significance, and applications
are explored in more detail throughout this website. Here are some contexts and concepts
that require special consideration when dealing with the nanoscale compared with micro- or

mesoscale:
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« Quantum effects are dominant on the nanoscale. An example of this can be seen
in the accompanying figure where the "band gap" between S and P orbitals changes
significantly as a function of the number of atoms involved, thus changing the electronic
properties from a semi-conductor (<18 atoms) to metallic. See: Thomas, O. C., Zheng, W.,
Xu, S., & Bowen Jr, K. H. (2002). Onset of metallic behavior in magnesium
clusters. Physical review letters, 89(21), 213403. Interatomic coulombic forces also become

important in understanding the properties of matter. See for example: Zhang, H., and



Banfield, J. F., 2014, Interatomic Coulombic interactions as the driving force for oriented
attachment: CrystEngComm, v. 16, no. 8, p. 1568-1578.

« Properties of matter change as a function of particle size on the
nanoscale. "When particle size is made to be nanoscale, properties such as melting point,
fluorescence, electrical conductivity, magnetic permeability, and chemical reactivity change

as a function of the size of the particle”, (From Nano.gov).

« ""Mineral nanoparticles also behave differently than larger micro- and
macroscopic crystals of the same mineral. This observation violates aspects of the long-
standing, formal definition of a mineral. Although definitions vary somewhat, depending on
the source, the general consensus is that minerals are naturally occurring, crystalline
substances having a characteristic and defined chemical composition (or compositional
range in the case of solid solutions). For any particular composition, each mineral expresses
a set of specific physical and chemical properties. Nanominerals and mineral nanoparticles
satisfy these criteria, except that even with a fixed composition, they express a range of
physical and chemical properties depending on their size and shape”. Hochella et al.,
(2008) Nanominerals, mineral nanoparticles, and earth systems: Science, v. 319, no. 5870,
p. 1631-1635

. Consequently, surface energies become quite large with respect to Gibbs Free
Energy. Surface energies are mostly ignored in conventional thermodynamic studies of
phase relations. See the pioneering work of Alex Navrotsky and her colleagues on the
thermodynamics of nanoparticles. Nanoparticles contribute substantially to the overall

energetics of a system, but this contribution is often overlooked.

« Classical theory of nucleation and growth of crystals (one atom at a time into an
ordered crystal structure) is not entirely accurate. Modern understanding of crystal
growth indicates that crystal growth most commonly occurs by oriented aggregation of
nanoparticles. See the recent work by DeYoreo, Carabello, Penn and Banfield among many

others.

« Control of Grain Size on Solubility on the Nanoscale: One of the most important

properties of nanominerals is solubility. The size effect on dissolution has long been



described by this modified version of Kelvin equation. Sy is the solubility of the bulk
material. It is typically measured in conventional dissolution studies. S is the solubility of
exceedingly fine particles. This equation indicates that, as the particle size decreases, the
solubility is expected to exponentially increase. This plot shows the ratio of S to Sy vs
particle radius for quartz grains. It was calculated according to this equation using the
parameters of quartz grains. You can see that when the size is larger than 10-7 m that is
100nm, this ratio equals 1. Nothing changes with the size. Only when the size goes down to
this nanoscale, the ratio substantially deviates from 1 and the size effect on solubility can be
observed. However, this equation was proposed based on theoretic calculation. Very few
experimental studies have been reported to support it. Image and explanation from Michael

Hochella,VirginiaTech.

« The contribution of nanoparticles to global bio/geochemical cycling is rarely
considered. The global budget for naturally occurring inorganic nanoparticles. All
numbers are in units of terragrams (Tg = 1012 g). All italicized numbers are fluxes (Tg
yr-1), and the numbers in rectangular boxes are reservoir sizes, if known. Some of the
nanomaterial fluxes are listed as two components, explained as follows: for the volcanic
input to the atmosphere, 20 Tg is due to SO, aerosol formation, and 2 Tg is due to
mineral ash. For the three aeolian inputs to the continents, continental shelves, and the
open oceans, the first number is due to the 320 Tg continental mineral dust output, and
the second number is due to the 22 Tg volcanic output. Image and explanation from

Michael Hochella, Virginia Tech.
« Processes that Occur on the Nanoscale:

The interfaces between material surfaces and their environment at the atomic scale is
where all the (chemical) action takes place! Some of the surface-mediated reactions that

affect the rates and pathways of Earth processes and global biogeochemical cycling include:

« Dissolution/Precipitation Reactions
. Catalytic Reactions

. Sorption Reactions



« Redox Reactions
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" Semiconductor nanocrystallites (quantum dots, QDs) whose radii are smaller than the
bulk exciton Bohr radius constitute a class of materials intermediate between molecular and
bulk forms of matter. Quantum confinement of both the electron and hole in all three
dimensions leads to an increase in the effective band gap of the material with decreasing
crystallite size (Figure 1). Consequently, both the optical absorption and emission of
quantum dots shift to the blue (higher energies) as the size of the dots gets smaller.”" See the

detailed description of this phenomenon from the Bawendi Research Group at MIT.

See the online presentation on Quantum Dots by Gerhard Klimeck, posted

on nanoHUB, and Amiri et al., 2013, Preparation and Optical Properties Assessment of CdSe

Quantum Dots. Materials Sciences and Applications, vol 4, p. 134-137.

Gold and silver nanoparticles also show size-dependence in their optical properties. An
example of changing optical properties (color) as related to nanoparticle shape (prisms v.
spheres) and size can be found at Dr. Shengli Zou's (Chemistry, University of Central

Florida) website on Optical properties of nanoparticles and their applications. An

explanation of this phenomenon, from the nanoComposix website on Nanoparticles: Optical

Properties: "Gold nanoparticles absorb and scatter light with extraordinary efficiency. Their
strong interaction with light occurs because the conduction electrons on the metal surface
undergo a collective oscillation when they are excited by light at specific wavelengths. This
oscillation is known as a surface plasmon resonance (SPR), and it causes the absorption and

scattering intensities of gold nanoparticles to be much higher than identically sized non-


https://nanocluster.mit.edu/research
http://nanohub.org/resources/189
http://nanohub.org/
http://sciences.ucf.edu/chemistry/cnc/research-projects/
https://nanocomposix.com/pages/gold-nanoparticles-optical-properties#local-refractive-indexgold
https://nanocomposix.com/pages/gold-nanoparticles-optical-properties#local-refractive-indexgold

plasmonic nanoparticles. Gold nanoparticle absorption and scattering properties can be
tuned by controlling the particle size, shape, and the local refractive index near the particle
surface". An example of the application of Au nanoparticles to biomedicine can be found in
the article Gold and Silver Nanoparticles: Synthesis Methods, Characterization Routes and
Applications towards Drugs byDhalid Alaquad and Tawfik Saleh, 2016, Journal of
Environmental and Analytical Toxicology, 6:384. doi:10.4172/2161-0525.1000384
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Classic theory of nucleation and growth of crystals assumes that crystals grow by ordering
atoms (monomers) one at at a time in prescribed positions in the crystal structure. However,
modern studies of growth mechanisms of crystals shows that crystals more typically grow
by aggregation of nanoparticles. Crystallization pathways may involve formation of multi-
ion complexes from dissociated ions, to organization of these complexes into isolated
nanoparticles with very short range order, to oriented aggregates of nanoparticles, and
ultimate formation of macroscopic crystals. Examples of this type of crystallization
pathway of crystals forming from aggregates of nanoparticles can be found in calcium
carbonates, calcium phosphates, ferric hydroxides and hydroxyl-sulfates, and
aluminosilicate nanoparticles. For a more detailed description of crystallization by particle
attachment (CPA), see DeYoreo et al., 2015, Crystallization by particle attachment in

synthetic, biogenic, and geologic environments, Science, vol 349, issue 6247, aaa6760-1.


https://www.omicsonline.org/open-access/gold-and-silver-nanoparticles-synthesis-methods-characterizationroutes-and-applications-towards-drugs-2161-0525-1000384.php?aid=76676
https://www.omicsonline.org/open-access/gold-and-silver-nanoparticles-synthesis-methods-characterizationroutes-and-applications-towards-drugs-2161-0525-1000384.php?aid=76676
http://science.sciencemag.org/content/349/6247/aaa6760/tab-pdf
http://science.sciencemag.org/content/349/6247/aaa6760/tab-pdf

NANOMEDICINE: PRINCIPLES, PROPERTIES, AND REGULATORY
ISSUES

J.G.Preetha Shri- 11l ECE

Several scientific areas have benefited significantly from the introduction of
nanotechnology and the respective evolution. This is especially noteworthy in the
development of new drug substances and products. This review focuses on the introduction
of nanomedicines in the pharmaceutical market, and all the controversy associated to basic
concepts related to these nanosystems, and the numerous methodologies applied for
enhanced knowledge. Due to the properties conferred by the nanoscale, the challenges for
nanotechnology implementation, specifically in the pharmaceutical development of new
drug products and respective regulatory issues are critically discussed, mainly focused on
the European Union context. Finally, issues pertaining to the current applications and future

developments are presented.

INTRODUCTION:

Over the last years, nanotechnology has been introduced in our daily routine. This
revolutionary technology has been applied in multiple fields through an integrated
approach. An increasing number of applications and products containing nanomaterials or
at least with nano-based claims have become available. This also happens in pharmaceutical
research. The use of nanotechnology in the development of new medicines is now part of
our research and in the European Union (EU) it has been recognized as a Key Enabling
Technology, capable of providing new and innovative medical solution to address unmet
medical needs (Bleeker et al., 2013; Ossa, 2014, Tinkle et al., 2014; Pita et al., 2016).

The application of nanotechnology for medical purposes has been termed
nanomedicine and is defined as the use of nanomaterials for diagnosis, monitoring, control,

prevention and treatment of diseases (Tinkle et al., 2014). However, the definition of



nanomaterial has been controversial among the various scientific and international
regulatory corporations. Some efforts have been made in order to find a consensual
definition due to the fact that nanomaterials possess novel physicochemical properties,
different from those of their conventional bulk chemical equivalents, due to their small size.
These properties greatly increase a set of opportunities in the drug development; however,
some concerns about safety issues have emerged. The physicochemical properties of the
nanoformulation which can lead to the alteration of the pharmacokinetics, namely the
absorption, distribution, elimination, and metabolism, the potential for more easily cross
biological barriers, toxic properties and their persistence in the environment and human
body are some examples of the concerns over the application of the nanomaterials (Bleeker
etal., 2013; Tinkle et al., 2014).

To avoid any concern, it is necessary establishing an unambiguous definition to
identify the presence of nanomaterials. The European Commission (EC) created a definition
based on the European Commission Joint Research Center and on the Scientific Committee
on Emerging and Newly Identified Health Risks. This definition is only used as a reference
to determine whether a material is considered a nanomaterial or not; however, it is not
classified as hazardous or safe. The EC claims that it should be used as a reference for
additional regulatory and policy frameworks related to quality, safety, efficacy, and risks
assessment (Bleeker et al., 2013; Boverhof et al., 2015).

NANOMATERIAL.:
DEFINITION

According to the EC recommendation, nanomaterial refers to a natural, incidental, or
manufactured material comprising particles, either in an unbound state or as an aggregate
wherein one or more external dimensions is in the size range of 1-100 nm for >50% of the
particles, according to the number size distribution. In cases of environment, health, safety
or competitiveness concern, the number size distribution threshold of 50% may be
substituted by a threshold between 1 and 50%. Structures with one or more external

dimensions below 1 nm, such as fullerenes, graphene flakes, and single wall carbon



nanotubes, should be considered as nanomaterials. Materials with surface area by volume in
excess of 60 m2/cm3 are also included (Commission Recommendation., 2011). This defines
a nanomaterial in terms of legislation and policy in the European Union. Based on this
definition, the regulatory bodies have released their own guidance to support drug product

development.

The EMA working group introduces nanomedicines as purposely designed systems for
clinical applications, with at least one component at the nanoscale, resulting in reproducible
properties and characteristics, related to the specific nanotechnology application and
characteristics for the intended use (route of administration, dose), associated with the
expected clinical advantages of nano-engineering (e.g., preferential organ/tissue
distribution; Ossa, 2014).

Food and Drug Administration (FDA) has not established its own definition for

29 ¢

“nanotechnology,” “nanomaterial,” “nanoscale,” or other related terms, instead adopting the
meanings commonly employed in relation to the engineering of materials that have at least
one dimension in the size range of approximately 1 nanometer (nm) to 100 nm. Based on
the current scientific and technical understanding of nanomaterials and their characteristics,
FDA advises that evaluations of safety, effectiveness, public health impact, or regulatory
status of nanotechnology products should consider any unique properties and behaviors that

the application of nanotechnology may impart (Guidance for Industry, FDA, 2014).

According to the former definition, there are three fundamental aspects to identify the
presence of a nanomaterial, which are size, particle size distribution (PSD) and surface area
(Commission Recommendation., 2011; Bleeker et al., 2013; Boverhof et al., 2015).

SIZE:
The most important feature to take into account is size, because it is applicable to a
huge range of materials. The conventional range is from 1 to 100 nm. However, there is no

bright line to set this limit. The maximum size that a material can have to be considered



nanomaterial is an arbitrary value because the psychochemical and biological characteristics
of the materials do not change abruptly at 100 nm. To this extent, it is assumed that other
properties should be taken in account (LOvestam et al., 2010; Commission
Recommendation., 2011; Bleeker et al., 2013; Boverhof et al., 2015).

The pharmaceutical manufacturing of nanomaterials involves two different approaches:
top down and bottom down. The top-down process involves the breakdown of a bulk
material into a smaller one or smaller pieces by mechanical or chemical energy. Conversely,
the bottom down process starts with atomic or molecular species allowing the precursor
particles to increase in size through chemical reaction (Luther, 2004; Oberddrster, 2010;
Boverhof et al., 2015). These two processes of manufacturing are in the origin of different
forms of particles termed primary particle, aggregate and agglomerate (Figure 1). The

respective definition is (sic):
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Figure 1. Schematic representation of the different forms of particles: primary particle,

aggregate, and agglomerate (reproduced with permission from Oberddrster, 2010).



“particle is a minute piece of matter with defined physical boundaries” (Oberddrster,
2010; Commission Recommendation., 2011);“aggregate denotes a particle comprising
strongly bound or fused particles”—and the external surface can be smaller than the sum of
the surface areas of the individual particles (Oberddrster, 2010; Commission
Recommendation., 2011);“agglomerate means a collection of weakly bound particles or
aggregates where the resulting external surface area are similar to the sum of the surface

areas of the individual components” (Oberdorster, 2010; Commission Recommendation.,

2011).

Considering the definition, it is understandable why aggregates and agglomerates are
included. They may still preserve the properties of the unbound particles and have the
potential to break down in to nanoscale (Lévestam et al., 2010; Boverhof et al., 2015). The
lower size limit is used to distinguish atoms and molecules from particles (Lovestam et al.,
2010).

PARTICLE SIZE DISTRIBUTION:

The PSD is a parameter widely used in the nanomaterial identification, reflecting the
range of variation of sizes. It is important to set the PSD, because a nanomaterial is usually
polydisperse, which means, it is commonly composed by particles with different sizes
(Commission Recommendation., 2011; Bleeker et al., 2013; Boverhof et al., 2015).

SURFACE AREA:

The determination of the surface area by volume is a relational parameter, which is
necessary when requested by additional legislation. The material is under the definition if
the surface area by volume is larger than 60 m2/cm3, as pointed out. However, the PSD
shall prevail, and for example, a material is classified as a nanomaterial based on the
particle size distribution, even if the surface area by volume is lower than the specified 60

m2/cm3 (Commission Recommendation., 2011; Bleeker et al., 2013; Boverhof et al., 2015).



DYNAMIC BEHAVIOUR OF NANOMATERIALS AND APPLICATIONS IN
NANOMEDICINE:

Nanomaterials can be applied in nanomedicine for medical purposes in three different
areas: diagnosis (nanodiagnosis), controlled drug delivery (nanotherapy), and regenerative
medicine. A new area which combines diagnostics and therapy termed theranostics is
emerging and is a promising approach which holds in the same system both the
diagnosis/imaging agent and the medicine. Nanomedicine is holding promising changes in
clinical practice by the introduction of novel medicines for both diagnosis and treatment,
having enabled to address unmet medical needs, by (i) integrating effective molecules that
otherwise could not be used because of their high toxicity (e.g., Mepact), (ii) exploiting
multiple mechanisms of action (e.g., Nanomag, multifunctional gels), (iii) maximizing
efficacy (e.g., by increasing bioavailability) and reducing dose and toxicity, (iv) providing
drug targeting, controlled and site specific release, favoring a preferential distribution
within the body (e.g., in areas with cancer lesions) and improved transport across biological
barriers (Chan, 2006; Méndez-Rojas et al., 2009; Zhang et al., 2012; Ossa, 2014).

This is a result of intrinsic properties of nanomaterials that have brought many
advantages in the pharmaceutical development. Due to their small size, nanomaterials have
a high specific surface area in relation to the volume. Consequently, the particle surface
energy is increased, making the nanomaterials much more reactive. Nanomaterials have a
tendency to adsorb biomolecules, e.g., proteins, lipids, among others, when in contact with
the biological fluids. One of the most important interactions with the living matter relies on
the plasma/serum biomoleculeadsorption layer, known as ‘“corona,” that forms on the
surface of colloidal nanoparticles (Pino et al., 2014). Its composition is dependent on the
portal of entry into the body and on the particular fluid that the nanoparticles come across
with (e.g., blood, lung fluid, gastro-intestinal fluid, etc.). Additional dynamic changes can
influence the “corona” constitution as the nanoparticle crosses from one biological

compartment to another one (Pearson et al., 2014; Louro, 2018).



Furthermore, optical, electrical and magnetic properties can change and be tunable
through electron confinement in nanomaterials. In addition, nanomaterials can be
engineered to have different size, shape, chemical composition and surface, making them
able to interact with specific biological targets (Oberddrster et al., 2005; Kim et al., 2010).
A successful biological outcome can only be obtained resorting to careful particle design.
As such, a comprehensive knowledge of how the nanomaterials interact with biological

systems are required for two main reasons.

The first one is related to the physio pathological nature of the diseases. The biological
processes behind diseases occur at the nanoscale and can rely, for example, on mutated
genes, misfolded proteins, infection by virus or bacteria. A better understanding of the
molecular processes will provide the rational design on engineered nanomaterials to target
the specific site of action desired in the body (Kim et al., 2010; Albanese et al., 2012). The
other concern is the interaction between nanomaterial surface and the environment in
biological fluids. In this context, characterization of the biomolecule’s corona is of utmost
importance for understanding the mutual interaction nanoparticle-cell affects the biological
responses. This interface comprises dynamic mechanisms involving the exchange between
nanomaterial surfaces and the surfaces of biological components (proteins, membranes,
phospholipids, vesicles, and organelles). This interaction stems from the composition of the
nanomaterial and the suspending media. Size, shape, surface area, surface charge and
chemistry, energy, roughness, porosity, valence and conductance states, the presence of
ligands, or the hydrophobic/ hydrophilic character are some of the material characteristics
that influence the respective surface properties. In turn, the presence of water molecules,
acids and bases, salts and multivalent ions, surfactants are some of the factors related to the
medium that will influence the interaction. All these aspects will govern the characteristics
of the interface between the nanomaterial and biological components and, consequently,
promote different cellular fates (Nel et al., 2009; Kim et al., 2010; Albanese et al., 2012;
Monopoli et al., 2012).



A deeper knowledge about how the physicochemical properties of the bio interface
influence the cellular signalling pathway, Kinetics and transport will thus provide critical
rules to the design of nanomaterials (Nel et al., 2009; Kim et al., 2010; Albanese et al.,
2012; Monopoli et al., 2012).

CHALLENGES IN PHARMACEUTICAL DEVELOPMENT:

The translation of nanotechnology forms the bench to the market imposed several
challenges. General issues to consider during the development of nanomedicine products
including physicochemical characterization, biocompatibility, and nanotoxicology
evaluation, pharmacokinetics and pharmacodynamics assessment, process control, and

scale-reproducibility (Figure 2) are discussed in the sections that follow.

Nanomedicine

ﬂ product

Process Control
&
Scale-up reproducibility

Pharmacokinetics &
Pharmacodynamics

Figure 2. Schematic representation of the several “barriers” found throughout the

development of a nanomedicine product.

PHYSICOCHEMICAL CHARACTERIZATION:



The characterization of a nanomedicine is necessary to understand its behavior in the
human body, and to provide guidance for the process control and safety assessment. This
characterization is not consensual in the number of parameters required for a correct and
complete characterization. Internationally standardized methodologies and the use of
reference nanomaterials are the key to harmonize all the different opinions about this topic
(Lin et al., 2014; Zhao and Chen, 2016).

Ideally, the characterization of a nanomaterial should be carried out at different stages
throughout its life cycle, from the design to the evaluation of its in vitro and in vivo
performance. The interaction with the biological system or even the sample preparation or
extraction procedures may modify some properties and interfere with some measurements.
In addition, the determination of the in vivo and in vitro physicochemical properties is
important for the understanding of the potential risk of nanomaterials (Lin et al., 2014; Zhao
and Chen, 2016).

The Organization for Economic Co-operation and Development started a Working
Party on Manufactured Nanomaterials with the International Organization for
Standardization to provide scientific advice for the safety use of nanomaterials that include
the respective physicochemical characterization and the metrology. However, there is not an
effective list of minimum parameters. The following characteristics should be a starting
point to the characterization: particle size, shape and size distribution, aggregation and
agglomeration state, crystal structure, specific surface area, porosity, chemical composition,
surface chemistry, charge, photocatalytic activity, zeta potential, water solubility,
dissolution rate/kinetics, and dustiness (McCall et al., 2013; Lin et al., 2014).

Concerning the chemical composition, nanomaterials can be classified as organic,
inorganic, crystalline or amorphous particles and can be organized as single particles,
aggregates, agglomerate powders or dispersed in a matrix which give rise to suspensions,
emulsions, nanolayers, or films (Luther, 2004).

Regarding dimension, if a nanomaterial has three dimensions below 100 nm, it can be

for example a particle, a quantum dot or hollow sphere. If it has two dimensions below 100



nm it can be a tube, fiber or wire and if it has one dimension below 100 nm it can be a film, a

coating or a multilayer (Luther, 2004).

Different techniques are available for the analysis of these parameters. They can be
grouped in different categories, involving counting, ensemble, separation, and integral

methods, among others (Linsinger et al., 2012; Contado, 2015).

COUNTING METHODS:

Counting methods make possible the individualization of the different particles that
compose a nanomaterial, the measurement of their different sizes and visualization of their
morphology. The particles visualization is preferentially performed using microscopy
methods, which include several variations of these techniques. Transmission Electron
Microscopy (TEM), High-Resolution TEM, Scanning Electron Microscopy (SEM), cryo-
SEM, Atomic Force Microscopy and Particle Tracking Analysis are just some of the
examples. The main disadvantage of these methods is the operation under high-vacuum,
although recently with the development of cryo-SEM sample dehydration has been
prevented under high-vacuum conditions (Linsinger et al., 2012; Contado, 2015; Hodoroaba
and Mielke, 2015).

FRACTIONATION METHODS:

These methods involve two steps of sample treatment: the separation of the particles
into a monodisperse fraction, followed by the detection of each fraction. Field-Flow
Fractionation (FFF), Analytical Centrifugation (AC) and Differential Electrical Mobility
Analysis are some of the techniques that can be applied. The FFF techniques include
different methods which separate the particles according to the force field applied. AC
separates the particles through centrifugal sedimentation (Linsinger et al., 2012; Contado,
2015; Hodoroaba and Mielke, 2015).

ENSEMBLE METHODS:



Ensemble methods allow the report of intensity-weighted particle sizes. The variation
of the measured signal over time gives the size distribution of the particles extracted from a
combined signal. Dynamic Light Scattering (DLS), Small-angle X-ray Scattering (SAXS)
and X-ray Diffraction (XRD) are some of the examples. DLS and QELS are based on the
Brownian motion of the sample. XRD is a good technique to obtain information about the
chemical composition, crystal structure and physical properties (Linsinger et al., 2012;
Contado, 2015; Hodoroaba and Mielke, 2015).

INTEGRAL METHODS:

The integral methods only measure an integral property of the particle, and they are
mostly used to determine the specific surface area. Brunauer Emmet Teller is the principal
method used and is based on the adsorption of an inert gas on the surface of the
nanomaterial (Linsinger et al., 2012; Contado, 2015; Hodoroaba and Mielke, 2015).

Other relevant technique is the electrophoretic light scattering (ELS) used to determine
zeta potential, which is a parameter related to the overall charge a particle acquires in a
particular medium. ELS measures the electrophoretic mobility of particles in dispersion,

based on the principle of electrophoresis (Linsinger et al., 2012).

PROCESS CONTROL—UNDERSTANDING THE CRITICAL MANUFACTURING
STEPS:

Another challenge in the pharmaceutical development is the control of the
manufacturing process by the identification of the critical parameters and technologies
required to analyse them (Gaspar, 2010; Gaspar et al., 2014; Sainz et al., 2015).

New approaches have arisen from the pharmaceutical innovation and the concern
about the quality and safety of new medicines by regulatory agencies (Gaspar, 2010; Gaspar
et al., 2014; Sainz et al., 2015).

Quality-by-Design (QbD), supported by Process Analytical Technologies (PAT) is one
of the pharmaceutical development approaches that were recognized for the systematic



evaluation and control of nanomedicines (FDA, 2004; Gaspar, 2010; Gaspar et al., 2014,
Sainz et al., 2015; European Medicines Agency, 2017).

Note that some of the physicochemical characteristics of nanomaterials can change
during the manufacturing process, which compromises the quality and safety of the final
nanomedicine. The basis of QbD relies on the identification of the Quality Attributes (QA),
which refers to the chemical, physical or biological properties or another relevant
characteristic of the nanomaterial. Some of them may be modified by the manufacturing
and should be within a specific range for quality control purposes. In this situation, these
characteristics are considered Critical Quality Attributes (CQA). The variability of the CQA
can be caused by the critical material attributes and process parameters (Verma et al., 2009;
Riley and Li, 2011; Bastogne, 2017; European Medicines Agency, 2017).

The quality should not be tested in nanomedicine, but built on it instead, by the
understanding of the therapeutic purpose, pharmacological, pharmacokinetic, toxicological,
chemical and physical properties of the medicine, process formulation, packaging, and the
design of the manufacturing process. This new approach allows better focus on the relevant
relationships between the characteristics, parameters of the formulation and process in order

to develop effective processes to ensure the quality of the nanomedicines (FDA, 2014).

According to the FDA definition “PAT is a system for designing, analzsing, and
controlling manufacturing through timely measurements (i.e., during processing) of critical
quality and performance attributes of raw and in-process materials and processes, with the
goal of ensuring final product quality” (FDA, 2014). The PAT tools analyse the critical
quality and performance attributes. The main point of the PAT is to assure and enhance the
understanding of the manufacturing concept (Verma et al., 2009; Riley and Li, 2011; FDA,
2014; Bastogne, 2017; European Medicines Agency, 2017).

BIOCOMPATIBILITY AND NANOTOXICOLOGY:



Biocompatibility is another essential property in the design of drug delivery systems.
One very general and brief definition of a biocompatible surface is that it cannot trigger an
undesired' response from the organism. Biocompatibility is alternatively defined as “the
ability of a material to perform with an appropriate response in a specific application”

(Williams, 2003; Keck and Muller, 2013).

Pre-clinical assessment of nanomaterials involves a thorough biocompatibility testing
program, which typically comprises in vivo studies complemented by selected in vitro
assays to prove safety. If the biocompatibility of nanomaterials cannot be warranted,

potentially advantageous properties of nanosystems may raise toxicological concerns.

Regulatory agencies, pharmaceutical industry, government, and academia are making
efforts to accomplish specific and appropriate guidelines for risk assessment of

nanomaterials (Hussain et al., 2015).

In spite of efforts to harmonize the procedures for safety evaluation, nanoscale
materials are still mostly treated as conventional chemicals, thus lacking clear specific
guidelines for establishing regulations and appropriate standard protocols. However, several
initiatives, including scientific opinions, guidelines and specific European regulations and
OECD guidelines such as those for cosmetics, food contact materials, medical devices,
FDA regulations, as well as European Commission scientific projects (NanoTEST project,
www.nanotest-fp7.eu) specifically address nanomaterials safety (Juillerat-Jeanneret et al.,
2015).

In this context, it is important to identify the properties, to understand the mechanisms
by which nanomaterials interact with living systems and thus to understand exposure,

hazards and their possible risks.

Note that the pharmacokinetics and distribution of nanoparticles in the body depends

on their surface physicochemical characteristics, shape and size. For example, nanoparticles



with 10 nm in size were preferentially found in blood, liver, spleen, kidney, testis, thymus,
heart, lung, and brain, while larger particles are detected only in spleen, liver, and blood (De
Jong et al., 2008; Adabi et al., 2017).

In turn, the surface of nanoparticles also impacts upon their distribution in these
organs, since their combination with serum proteins available in systemic circulation,
influencing their cellular uptake. It should be recalled that a biocompatible material
generates no immune response. One of the causes for an immune response can rely on the
adsorption pattern of body proteins. An assessment of the in vivo protein profile is therefore

crucial to address these interactions and to establish biocompatibility (Keck et al., 2013).

Finally, the clearance of nanoparticles is also size and surface dependent. Small
nanoparticles, bellow 20-30 nm, are rapidly cleared by renal excretion, while 200 nm or
larger particles are more efficiently taken up by mononuclear phagocytic system
(reticuloendothelial system) located in the liver, spleen, and bone marrow (Moghimi et al.,
2001; Adabi et al., 2017).

Studies are required to address how nanomaterials penetrate cells and tissues, and the

respective biodistribution, degradation, and excretion.

Due to all these issues, a new field in toxicology termed nanotoxicology has emerged,
which aims at studying the nanomaterial effects deriving from their interaction with
biological systems (Donaldson et al., 2004; Oberddrster, 2010; Fadeel, 2013).

EVALUATION METHODS

The evaluation of possible toxic effects of the nanomaterials can be ascribed to the
presence of well-known molecular responses in the cell. Nanomaterials are able to disrupt
the balance of the redox systems and, consequently, lead to the production of reactive
species of oxygen (ROS). ROS comprise hydroxyl radicals, superoxide anion and hydrogen

peroxide. Under normal conditions, the cells produce these reactive species as a result of the



metabolism. However, when exposed to nanomaterials the production of ROS increases.
Cells have the capacity to defend itself through reduced glutathione, superoxide dismutase,
glutathione peroxidase and catalase mechanisms. The superoxide dismutase converts
superoxide anion into hydrogen peroxide and catalase, in contrast, converts it into water and
molecular oxygen (Nel et al., 2006; Arora et al., 2012; Azhdarzadeh et al., 2015).
Glutathione peroxidase uses glutathione to reduce some of the hydroperoxides. Under
normal conditions, the glutathione is almost totally reduced. Nevertheless, an increase in
ROS lead to the depletion of the glutathione and the capacity to neutralize the free radicals
Is decreased. The free radicals will induce oxidative stress and interact with the fatty acids
in the membranes of the cell (Nel et al., 2006; Arora et al., 2012; Azhdarzadeh et al., 2015).

Consequently, the viability of the cell will be compromised by the disruption of cell
membranes, inflammation responses caused by the upregulation of transcription factors like
the nuclear factor kappa B, activator protein, extracellular signal regulated kinases c-Jun, N-
terminal kinases and others. All these biological responses can result on cell apoptosis or
necrosis. Distinct physiological outcomes are possible due to the different pathways for cell
injury after the interaction between nanomaterials and cells and tissues (Nel et al., 2006;
Arora et al., 2012; Azhdarzadeh et al., 2015).

Over the last years, the number of scientific publications regarding toxicological
effects of nanomaterials have increased exponentially. However, there is a big concern
about the results of the experiments, because they were not performed following standard
and harmonized protocols. The nanomaterial characterization can be considered weak once
there are not standard nanomaterials to use as reference and the doses used in the
experiences sometimes cannot be applied in the biological system. Therefore, the results are
not comparable. For a correct comparison, it is necessary to perform a precise and thorough
physicochemical characterization to define risk assessment guidelines. This is the first step
for the comparison between data from biological and toxicological experiments (Warheit,
2008; Fadeel et al., 2015; Costa and Fadeel, 2016).



Although nanomaterials may have an identical composition, slight differences e.g., in
the surface charge, size, or shape could impact on their respective activity and,
consequently, on their cellular fate and accumulation in the human body, leading to

different biological responses (Sayes and Warheit, 2009).

Sayes and Warheit (2009) proposed a three phases model for a comprehensive
characterization of nanomaterials. Accordingly, the primary phase is achieved in the native
state of the nanomaterial, specifically, in its dry state. The secondary characterization is
performed with the nanomaterials in the wet phase, e.g., as solution or suspension. The
tertiary characterization includes in vitro and in vivo interactions with biological systems.
The tertiary characterization is the most difficult from the technical point of view,
especially in vivo, because of all the ethical questions concerning the use of animals in

experiments (Sayes and Warheit, 2009).

Traditional toxicology uses of animals to conduct tests. These types of experiments
using nanomaterials can be considered impracticable and unethical. In addition, it is time-
consuming, expensive and sometimes the end points achieved are not enough to correctly
correlate with what happens in the biological systems of animals and the translation to the
human body (Collins et al., 2017).

In vitro studies are the first assays used for the evaluation of cytotoxicity. This
approach usually uses cell lines, primary cells from the tissues, and/or a mixture of different
cells in a culture to assess the toxicity of the nanomaterials. Different in vitro cytotoxicity
assays to the analysis of the cell viability, stress, and inflammatory responses are available.
There are several cellular processes to determine the cell viability, which consequently
results in different assays with distinct endpoints. The evaluation of mitochondrial activity,
the lactate dehydrogenase release from the cytosol by tretazolium salts and the detection of
the biological marker Caspase-3 are some of the examples that imposes experimental

variability in this analysis. The stress response is another example which can be analyzed



by probes in the evaluation of the inflammatory response via enzyme linked immunosorbent

assay are used (Kroll et al., 2009).

As a first approach, in vitro assays can predict the interaction of the nanomaterials with
the body. However, the human body possesses compensation mechanisms when exposed to
toxics and a huge disadvantage of this model is not to considered them. Moreover, they are
less time consuming, more cost-effective, simpler and provide an easier control of the
experimental conditions (Kroll et al., 2009; Fadeel et al., 2013b).

Their main drawback is the difficulty to reproduce all the complex interactions in the
human body between sub-cellular levels, cells, organs, tissues and membranes. They use
specific cells to achieve specific endpoints. In addition, in vitro assays cannot predict the
physiopathological response of the human body when exposed to nanomaterials (Kroll et
al., 2009; Fadeel et al., 2013Db).

Another issue regarding the use of this approach is the possibility of interaction
between nanomaterials and the reagents of the assay. It is likely that the reagents used in the
in vitro assays interfere with the nanomaterial properties. High adsorption capacity, optical
and magnetic properties, catalytic activity, dissolution, and acidity or alkalinity of the
nanomaterials are some of the examples of properties that may promote this interaction
(Kroll et al., 2009).

Many questions have been raised by the regulators related to the lack of consistency of
the data produced by cytotoxicity assays. New assays for a correct evaluation of the
nanomaterial toxicity are, thus, needed. In this context, new approaches have arisen, such as
the in silico nanotoxicology approach. In silico methods are the combination of toxicology
with computational tools and bio-statistical methods for the evaluation and prediction of
toxicity. By using computational tools is possible to analyse more nanomaterials, combine
different endpoints and pathways of nanotoxicity, being less time-consuming and avoiding
all the ethical questions (Warheit, 2008; Raunio, 2011).



Quantitative structure-activity relationship models (QSAR) were one the first
applications of computational tools applied in toxicology. QSAR models are based on the
hypothesis that the toxicity of nanomaterials and their cellular fate in the body can be
predicted by their characteristics, and different biological reactions are the result of
physicochemical characteristics, such as size, shape, zeta potential, or surface charge, etc.,
gathered as a set of descriptors. QSAR aims at identifying the physicochemical
characteristics which lead to toxicity, so as to provide alterations to reduce toxicology. A
mathematical model is created, which allows liking descriptors and the biological activity
(Rusyn and Daston, 2010; Winkler et al., 2013; Oksel et al., 2015).

Currently, toxigenomics is a new area of nanotoxicology, which includes a
combination between genomics and nanotoxicology to find alterations in the gene, protein

and in the expressions of metabolites (Rusyn et al., 2012; Fadeel et al., 2013a).

NANOTOXICOLOGICAL CLASSIFICATION SYSTEM:

Hitherto, different risk assessment approaches have been reported. One of them is the
DF4nanoGrouping framework, which concerns a functionality driven scheme for grouping
nanomaterials based on their intrinsic properties, system dependent properties and
toxicological effects (Arts et al., 2014, 2016). Accordingly, nanomaterials are categorized in
four groups, including possible subgroups. The four main groups encompass (1) soluble, (2)
biopersistent high aspect ratio, (3) passive, that is, nanomaterials without obvious biological
effects and (4) active nanomaterials, that is, those demonstrating surface-related specific
toxic properties. The DF4nanoGrouping foresees a stepwise evaluation of nanomaterial
properties and effects with increasing biological complexity. In case studies that includes
carbonaceous nanomaterials, metal oxide, and metal sulfate nanomaterials, amorphous
silica and organic pigments (all nanomaterials having primary particle sizes smaller than
100 nm), the usefulness of the DF4nanoGrouping for nanomaterial hazard assessment has
already been established. It facilitates grouping and targeted testing of nanomaterials, also

ensuring that enough data for the risk assessment of a nanomaterial are available, and



fostering the use of non-animal methods (Landsiedel et al., 2017). More recently,
DF4nanoGrouping developed three structure-activity relationship classification, decision
tree, models by identifying structural features of nanomaterials mainly responsible for the
surface activity (size, specific surface area, and the quantum-mechanical calculated property
“lowest unoccupied molecular orbital”), based on a reduced number of descriptors: one for
intrinsic oxidative potential, two for protein carbonylation, and three for no observed

adverse effect concentration (Gajewicz et al., 2018)

Keck and Muiller also proposed a nanotoxicological classification system (NCS)
(Figure 3) that ranks the nanomaterials into four classes according to the respective size and
biodegradability (Muller et al., 2011; Keck and Miiller, 2013).

Due to the size effects, this parameter is assumed as truly necessary, because when
nanomaterials are getting smaller and smaller there is an increase in solubility, which is
more evident in poorly soluble nanomaterials than in soluble ones. The adherence to the
surface of membranes increases with the decrease of the size. Another important aspect
related to size that must be considered is the phagocytosis by macrophages. Above 100 nm,
nanomaterials can only be internalized by macrophages, a specific cell population, while
nanomaterials below 100 nm can be internalized by any cell due to endocytosis. Thus,
nanomaterials below 100 nm are associated to higher toxicity risks in comparison with
nanomaterials above 100 nm (Mdller et al., 2011; Keck and Miller, 2013).



Class I Class 11
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Biodegradable Non-Biodegradable

No Endocytosis of Particles
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Size Below 100 nm
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Endocytosis of Particles

Y

Persistency
Figure 3. Nanotoxicological classification (reproduced with permission from Keck and
Muller, 2013).

In turn, biodegradability was considered a required parameter in almost all
pharmaceutical formulations. The term biodegradability applies to the biodegradable nature
of the nanomaterial in the human body. Biodegradable nanomaterials will be eliminated
from the human body. Even if they cause some inflammation or irritation the immune
system will return to the regular function after elimination. Conversely, non-biodegradable
nanomaterials will stay forever in the body and change the normal function of the immune
system (Muiller et al., 2011; Keck and Miller, 2013).

There are two more factors that must be taken into account in addition to the NCS,
namely the route of administration and the biocompatibility surface. When a particle is
classified by the NCS, toxicity depends on the route of administration. For example, the
same nanomaterials applied dermally or intravenously can pose different risks to the

Immune system.

In turn, a non-biocompatibility surface (NB) can activate the immune system by
adsorption to proteins like opsonins, even if the particle belongs to the class | of the NCS
(Figure 3). The biocompatibility (B) is dictated by the physicochemical surface properties,



irrespective of the size and/or biodegradability. This can lead to further subdivision in eight
classes from I-B, I-NB, to IV-B and IV-NB (Miiller et al., 2011; Keck and Miiller, 2013).

NCS is a simple guide to the evaluation of the risk of nanoparticles, but there are many
other parameters playing a relevant role in nanotoxicity determination (Muller et al., 2011,
Keck and Miuller, 2013). Other suggestions encompass more general approaches,
combining elements of toxicology, risk assessment modeling, and tools developed in the

field of multicriteria decision analysis (Rycroft et al., 2018).

SCALE-UP AND REPRODUCIBILITY:
A forthcoming challenge in the pharmaceutical development is the scale-up and
reproducibility of the nanomedicines. A considerable number of nanomedicines fail these

requirements and, consequently, they are not introduced on the pharmaceutical market.

The traditional manufacturing processes do not create three dimensional medicines in
the nanometer scale. Nanomedicine manufacturing processes, as already mentioned above,
compromise top-down and bottom-down approaches, which include multiple steps, like
homogenization, sonication, milling, emulsification, and sometimes, the use of organic
solvents and further evaporation. In a small-scale, it is easy to control and achieve the
optimization of the formulation. However, at a large scale it becomes very challenging,
because slight variations during the manufacturing process can originate critical changes in
the physicochemical characteristics and compromise the quality and safety of the
nanomedicines, or even the therapeutic outcomes. A detailed definition of the acceptable
limits for the CQA is very important, and these parameters must be identified and analyzed
at the small-scale, in order to understand how the manufacturing process can change them:
this will help the implementation of the larger scale. Thus, a deep process of understanding
the critical steps and the analytical tools established for the small-scale will be a greatly

help for the introduction of the large scale.



Another requirement for the introduction of medicines in the pharmaceutical market is
the reproducibility of every batch produced. The reproducibility is achieved in terms of
physicochemical characterization and therapeutic purpose. There are specific ranges for the
variations between different batches. Slight changes in the manufacturing process can
compromise the CQA and, therefore, they may not be within a specific range and create an

inter-batch variation.

REGULATORY CHALLENGES:
NANOMEDICINES IN THE PHARMACEUTICAL MARKET:

Over the last decades, nanomedicines have been successfully introduced in the clinical
practice and the continuous development in pharmaceutical research is creating more
sophisticated ones which are entering in clinic trials. In the European Union, the
nanomedicine market is composed by nanoparticles, liposomes, nanocrystals,

nanoemulsions, polymeric-protein conjugates, and nanocomplexes.

NANOMEDICINES AND NANOSOMIA’S:

In the process of approval, nanomedicines were introduced under the traditional
framework of the benefit/risk analysis. Another related challenge is the development of a
framework for the evaluation of the follow-on nanomedicines at the time of reference

medicine patent expiration (Ehmann et al., 2013; Tinkle et al., 2014).

Nanomedicine comprises both biological and non-biological medical products. The
biological nanomedicines are obtained from biological sources, while non-biological is
mentioned as non-biological complex drugs (NBCD), where the active principle consists of
different synthetic structures (Tinkle et al., 2014; Hussaarts et al., 2017; Mihlebach, 2018).



In order to introduce a generic medicine in the pharmaceutical market, several
parameters need to be demonstrated, as described elsewhere. For both biological and non-
biological nanomedicines, a more complete analysis is needed, that goes beyond the plasma
concentration measurement. A stepwise comparison of bioequivalence, safety, quality, and
efficacy, in relation to the reference medicine, which leads to therapeutic equivalence and

consequently interchangeability, is required (Astier et al., 2017).

For regulatory purposes, the biological nanomedicines are under the framework set by
European Medicines Agency (EMA)1 This framework is a regulatory approach for the
follow-on biological nanomedicines, which include recommendations for comparative

quality, non-clinical and clinical studies (Muhlebach et al., 2015).

The regulatory approach for the follow-on NBCDs is still ongoing. The industry
frequently asks for scientific advice and a case-by-case is analysed by the EMA.
Sometimes, the biological framework is the base for the regulation of the NBCDs, because
they have some features in common: the structure cannot be fully characterized and the in
vivo activity is dependent on the manufacturing process and, consequently, the
comparability needs to establish throughout the life cycle, as happens to the biological
nanomedicines. Moreover, for some NBCDs groups like liposomes, glatiramoids, and iron
carbohydrate complexes, there are draft regulatory approaches, which help the regulatory
bodies to create a final framework for the different NBCDs families (Schellekens et al.,
2014).

EMA already released some reflection papers regarding nanomedicines with surface
coating, intravenous liposomal, block copolymer micelle, and iron-based nano-colloidal
nanomedicines (European Medicines Agency, 2011, 2013a, b, c). These papers are applied
to both new nanomedicines and nanosimilars, in order to provide guidance to developers in
the preparation of marketing authorization applications. The principles outlined in these
documents address general issues regarding the complexity of the nanosystems and provide

basic information for the pharmaceutical development, non-clinical and early clinical



studies of block-copolymer micelle, “liposome-like,” and nanoparticle iron (NPI) medicinal
products drug products created to affect pharmacokinetic, stability and distribution of
incorporated or conjugated active substances in vivo. Important factors related to the exact
nature of the particle characteristics, that can influence the Kkinetic parameters and
consequently the toxicity, such as the physicochemical nature of the coating, the respective
uniformity and stability (both in terms of attachment and susceptibility to degradation), the

bio-distribution of the product and its intracellular fate are specifically detailed.

MARKET ACCESS AND PHARMACOECONOMICS:

After a nanomedicine obtains the marketing authorization, there is a long way up to the
introduction of the nanomedicine in the clinical practice in all EU countries. This occurs
because the pricing and reimbursement decisions for medicines are taken at an individual

level in each member state of the EU (Sainz et al., 2015).

In order to provide patient access to medicines, the multidisciplinary process of Health
Technology Assessment (HTA), is being developed. Through HTA, information about
medicine safety, effectiveness and cost-effectiveness is generated so as support health and

political decision-makers (Sainz et al., 2015).

Currently, pharmacoeconomics studies assume a crucial role previous to the
commercialization of nanomedicines. They assess both the social and economic importance
through the added therapeutic value, using indicators such as quality-adjusted life

expectancy years and hospitalization (Sainz et al., 2015).

The EUnetHTA was created to harmonize and enhance the entry of new medicines in
the clinical practice, so as to provide patients with novel medicines. The main goal of
EUnetHTA is to develop decisive, appropriate and transparent information to help the
HTAs in EU countries.



Currently, EUnetHTA is developing the Joint Action 3 until 2020 and the main aim is
“to define and implement a sustainable model for the scientific and technical cooperation on

Health Technology Assessment (HTA) in Europe.”

CONCLUSION AND PROSPECTS:

The reformulation of pre-existing medicines or the development of new ones has been
largely boosted by the increasing research in nanomedicine. Changes in toxicity, solubility
and bioavailability profile are some of the modifications that nanotechnology introduces in

medicines.

In the last decades, we have assisted to the translation of several applications of
nanomedicine in the clinical practice, ranging from medical devices to nano
pharmaceuticals. However, there is still a long way toward the complete regulation of
nanomedicines, from the creation of harmonized definitions in all Europe to the
development of protocols for the characterization, evaluation and process control of
nanomedicines. A universally accepted definition for nanomedicines still does not exist, and
may even not be feasible at all or useful. The medicinal products span a large range in terms
of type and structure, and have been used in a multitude of indications for acute and chronic
diseases. Also, ongoing research is rapidly leading to the emergence of more sophisticated
nanostructured designs that requires careful understanding of pharmacokinetic and
pharmacodynamic properties of nanomedicines, determined by the respective chemical
composition and physicochemical properties, which thus poses additional challenges in

regulatory terms.

EMA has recognized the importance of the establishment of recommendations for
nanomedicines to guide their development and approval. In turn, the nanotechnology
methods for the development of nanomedicines bring new challenges for the current

regulatory framework used.



EMA have already created an expert group on nanomedicines, gathering members
from academia and European regulatory network. The main goal of this group is to provide
scientific information about nanomedicines in order to develop or review guidelines. The
expert group also helps EMA in discussions with international partners about
nanomedicines. For the developer an early advice provided from the regulators for the

required data is highly recommended.

The equivalence of complex drug products is another topic that brings scientific and
regulatory challenges. Evidence for sufficient similarity must be gathered using a careful
stepwise, hopefully consensual, procedure. In the coming years, through all the innovation
in science and technology, it is expected an increasingly higher number of medicines based
on nanotechnology. For a common understanding among different stakeholders the
development of guidelines for the development and evaluation of nanomedicines is
mandatory, in order to approve new and innovative nanomedicines in the pharmaceutical
market. This process must be also carried out along with interagency harmonization efforts,
to support rational decisions pertaining to scientific and regulatory aspects, financing and

market access.
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