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Preface

The idea of this book grew out from the research that we have been develop-
ing for more than a decade in the field of nanotoxicology. Indeed, as with
many other toxicologists with expertise in the field of human and environ-
mental genotoxicity, we were challenged by the need to assess the safety of
nanomaterials (NMs), due to the exponential growth of technologies based on
those materials. Nanotechnologies are considered key enabling technologies
in several sectors such as agriculture, food industry, medicine, energy, envi-
ronment, and electronics. Numerous products, already available and mar-
keted contain, for example, silver or titanium dioxide NMs, and others are
under development, such as nanocelluloses or nanoformulations of pesti-
cides. In face of this landscape, the European Union Strategic and Action
Plan for Nanosciences and Nanotechnologies emphasized the need of ensur-
ing the development of safe, integrated, and responsible nanotechnologies
and nanotechnology products. Given our former expertise, it could be
assumed that the conventional tests to assess toxicity and, in particular, the
genotoxicity of chemical substances, could also be applied to NMs. However,
we faced several difficulties and challenges, both in the performance of the
tests and in the interpretation of their results. In fact, it has been recognized
that the specific physicochemical properties of NM are crucial to define their
nano-bio interactions and their toxic potential. Moreover, processes such as
translocation to the bloodstream and adsorption of proteins to the nanoparti-
cles surface forming the so-called “corona” or the digestion of NMs may
modify their primary physicochemical properties leading to unexpected out-
comes in human cells. Such observations stimulated us to the quest of obtain-
ing reliable and conclusive results using those conventional methodologies.
Clearly, we were not the pioneers, nor were we alone in this search, and we
benefited enormously from being part of interdisciplinary teams in the con-
text of European Projects (NANOGENOTOX Joint Action; NANOREG
Project).

In this evolving field of nanotoxicology, we have been engaged in a major
scientific effort for linking the (primary and secondary) physicochemical
properties of the NMs with their toxic effects. These and other nano-specific
issues have been hindering the categorization of NM according to their toxic-
ity and, consequently, their risk assessment and management. Nonetheless,
considering the wide array of NMs produced or under development, a case-
by-case approach to the risks of each NM seems an unreasonably extensive
task. Thus, the development of high-throughput omics-based tools adapted
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for the toxicity assessment of NM and, on the other hand, the elucidation of
the cellular and molecular mechanisms underlying NM toxicity is of utmost
importance to progress faster in the field of nanotoxicology. Such approach
and the information generated will allow the development of cost-efficient
screening strategies and predictive nanotoxicology approaches, driving the
synthesis of safer NMs.

The main purpose of this book is to provide a perspective on recent devel-
opments in the synthesis, application, and characterization of nanomaterials
and nanotechnologies, focusing on the use of nanotoxicology, including pre-
dictive nanotoxicology, for the accurate safety assessment of NMs early in
the product development cycle. This mechanistic knowledge has been evi-
denced as central to aid in grouping and reading across, based on similarities
of induced cellular and molecular events, towards the risk assessment and
regulation of nanomaterials. Various experts from different organizations and
countries discuss the above referred topics in the three parts of this book. The
first part is mainly devoted to nanotechnologies advancement and intends to
provide a perspective on recent developments in the synthesis, application,
and characterization of NMs. Setting the base, the first chapter describes the
definition of NMs and related unknowns, which raise questions in their ana-
lytical detection and quantification. Other chapters tackle the production and
application of NMs in biomedicine, such as the use of innovative nanopar-
ticulate systems for local or systemic drug delivery (e.g., lipid and polymeric
nanocarriers), and the relevance of assessing their potential toxicity, as well.
The use of nanoparticles for nanotheragnostics targeting, particularly cancer,
is also approached. Finally, the versatility of nanocelluloses applications due
to their remarkable properties, allowing the production of functional materi-
als with endless applications and an overall low toxicity, is described.

The second part is focused on the assessment of NMs’ toxic properties and
comprises both reviews and original data on the toxicity of several NMs,
spanning from metal-based NMs (e.g., titanium dioxide, cerium oxide, silver,
and iron) to nanocelluloses. Also noteworthy are the chapters that address
innovative methodological approaches in nanotoxicology. The relevance of
using next-generation in vitro approaches that are physiologically relevant
and, as such, that generate results more comparable to those produced in vivo
is underlined in several chapters. In addition, the use of omics-based method-
ologies, for example, transcriptomics, epigenomics, and proteomics, in nano-
toxicology is described. While one chapter gives the reader a more global
perspective on this topic, another one describes the application of epigenetics/
epigenomics to understand the potential effects of NM on gene expression
regulation, which are less explored but relevant NMs effects deserving fur-
ther investigation. Despite the evolution of in vitro systems, there is no doubt,
however, that in vivo studies continue to have relevance because they reflect
the complex response of a living organism. In this sense, the application of
invertebrate models, for example, Drosophila, can be an alternative to murine
models that should be considered in the future.

This book would not have been complete without addressing different
aspects related to the assessment and management of risks associated with
exposure to NMs and their implications in the regulatory framework.
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Occupational exposure to nanomaterials is tackled in one chapter, as well as
the measures to be implemented to manage the potential associated risks. For
closing this book, the reader finds a chapter that addresses predictive nano-
toxicology, in a future and innovative perspective of the safety assessment of
NMs, based on a strong mechanistic knowledge. This is a chapter that offers
an overview of the key effects of NMs (metal-, carbon-, and silicon-based
NMs) at the tissue, cellular, and molecular levels and the adverse outcome
pathways (AOP) that are or can be derived, highlighting their applications in
environmental and human health risk assessment.

Overall, it is our view that an adequate safety assessment early in the
development of new NMs, following the safe and sustainable by design
(SSbD) principle, will enable nanosafety to keep pace with innovation, with
the goal of fostering a sustainable and safe innovation in the field of nano-
technologies. Additionally, and not less important, is the urgent need to fur-
ther develop human biomonitoring tools applicable to NMs, allowing to
assess the human internal exposure to NMs and thereby contributing to pre-
dict their long-term consequences, while also contributing to NMs risk
assessment.

Since we find nanotoxicology at the crossroad of several disciplines, from
chemistry and toxicology to biological, regulatory, and materials sciences,
among others, we expect that this book will provide an interdisciplinary and
state-of-the-art vision in this field, valuable for scientists, educators, and stu-
dents. In addition, with this book, we hope to reach out to industrial practitio-
ners, regulators, and policy makers, improving their understanding about the
current and next-generation perspectives for the safety assessment of nano-
materials, thereby bridging science and policy.

Lisbon, Portugal Henriqueta Louro

Lisbon, Portugal Maria Jodo Silva
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Challenges in Nanomaterial
Characterization - From Definition

to Analysis

José A. M. Catita

Abstract

Nanomaterials have outstanding properties
and have several applications, ranging from
foods, cosmetics, pharmaceuticals to energy,
construction, etc. As with all novel products,
the benefits of nanomaterials use must be
weighed against its health and environmental
impact. They have different origins, natural,
incidental, or engineered, they are widespread,
and they need to be classified and character-
ized for various purposes, including nanotoxi-
cology studies and risk assessment, workplaces
and environment safety evaluation, consumer
products evaluation, as well as manufacturing
process control. To properly characterize
nanomaterials, a consensual definition of
nanomaterial is needed, and several analyses
using the available characterization techniques
must be performed. Various properties are rel-
evant in the characterization process and many
of them, namely size, are still a challenge that
the research community is facing. The mea-
surement of physical and chemical properties
is very important in the case of nanomaterials.
In view of this, in this chapter, available ana-

J. A. M. Catita (D)
FP-ENAS, Faculty of Health Sciences, University
Fernando Pessoa, Porto, Portugal

Paralab SA, Gondomar, Portugal
e-mail: jcatita@ufp.edu.pt

Iytical techniques are reviewed based on
nanomaterials  classification,  regulatory
demands and  toxicology  assessment.
Additionally, some of the current major
challenges and gaps in nanomaterials
characterization are identified and listed.

Keywords

Nanomaterial characterization - Nanomaterial
classification - Nanomaterial properties

1.1 Introduction

Nanotechnology has been a relevant topic in the
scientific community due to the unique
properties of materials in the nanoscale, and it
has become an enabling technology for
numerous applications. Produced science on
new nanomaterials (NMs), and their
characteristics and applications, has been
identified as a key enabling technology and
keeps stimulating industrial growth, innovation
and development, in the most diverse fields such
as medicine, food, cosmetics, electronics,
automotive, energy, construction, and other
areas. Consequently, studying the exposure to
nanomaterials is a critical aspect when assessing
their safety and risks, particularly in three
scenarios: environment, consumer products and
working places [49]. Results from these studies

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 3
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will contribute to overcome uncertainties about
NMs safety for human health and the environ-
ment which are still hampering a more wide-
spread exploration of its potentials. Several
authorities and official organisms are therefore
defining actions for the implementation of a
safe, integrated, and responsible approach for
nanoscience and nanotechnologies. As an
important step in that direction, definitions of
nanomaterials have been proposed and are being
implemented for regulatory and policy purposes
in order to ensure harmonized terminology and
definitions across different pieces of documen-
tations and legislation. The difficulty in compar-
ing the toxicity results for available
nanomaterials comes from the wide variety of
production processes and also from some lack
of systematic work regarding physical and
chemical characterization of NMs [9].
Measuring nanomaterials properties should be
done by using the most appropriate technique(s)
and results should be confirmed against a con-
trol or reference material, using an orthogonal
analytical approach since no single technique is
capable of fully characterize a nanomaterial
[49]. Additional difficulties may come from the
need to characterize NMs in complex and poly-
disperse media (e.g. biological) as well as from
the fact that many times their concentration in
these types of media may be quite low [1].

The toxicity of NMs for living organisms is
probably the main factor hampering their use
and application. To proper balance between the
positiveness of their use and their toxicity is
mandatory, and it should be based on adequate
experimental models which ultimately depend
on the adequate physical and chemical charac-
terization of NMs [50]. However, the reliable
detection, characterization, and quantification
of nanomaterials is still quite challenging, par-
ticularly in complex media, and work has to be
done to overcome difficulties inherent to
nanoscale materials, to the difficult access to
all the available techniques, and to the lack of
harmonized procedures and interlaboratory
studies [40].

1.2  Types of Nanomaterials

1.2.1 Classification

Nanomaterials (NMs) are basically materials
that have one dimension between 1 nm to
999 nm. This would be the expected classifica-
tion when simply considering the word itself.
However, that is not the case and there have been
several approaches to group and classify nano-
materials. Initially, in 2007, ISO/TR 27628
appears with the classification of a nanoparticle
as a particle with a nominal diameter smaller
than 100 nm [17]. One year later, ISO/TS 27687
proposes terminology and definitions for nano-
objects which include nanoparticle, nanofiber
and nanoplate [19]. A classification tree is pro-
posed for nanoobjects (see Fig. 1.1). In 2010,
ISO/TS 80004 harmonizes terminology and defi-
nitions, and nanomaterial is defined as a material
with any external dimension in the nanoscale or
having an internal structure or surface structure
in the nanoscale, ranging the nanoscale approxi-
mately from 1 nm to 100 nm [21]. At the same
time ISO/TR 11360:2010 [20] provided a basic
classification system for different types of nano-
materials which accounts for their different

Nanoobjects
I
[ [ ]
Nanoparticles Nanoplates Nanofibres
— Nanorods
1 Nanotubes
“— Nanowires

Fig. 1.1 Nanoobjects classification according to ISO/TS
27687:2008
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(" Nanomaterials A
material with any external dimension in the nanoscale or having an internal structure or surface in the nanoscale.
Can be:

naturally occurring from a biological source;
naturally occurring from a geological source;
manufactured nanomaterial;
manufactured from a biological source;
incidental nanomaterial. J

Nanostructured
nanomaterials
materials with an internal
structure or surface

structure in the
nanoscale

at least one external dimension in the nanoscale

Nano-objects

- . J
e ™
Nanocoatings,
Nanoparticles Nanofibres Nanoplates Nanofilms,
Nanolayers
. J

Fig. 1.2 Classification of nanomaterials according to ISO/TR 18401:2017

properties. Following classifications trees, nano-
materials are grouped according to their dimen-
sions, structure, chemical and physical properties
and functional behavior.

ISO/TR 18401:2017 [26] revisited the
vocabulary and defined a nanoparticle as a nano-
object with all external dimensions in the nanoscale
where the lengths of the longest and the shortest
axes of the nano-object do not differ significantly.
These are broad spectrum definitions in which sev-
eral types of materials can be included and grouped
under two major categories: nano-objects and
nanostructured materials (see Fig. 1.2). Regarding
nanostructured nanomaterials, Hansen et al. [13]
have proposed a classification quite relevant since
it considers the matrix where nanoparticles may be
embedded (Fig. 1.3). This classification helps to
predict how challenging must be to separate and
characterize nanoparticles depending on where
they must be isolated from.

1.2.2 Properties

A systematic approach of classification and
categorization of nanomaterials just based on
dimension is quite limited. Other properties than
size must be considered to properly define a
logical hierarchy of classification.

ISO/TR 11360:2010 [20] describes a
classifying system, termed ‘“nano-tree” which
aims to provide a structured view of
nanotechnology and facilitates a common
understanding of nanotechnology concepts.

The nano-tree depicts the understanding of the
structure and relationships of nanomaterials pro-
viding means to classify them. It uses dimension
and key functional properties to distinguish
nanomaterials from one another and to show its
relationships. By this way, nanomaterials are
grouped according to their dimensions (1D, 2D
and 3D), their chemical nature (eg. ceramic,
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Fig.1.3 The
categorization
framework for
nanomaterials. The

Nanomaterials

nanomaterials are
categorized according to Bulk Particles Surface
the location of the
nanostructure in the
material. (Adapted from
[13]) One Phase — Surface bound Structured
Surface
Multi phase N Susp_en@ed in ] Film
liquids
|_| Suspendedin {Structured film

metallic, organic, inorganic), their physical prop-
erties (eg. optical, magnetic, acoustic), their
mechanical properties (eg. elastic, plastic), their
chemical properties and their biological proper-
ties, as well as some combined properties (eg
electro-optical or thermoelectric). This ISO stan-
dard, together with other proposals for the classi-
fication of nanomaterials, makes possible to
harmonize their classification in a rational and
systematic manner. However, all these proposals
would be cross-cutting if we do not consider the
size. In fact, size is the critical property that makes
it possible to classify nanomaterials as such.

1.3 Risk Assessment

and Regulatory Perspective

Since the begin of the study of nanomaterials, the
impact of their use in the various possible areas
of application has always been the main concern.
In other words, because nano-scale materials
have unique properties, there has always been a
need to study them in isolation and to understand
their impact on ecosystems, and on life in gen-
eral, and human life in particular. Nanomaterials
have therefore been studied from the perspective

Solids

—  Airborne

of the risk their use poses to human life and the
environment in general.

As size of nanoparticles (NPs) gets smaller,
the surface area increases exponentially, which
make these particles more reactive and poten-
tially more toxic. Also, with decrease in size,
their ability to penetrate plant and animal tissues
increases, and at such small sizes, even well-
known substances behave in uncommon ways.
Penetration of NPs through the different barriers
of the cells is largely dependent on size. It is a
“rule of thumb” that particles with a size less than
100 nm can enter cells by crossing cell mem-
brane. When the size becomes smaller than
40 nm they can enter into nuclei of cells while
those with less than 35 nm can penetrate into
blood-brain barrier [10, 42]. Larger particles
(200-500 nm) can also enter cells [16] but with
less probability which makes size specification of
100 nm an acceptable reference value for regula-
tory purposes.

Given the relevance of size for crossing
barriers, more definitions began to emerge where
the cut-off value was 100 nm. This was intended
to create a well-defined criterion, based on which
a certain group of materials was classified as
‘nanomaterial” and which might deserve specific
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considerations in a regulatory context.
Nanomaterials are not necessarily hazardous, and
size-based definitions are not specifically based
on hazard or risk assessment. However, the fact
that particles larger than 100 nm cannot easily
cross membranes, implies that the risk of use
may be much lower. In those circumstances, their
risk can be addressed according to their many
other properties and in the same way as materi-
als/substances already known before the intro-
duction of the “nanoscale”. This applies when
they are used both at a molecular level (liquids,
solutions, gas) or as larger particles (solids, sus-
pensions, aerosols).

In 2011, the European Commission proposed
a definition for nanomaterials, based on ISO defi-
nition [6]. This definition recommendation, that
has been revisited but not reviewed so far [47,
48], considers a nanomaterial defined as “a natu-
ral, incidental or manufactured material contain-
ing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for
50% or more of the particles in the number size
distribution, one or more external dimensions is
in the size range 1 nm—100 nm....”. The European
Commission Nano Material (EC NM) definition
further specifies that “fullerenes, graphene flakes
and single wall carbon nanotubes with one or
more external dimensions below 1 nm should be
considered as nanomaterials” and that “‘particle’,
‘agglomerate’ and ‘aggregate’ are defined as fol-
lows: (a) ‘particle’ means a minute piece of mat-
ter with defined physical boundaries; (b)
‘agglomerate’ means a collection of weakly
bound particles or aggregates where the resulting
external surface area is similar to the sum of the
surface areas of the individual components; (c)
‘aggregate’ means a particle comprising of
strongly bound or fused particles” [6].

Surface area is directly correlated with particle
size and with the reactivity/toxicity of
nanomaterials. For that reason, the EC NM
defines that “Where technically feasible and
requested in specific legislation, compliance with
the definition .... may be determined on the basis
of the specific surface area by volume. A material
should be considered as falling under the defini-
tion .... where the specific surface area by vol-

ume of the material is greater than 60 m?%cm?®.
However, a material which, based on its number
size distribution, is a nanomaterial should be con-
sidered as complying with the definition ... even
if the material has a specific surface area lower
than 60 m*cm?.” [6]. The number size distribu-
tion should cover for the fact that nanomaterials
most typically consist of many particles present
in different sizes and in a particular size distribu-
tion. Without specifying the number size distri-
bution, it would be difficult to determine if a
specific material complies with the definition
where some particles are below 100 nm while
others are not. [47, 48].

Identification of a material as a nanomaterial
according to the EC NM definition is not deter-
mined by a certain (chemical) composition, a cer-
tain structure, novel properties that are attributable
to the particles’ external dimensions, or by the
application of the material in a specific field.
Exceptions are fullerenes, graphene flakes and
single wall carbon nanotubes with one or more
external dimensions below 1 nm, which are
explicitly considered as nanomaterials. Regarding
particles origin, NMs and its possible risks do not
depend on whether its particles are natural, pro-
duced incidentally, or the result of an engineering
process with or without the explicit intention to
manufacture a nanomaterial. In that respect, nat-
ural materials can exhibit the same properties as
those that are manufactured and vice versa.
Therefore, EC NM definition does not exclude
certain types of materials just because of their
origin. However, there is an exception to individ-
ual proteins, polymers and macromolecules;
which are excluded from the scope of the EC NM
definition as they are considered single mole-
cules. Even so, if these macromolecules are
assembled into solid objects with clearly defined
and stable external boundaries, and if they are
stable enough to retain their shape over a longer
period and to allow the measurement of their
external dimensions, these objects should be con-
sidered as particles.

In the same way of the European Commission
(EC), many other official organizations across
the world have adopted similar definitions. As
EC, all of them defined 100 nm as the reference
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top range size for the classification, and most of
them refer to a characterization based on a num-
ber distribution. [3].

Similarly, sector organizations like the Food
and Drug Administration (FDA) or the World
Health Organization (WHO) have created guide-
lines with a nanomaterial definition. In fact, FDA
has not established regulatory definitions of
“nanotechnology,” “nanomaterial,” “nanoscale,”
or other related terms. Since they are already
commonly used, FDA simply adopted the defini-
tion of nanomaterial as a material that have at
least one dimension in the size range of approxi-
mately 1 nm to 100 nm [12]. Bigger materials in
the nanoscale (here defined as sizes up to
1000 nm) were also considered to address prod-
ucts resulting from nanotechnology, but they
were grouped in a different category. This deci-
sion reflects the fact that materials or end prod-
ucts can be engineered to exhibit properties or
phenomena, including physical or chemical
properties or biological effects, that are attribut-
able to its dimension(s), even if these dimensions
fall outside the typical nanoscale range (1 to
100 nm), up to one micrometer (1000 nm).

In the same way, WHO also adopted the
common definition of nanomaterial as materials
that have at least one dimension (height, width or
length) that is smaller than 100 nm. A nanoparti-
cle is defined as a nano-object with all three
external dimensions in the nanoscale (<100 nm
diameter) and manufactured nanomaterials are
defined as solid, particulate substances intention-
ally manufactured at the nanoscale, consisting of
nano-objects with at least one dimension between
1 and 100 nm, and their aggregates and agglom-
erates. [51].

The definitions referred above were all very
similar and were presented in a context of risk
assessment of nanomaterials (NMs) exposure
and therefore its toxicological impact. The toxic-
ity of NMs may largely depend on numerous

physicochemical properties, including size,
shape (i.e. external size in a particular dimen-
sion), composition, surface characteristics,

charge and rate of dissolution. The introduction
of NMs in many different types of products and
into the environment, and the human exposure to

both, has raised additional needs in NM charac-
terization in order to understand which core
properties besides dimension may be relevant in
risk assessment and toxicological impact on
humans [28]. A new discipline arose — nanotoxi-
cology, to characterize and categorize the adverse
effects induced by NMs and to determine rela-
tionships of structure and function between
nanoparticles and toxicity [4, 11].

Based on biodegradability and on the fact that
biodegradable material in the human body has a
priori a lower toxicity risk, a nanotoxicological
classification system (NCS) has been proposed
[30]. This simple system considers size and bio-
degradability and classifies nanomaterials in four
main categories (I to IV) from low/no risk to high
risk. However, specific methods to evaluate bio-
availability, pharmacokinetic pathways, persis-
tency, degradation by-products, cell uptake,
intercellular fate, cell interaction were yet to con-
sider at the time. Regulatory and standardization
measures to characterize different nanomaterials
like chemicals, biocides, consumer products and
food, and to characterize human exposure, bioki-
netics and toxicity, require appropriate analytical
development and capabilities. [32].

Risk assessment and toxicological evaluation
of NMs has been always quite challenging since
there is an enormous amount of different materi-
als in different contexts of use, with different
properties, and different behavior. Considering
that, an approach for toxicity prediction without
testing every single material and fully character-
ize it, is to use in silico methods such as the
(quantitative) structure—activity relationship ((Q)
SAR) [8]. To properly apply this approach, a high
amount of high-quality experimental data needs
to be assessed. The establishment of standard
protocols (or operation procedures) is paramount
for enabling the generation of this data by means
of accurate measurement of the physicochemical
and biological properties of ENMs [44]. Also, the
set of properties to be characterized (core
properties) needs to be defined in advance accord-
ing to its relevance for the toxicological assess-
ment. The Organization for Economic
Cooperation and Development (OECD) Working
Group on Manufactured Nanomaterials, the
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Table 1.1 List of physicochemical properties that might be relevant to address for nanomaterials characterization [43]

Characterization

(as on the shelf)

Characterization
(in respective media)

— Appearance

— Melting point

— Density

— Size, size distribution

— N-octanol-water partition coefficient

— Water solubility/dispersibility,
hydrophilicity

— Solubility/dispersibility in organic
solvents, oleophilicity

— Auto flammability

— Stability in solvents and identity of
relevant degradation products

— Oxidation reduction potential

— Storage stability and reactivity
towards container material

— Stability towards thermal, sunlight,
metals

— Catalytic activity

— Radical formation potential

— Dissociation constant

— pH

— Agglomeration or
aggregation

— Crystalline phase

— Crystallite and grain size

— Aspect ratio, shape

— Specific surface area

— Zeta potential

— Surface chemistry

— Stability and homogeneity
(on the shelf, in water and
organic solvents)

— Dustiness

— Porosity, pore and pour
density

— Photocatalytic activity

— Explosiveness

— Oxidizing properties

— Composition/purity

— Size, size distribution

— Agglomeration/aggregation

— Zeta-potential

— Biophysical properties (protein
binding/corona characterization,
residence times, adsorption
enthalpy, conformation changes
on binding)

— Test item preparation protocol,
conditioning, homogeneity and
short term stability

— Flammability

OECD WPMN, prepared one of the most com-
prehensive lists of the important physicochemi-
cal characteristics for toxicological studies (see
Table 1.1). In the same document, also a list of
“endpoints” is presented where stability; biodeg-
radation and toxicity, among others, are sug-
gested [43].

The set of listed properties allows to properly
characterize nanomaterials, but not all of them
are equally relevant to predict toxicity [44]. In
that context, size and size distribution are the
most relevant since they allow to classify the
material as nano in first place. As previously writ-
ten in this chapter, size is also related with the
ability of NMs to cross cell membranes, penetrate
the nucleus or pass through blood barrier mem-
brane. The interaction of NMs with living sys-
tems and the uptake and deposition of NMs
within the human body are therefore affected by
particle size. Also, the surface area increases with
decreasing particle size, affecting surface energy
and hence the reactivity of the material.

Before addressing toxicological tests, it is
needed to understand and identify the most rele-
vant physicochemical properties of NMs. Other
properties such as particle shape (external dimen-
sions), crystal structure, surface chemistry, sur-

face charge, and aggregation state have been
identified to be paramount to correlate nanomate-
rials exposure with toxicity [22, 44].

The shape of NMs, and indirectly their
external dimensions, is an important property
that influences the biological activities of the
particles [5, 34, 46]. Several nondimensional
shape indexes can be used to quantify the shape
characteristics of particles, such as sphericity/
circularity, aspect ratio/elongation, convexity,
and fractal dimensions [18]. Using quantitative
descriptors for external dimensions and shape,
rather than the usual qualitative ones (e.g. rod,
sphere) highly potentiates the possibility of
establishing better correlations between toxicity
and shape, meaning a better QSAR.

Nanomaterials with the same chemical
composition may affect differently the integrity
and fluidity of membranes depending on the
crystalline phase. The toxicity mechanism of NPs
with different structure or different surface
coatings will have different toxicological effects
depending on their phase/crystallinity. [41, 53].

Surface chemistry plays an important role in
the interaction of NMs with biological systems
and subsequently, their toxicity. On the other
hand, it is also relevant for the characterization of
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NPs since it defines the potential surface interac-
tions and aggregation behavior of NPs in liquid
media [15, 50].

Surface charge, and consequently zeta
potential is another important characteristic
that may affect the toxicity of NMs. The bio-
logical interactions of NMs, their fate and
hence their biological activities, are highly sur-
face-charge dependent. On the other hand, the
electrostatic stability of particles in liquid
medium and, in practical terms, the influence it
has on the formation of agglomerates may also
affect toxicity [33].

Some NPs tend to form large agglomerates
either in the dry form or in suspension. When
this happens, NPs may behave like larger parti-
cles because of their increased global size.
Increasing the size of NMs through aggregation
may change its nanotoxicity in comparison to
the exposure of isolated nanoparticles of the
same material. [2, 31].

1.4  Available Techniques
to Characterize
Nanoparticles Size, Size

Distribution and Shape

According to the common classifications in use, a
nanomaterial is classified as such when that at
least 50% of the particles have one or more exter-
nal dimensions (‘size’) between 1 nm and
100 nm. This definition has already been adopted
by several European countries as well as by the
European Food Safety Authority [7], along with
other world countries and international organ-
isms (eg. WHO, FDA and OECD).

It is consensual from all the available
definitions of nanomaterial that size, size
distribution by number and shape (external
dimensions) in the range of 1-100 nm and over,
are critical properties to classify a material as
nano.

1.4.1 Size

Regardless of the difference in scope and
implementation, all definitions of the term
“nanomaterial” have a common characteristic as
the basic defining element: particle size. Therefore,
in any case of deciding whether a material is a
nanomaterial, its particle size distribution must
always be determined. This involves particle size
measurement from a few nanometers to a few
microns. Although the particle size can be
determined by a variety of analytical techniques,
each technique has its scope of application in terms
of material type, material properties, and achievable
size range, as well as the medium in which the
particles are dispersed and are to be isolated from
and measured.

The European Commission through the Joint
Research Center (JRC) recognizes about thirteen
possible techniques and grouped them according
to their working range (1-100 nm and
100 nm-100 pm) and the type of measurement
signal weighting regime (light intensity or extinc-
tion, particle mass and particle number) [47, 48].

In the past few years, the measurement
performance and quality assurance level of common
particle size measurement techniques have
improved, but these techniques still cannot measure
NMs within the entire size range related to their
definitions, that is, from 1 nm well into the
micrometer region. Among the techniques with a
wider analytical range is Analytical Ultra
Centrifugation (AUC). This technique is able to
separate and measure particles from some
nanometers to about 30 pm. However, particles
need to have an optical property distinguishable
from other solution components and a density
compatible with a reasonable sedimentation rate
within the experimental gravitational field [52]. In
comparison to other available techniques, AUC is
time consuming and therefore with a low throughput
[45]. Similar to AUC, is Centrifugal Liquid
Sedimentation (CLS), in which particle size is
determined by means of centrifugal sedimentation
in a liquid and its concentration by means of the
transmission of a light beam. The method is appli-
cable to powders that can be dispersed in liquids. In
it, all particles are assumed to have the same density
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and comparable shapes, and its density must be dif-
ferent from the density of the dispersing liquid.
Typical particle size range for analysis is from about
5 nm to more than 10 pm [52].

Laser diffraction (LD) spectroscopy comprises
angular light scattering techniques, which are pri-
marily designed to resolve the scattering pattern at
small scattering angles. Although its typical ana-
Iytical range can start at values lower than 100 nm,
it is a technique usually devoted to microparticles
rather than NPs. LD is prone to underestimate the
amount of NPs and, thus, to overestimate the num-
ber-weighted sample median. Additionally, the
sample typically needs to be diluted and it mea-
sures an equivalent sphere diameter not resolving
different particle shapes. [27, 35].

Small-angle X-ray scattering (SAXS) is a
technique that allows to obtain size information
of nanomaterials and it is based on the interaction
between X-rays and matter. Its working range is
one of the narrower (1 nm to 100 nm) although
under certain conditions (narrow size distribu-
tions, appropriate instrumental configuration,
and idealized shape) this limit of 100 nm could
be extended. This characteristic leads to underes-
timation of the median particle size for broad size
distributions that goes beyond 100 nm, which
results in a misclassification of NMs. [14].

Most of the techniques are able to measure
both size distribution of equivalent spherical par-
ticles but a few can distinguish individual parti-
cles from aggregates/agglomerates [35]. Another
relevant point is that, except for atomic force
microscopy (AFM), all the purposed techniques
are already supported by an ISO standard. This
allows for the different users of each technique to
access each technique with a higher level of har-
monization, and better compare results obtained
from different samples, in different instruments
by different operators.

The results of different particle size
measurement techniques are usually not in
complete agreement because the measurement
principles and working range behind each method
are different. Accordingly, particle size results
should always be reported along with the size
range in which the size was measured, as well as
the instrumental technique and analytical method.

A descriptor commonly used for evaluating
particle size distributions is the x50.0 value, also
called the median (the size at which 50% of the
analyzed particles of a sample have a property of
less than this value and for the other 50% of the
particles the same property is higher). However,
due to the differences in the measuring technique
principles, the median can relate to different
properties like light intensity, volume, number,
mass, or some external dimension. The knowl-
edge of material properties allows the original
size distribution to be converted to other distribu-
tions, however trueness can be compromised
depending on the accuracy of the material infor-
mation used to do it.

1.4.2 Number-Based Distribution
and Shape

Most definitions of nanomaterials refer to the
distribution in number. That is, a material will
be considered as nano if a part (usually 50%) of
its particles (number-based distribution) is
below 100 nm. Thus, any technique used has to
be able to measure particles with sizes under
and above 100 nm, of different shapes and
chemical nature, in their isolated state or in
aggregates/agglomerates and still be able to
count each particle for the number-based distri-
bution. As with any method, it is desired that
these measurements are feasible in laboratory
reality, i.e. fast, accurate and precise, robust and
accessible. Nowadays there is no method or
technique capable of fulfilling all these objec-
tives, however electronic microscopy techniques
have some advantages:

They operate in the desired measurement range.

They distinguish particles from aggregate/
agglomerates.

Allow number-based distribution.

Allow analysis of particles of any chemical
nature.

Allow the measurement of external dimensions
and shape

They are supported by standard procedures
(ISOs)

They may be able to do chemical discrimination
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Despite their enormous capabilities, electron
microscopy techniques have certain limitations
and weaknesses:

The sample preparation can be difficult and is
material dependent.

Not applicable to liquid dispersions.

Among electron microscopy techniques, scanning
electron microscopy (SEM) is easier to use on
a routine basis (less sample preparation, less
consumables, lower cost per analysis) but is
limited in size range. The best instrument con-
figuration in the best-case scenario does not
perform well for sizes lower than 10 nm.

A very good automation is required in terms of
image acquisition hardware and image pro-
cessing software.

To obtain a representative result with statistical
relevance, at least 10,000 particles need to be

measured [23] which makes it
time-consuming.
It is high cost.

There are other techniques available that can
measure size and make the distribution in
number:

Atomic force microscopy (AFM)

Particle tracking analysis (PTA)

Tunable resistive pulse sensing (TRPS) /
electrical sensing zone (ESZ) / nano Coulter
counter

Single particle inductively coupled plasma - mass
spectrometry (spICP-MS)

Differential electrical mobility analysis (DEMA)

AFM share most of the advantages and
disadvantages with electron  microscopy.
However, it is strongly dependent on sample
preparation (immobilized particles on substrate
need to be representative of the material),
working range is more limited and it is not
supported by an ISO standard.

All the other proposed techniques lack the
ability to distinguish single particles from aggre-
gates/agglomerates and to provide any shape
information or particular external dimension.
TRPS does not perform well for sizes under

30 nm and DEMA for sizes above 1 micron.
DEMA only analyses samples in the form of
aerosols and ICP-MS is not able to detect parti-
cles with no metals in their composition (carbon
based, organic or biological).

Particle tracking analysis (PTA) is an
alternative since it is supported by an ISO
standard [24], it can measure particles from about
10 nm (material dependent), is quite simple to
use and comparably affordable. Depending on
the instrument configuration and material
chemistry, it may be able to do chemical
discrimination.

The interplay between sample preparation,
identification of constituent particles and the
accurate determination of the external dimen-
sions of these constituent particles requires com-
plex and often time- and resource-intensive
measurement techniques. However, even when it
is not possible to determine the exact number-
based distribution as such, a decision whether a
material needs to be classified as nanomaterial or
not is still relevant.

In this context, dynamic light scattering (DLS)
is a very good first choice [39, 40]. Although it is
a technique with several limitations and that
needs extra care and knowledge to interpret the
results [25], it has several advantages that can be
listed below:

— TItis applicable to broad size distributions from
1 nm to more thanl pm,

— it allows a relatively inexpensive and fast
assessment of particle size,

— it is fast and robust,

— itis applicable to any type of material (carbon
based, organic, inorganic, biological or metal-
lic), as long as particles remain in a stable sus-
pension and undergoing Brownian motion.

— a minimum amount of information about the
sample is needed to run the analysis

— It is non-destructive (sample may be
recovered)

— small amount of sample is needed to run a test

The methods and measurement techniques
that can be used to measure particle size distribu-
tions and shape can be based on very different
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measurement principles, and the level of detail
that they provide, and their working range can
also differ considerably. For many materials,
available methods already allow their
classification as nanomaterials according to the
accepted definitions, however, there is still a path
to make to overcome the cases for which that is
still too challenging (Table 1.2).

1.5  Major Challenges

in Characterization

In the last two decades a huge effort, work, and
investment has been put in place to improve NMs
characterization in all perspectives (legal, regula-
tory, technical, and scientific).

So far, all relevant definitions apply to
nanomaterials from 1 to 100 nm and recommend
a number-based distribution approach.

Recently, the NanoDefine Methods Manual,
parts 1[36], 2[35] and 3[37] have been published.
With these manuals, general recommendations
have been produced to support the user in the
decision whether a material is a nanomaterial
according to the EC Recommendation on the
Definition of Nanomaterial. Those recommenda-
tions refer to the available measurement tech-
niques, which are candidates for performing a
reliable analysis of the number-based size distri-
bution of a particulate material; as well as to
Standard Operation Procedures (SOPs) for the
sample preparation.

Analyzing nanomaterials remains a challenge
and the main difficulties have been thoroughly
identified and discussed [29, 38].

In general, one may distribute the main
difficulties into two main categories: those related
exclusively to size characterization and those that
apply to all characterization techniques of all
physical and chemical properties of nanomaterials.

In the first case one can identify:

— The size range. Many available techniques are
not capable of detect and analyze particles

smaller than 50 nm, and many others have a
narrow working range.

— The differentiation between isolated particles,
aggregates, and agglomerates

— The ability to measure the external dimensions
of particles and consequently determine their
shape

— The ability to count particles individually with
the aim of obtaining a number-based
distribution.

The biggest challenges that can be identified
for most of the available techniques are also
related to the nano scale since the measurement
of common properties becomes more difficult
within this size range. They can be identified as:

— The preparation of the sample. The sample
must be representative and have statistical
significance.

— The isolation of nanomaterials included in
complex matrices. Media such as soils, food,
cosmetics, or pharmaceuticals still represent a
major challenge in terms of separation of
nanomaterials prior to analysis.

— How to report the results is critical. Linking a
number to the technique, analytical method
and method of sample preparation is critical.

— International Standardization. It is probably
one of the biggest challenges in characteriza-
tion. Ensuring that the entire community uses
the same techniques in the same way allows
for a better evolution of knowledge regarding
the properties of nanomaterials.

— The establishment of interlaboratory tests that
allows a greater degree of confidence in the
results obtained in regulatory or quality con-
trol laboratories.

The more progress is made in minimizing the
difficulties identified, the more and better results
will be produced that will enable even better cor-
relations to be established between a given
physical-chemical property and the behavior of
nanomaterials in a variety of environments, and
consequently its toxicological potential. The
development of methods that are both more
effective and cost-efficient will help in the NMs
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safety evaluation through the improvement of the
existing regulatory guidelines.
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Abstract

Different types of natural and synthetic poly-
meric nanocarriers are being tested for diverse
biomedical applications ranging from drug/
gene delivery vehicles to imaging probes. The
development of such innovative nanoparticu-
late systems (NPs) should include in the very
beginning of their conception a comprehen-
sive evaluation of the nano-bio interactions.
Specifically, intrinsic physicochemical prop-
erties as size, surface charge and shape may
have an impact on cellular uptake, intracellu-
lar trafficking, exocytosis and cyto- or geno-
compatibility. Those properties can be tuned
for effectiveness purposes such as targeting
intracellular organelles, but at the same time
inducing unforeseen adverse nanotoxicologi-
cal effects. Further, those properties may
change due to the adsorption of biological
components (e.g. proteins) with a tremendous
impact on the cellular response. The evalua-
tion of these NPs is highly challenging and
has produced some controversial results.
Future research work should focus on the
standardization of analytical or computational
methodologies, aiming the identification of
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toxicity trends and the generation of a useful
meta-analysis  database on  polymeric
nanocarriers.

This chapter covers all the aforementioned
aspects, emphasizing the importance of the in
vitro cellular studies in the first stages of poly-
meric nanocarriers development.

Keywords

Polymeric-nanostructures - In vitro tests -
Physicochemical properties - Safe-by-design -
Nanotoxicology

2.1 Introductory Remarks

2.1.1 Nanomedicine

Nanotechnology applied to medicine — usually
called “Nanomedicine” is one of the most prom-
ising key enabling technology to foster human
health [1]. Specifically, “Nanomedicine” can be
defined as “the science and technology of diag-
nosing, treating and preventing disease and trau-
matic injury using nanometre size scale complex
systems ranging from 1 to 1000 nm” [2].

An increasing number of these nanomedicine
products are being explored for diagnostic and
the delivery of drugs, bioactive compounds, or
genes as innovative therapeutic tools to tackle
difficulty to treat pathologies such as cancer, dia-

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 19
H. Louro, M. J. Silva (eds.), Nanotoxicology in Safety Assessment of Nanomaterials, Advances in
Experimental Medicine and Biology 1357, https://doi.org/10.1007/978-3-030-88071-2_2

2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88071-2_2&domain=pdf
https://doi.org/10.1007/978-3-030-88071-2_2
mailto:asimao@ff.ulisboa.pt

20

A.Bettencourt and L. M. Gongalves

betes, and infections [3—-6]. In particularly, the
employment of appropriately designed nanocar-
riers for the sustained/controlled and targeted
delivery of pharmaceuticals to the site of action
aims to offer numerous advantages over plain
drug administration, that is, enhancement of drug
bioavailability to the targeted site, avoidance of
drug degradation and side effects, as well as
superior transportation method [7]. In sum,
improving drug’s therapeutic index while reduc-
ing their side effects [8]. Also, different types of
fluorescent nanostructures are being extensively
used as imaging probes, ranging from fixed to
living cells and model organisms [9].

2.1.2 Polymeric Nanocarriers

To date several classes of nanometre sized bio-
materials have demonstrated promising proper-
ties as probes and therapeutic carriers (drug and
gene “delivery vehicles” [10, 11] including but
not limited to metals (e.g. titanium oxide [12],
gold [11]), ceramics (e.g. calcium phosphate,
silica [13]), lipids (lecithins [14]) or polymers.
Among those, polymeric nanocarriers due to
their high structural integrity, stability during
storage, ease of preparation and functionalization
plus their capability of controlled payload release
are being intensively explored in the last three
decades and have proven to be one of the most
successful type of nanocarriers [15, 16].

2.1.3 Classification of the Polymeric
Nanocarriers

Polymeric nanocarriers can be classified accord-
ing to different criteria. A key classification refers
to the chemical composition and their origin
(natural or synthetic). Different examples are
shown in Fig. 2.1. Also, they can be classified as
biodegradable (e.g. chitosan, PLGA) and non-
biodegradable (poly(methyl methacrylate, poly-
styrene) as recently reviewed in [17].

Polymers can be used in different forms (Fig.
2.1) [4, 7]: cluster of nanocarriers (polymer—
drug conjugates), nanomicelle (nanosized colloi-

dal particles composed of amphiphilic block
copolymers which spontaneously self-assemble
into micellar structures when dissolved in certain
solvents at concentrations exceeding their so-
called “critical micelle concentration” [6]),
nanogel (swollen nano-sized networks com-
posed of hydrophilic or amphiphilic polymer
chains [18]), polymersome (self-assembled
polymeric vesicles prepared from amphiphilic
block-copolymers [19]), polyplex (nanosized
complexes with DNA or RNA [20]), dendrimer
(large polymeric structures with nanosized
dimensions 1-10 nm [21]) or nanoparticle (solid
colloid carriers).

2.1.4 The Potential Therapeutic
Applications and Toxicity
Concerns

The interest in using nanocarriers for biomedical
targeting applications as the cellular delivery of
DNA, interfering (RNAi)-based molecules, pro-
teins, peptides, and drugs is transversal to various
polymeric nanomaterials (natural and synthetic)
and have been well documented in several “proof
of concept studies” [22, 23] as illustrated in
Table 2.1. These approaches can be classified in
three main targeting categories: primary, defined
as the accumulation of the delivery system in the
tissue of interest; secondary, defined as the accu-
mulation in the cell of interest; and tertiary,
defined as targeting specific subcellular compart-
ments, which remains the ultimate challenge of
nanomedicine [24].

Among different applications, polymeric
nanocarriers can be a valuable platform for anti-
tumour drugs delivery because they not only can
improve the drug pharmacokinetics but also fur-
ther response to the permeation and retention
effect to enhance the accumulation of drugs at the
site of the tumour during cancer treatment [36].

Further, the potential for polymeric nanocarri-
ers to enable target therapy can be exemplified by
studies exploring the effect of antibiotics loaded
into nanoparticles [25, 26, 37, 38]. The rational is
related to the fact that drugs display increased
therapeutic activity, given that they reach a higher
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Fig. 2.1 Example of various types of polymeric nanocar-
riers classified according to their origin (natural and syn-
thetic) and structure. Note: PCL poly-e-caprolactone,

dextran, PCL, PEG
PEI, PLGA, PLL
PMMA, PS

~

cluster

polymersome Polyplex dendrimer

block

¢

&

A
R
nanomicelle nanogel
nanoparticle
N : %
co-polymer drug DNA
(e.g. deblock)

PEG polyethylene glycol; PEI polyethylenimine, PLGA
poly(lactic-co-glycolic acid), PLL poly-D-lysine, PMMA
poly(methyl methacrylate), PS polystyrene

Table 2.1 Examples of “proof of concept studies” using polymers as nanocarriers for different targeting strategies
(primary, secondary, and tertiary)

Targeting \ Polymer ‘ Compound ‘ Application ‘ References
Primary targeting
Bone Poly-g-caprolactone Daptomycin Infection [25]
Ocular surface | Chitosan Ceftazidime Infection [26]
Pulmonary Chitosan Gene Genetic disorders [27]
Tumour tissue | Polyamidoamine dendritic Folic acid, Cancer [28]
methotrexate, or
tritium
Secondary targeting
Gingival Chitosan Minocycline Periodontal disease [29]
fibroblast
Lung cancer Hyaluronic acid Docetaxel Cancer [30]
cell
Neuronal cell Polybutylcyanoacrylate Protein Neurodegenerative [31]
disease
Intestinal cells | Hyaluronic acid Insulin Diabetes [32]
Tertiary targeting
Mitochondria Oligomeric hyaluronic acid- Vitamin B6 Cancer [33]
dithiodipropionic acid-berberine
Mitochondria Poly (lactic-co-glycolic acid) Mdivil Myocardial ischemia | [34]
Nucleus Polyphosphoester TAT-Ce6/DOX Cancer [35]

Note: Ce6 chlorin €6, DOX doxorubicin, Mdivil mitochondrial division inhibitor 1,

transcription

TAT pHe-sensitive transactivator of
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concentration at the target site (infected tissue),
which facilitates its binding to bacteria, including
resistant strains [39]. Also, several studies report
increased efficacy of nano and microencapsu-
lated antibiotics against bacterial biofilms,
including against Staphylococcus aureus and S.
epidermidis, often the cause of implant-associated
infections [37, 38].

Moreover, the nanoparticles are able to reach
intracellular bacteria reservoirs that can be of
major therapeutic relevance in pathological situa-
tions difficult to treat due to the persistence of the
microorganisms inside the cells as periodontal
diseases or bone-associated-infections [29, 40].

Finally, the concept of subcellular targeting,
holds great promising for targeting organelles,
namely the mitochondria or the nucleus [41, 42].
One of the early examples of polymeric nanopar-
ticles for mitochondria targeting was a PCL-PEG
polymer loaded with an anti-oxidant (coenzyme
Q10) [43]. Natural polymers, such as proteins
and oligopeptides and synthetic, including poly-
ethylenimine and polyamidoamine, are being
explored for nano-gene therapy applications
associated with the delivery of drugs (e.g. doxo-
rubicin) [42].

Despite these promising and encouraging
study reports, comprehensive understanding of
nanostructure systems is highly limited, espe-
cially concerning their interactions with cells,
and potential toxicity [23, 44].

In fact, regardless of the increasing knowledge
on nanoparticulate systems properties and the
decreasing side effects, nano-mediated toxicity
still exists. The same physicochemical properties
of the nanostructures, such as small size, large
surface area, and flexible chemical compositions
that facilitate their use in nanomedicine, have
also been found to contribute to their enhanced
toxicological side effects [42].

In view of improving the successful transla-
tion of the nanosystems to the clinics, there is a
growing awareness that an understanding of the
fundamental interactions of nanoscale objects
with cells plays a central role [45, 46]. Also, it is
perceivable that the physicochemical properties
represent key parameters in those fundamental

interactions with consequences not only on tar-
geting strategies but also in the nanotoxicological
profile [41].

A large body of in vitro studies aiming to
unravel these complex interplays has been pub-
lished providing some clues. The present chapter
offers an overview on those studies focusing in
the relation between representative physico-
chemical properties as size, surface charge and
shape with impact on nanosystems cellular
uptake, intracellular trafficking, exocytosis and/
or cytotoxicity as important aspects in the context
of efficacy as well as safety evaluation. For sim-
plicity, all types of nanostructures will be gener-
ally identified in the next sections as
NanoParticulate systems (NPs).

2.2 TheInterplay Between
Physicochemical Properties

and the Cellular Responses

Physicochemical properties represent a central
role for nanoparticulate targeting strategies
including for intracellular and sub-cellular organ-
elles delivery [41]. In this sense, in the design of
efficient therapeutic nanocarriers for targeted
delivery, small changes in formulation can impact
NPs physicochemical properties such as surface
charge, shape or size. These changes will possibly
have an effect on nano-bio interactions, with
influence not only on the therapeutic effectiveness
but also on NPs nanosafety profile [10, 47, 48].

For example, the inclusion of a poloxamer
surfactant in the preparation of PLGA-NPs
decreased their zeta potential, a measure of sur-
face charge, in comparison to plain PLGA-NPs
[49]. Surface charge has a high impact on cellular
response, including uptake mechanism and cyto-
toxicity. Thus, its crucial to evaluate the effect of
NPs formulation changing, in particularly, related
to nanotoxicity effects. Also, managing NPs par-
ticle size can fulfil specific objectives as improv-
ing drug intracellular targeting [9], with
concomitant possible toxicity cellular effects,
namely ROS production and/or genotoxicity
[50-52].
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NANOTOXICOLOGY

multidisciplinary  discipline, relating physicochemical
determinants routes of exposure, biodistribution, molecular
determinants, genotoxicity, and regulatory aspects”

“

Fig. 2.2 The observation that “smaller” materials have different properties comparing to their macro forms lead to the
emerging of a multidisciplinary discipline named “nanotoxicology”

Nanotoxicology: Some Concepts

The importance of polymeric nanocarriers for bio-
medical applications has grown along with ques-
tions and concern about their safety [53]. The
simple observation “when bulk materials are made
into smaller and smaller pieces of matter their sur-
face chemistry and area changes and chemical
reactivity increases” lead to the emerging of a new
interdisciplinary subdiscipline of toxicology
called “nanotoxicology” [54] (Fig. 2.2).

One of the simplest assumptions of nanotoxi-
cology “basic physicochemical properties should
be accounted for when interpreting the toxico-
logical data” is a fundamental aspect in the con-
text of NPs risk assessment [51, 52].

In fact, besides the common factors affecting
NPs toxicity such as the chemical composition,
dosage, administration forms, and exposure
routes, contrary to non-nano forms, specific
physicochemical properties as size, charge,
shape, dispersity, surface chemistry, crystalline
forms, and so on will directly influence the nano-
bio interactions (Fig. 2.3). These primary physi-
cochemical properties may be changed by NPs
interaction with the complex biological media
and a novel “secondary” entity should be consid-
ered [55, 56].

Nanotoxicology evaluation of polymeric
based nanoproducts should be of concern at the
very beginning of their development [57, 58].
The objective is establishing “Safe-by-Design
(SbD)” selection rules and synthetic approaches

that can be used for the reduction of nanotechnol-
ogy associated risks [59]. The implementation of
the SbD concept for nanomedicines development
is rather new in the context of nanotechnology,
aiming the development of functional as well as
safe nanomaterials, nanocarriers and nano-
enabled products [50, 60].

As quoted by Kraegeloh et al. [60] “The nov-
elty of SbD concept is not due to the fact that
current nanomaterials or nanoproducts are
regarded as intrinsically unsafe. Rather the appli-
cation of this concept requires comprehensive
knowledge questioning what property makes a
nanomaterial or nanoproduct more or less safe”.

In this context, the characterization of poly-
meric nanocarriers should be sufficiently
addressed for the translation of the nanoproducts
into a SbD driven approach. However, data on the
nanocarrier alone is frequently missing in scien-
tific reports [57].

Presently, the vast majority of “first step/proof
of concept studies” are focused on the optimiza-
tion of the pharmaceutical drug/gene loaded NPs
[7]. Studies related to the nanocarrier alone are
less frequent becoming difficult to obtain system-
atic data related only to the carriers.

For example, Xiong et al. [61] pointed to the
fact that “Although more than 1,000 articles, on
PLGA nanoparticle as drug delivery systems
have been published and indexed in the Web of
Science, the number of papers with that reports
on its cytotoxicity are fewer than 10”.
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Fig. 2.3 Schematic overview of the interplay between primary and secondary NPs physicochemical properties and
cellular uptake, intracellular trafficking, exocytosis and cytocompatibility responses

2.2.1 Physicochemical Properties
and Cellular Uptake,
Intracellular Trafficking,

and Exocytosis

Among the most crucial studies that provide a
first glance on the NPs-bio interactions are the in
vitro uptake tests. Outcomes from these studies
in the past decade have greatly influenced NPs
design [62]. Identifying the mechanisms of inter-
action of the engineered NPs with cell mem-
branes and the uptake mechanism is the key for
understanding potential NPs cytotoxicity, as well
as their therapeutic interest.

In some cases, the successful delivery of NPs
cargo (drugs or genes) across the cell membrane
and enhanced cell uptake is desirable, especially
those that have their therapeutic target in the
cytoplasm, (e.g. delivery of small interfering (si)-
RNA [63], antibiotics against intracellular bacte-
ria [29, 40, 64] or other subcellular compartments
(mitochondria, nucleus) [33-35]. On the other
hand, the cell membrane binding without uptake
is essential for applications like diagnostic imag-
ing and in vivo stem cell tracking [65]. Following
internalization by different pathways, NPs nor-
mally enter early endosomes, which function as
sorting compartments to further destinations of

recycling, degradation or exocytosis [9]. Also,
once inside the cells, NPs may cause cytotoxic
and or genotoxic effects that will determine their
success or failure [65].

Thus, a detailed understanding of how physi-
cochemical properties influences NPs get “in and
out” of cells is important for developing new
nanocarriers with improved selectivity and less
cytotoxicity [9, 66]. Examples of studies showing
how the physicochemical properties (size, sur-
face charge and shape) can regulate the nano-bio
interactions are presented in Table 2.2.

Cellular Uptake

In general, NPs can be internalized by cells via
different pathways (active or passive) as reviewed
in [75-78] and summarized in Table 2.3. Non
energy-dependent pathways are only possible for
very small NPs. Interestingly, many studies show
that NPs experience cellular uptake through more
than one internalization process [41].

To assess the cellular uptake, NPs loaded
dyes (e.g. FTIC, coumarin-6) and qualitative/
quantitative microscopic imaging techniques
(e.g. CLSM) have often been used (Table 2.2).
To perform those experiments, the selection of
NPs dose is critical, because excessively high
dose levels cannot show differential cellular
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Table 2.3 Different examples of pathways for NPs cel-
lular internalization

Pathway | Definition

Passive mechanism (energy non-dependent)
Direct
binding
Perforation

Plasma penetration across cell
membrane

Transport using specialized
membrane-transport protein
channels
Active mechanism (energy-dependent): Endocytosis
Phagocytosis | Restricted to specialized cells (e.g.
macrophages, monocytes, dendritic
cells); internalization of foreign
materials with size larger than
0.5 pm
Subdivided into different categories
involving:
Extensions of the cell membrane:
Macropinocytosis
Vesicular transport related or not
to different types of protein:
Clathrin-mediated, caveolin-
mediated, clathrin- and caveolin
independent

Pinocytosis

uptake due to particle overload and/or cell death
by the NPs. Likewise, dose levels that are too
low might not provide measurable fluorescence
intensities [73].

Cellular Uptake and Size

Size-dependent cellular uptake of NPs has been
extensively investigated in various cell lines [77]
(Table 2.2), being a complex correlation. Reports
suggests that ~50 nm is the optimum size for NPs
to achieve the highest and efficient cellular uptake
[77, 78], but it is not a general rule. For example,
in the case of polystyrene-NPs, the ones of 50 nm
in size were less uptake by the cells than the
larger ones (Table 2.2) [72]. In another study
[67], it was shown that nanomicelles-NPs size
alone was not the only factor influencing the cel-
lular entry; the smaller spherical particles (on the
10 nm scale) were internalized by the cells faster
than were the cylindrical particles with dimen-
sions more close to 50 nm (i.e. 20 or 30 nm diam-
eters and larger than 200 nm in one dimension).
Thus, size alone is not the only factor affecting
the cellular uptake.

Studies also show that the mechanism of NPs
internalization can be controlled by their diame-
ter, as observed by Wang et al. [9] using
carboxylated-polystyrene-NPs (Table 2.2). The
NPs with a smaller size (40 nm) were internal-
ized mainly through clathrin-dependent pathway
while NPs with a larger size (150 nm) preferred
caveolae mediated endocytosis.

Cellular Uptake and Surface Charge
Another relevant physicochemical property to
understand the interaction between NPs surface
and cellular entities is the surface charge. It com-
promises the uptake mechanism, subcellular
localizations and the ability to trigger toxic events
[56]. The surface charge of NPs can affect their
efficiency and the pathway of cellular uptake
because biological systems consist of numerous
biomolecules with various charges [77].
Generally, positively charged NPs are uptake
more efficiently due to the interaction with the
negatively charged cell membrane negative com-
ponents [73, 79], as observed in a study focusing
on maltose-dextrin NPs (Table 2.2), a cationic
polysaccharide based nanocarrier [69].

Moreover, the surface charge will be directly
associated with NPs surface chemistry that
among others depends on the composition of the
polymers used for NPs formulation and coating.
For instance, Huang et al. [68] found that physi-
cochemical and uptake properties of chitosan-
NPs were dependent on its molecular weight
(Mw) and degree of deacetylation. Interestingly,
the uptake was more influenced by the degree of
chitosan deacetylation, which affects surface
charge than Mw which influenced NPs size.
Thus, changes in NPs formulation that affect
their charge may have a significant effect on the
uptake. This fact was also demonstrated by Graca
et al. [56] linked to the inclusion of a permeable
polymer (EUDRAGIT ®) into PMMA-NPs to
increase drug’s release rate. The change in the
formulation had a pronounced effect on PMMA-
NPs surface charge and consequently their cellu-
lar uptake.

Moreover, internalization pathway has also
been linked to surface charge, with positively
charged NPs tending towards internalization via
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clathrin receptors, while negatively charged
counterparts are prone for caveolae mediated
uptake [73]. However, each NPs must be evalu-
ated by itself. For example, in another study
using positively charged fluorescein
aminomethyl-polystyrene-NPs, the clathrin-
dependent pathway played a minor role [65].

From a nanotechnological point of view, the
effect of charge has been often explored to
improve NPs efficacy. To give an example, the
slight negative surface charge of PLGA-NPs
tends to limit their interaction with the negatively
charged plasmids and their intracellular uptake.
Therefore, attempts have been made to modify
the surface of PLGA-NPs using cationic poly-
mers such as chitosan [80].

Cellular Uptake and Shape

Another essential parameter for the design of NPs
is shape. Often, spherical NPs had been reported
in the literature to exhibit the fastest internaliza-
tion rate and being the most efficient therapeutic
nanocarriers among differently shaped NPs [10,
67,70, 74]. This has been explained by the differ-
ent membrane bending energy required for entry
of NPs of different shapes. Spherical NPs encoun-
ter minimal membrane bending energy during
endocytosis, comparing with other differently
shaped counterparts [10].

However, other studies have already demon-
strated that non-spherical geometry of NPs can
provide unique and improved abilities that are
difficult to achieve with spherical particles [70].
For example, needle-shaped NPs are shown to
exhibit substantially higher cytoplasmic delivery
of siRNA in endothelial cells, which allows them
to permeabilize the cell membrane compared to
their spherical counterparts [64].

It is understandable that due to the complex
interplay between size, shape and surface proper-
ties, most experimental studies lead to ambigu-
ous/contradictory descriptions of the relevance of
shape [10]. Therefore, methodologies based on
computational studies as “large scale dissipative
particle dynamics simulations” have proven to
serve as an efficient and accurate approach to
study the internalization density of NPs [10]
(Table 2.2). Comparing systems of pegylated-

NPs with identical surface area, ligand-receptor
interaction strength, and grafting density of the
polyethylene glycol, the authors found that the
spherical NPs exhibited the fastest internalization
rate, followed by the cubic NPs, then rod- and
disk-like NPs. They have concluded that the
spherical NPs need to overcome a minimal mem-
brane bending energy barrier, compared with the
non-spherical counterparts, while the internaliza-
tion of disk-like NPs involved a strong membrane
deformation, responsible for a large free energy
barrier. Authors have also concluded that star-
shaped NPs can be quickly wrapped by the cell
membrane, like their spherical counterparts, indi-
cating star-shaped NPs can be used for drug
delivery with high efficacy. Thus, such precisely
defined conditions of computational studies will
allow to unambiguously explore the shape effect
of NPs during internalization in an attempt to
provide guidance on the design and fabrication of
NPs to achieve better therapeutic efficacy.

Intracellular Trafficking and Organelle
Targeting
After cellular internalization, NPs can be engaged
into a centripetal pathway from the membrane
region to other intracellular locations, being shut-
tled from early endosomes to late endosomes,
finally reaching lysosomes [81] as shown in
Fig. 2.4, describing the intracellular trafficking of
chitosan-NPs [29]. Further, in this specific study,
the NPs after being internalized by macropinocy-
tosis or clathrin-based endocytosis, were found to
induce cell autophagic activity, suggested by the
existence of amphisomes, resulting from the
fusion of autophagosomes with endosomes.
Amphisomes and endosomes were found to fuse
with lysosomes contributing to the degradation of
endocytic and sequestered cargo (Fig. 2.4).
Thus, for intracellular targeting, NPs effec-
tiveness hinges upon their ability to escape from
the endosomes or lysosomes [45, 64]. Several
strategies, including NPs physicochemical prop-
erties changes by the use of cationic or hydropho-
bic moieties on the polymers, which destabilize
the endosomes membranes by electrostatic inter-
actions and facilitating endosomal escape are
under evaluation [45].
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Fig. 2.4 Schematic representation of human gingival
fibroblast uptake mechanisms (macropinocytosis and
clathrin-based endocytosis) and intracellular trafficking of

Moreover, for each subcellular compartment,
studies specifically reporting the effect of size and
charge have been published. For example, in the
case of mitochondrial targeting, size of nanocarri-
ers should be as small as possible [82]. Cations
are generally known to target the mitochondria,
primarily because of its high membrane potential
(negative inside) compared to the plasma mem-
brane [41]. Marrache and Dhar found that an opti-
mum size of less than 100 nm and a positive zeta
potential of greater than ~ +22 mV is needed for
efficient mitochondrial uptake [83].

With respect to nucleus, keeping in mind that
only small molecules (< 39 nm) are able to pass
through the nuclear pore channels (NPC) via pas-
sive diffusion, whereas larger ones must possess

chitosan-NPs. Adapted with permission from [29].
Copyright © 2019 Elsevier

a nuclear localization signal (NLS), a compre-
hensive evaluation of the size range of NPs that
can translocate across the NPC channels is neces-
sary for designing optimum nuclear targeted NPs
[41]. Till present, it is still a rather complex prob-
lem. Tamana et al. [84] formulated chitosan-NPs
of different sizes (S-NPs = 25 nm;
L-NP ~ 150 nm) that were modified with differ-
ent densities of the octapeptide NLS in order to
compare their efficiency in nuclear delivery of
protein cargo. Authors hypothesized that, even if
the nuclear localization is generally reduced for
L-NPs, the overall amount of delivered proteins
might be higher than with S-NPs. Researchers
found that S-NPs were capable of localizing in
the nucleus without the help of an NLS; on the
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contrary, modification with NLS reduces nuclear
localization. L-NPs were also able of nuclear
entry, however, with the help of NLS. Results
indicated that a higher NLS density does not
result in maximum protein nuclear localization
and that a universal optimal density for NPs of
different sizes does not exist [84].

Exocytosis

Finally, the duration of the NPs within the cells
will depend on the way/rate they “leave the cell”
that is “exocytosis”. In contrast to endocytosis,
investigations regarding exocytosis of NPs are
rather rare (Table 2.2). Relatively little effort
has been made to investigate the exocytosis of
NPs that may be responsible for their systemic
elimination and toxicity [41]. In most studies,
exocytosis was assumed to be negligible [71] or
reports were focused on the description of the
process itself. For example, Panyam and
Labhasetwar [71] found that the exocytosis of
PLGA-NPs coated with albumin was a dynamic
and energy-dependent process (Table 2.2).
Furthermore, authors demonstrated that the exo-
cytosis pattern of the NPs was dependent on the
proteins in the medium, that were uptake into
the cells along with the NPs [71]. Also, the exo-
cytosis of polysaccharide cationic NPs (approx-
imate size of 60 nm) was found to be cholesterol
dependent [69].

Few studies report the influence of specific
properties as size or shape on the exocytosis pro-
cess. For example, Wang et al. [9] demonstrated
that in contrast to smaller polystyrene-NPs,
which accumulated intracellularly after internal-
ization, larger polystyrene-NPs were targeted to
exosomes and transported towards the cell mem-
brane. The observed selective extracellular
exportation of larger NPs implied that cellular
retention of drug nanocarriers might be regulated
by particle size. Also, Zhang et al. [67] found that
shape influenced NPs exocytosis.

These new findings on the exocytosis process
not only shed light on the interaction between
cells and NPs but will assist in the engineering of
NPs with improved selectivity and safety [9].

2.2.2 Physicochemical Properties
and Cytotoxicity

The expression ‘“biocompatible polymer” has
often been used in the nanotechnology and nano-
material fields as synonym of “recognized as safe
polymer”. However, the word “biocompatible”
has a broader scope meaning not only safe but
also suitable for the desired function [85]. Thus,
to classify polymeric nanocarriers as biocompat-
ible, if the intended final therapeutic target is a
sub-cellular organelle, not only they should not
exert deleterious side effects as also must deliver
the cargo at the desired target.

Consequently, the term “biocompatible” can
be misleading if the polymer is not evaluated in
relation not only to its structural parameters, its
dosage form, the route of administration, toxic-
ity but also the intended use. Also, it is errone-
ous to generalize the term “biocompatible” for
a certain type of polymer. For example, in the
case of chitosan, a polymer repeatedly tested as
a nanocarrier due to its “biocompatible profile”,
studies show that molecular weight and the
degree of deacetylation influence the cytotoxic-
ity profile [44]. Moreover, there is evidence that
certain chitosan samples are hemolytic and
should not be classified as inert carriers [68,
86].

Additionally, compounds used in small
amounts in NPs preparation (e.g. surfactants,
organic solvents) may be present in the final for-
mulation and impact toxicity. For example,
accentuated toxicity profile presented by PLAA-
NPs could be related to the use of a high concen-
tration of a surfactant (Pluronic F68) during their
production [86]. Residual organic solvents such
as dichloromethane, frequently used in emul-
sion/evaporation methods to dissolve the poly-
mers, should be conveniently eliminated
preventing deleterious effects in the final formu-
lations [87, 88].

Moreover, any change in the NPs formulation
will affect the physicochemical properties of the
nanocarrier with unknown consequences on their
nanotoxicity profile.
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A vast body of literature has been published
trying to establish correlations between specific
NPs physicochemical parameters and in vitro cel-
lular responses as illustrated in Table 2.4.

Cytotoxicity and Size

In general, smaller NPs tend to have higher cyto-
toxicity, due to the high number of molecules
available on the surface of the particles to interact
with surrounding biomolecules such as proteins
[61]. Even small changes in the physicochemical
characteristics of similar NPs can originate dif-
ferent sizes and cytotoxicity profiles. However,
size can has different effects depending on the
evaluated cellular endpoint (Table 2.4). For
example, this fact was observed with PLA-NPs
[22]. Authors found that smaller NPs were able to
induce higher cellular toxicity, mediated by ROS
production. Interestingly other tested endpoints
(inflammatory potential and immunotoxicity)
were not influenced by the size of the NPs. Also,
Xiong et al. [61] reported no apparent cytotoxic-
ity for PLGA-NPs regardless of the size (60, 100,
200 nm) when using a metabolic assay. However,
small NPs triggered increase in intracellular cal-
cium influx which may be linked to ROS produc-
tion. Further, this study highlighted the
importance of the concentration range to draw
conclusions on nanocarriers safety. It was
observed, in respect to immunotoxicity, that the
smaller NPs (60 and 100 nm) started to show sta-
tistical difference when compared with control
from 10 to 100 pg/mL, respectively. The larger
NPs (200 nm) did not trigger significant release
of TNF-a up to 300 pg/mL.

Other factors that may influence the size-
cytotoxicity effects are the cell lineage [89] and
polymers molecular weight and branching degree
[20] (Table 2.4).

Cytotoxicity and Surface Charge

The surface charge is another key parameter
which decide NPs biological impact. Generally, a
positive charge on NPs can promote increased
cytotoxicity and genotoxicity compared to that of
their neutral or negatively charged counterparts

(reviewed in Louro et al. [50]). This relation can
be found in tests using different cell lines as
reported by Platel et al. [88] with respect to
PLGA-NPs with the same size but different sur-
face charges. The positive ones were cytotoxic
and genotoxic for the three tested cell lines. As
plasma membrane and the intracellular environ-
ment is negatively charged, positively charged
NPs may be rapidly endocytosed and thus exert
their intracellular toxic effects. Also, a strong
interaction of positively charged PHBHHx-NPs
with negatively charged cellular membranes, due
to the presence of negative phospholipids and/or
proteins was suggested by Shao et al. [23], apply-
ing AFM to quantify the interactions between the
cells and NPs. Moreover, as DNA is negatively
charged, cationic NPs may be more likely to
interact with the genetic material leading to chro-
mosomal aberrations [88, 91].

The described works further emphasizes the
importance of controlling zeta potential, as a
measure of surface charge, in developing
polymeric-based NPs in the future.

Cytotoxicity and Shape

Only recently shape has been recognized as an
important factor determining the behaviour of
particles in a biological context [92]. Relevant
work included the toxicity study of PLGA-PEG
NPs (spherical- or needle-shaped) [90].
Experimental evidence showed that, only the
needle-shaped NPs induced lysosomal mem-
brane disruption, caused lysosome enlargement,
and subsequently the activation of caspase-3 and
DNA damage, both of which eventually led to
cell apoptosis.

Till the moment, the question whether NPs
size, charge, shape, chemistry, and other physico-
chemical properties as hydrophobicity [56] or a
specific combination of all possible characteristic
contributes to cytotoxicity or genotoxicity
remains open [67]. Moreover, different aspects as
those next described complicates the task for
obtaining systematic data that effectively links
physicochemical properties with specific cellular
effects.
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In Vitro Cellular Effects
Screening Remains a Difficult
Task

2.2.3

In vitro cellular studies can provide useful infor-
mation but clearly does not mimic the complex
biological environment. Moreover, nano-objects
require specific considerations with respect to the
in vitro toxicity assays because their behaviour is
distinct from water soluble chemicals [93]. Thus,
many challenges, transversal to all types of nano-
carriers, are faced including the choice of rele-
vant tests and suitable cellular models [88].

A first key aspect refers to the plethora of cel-
lular lines, exposure times, concentration range,
tested endpoints, and protocols data that can be
found in the literature, that prevent in most cases
the comparison between different studies and
may result in different conclusions (Tables 2.2
and 2.4). Having those aspects in mind it is
becoming recognized that more than one cell
line and endpoint should always be tested, in a
suitable concentration range and for different
exposure times, following standardized proce-
dures preferentially included in harmonized
guidelines [44].

Primary and Secondary Properties

In vitro cellular experiments need the dispersion
of the NPs in a suitable cellular media enabling
their effect on the cells. However, repeatedly
only the NPs primary properties (usually assessed
in water) are evaluated (Tables 2.2 and 2.4). That
is, the interference of the cellular media compo-
nents (e.g. ions composition, presence or concen-
tration of serum, pH, etc.) is not assessed. This
aspect is critical due to the possible influence of
the cellular media on NPs primary properties. For
example, different cellular media (RPMI and
DMEM) affected distinctively the PLA nanocar-
riers size, justifying the higher toxicity against
RAW 264.7 when the nanocarriers were sus-
pended in DMEM [22]. Also, Graga et al. [56]
showed that positive charged NPs (composed of
PMMA-EUDRAGIT®) became neutral in cell
culture media; this fact explained NPs unpredict-
able low cytotoxic and genotoxic effects. Further,

a slight shift in the pH of the culture medium to
the acidic side increased the positive surface
charge of PLGA/chitosan-NPs inducing mem-
brane damage [94]. Thus, there is an undeniable
impact of cell type medium, presence/absence of
serum on NPs physicochemical properties that
consequently influence their interaction with the
cells [94]. Those effects must be always addressed
enabling the correct evaluation of the results.

Agglomeration/Aggregation

Another important aspect to consider refers to
stability aspects of colloidal NPs once dispersed
in the cellular media. NPs due to their very high
surface energy as a result of their extremely small
particle size once inserted in a biological envi-
ronment can adsorb biomolecules and proteins
and as a consequence they tend to agglomerate/
aggregate to reduce energy spread, resulting in
thermodynamic instability, increased size and
often change in their surface charge [23, 56]
(Fig. 2.5). These phenomena have a high impact
on the physicochemical properties and cellular
effects of the NPs. Still, in most of the published
studies these aspects are not taken in consider-
ation [56, 94].

Experimental Technical Challenges
At present, the majority of the in vitro nanotoxic-
ity assays are the same as those primarily used to
investigate the generic cytotoxicity or genotoxic-
ity of chemicals [93]. However, there are specific
challenges associated with the characterization
of nanostructured materials that must be consid-
ered and methodologies have to be carefully vali-
dated for each type of nanocarrier (reviewed in
[95]. For example, in the case of the frequently
used MTT test (Table 2.4), the adsorption of the
dye to the NPs may interfere with the quantifica-
tion of the mitochondrial activity, leading to erro-
neous conclusions on cell viability [93]. Also, it
is not clear in the majority of studies if the dye
itself changes NPs properties as size and charge
or if it leaks during the experiments [96, 97].
Regarding microscopic imaging techniques,
commonly used to evaluate cellular interactions
as uptake and intracellular trafficking, most
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Fig. 2.5 Changes in size and surface charge of NPs in biological media may result in aggregation/agglomeration

phenomena

studies do not distinguish between internalized
and adsorbed NPs and often not consider the
autofluorescence of cells. Specifically, for con-
focal microscopy it is relevant to conduct
z-stacking; the orthogonal views can clearly
demonstrate that the NPs are inside the cells
instead of sitting on the cell membrane as illus-
trated in Fig. 2.6.

Another underestimated aspect is the detec-
tion of endotoxin contamination in the NPs,
often an overlooked feature. However, the pres-
ence of endotoxin may significantly alter the
results of in vitro tests. In particularly, when dis-
cussing cytokine stimulation or oxidative stress,
endotoxin contamination should not be
neglected [61].

Finally, the determination of the physico-
chemical properties themselves faces multiple
difficulties (as reviewed in [98]), including the
fact that NPs size and size distributions may
differ depending on the used technique. For
example, the primary size of PLGA-NPs
(assessed by TEM and SEM) was different
from the hydrodynamic size measured by DLS
[61].

2.3  Concluding Remarks, Gaps

and Future Trends

Based on the papers presented in the previous
sections, describing the link between physico-
chemical properties of different polymeric NPs

and their cellular effects, it is possible to draw
some general conclusions, gaps and future trends
summarized in Table 2.5.

Overall, the polymeric nanocarriers present
exciting opportunities in  Nanomedicines.
Although the raw materials are generally recog-
nized as safe, the question regarding their toxic-
ity in the nano-form remains open. Understanding
how changes in formulations may impact physi-
cochemical properties is essential in the first
steps of NPs development in a context of “Safe-
by-Design” approach.

Similarly, to other classes of biomaterial
based-nanostructures, the nano-bio interactions
of polymeric nanocarriers are one of the most
critical issues that need to be addressed for
nano-product development in the first stage of
their development. Presently, the in vitro effects
of physicochemical properties are tested in a
“case by case approach” as they depend on a
combination of different variables, including
the type of cell, cellular endpoints, exposure
time and concentration range [44, 77]. Unsolved
hurdles, and specificities of these in vitro tests,
common to all types of nanomaterials, still pro-
duce questionable data preventing the establish-
ment of a robust data of the correlation between
the physicochemical properties of polymeric
nanocarriers and their biological effects [95].
An effort for establishing clear regulatory
guideline(s) on the in vitro testing/evaluation of
NPs should be considered, including the “blank”
nanocarriers.
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20 pm

Fig.2.6 Confocal microscopy analysis of polymeric NPs
internalized by human osteoblast MG-63 cells. (a) Control
cells which were not exposed to NPs; (b) Intracellular dis-
tribution of 6-coumarin loaded NPs after 24 h exposure to
cells; (¢) Enlarged region of (b); (d) Orthogonal views

Despite the gaps and challenges to face, fun-
damental knowledge of how physical-chemical
properties impact cellular interactions of engi-
neered polymeric nanostructures is critical to
their future success in healthcare and key crite-
ria that should be considered in a nanotechnol-
ogy, nanotoxicology and regulatory context.

A. Bettencourt and L. M. Gongalves

from different planes (x/y, x/z or y/z) of the (c¢) image.
Note — in red: actin cytoskeleton of cells, in blue: nucleus
of cells, and in green: NPs. Scale bars = 20 pm. Reprinted
with permission from [40]. Copyright © 2018 Elsevier
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Abstract

The extensive knowledge in the miniemulsion
technique used in biocatalysis applications by
the authors allowed the development of drug
delivery systems that constitutes the LipNanoCar
technology core for the production of lipid
nanoemulsions and solid lipid nanoparticles.
The LipNanoCar technology, together with ade-
quate formulations of different oils, fatty acids,
surfactants, and temperature, allows the entrap-
ment of several bioactive and therapeutic com-
pounds in lipid nanoparticles for cosmetic,
nutrition, and pharmaceutical applications.

The LIpNanoCar technology allowed
lipid nanoparticles production with average
sizes ranging from 100 to 300 nm and Zeta

Potentials between -55 and
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-20 mV.
Concomitantly, high entrapment or encap-

sulation efficiencies (%EE) were achieved,
as illustrated in this work for B-carotene and
vitamins derivatives (>85%) for cosmetic
application, and for antibiotics currently
used in chemotherapy, like rifampicin (69—
85%) and pyrazinamide (14-29%) against
Mycobacterium tuberculosis (TB), and cip-
rofloxacin (>65%) and tobramycin (~100%)
in Cystic Fibrosis (CF) respiratory infec-
tions therapy. Ciprofloxacin presented, for
example, a quick-release from the lipid
nanoparticles using a dialysis tubing (96%
in the first 7 h), but slower than the free anti-
biotic (95% in the first 3 h). This result sug-
gests that ciprofloxacin is loaded near the
external surface of the lipid nanoparticles.

The toxicity and validation of entrapment of
antibiotics in lipid nanoparticles for Cystic
Fibrosis  therapy were assessed using
Caenorhabditis elegans as an animal model of
bacterial infection. Fluorescence microscopy of
an entrapped fluorescent dye (DiOC) confirmed
the uptake of the lipid nanoparticles by inges-
tion, and their efficacy was successfully tested in
C. elegans. Burkholderia contaminans 1ST408
and Burkholderia cenocepacia K56-2 infec-
tions were tested as model bacterial pathogens
difficult to eradicate in Cystic Fibrosis respira-
tory diseases.
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3.1 Introduction

The failure and main problems raised presently
by some new current clinical therapies include:
inadequate drug concentration due to low absorp-
tion; rapid metabolism and consequent elimina-
tion of the active principle (e.g., drugs, antibiotics,
peptides, and proteins); the distribution of highly
toxic drugs to non-target tissues (e.g., cancer
drugs) and; the low water solubility of some
drugs. Drugs often have an optimum concentra-
tion range. Concentrations above or below this
optimum can either be toxic or ineffective. A
rapid drug absorption can lead to a concentration
plasma peak reaching toxic levels in the body.
Suitable drug carrier systems need to be devel-
oped to overcome some of the concerns and
drawbacks mentioned above [1].

Nanomedicine is presently responsible for
accelerated growth in R&D and clinical trial reg-
istration for new therapeutic applications in the
fields of new drug therapies and new drug deliv-
ery systems (DDSs). The new DDS should be
characterized by the absence of toxicity such as
cytotoxicity, provide chemical and physical sta-
bility for the entrapped or encapsulated drug,
have a sufficient drug loading capacity, and offer
the possibility of drug targeting and controlled
release characteristics. The feasibility of scaling
up with reasonable overall costs to ensure the
product’s reliability on a large scale is another
critical factor.

Since the 1960s until today, several nanostruc-
tures such as liposomes, nanoemulsions, reversed
micelles, polymeric nanoparticles, nanocapsules,
lipid nanoparticles, dendrimers, drug nanocrystals,
nanosuspensions, and soluble polymer-drug con-
jugates, among others, are examples of colloidal
nanocarriers developed and tested as drug delivery
systems [2]. However, liposomes and liquid nano-

emulsions have been characterized by limited
physical stability, drug leakage, low specific cell
targeting, and upscaling problems. Additionally,
dendrimers and polymeric nanoparticles have
shown some problems of cytotoxicity and the
implementation of large-scale production. In con-
trast, lipid nanoparticles (LNPs) have shown to be
more stable and present various advantages,
including controlled drug release, reliable protec-
tion of incorporated labile drugs from degradation,
excellent tolerability, easy scale-up, and allowing
multiple administration routes [3].

A successful process to engineer a drug deliv-
ery system includes the following steps: encapsu-
lation or entrapment of a therapeutic substance or
drug in an adequate DDS for a specific route
administration, the release of the active ingredi-
ents, and the subsequent transport of the active
principle or drug across the biological membrane
to the specific location for therapeutic action. The
most suitable DDS choice depends on the desired
route of administration, namely dermal, oral,
intravenous, parenteral, ocular, or nasal.
According to the administration route of the
DDS, different size ranges are demanded from a
few nanometers (colloidal systems) to the
micrometer range (microparticles) [4].

The LNPs target multiple of these goals,
which make them superior to conventional DDS,
including; their ability to travel through the
bloodstream undetected (when below 200 nano-
meters), to exhibit in vivo high drug stability, to
control drug pharmacokinetic and pharmacody-
namic profiles, and to deliver the drug to, and
only to, the target location [5].

3.2 Lipid Nanoparticles (LNPs)

The DDSs based on lipid nanoparticles have a
typic structural matrix consisting mainly of lip-
ids, considered physiologically acceptable and
biodegradable with a GRAS (Generally
Recognized as Safe) status, which decreases the
associated toxicity. From different lipid DDSs
developed, we can highlight the fat lipids, lipo-
somes, reversed micelles, liquid nanoemulsions,
and lipid nanoparticles (LNPs), namely solid
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lipid nanoparticles and nanostructured lipid carri-
ers (Fig. 3.1).

Solid lipid nanoparticles (SLNs), compared to
liposomes and nanoemulsions, have advantages
of physical stability, protection of the entrapped
drug from degradation, and controlled release.
Additionally, SLNs have low-cost excipients and
production processes, and their manufacture on a
large-scale is easily implemented [6].

SLNs can be used in various administration
routes [7]. However, conventional SLNs pre-
sented several limitations, such as limited drug
loading capacity due to the crystalline structure
of solid lipid and drug release due to low storage
stability. A second-generation of LNPs named
Nanostructured Lipid Carriers (NLCs) was devel-
oped to overcome some of those limitations [8].
SLNs and NLCs differ in their inner solid lipid

structure and, consequently, physicochemical
properties and characteristics. Commonly, the
structure of SLNs is compared to a “symmetric
brick wall,” and the NLCs as a “Welsh natural
stone wall” (Fig. 3.2).

Three different models can describe the incor-
poration of drugs in SLNs with particle size
ranges between 50 and 1000 nm [9]. These mod-
els include the homogenous matrix solid solution
model (in which drug is either molecularly dis-
persed or present as amorphous clusters in the
lipid matrix); the drug-enriched shell model
(outer lipid shell containing drug with lipid core),
and the drug-enriched core model (drug core sur-
rounded by lipid layer or reservoir type system)
(Fig. 3.3) [10, 11].

Therefore, despite SLNs being interesting drug
delivery systems, their relatively low drug loading
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capacity and potential expulsion of the drug during
storage led scientists to think about new strategies.
These alternatives start by observing that mixtures
of more complex lipids lead to a less perfect matrix
and, consequently, a higher drug loading [9, 12].
A second-generation of lipid nanocarriers,
identified as Nanostructured Lipid Carriers
(NLCs), was developed at the turn of the twenty-
first century. NLCs matrices consist of a less
ordered lipid matrix with imperfections due to the
mixtures or blend of solid and liquid lipids (e.g.,
oils) (Fig. 3.2b). The resulting LNPs show a lower
melting point than SLNs. However, they are still
solid at body temperature and increase entrap-
ment or encapsulation efficiency (%EE), drug
loading capacity, physical stability, and the feasi-
bility of incorporating drugs in their final dosage
forms such as tablets and capsules [13]. NLCs can

be of three types: the imperfect type, the amor-
phous type, and the multiple type (Fig. 3.4) [14].

Within the last decade, several advances were
achieded in the application of LNPs as carriers
for the delivery of poorly water-soluble drugs
such as antineoplastic agents. Many other drugs
included in the Biopharmaceutics Classification
System (BCS) II or IV have been gaining inter-
est. Additionally, these colloidal delivery systems
can overcome and minimize the drawbacks and
concerns mentioned above [13, 15]. Although
SLNs and NLCs can incorporate hydrophilic
molecules, their loading capacity is relatively
low. Thus, synthetic lipid-drug-conjugates
(LDCs) in the form of salts between hydrophilic
molecules and fatty acids, or, as an alternative,
the hydrophilic molecule covalently bound to a
lipidic structure [10, 16].
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To synthesize LDCs, the drugs should have a
functional amino or hydroxyl group conjugated
with the carboxylic group present in the fatty
acid. In the covalent linking, the drug reacts with
a fatty acid or alcohol in the presence of a cata-
lyst. Then, in the form of ester or ether, the result-
ing product is then purified by recrystallization.
The obtained bulk LDCs, in the form of a salt or
a covalent linking, are then processed with an
aqueous surfactant solution in the oil-in-water
emulsion for lipid nanoparticle formulation [16].

The SLNs, NLCs, and the synthetic LDCs are
prepared similarly to an oil-in-water (O/w) emul-
sion, and several techniques have been developed
for their production.

3.2.1 Techniques for Production

of LNPs

Several techniques have been developed for the
LNPs production, resulting in different particle
sizes, shapes, stability, and drug loading capacity,
but some parameters must be considered when
choosing the suitable formulation technique. The
size, drug loading, stability of nanoparticles, and
toxicological issues, are fundamental parameters
that can influence the pharmacological properties
of the LNPs. GRAS materials and their biocom-
patibility and biodegradability are not the unique
parameters for a successful DDS. For instance,
traces of organic solvents in the final product can
be a significant drawback. The use of expensive
and sophisticated machines and processes can
hamper the production from the lab-scale to a
large scale as they can preclude the possibility to
scale-up. Finally, more and more complex mole-
cules are being entrapped within LNPs, and it is
crucial to obtain high drug loading, thus avoiding
the use of a high amount of matrix of biodegrad-
able lipids. These new drug molecules have dif-
ferent physical and chemical properties
(solubility, hydrophobicity, others) and stability
issues (temperature, pH, others). For this reason,
there are multiple factors to choose the formula-
tion technique. Nevertheless, the most appropri-
ate LNP production technique should enhance

drug loading and %EE without damaging the
drug molecule’s chemical stability.

Different technique approaches are available
for LNP production, such as:

¢ High-pressure of the hot and cold homogeni-
zation started with melted lipid aqueous solu-
tion [17]. For both techniques, lipid contents
range from 5-10% in the aqueous solution, but
a higher concentration (up to 40% of lipid) can
be homogenized to obtain nanodispersion [18].
Either medium scale or large scale production
is possible for LNPs by hot homogenization,
and it is the most extensively used technique
for the preparation of SLNs. The cold homog-
enization is used for the entrapment of thermo-
labile drugs in LNPs [11].

* Microemulsion is obtained by the mixture of
a heated aqueous phase containing the emulsi-
fier with the lipid phase in appropriate ratios,
stirring above their melting point, and then
diluted with cold water (2-8 °C) to produce
LNPs like SNLs. The ratio of hot microemul-
sion to cold water is usually in the range of
1:10 to 1:50, and therefore, no external energy
is required to achieve the small particle size
[19]. Nanoparticle concentration in the sus-
pension is below 1%, and excess water can be
removed either by ultrafiltration or
lyophilization.

e Ultrasounds use high-energy sonication for
nanoemulsion formulation. The solid lipids
are heated at 5-10 °C above their melting
point before drug dissolution or disper-
sion. Then, a hot aqueous surfactant solution
(preheated at the same temperature) is added
to the drug-lipid melt and homogeneously dis-
persed by a high shear mixing device. Finally,
lipid nanoemulsion is cool down to room tem-
perature, obtaining the LNPs [20, 21].

e Phase inversion temperature (PIT) uses
some surfactants (e.g., polyethoxylated) to
change their partition for water and oil phases
according to the temperature [22]. In this tech-
nique, an oil phase, constituted by solid lipids
and nonionic surfactant, and an aqueous phase
containing a specific ionic strength (e.g.,
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NaCl) are separately prepared, both heated
above the PIT, and then mixed. The mixture
constituting the W/O emulsion is then cooled
to room temperature under slow and continu-
ous stirring [23].

* Solvent-based techniques are based mainly
on two distinct methodologies, the solvent
emulsification-evaporation ~ and  solvent
emulsification-diffusion used for entrapment
of temperature-sensitive drugs (e.g., protein,
peptides). However, trace amounts of the
organic solvent remains in the final product
can potentially create toxicity problems. The
drug is added into a water-immiscible organic
solvent (e.g., cyclohexane, dichloromethane,
tetrahydrofuran, toluene, chloroform, others),
and then emulsified in an aqueous surfactant
solution by mechanical agitation in both meth-
odologies. In the solvent emulsification-
evaporation technique, the lipid phase
precipitation forms the LNP dispersion in the
aqueous surfactant medium during the solvent
evaporation process [24]. In the solvent
emulsification-diffusion, the O/W emulsion is
then diluted with an excess of water, in typical
ratios ranging from 1:5 to 1:10, causing the
solvent’s dissolution in water and subsequent
precipitation of the LNPs [19].

e Other techniques such as coacervation [13],
membrane contactor [25], supercritical fluid-
based [26], microfluidic system [19], or com-
binations of those above have been tested and
reviewed recently on the for LNPs production
[27].

3.2.2 LipNanocar Technology: LNPs
Production Based
on a Miniemulsion Technique

A particular emulsions class consists of colloidal
dispersions with a droplet size between 20 and
500 nm, known as miniemulsions, nanoemulsions,
or ultrafine emulsions, resulting from liquid lipid
nanodispersions at high temperatures. The cold
nanoemulsion appearance is transparent or bluish
for the smallest droplet sizes between 20
and 100 nm, or milky for sizes up to 500 nm [28].

Luis Fonseca’s team has widely used an O/w
miniemulsion methodology on biocatalysis
applications that showed a high loading capacity
20-50% (w/w) of several hydrophobic com-
pounds (e.g., short/medium/long fatty acids,
aldehydes, ketones, alcohols, esters, chiral com-
pounds, others) [29-32]. The extensive knowl-
edge allowed the development of a new DDS
based on miniemulsion methodology that consti-
tutes the LipNanoCar technology core for LNPs
production. This technology is focused on the
LNPs production with entrapment or encapsula-
tion of several bioactive and hydrophobic com-
pounds, antibiotics, and drugs for cosmetic,
nutrition, and pharmaceutical applications.

LNPs can be prepared according to the
LipNanoCar technology by vigorous mechanical
agitation or high-energy emulsification methods
like ultrasonication or high-pressure
homogenization.

In all cases, the aqueous and lipid phases are
previously and separately prepared and heated
above the lipid melt temperature before mixing
with magnetic stirring, and different temperature
conditions were commonly tested (50-70 °C).
When the fatty acids (e.g., lauric acid) or the fatty
acids and oils combination (e.g., lauric acid/
coconut oil) are fully melted, a hot aqueous solu-
tion containing a surfactant or a tension-active
agent (e.g., Lutensol AT 50, Tween 80, Span 80,
others) and, eventually, a co-surfactant (e.g.,
hexadecane) preheated at the same temperature
are mixed. For LNPs loaded, the active biological
compound is mixed with the lipid phase for at
least 15 min before adding the aqueous solution
at the same temperature. Then, a hot O/w
miniemulsion is obtained when submitted to
ultrasonication using a sonication probe (MS72)
in a sonicator (Bandelin, Germany) for 5 min
(25%; 5 s-on; 5 s-off) without temperature con-
trol. Alternatively, a hot O/w miniemulsion is
obtained by vigorous mechanical agitation using
a standard Teflon impeller for a few minutes
(Fig. 3.5).

In both cases, the transparent hot O/w emul-
sion is then cooled to room temperature under
stirring, resulting in a milky or bluish LNP sus-
pension. After cooling, the samples from each
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Fig. 3.5 Lipid nanoparticle production by LipNanoCar
technology. Ultrasonication: first step, Lipid phase and
aqueous phase warmed separately at 70 °C; second step,
Mixing and sonication of hot pre-emulsion; third
step, Cooling down to room temperature. Mechanical
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agitation: first step, Lipid phase and aqueous phase
warmed separately at 70 °C; second step, Mixing and

vigorous  mechanical  agitation of hot pre-
emulsion; third step, Cooling down to room
temperature
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formulation are stored in a refrigerator at 4 °C or
left at room temperature.

LipNanoCar technology produces GRAS sta-
tus nanocarriers like O/w Liquid Lipid
Nanoemulsions and LNPs (e.g., SLNs or NLCs)
incorporating in their composition lipids that are
solid at room temperature to carry and deliver bio-
active compounds and drugs. Furthermore, the
LNPs did not show any toxicity issues, in contrast
with synthetic polymers like poly (lactide-co-
glycolide) (PLGA) due to the acidic by-products
formed during their degradation, rendering them
inappropriate for extended use in some health
applications. LipNanoCar technology shows
enormous potential as a valuable technological
platform for nanocarriefs development for phar-
maceutical, dermatological, and nutritional appli-
cations that can improve health and well-being.

LNPs produced by LipNanoCar technology are
cost-effective. Additionally, LipNanoCar technol-
ogy shows to be a feasible and attractive methodol-
ogy for large scale production of GRAS lipid
nanocarriers containing medium and long lipid and
solid fatty acids, natural oils, and using GRAS ten-
sion-active agents or surfactants. The optimized
delivery nanocarriers allowed the entrapment of
several bioactive compounds. These include a wide
range of compounds: omega-3 unsaturated fatty
acids (DHA/EPA); esters based in lipid conjugation
(e.g., DHA-nicotinol) [32]; pure mono-, di- and tri-
glycerides; several oils (e.g., olive, coconut, soy-
bean, among others) [33]; antioxidants (e.g.,
a-tocopherol and derivatives) [33]; vitamins (e.g.,
retinoids, retinyl palmitate) [34]; B-carotene [35];
antibiotics and drugs (e.g., rifampicin [35], pyrazin-
amide [35], lidocaine [36], tobramycin [37], cipro-
floxacin [37]); and fluorescent molecules (e.g.,
DiOC) that allow their optical detection [37, 38].

The projects developed in the last years based
on LipNanoCar technology in the field of DDSs
were namely:

— Antibiotics for Tuberculosis treatment [35],

— Bioactive compounds for incorporation in
lubricant-anesthetic-disinfectant intraurethral
gels [36],

— Antibiotics for Cystic Fibrosis treatment and
validation of non-cytotoxicity of unloaded and

loaded-lipid nanoparticles using
Caenorhabditis elegans as an animal model of
bacterial infection [37],

— Antioxidant and vitamins incorporated in top-
ical administration for skin healing and pro-
tective effects [38],

— Permeation of tocopherol through a 3D model
of the reconstructed human epidermis (RHE)
and cytotoxicity studies using MTT with
Human epidermal keratinocytes [38],

— More recently, the entrapment of bioactive
extracts from Amazonian plant seeds, which is
in development.

3.3  Fate and Toxicological
Concerns of Drug Delivery

Using LNPs

Macrophages, specialized cells of the human
immune system, recognize all external nanopar-
ticles as antagonistic matter and quickly phago-
cyte and eliminate them from the body.
Nonetheless, these specialized immunological
cells are present in the human body’s limited
areas (e.g., lungs). Furthermore, nanoparticles
with sizes below 100 nm can be internalized by
all body cells [9, 39]. Regarding the typical LNPs
sizes of 100-300 nm (size above 100 nm), as
their cellular uptake is not expected, the risks of
interference with the oral administration of the
DDS are reduced, and, consequently, they do no
present significant toxicological concerns [40].

3.3.1 LNPs Fate When Used in Oral

Administration Route

Oral administration of LNPs (e.g., SLNs, NLCs,
or LDCs) is possible as aqueous dispersion [41]
or transformed into traditional dosage forms such
as tablets, pellets, capsules, or powders in sachets
[42]. However, aqueous dispersions of LNPs
might not be suitable to be administered as a dos-
age form due to the stomach acidic environment
and high ionic strength that favor particle aggre-
gation. Besides, the presence of food will also
have a high impact on their performance [26].
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The packing of LNPs in sachets for redispersion
in water or juice before oral administration will
allow individual dosing by volume of the recon-
stituted LNPs. The aqueous lipid nanoparticle
dispersions can be used for tablet production
instead of a granulation fluid in the granulation
process. Alternatively, LNPs can be transformed
previously to a powder (by spray-drying or
lyophilization) and then added and mixed with
other powder ingredients to form a tablet.
However, it is beneficial to have higher solid con-
tent to avoid removing excess of water. Due to
cost reasons, spray drying might be the preferred
method for transforming lipid nanoparticle dis-
persions into powders, in general, by the previous
addition of a protectant agent [43]. The lipid
nanoparticle dispersions can also be used as a
wetting agent in the extrusion process for pellets
production. Lipid nanoparticle powders can also
be incorporated to fill hard gelatine capsules.

Several drugs (hydrophobic and hydrophilic)
have been incorporated in LNPs, being examples
of the potential benefits of lipid nanoparticle car-
riers for application in oral administration and
recently reviewed [13, 44, 45].

Concerning the typical lipid nanoparticle
triglyceride-based composition, it is expected
that after oral administration, they undergo
similar mechanisms of food-ingested lipids. The
lipid matrix degradation occurs mostly by lipases,
whereas non-enzymatic hydrolytic processes
degrade only a minor part. A regular healthy
adult gastrointestinal (GI) tract can daily hydro-
lyze about 100-140 g of dietary lipids (mainly in
the form of triglycerides). Lipids digestion gener-
ally begins in the stomach, where triglycerides
are hydrolyzed into diglycerides and fatty acids
by the acid-stable lipases such as the lingual and
the gastric lipases. Afterward, gastric contents
reach the duodenum, the first section of the small
intestine, where lipid’s presence stimulates the
production of both lipase/co-lipase enzymes by
the pancreas and bile salts (phospholipids and
cholesterol) by the gall bladder. Bile salts adhere
to emulsion droplets’ surface, promoting the
lipase/co-lipase action and originating free fatty
acids and colloidal species like micelles, mixed
micelles, and vesicles. The absorption of fatty

acids and entrapped drugs occurs mostly in the
small intestine, where substances move directly
into the systemic circulation, or firstly into lym-
phatic circulation and subsequently to blood [42,
46].

The nanoparticle size is an essential factor for
uptake into the GI epithelia. Intestinal cells can-
not absorb nanoparticles larger than 400 nm [47].
Furthermore, LNPs have adhesive properties,
allowing their adherence to the enterocytes
(intestinal epithelial cells) surface. Therefore,
drug release from the nanoparticles is immedi-
ately followed by direct absorption within the
enterocytes. In parallel, the presence of LNPs in
the duodenum promotes lipase/co-lipase activi-
ties and bile salts secretion. The former hydro-
lyzes the triglycerides into monoglycerides and
fatty acids, forming micelles, which undertake
(i.e., re-solubilize) the drug; meanwhile, the drug
is released with the degradation of the nanopar-
ticles. Additionally, the bile salts interact with
micelles and form mixed micelles. Subsequently,
the drug is absorbed, together with these colloi-
dal species, by one or more of the transport
mechanisms depicted in Fig. 3.6.

Even for the biodegradable nanoparticles, the
use of high concentrations of the carriers can lead
to toxicological concerns. Therefore, the fate of
the carriers in the body should be clarified. LNPs
are easily eliminated through physiologic and
metabolic pathways, relatively fast as non-toxic
compounds, decreasing acute and chronic toxic-
ity risk as they are generally produced from natu-
ral and GRAS excipients.

3.3.2 InVitro Toxicological Studies
of LNPs

Depending on the administration route, the NPSs’
toxicity requirements can change, being the
requirements lower for dermal, moderate for oral,
and higher for intravenous administration [9].
Toxicological studies should be first per-
formed in vitro, using cell models that mimic
the body conditions to minimize the number of
animal studies and to have an idea of the cyto-
toxicity of the DDSs in an early stage. The
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Caco-2 cell line is often used as an in vitro
model since it mimics the Gastrointestinal (GI)
tract conditions [48, 49], and the viability of
human granulocytes have also been studied for
toxicological and pharmacological studies [50,
51]. Several studies have reported and con-
firmed that LNPs show high biocompatibility,
being well-tolerated, and exhibiting low cyto-
toxicity, compared with other conventional drug
nanocarriers, which increases their attractive-
ness for drug-delivery applications [50]. For
example, SLNs prepared with lipids concentra-
tions up to 2.5% do not exhibit any cytotoxic
effects in vitro [50, 51]. Even for lipids concen-
trations higher than 10%, these LNPs led to a
viability of 80% in cultures of human granulo-
cytes [51]. In contrast, some polymeric nanopar-
ticles led to complete cell death at concentrations
of 0.5%. In a few cases, the SLN’s cytotoxicity
can be mainly attributed to emulsifiers or pre-
servative compounds used to produce these
DDSs [9].

From the data obtained until now, the lipid
nanoparticle formulations appear to fulfill the
essential prerequisite to the clinical use of an oral
colloidal lipid carrier with low cytotoxicity.
However, in vitro studies sometimes use short
periods and small concentration ranges, which do
not allow realistic conclusions about the nanocar-
rier cytotoxicity. For this reason, in vivo studies

must always be performed before the move to
human clinical trials [52].

3.3.3 InVivo Toxicological Studies
Using C. elegans

and as an Animal Model

of Bacterial Infection

for Assay Drug Delivery

Efficiency of LNPs

Caenorhabditis elegans is a small, free-living
soil hermaphroditic nematode that feeds on
microbes, particularly E. coli strains. The nema-
tode is an important model system for many bio-
logical research fields such as genetics, genomics,
cell biology, neuroscience, and aging. C. elegans
genome is approximately 72% similar to the
human genome, and each worm gene has a coun-
terpart in the human genome. The life cycle of
the animal comprises the embryonic stage, four
larval stages (L1-L4), and adulthood (Fig. 3.7)
[53, 54].

C. elegans feeding involves food ingestion,
digestion, nutrient absorption, and defecation.
The digestive system of C. elegans is also the
main path of uptake of nanoparticles as the
worms ingest them actively during feeding [53].
The particle size smaller than 1000 nm can come
in through the nematode mouth and then be
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Fig. 3.7 Representative
stages of the C. elegans
life cycle (L1 through
L4). L4 larvae molt into
young adults, developing
into reproductive adults 18 h
that survive for i
approximately 3 weeks —~— 1
under standard

laboratory conditions

ingested. The ingestion of nanoparticles can
occur through two different mechanisms: volun-
tary ingestion or non-voluntary ingestion. The
nanoparticle ingestion can coincide with the
ingestion of E. coli OP50 bacteria due to the
pharynx’s continuous pumping action [55].

C. elegans have been studied as a model of
infection for several pathogenic bacteria that
replace the E. coli food source and then, follow-
ing the disease progress, evaluated by the sur-
vival of a population or other parameters such as
reproduction. The mortality of C. elegans is due
to some lethal toxins produced by the pathogens.
Other pathogens are also virulent by provoking
intestinal infections and signs of illness such as
locomotion defects, distended intestine, paraly-
sis, or erratic movement. The nematode has been
used to study Gram-positive human pathogens
such as Staphylococcus aureus and Gram-
negative isolates from Cystic Fibrosis belonging
to species Pseudomonas aeruginosa and the
Burkholderia cepacia complex (Bcc) [54, 56].

Burkholderia  contaminans 1ST408 and
Burkholderia cenocepacia K56-2 belong to the
Bcee group pathogens. They can induce an
infection-like in the C. elegans nematode, pro-
viding a useful model to evaluate LNPs’ efficacy
with encapsulated antibiotics (e.g., ciprofloxacin,
tobramycin) to rescue infected C. elegans
populations.
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3.4 LNPs Loaded

with Antibiotics Produced by
LipNanoCar Technology

for Oral Administration
Against Tuberculosis

Tuberculosis (TB) is an infectious disease pro-
duced by bacilli belonging to the Mycobacterium
tuberculosis complex [57]. Currently, available
chemotherapy includes first-line drugs such as
isoniazid (INH), rifampicin (RIF), ethambutol
(EMB), and pyrazinamide (PYZ) [58]. The
actual short-course treatment guideline aims for
the complete elimination of active and dormant
bacilli and involves two phases. During the ini-
tial phase, four drugs (usually isoniazid, rifampi-
cin, pyrazinamide, and ethambutol) are
administrated daily for 2 months. The continua-
tion phase is based on an additional administra-
tion for 4 months, either daily or 3 times per
week. Fewer drugs (usually isoniazid and rifam-
picin) are administered, targeting and killing off
any remaining or dormant bacilli to prevent
reversion [57].

The search for new anti-TB drugs is an essen-
tial key in this fight, but searching for new drug
delivery strategies may also play an important
role. The alternative delivery systems, such as
nanocarriers for anti-TB drugs, may reduce
administration frequency and shorten treatment
periods, improving patient compliance and
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efficacy of treatment, reducing drug-related tox-
icity. For example, isoniazid, rifampicin, and
pyrazinamide chemotherapy in conventional
DDSs have shown hepatotoxicity [59], a side
effect due to its action on hepatocytes rather than
macrophages, the primary host cells that harbor
M. tuberculosis. Thus, a delivery mechanism that
introduces these antibiotics selectively into mac-
rophages would significantly increase their thera-
peutic efficacy by achieving higher concentrations
of the antibiotics in the infection site without
exposing the patient to high and toxic systemic
concentrations.

Since M. tuberculosis resides and multiplies
intracellularly in host mononuclear phagocytes
and because they internalize particles more effi-
ciently than other host cells, encapsulation of
anti-TB drugs in nanoparticles offers a mecha-
nism for specific targeting of M. tuberculosis-
infected cells. Indeed, because nanoparticles are
uptake by macrophages of the reticuloendothelial
system and accumulate in the liver, spleen, and
lung [60-62], they are ideal for treating M. fuber-
culosis, which infects macrophages in these
organs.

As macrophages exhibit several receptors,
it is also possible to modify these nanocarri-
ers’ surfaces to achieve macrophages’ active
targeting. Particle size is also a vital character-
istic in the passive targeting of macrophages
since they affect these cells’ internalization
success. In this regard, particles with diame-
ters of about 500 nm have been reported as
ideal to undergo phagocytosis by alveolar
macrophages [63].

Different nanocarriers have been produced as
delivery platforms of anti-TB drugs in this work,
for example, entrapment of rifampicin and pyra-
zinamide in LNPs.

3.4.1 Preparation of SLNs and NLCs

by LipNanoCar Technology

The identification and composition formulation
used to produce the LNPs against Tuberculosis is
presented in Table 3.1 [35].

Table 3.1 Identification and formulation composition
(%w/w) of LNPs produced. The remaining % is Milli Q
water

Formulation
Lauric Co-surfactant | Surfactant
acid Oil* | Hexadecane Lutensol
D (%) (%) | (%) Al5 (%)
SLN_1 10.0 |- 3.0 7.1
SLN_2 5.6 - 32 7.4
SLN_3 2.9 - 32 7.6
SLN_4 6.9 - 3.1 7.3
SLN_5 8.2 - 3.1 7.2
SLN_6 4.3 - 32 7.5
NLC_1 5.5 14 3.1 7.3
3.0B- 6.9 - 3.1 7.3
SLN 5.5 1.4
3.0B-
NLC
1.IRIF- 7.1 - 3.2 7.5
SLN 5.7 1.4
1.1RIF-
NLC
2.0RIF- |7.1 - 3.2 7.5
SLN 5.7 1.4
2.0RIF-
NLC
1.IPYZ- 7.1 - 3.2 7.5
SLN 5.7 1.4
1.1PYZ-
NLC

3.0, 1.1RIF, 2.0RIF, and 1.IPYZ corresponds to the
amount (mg) of bioactive compound added per 1 g of the
miniemulsion system to produce LNPs

*0il is Coconut oil

3.4.1.1 Influence of Sonication, Lauric
Acid (LA) Content,
and Temperature
on the Production of LNPs
The non-sonicated SLNs dispersions produced
by LipNanoCar technology in these conditions
exhibit a milky aspect, while sonicated SLNs dis-
persions are clearer and bluish (Fig. 3.8).

As expected, the sonicated SLNs samples are
characterized by a decrease in mean particle size
(Z-Ave) according to the DLS results (Fig. 3.9).
Usually, from literature, colloidal dispersions
with droplet sizes between 20 and 100 nm are
transparent or bluish, while colloidal dispersions
with larger droplets sized up to 500 nm exhibit a
milky aspect [20].
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Fig. 3.8 Macroscopic
aspect of empty SLNs:
(left) — non-sonicated
formulation; (right) —
sonicated formulation
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Fig.3.9 Z-average and PDI of empty SLNs with different lauric acid content and for the temperatures of 50 °C, 55 °C,
60 °C, and 70 °C
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60 °C, and 70 °C

All SLNs obtained using sonicated formula-
tions show a mean Z-ave lower than 150 nm
(Fig. 3.9). This smaller size is due to shear stress
resulting from the application of ultrasound
energy that promotes a shear on lauric acid mol-
ecules, impairing aggregation, and avoiding the
formation of larger lipid particles. Despite this
significant effect on particle size, ultrasonication
does not appear to play an essential role in the
physical stability of SLNs, since ZP is very simi-
lar between non-sonicated and sonicated SLNs
(Fig. 3.10).

The application of ultrasound energy seems to
decrease the mean particle size of SLNs and
homogenize the miniemulsion suspension signif-
icantly since PDI values decreased when sonica-
tion was used in the formulations tested.

The effect of temperature on the pre-emulsion
preparation in the formulations used in this study
was also investigated. Four different tempera-
tures, 50 °C, 55 °C, 60 °C, and 70 °C, were tested.
The primary influence of temperature was

Zeta Potential of empty SLNs with different lauric acid content and for the temperatures of 50 °C, 55 °C,

observed on non-sonicated formulations as there
was a notorious size reduction of non-sonicated
particles (Z-ave) with the increase of tempera-
ture. At the same time, no significant variation of
the PDI and ZP values was observed (Fig. 3.9 and
3.10). The increase of temperature usually
decreases the lipid and aqueous phases viscosity
and hence the mixture efficiency by magnetic or
mechanical stirring. In other words, increasing
the temperature favors lipids fusion and decreases
the viscosity, resulting in smaller emulsion drop-
lets and lipid particle sizes [19].

The influence of lauric acid content on SLNs
properties was also investigated (Fig. 3.9 and
3.10). The non-sonicated formulations analysis
revealed that particle sizes of SLNs prepared
with the lowest concentration of lauric acid at
50 °C, 60 °C, and 70 °C were larger when com-
pared with other SLNs. This result is probably
due to the Ostwald ripening effects or the aggre-
gation of clusters of smaller LNPs, in both cases
minimizing the energy of Gibbs of the system.
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Fig.3.11 Powder
resulting from
lyophilization of SLN_1
obtained with
formulation 60 °C;
10.0% LA; sonicated

The clustering of small LNPs can be so perfect
that the DSC software interprets it as a larger
lipid nanoparticle, with a size ranging from 300
to 600 nm. The literature suggests increasing the
lipid content, over 10%, leads to larger particles
(including microparticles) and broader particle
size distributions due to particle agglomeration
[64]. However, in this work, this was not observed
for the percentage of lauric acid used.
Nevertheless, the PDI values of the non-sonicated
SLNs produced with the different lauric acid for-
mulations were also high.

The different percentage of lauric acid in the
formulations tested also seems not to affect the
ZP and all features considered for LNPs obtained
using sonication. Furthermore, 5.6% of lauric
acid improved the system homogenization, in
particular, for non-sonicated SLNs. The tempera-
ture of 60 °C was chosen for forwarding studies
on lipid nanoparticle preparation with or without
sonication, as the values of Z-ave obtained were
similar.

3.4.1.2 Lyophilization of LNPs

Lyophilization (or freeze-drying) was the final
step used in the SLNs production process. The
lyophilization promotes water removal from a
frozen sample by sublimation and desorption
under a high vacuum. Many pharmaceutical
products, mainly heat-sensitive compounds, are
dried using this technique since it improves the
long-term physic-chemical stability and prevents

degradation reactions such as hydrolysis.
Lyophilization is also used with nanoparticles to
prevent nanoparticle aggregation and enhance the
stability of SNLs in powder form.

The aqueous suspension of lipid nanoparticles
(SNLs) was fast frozen at —80 °C for 5 h in an
ultra-low refrigerator. Then, the frozen samples
were moved into the chamber of a freeze-drier
(Christ Alpha 1-2 LD) for lyophilization for 48 h
in order to get in the end a powder of LNPs
(Fig. 3.11).

The values of Z-ave, PDI, and ZP of the
SLN_1 (formulation 60 °C; 10.0% LA, soni-
cated) before and after lyophilization shows a
slight increase of particle size from 153 = 31 nm
to 191 £ 4 nm, while the PDI of lyophilized SLNs
increased from 0.13 £ 0.04 to 0.49 + 0.10, respec-
tively (Table 3.2). Before and after lyophiliza-
tion, the particle size distribution comparison
showed a second particle population larger than
1 pm in reconstituted lyophilized powder in Milli
Q water (Fig. 3.12).

This population with larger particle size most
probably results from an aggregation phenomenon
that explains the increase of PDI. However, unex-
pectedly, the absolute ZP value increased from
30 + 2 to 35 = 2 mV, meaning an increase in par-
ticle stability. An explanation for these results
could be an insufficient magnetic stirring force or
time applied to the resuspension of lyophilized
SLNs in Milli-Q water. If the attractive forces
holding the aggregate of powder LNPs together
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Table 3.2 Physicochemical properties of the SLN_1b obtained with formulation 60 °C; 10.0% LA; sonicated. Values

are mean = SD, n=3

Formulation Z-Ave (nm)

PDI ZP (mV)

Before lyophilization (SLN_1b) 153 £32

0.13 = 0.04 -30+2

After lyophilization (SLN_1b) 191 £4.0

0.49 +£0.10 -35+2

- N
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Size (d.nm)
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= = = Lyophilised SLN_1b

Fig.3.12 Particle Size Distribution by Intensity of the SLN_1b obtained with formulation 60 °C; 10.0% LA; sonicated

before and after lyophilization

are very large compared with the conventional
forces used in stirring, the system is regarded as
permanently aggregated. To minimize this result,
the addition of a cryoprotective agent before
lyophilization could preserve the physicochemical
properties of original SLNs and decrease SLNs
aggregation. Typical cryoprotective agents are sor-
bitol, mannose, trehalose, glucose, and polyvinyl-
pyrrolidone, and the best results occurred in the
concentration range 10-15% [65].

3.4.1.3 Long-Term Stability of LNPs

Aqueous SLNs suspensions were stored at room
temperature (25 °C) and in the refrigerator
(4 °C), without agitation, for 7 months. The
long-term stability of SLNs suspensions was
assessed through particle size (Z-ave and PDI)
and ZP measurements, macroscopic observation,
and TEM analysis. The samples stored at room
temperature remained with a milky-like appear-
ance, although some of the aqueous SLNs sus-
pensions presented particle sedimentation.
Additionally, during storage at 4 °C after more
than 1 week, some unpredictable gelation
occurred in some aqueous SLNs suspensions.

Gels are more structured than liquids. SLNs can
organize themselves in superstructures. The
change in morphology of LNPs from spheres to
platelets is responsible for the gelation of SLN
dispersions [66]. Depending on the composition,
especially of the emulsifier(s) and the amount of
lipid matrix, the liquid dispersions gelation can
be observed during storage [66].

The values of Z-ave, PDI, and ZP for aqueous
SNL_4 suspensions (obtained with formulation
60 °C; 6.9% LA; sonicated) before and after stor-
age at room temperature for 7 months are present
in Table 3.3. The absolute ZP value decreased
from 29.1 + 0.9 to 28.3 + 0.6 mV, indicating
slight particle structure changes. Additionally,
the DLS measurements also confirmed a slight
increase of particle size from 154 + 25 to
223 + 54 nm, but the mean particle size remained
lower than 400 nm (Fig. 3.13). Since PDI and
particle size remain relatively low, homoge-
neously sized SLNs displayed good long-term
stability.

The shape and surface morphology of empty
SLN_4b after storage for 7 months were ana-
lyzed by TEM, and the observed size agrees with
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Table 3.3 Physicochemical properties of the SLN_4 obtained with formulation 60 °C; 6.9% LA sonicated. Values are

mean + SD, n=3

Formulation Z-ave (nm) PDI ZP (mV)
SLN_4 before storage 154 =25 0.07 £0.03 -29.1+0.9
SLN_4 after 7 months 223 £ 54 0.05 +0.02 -28.3+ 0.6
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Fig.3.13 Particle Size Distribution by Intensity of the SLN_4b obtained with formulation 60 °C; 6.9% LA sonicated,

after 1 day and 7 months after production

the DLS analysis (Fig. 3.14). All the particles
showed to be smoothly spherical or oval with a
well-defined periphery and size estimated by par-
ticle observation exactly top-on and edge-on. No
visible aggregation of the SLN_4b formulation
was observed.

3.4.1.4 Comparison of Bioactive
Compounds Entrapment
in SLNs and NLCs
For NLCs production, the SLNs obtained with
formulation 60 °C; 6.9% LA; sonicated, was
changed slightly by keeping the same lipid com-
position in weight percentage, but part of the lau-
ric acid in weight substituted by coconut oil
(NLC_1). The experimental procedure was
similar to the SLNs production, as described
previously.

The values of Z-ave, PDI, and ZP of the
NLC_1 formulation were slightly different com-
pared to SLN_4b (Table 3.4). Since both LNPs
have an identical percentage of lipid content and
were produced under the same conditions, the
increase of particle size from 154 + 25 nm to

282 + 56 nm was attributed to the use of coconut
oil (Table 3.4). The combination of different
chain fatty acid triglycerides promotes changes
in the structure of LNPs. These changes were
also observed for particle surface -electrical
charge supported by the slight reduction of abso-
lute ZP value from —29.1 £+ 0.9t0 —26.4 +£0.7 mV.

The size of the produced LNPs is in the range
of 150-300 nm with an increase of particle size
of NLCs, but both LNPs size remains lower than
400 nm, as required for oral administration and
easy cross of intestinal cells. Particles smaller
than 200 nm usually remain invisible to the
reticulum-endothelial system (RES) and remain
on the circulation system over a prolonged period
[67].

The entrapment or encapsulation efficiency of
some bioactive compounds in lipid nanoparticles
(SLN_4b and NLC_1) based on lauric acid was
investigated. In this comparative study, the tem-
perature was kept at 60 °C, followed by 5 min-
utes of sonication (25%, 5 s-on, 5 s-off). The
anti-TB drugs rifampicin and pyrazinamide were
chosen for entrapment within these LNPs. The
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Fig.3.14 TEM image of SLN_4b obtained with formulation 60 °C; 6.9% LA sonicated, after storage for 7 months

Table 3.4 Physicochemical characteristics of the empty NLC_1 (60 °C; 6.9% LA; sonicated). Values are mean + SD,

n=3
Formulation Z-Average (nm) PDI ZP (mV)
NLC_1 282 + 56 0.43 = 0.09 -26.4 +0.7
SLN_4b 154 £25 0.07 £0.03 -29.1 +£0.9

f-carotene entrapment was also tested as a lipo-
philic compound model.

The macroscopic appearance of empty and
loaded NLC_1 was distinct, but all the nanoemul-
sions were significantly more transparent after
sonication (Fig. 3.15).

[-carotene (P) was incorporated in LNPs with
formulation 60 °C, 6.9% LA ((3.0p-SLN) or
5.7% LA + 1.4 Oil (3.0p-NLC), sonicated, 3 mg
B-carotene added per 1 g of the miniemulsion
system. The values of Z-ave, PDI, and ZP of
loaded LNPs were measured 1 day after produc-
tion (Table 3.5). The entrapment or encapsulation
efficiency (%EE) is defined as the percentage of
drug incorporated into the LNPs relative to the
total drug added to the system. The %EE of these
LNPs was determined indirectly by calculating
the amount of free bioactive compound (e.g.,
[-carotene) that was not entrapped and present in
the aqueous phase of nanoemulsion dispersions.
As expected, SLN_4b and NLC_1 loaded with
B-carotene were larger than empty LNPs, respec-
tively (Table 3.5). Nevertheless, the particle size
of loaded LNPs remained lower than 400 nm, as

required for oral administration. No significant
changes seemed to occur on the stability of both
loaded SLN_4b and NLC_1 since ZP values
remained similar to those obtained for empty
LNPs. Besides, since p-carotene is less soluble in
oil than in fat, the %EE of 3.08-SLN is higher
than 3.0B-NLC. Morphological analysis of
3.0B-NLCs by TEM images showed that the
LNPs size was in agreement with DLS results.
Besides, TEM analysis also revealed nanoparti-
cles with almost spherical shapes and a rough
surface (results not shown).

The values of Z-ave, PDI, ZP, and %EE of
rifampicin loaded in the LNPs (with formulation
60 °C; 6.9% LA or 5.5% LA + 1.4% Oil; soni-
cated, 1.1 or 2.00 mg of RIF added per 1 g of the
miniemulsion system) showed as expected that
RIF-NLCs were larger than RIF-SLNs
(Table 3.6). Besides, LNPs loaded with RIF also
reduced the electrical charge at the surface to
mean values below the absolute ZP of 20 mV
compared with empty SLNs and NLCs.
Furthermore, the RIF was entrapped in the lipid
matrix of LNPs due to the high RIF solubility in
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Fig. 3.15 Macroscopic differences exhibited by empty and loaded NLC_4 immediately before and after sonication

Table 3.5 Physicochemical characteristics of the p-carotene incorporated in LNPs (with formulation 60°C, 6.9% La
or 5.5% LA + 1.4 oil, sonicated, 3mg p-carotene added per 1 g of the miniemulsion system). Values are mean + SD,

n=3

Formulation Z-Ave (nm) PDI ZP (mV) EE (%)
3.08-SLN 281 +£19 0.34 £0.03 -29+5 95+5
3.0p-NLC 328 £ 65 0.28 £ 0.06 -25+3 83+6

Table 3.6 Physicochemical properties of the LNPs loaded with RIF (70 °C; 7.1% LA or 5.7% LA + 1.4 Oil; sonicated,

1.1 and 2.0 mg of RIF added per 1 g of miniemulsion system). Values are mean + SD, n = 3

Formulation Z-Ave (nm) PDI ZP (mV) EE (%)
1.1RIF_SLN 84 +1.0 0.23 +£0.01 —17.8 £0.7 69+ 1
1.IRIF_NLC 180 + 90 0.36 = 0.08 —-19.5+09 69 + 1
2.0RIF_SLN 181 £ 31 0.34 +0.03 —-192+1.3 79 +7
2.0RIF_NLC 215+5.0 0.28 +0.03 —18.8+0.6 85+5

the lipid core, resulting in high entrapment effi-
ciencies for all the formulations, ranging between
69 = 1 and 85 + 5%. The RIF-NLC entrapped a
slightly higher amount of RIF than RIF-SLN
when both loaded with 1.1 mg antibiotic per 1 g

of the miniemulsion system. However, no signifi-
cant differences in %EE were found between
RIF-SLNs and RIF-NLCs when testing a RIF
concentration of 1.1 mg RIF per 1 g of the
miniemulsion system.
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Fig.3.16 TEM images of rifampicin loaded lipid nanoparticles (RIF-NLCs)

The RIF-NLCs also exhibited spherical shapes
as revealed by TEM analysis, indicating that drug
loading did not lead to morphological changes. In
addition, observed particle sizes agreed with par-
ticle size data obtained from dynamic light
scattering-analysis (Fig. 3.16).

Two studies in the literature reported the
encapsulation of RIF in LNPs. In one study, RIF
was loaded into Compritol ATO 888 SLNGs, fabri-
cated by a modified microemulsion technique.
The particle sizes obtained were 141 + 13 nm, the
7P value was —3.5 = 0.8 mV, and the %EE was
65 + 3% [68]. In the second study, RIF was
encapsulated together with pyrazinamide and
isoniazid in a stearic acid SLNs produced by sol-
vent emulsification-diffusion technique with a
%EE 51 = 5% [69]. The lower %EE of RIF
encapsulated was probably due to the fact
that RIF was combined with other anti-TB drugs,
resulting in a lower % of EE compared to the
results here reported. In general, results obtained
in this project with the LipNanoCar technology
seem to be very good compared with reported
results found in the literature. Other advantages
include higher entrapment efficiencies, and the
organic solvent-free production technology, with
lower toxicity levels of the produced LNPs.

The %EE of pyrazinamide (PYZ) loaded in
both LNPs ranged from 14 + 8% for PYZ-SLN to
29 + 15% for PYZ-NLC (Table 3.7).

The low entrapment values are due to the high
pyrazinamide hydrophilicity used in the current

chemotherapy against Tuberculosis. The pyrazin-
amide partitioned between the melted lipid and
aqueous phase, and the low encapsulation result
is due to the higher solubility of this antibiotic in
water (15 mg/mL). This value of %EE is low,
especially compared with the value published in
the literature of 41 + 7% for pyrazinamide encap-
sulated in SLNs based in stearic acid and entrap-
ment combined with isoniazid and rifampicin
[69]. According to the LipNanoCar technology,
the cooling process to room temperature can be
optimized to control the crystallization process
and enhance the entrapment efficiency. However,
the best strategy to increase the %EE is the previ-
ous synthesis of lipid drug-conjugate of the pyra-
zinamide with a fatty acid, according to the
authors” biocatalysis expertise in miniemulsion
systems [30-32].

The TEM analysis of LNPs loaded with PYZ
was in good agreement with size measurements by
DLS. However, the nanoparticles presented poor
spherical shape, with irregular shapes and some
aggregates, indicating significant alterations on
lipid nanoparticle structure when loaded with PYZ.

The comparison of the encapsulation of rifam-
picin (Table 3.6), pyrazinamide (Table 3.7), and
B-carotene (Table 3.5) shows that the highest per-
centage of entrapment efficiency was obtained
for f-carotene, as it is the most lipophilic of these
three active compounds. In contrast, a lower per-
centage of encapsulation was obtained for pyra-
zinamide, the more hydrophilic one.
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Table 3.7 Physicochemical characteristics of the LNPs loaded with pyrazinamide (60 °C; 7.1% LA or 5.7% LA + 1.4
Oil; sonicated, 1.1 PYZ added per 1 g of the miniemulsion system). Values are mean = SD, n =3

Formulation Z-Ave (nm) PDI ZP (mV) EE (%)
1.1PYZ-SLN 217 + 87 0.31 £0.08 -21.0+0.7 14+£8
1.1PYZ-NLC 313+214 0.34 +0.17 —227+24 29+ 15
3.5 LNPs Loaded cially in CF patients, and are associated with a

with Antibiotics Produced by
LipNanoCar Technology

for Oral Administration
Against Cystic Fibrosis
Pathogens

Cystic fibrosis (CF) is an autosomal recessive
disorder that affects approximately 70,000 indi-
viduals worldwide [89]. CF individuals have vis-
cous secretions in the airways of the lungs and
the pancreas vessels. These viscous secretions
cause obstruction and inflammation, tissue dam-
age, and later organ destruction. Other organ sys-
tems containing epithelia like sweat glands,
biliary ducts of the liver, male reproductive tract,
and intestine, can also be affected. The loss of
pancreatic exocrine function results in malnutri-
tion and weak growth, and diet supplements are
usually prescribed to the CF patient [70].

CF airways are prone to infection by bacterial
opportunists entering the upper and lower respira-
tory tract by inhalation or aspiration. These bacte-
ria grow and establish themselves in the lungs,
leading to local inflammation and establishing a
chronic inflammatory response. The chronic
obstruction, infection, and inflammation leads to a
lifelong degradation of the lung anatomy and
respiratory failure, contributing to premature death
and about 80% of CF patients” mortality [71, 72].

The bacteria most commonly found in CF
patients’ lungs include Pseudomonas aerugi-
nosa, Staphylococcus aureus, Haemophilus influ-
enzae, Stenotrophomonas maltophilia,
Achromobacter xylosoxidans, and bacteria of the
Burkholderia cepacia complex [72].

The Burkholderia cepacia complex (Bcc)
comprises at least 24 genetically related Gram-
negative bacterial species initially identified in
the 1950s as Pseudomonas cepacia [73-75].
These bacteria are opportunistic pathogens, espe-

worse prognosis and decreased life expectancy.
One of Bcc infection’s most striking features is
the unpredictable clinical outcome, ranging from
asymptomatic carriage to the cepacia syndrome,
a fatal necrotizing pneumonia often associated
with septicemia. The majority of CF patients
infected with Bcc develop a chronic infection
that can last for years, leading to the progressive
loss of lung function [76]. Several Bcc species, in
particular, B. cenocepacia and B. multivorans,
are highly transmissible and can quickly spread
among CF patients [74, 77].

CF patients are highly susceptible to bacterial
respiratory infections. Thus, intensive antibiotic
therapy is used to maintain lung function and
reduce inflammation in infected patients [72].
The infection eradication caused by bacteria is
often unpredictable due to their intrinsic resis-
tance to the vast majority of clinically available
antimicrobials [77, 78]. The characterization of
bacterial susceptibility profiles can lead to the
correct choice of antimicrobial therapy. Current
chemotherapies use combinations of two or three
antibiotics [76, 78].

The treatment of chronic P. aeruginosa with
aerosolized antibiotics have emerged, such as
tobramycin inhalation solution (TIS) as
Bramitob® or inhalation dry powder (TOBI®
Podhaler®). Aztreonam lysine (Cayston®) and
colistin (Colobreathe®) are also other aerosol-
ized antibiotics. Liposomal amikacin, ciprofloxa-
cin dry powder, levofloxacin inhalation solution,
and new combinations of antibiotics and other
antimicrobial therapies are in development [72].

For the Burkholderia cepacia complex, the
current antibiotic treatments include Doxycyclin
for oral administration and Meropenem and
Tobramycin for intravenous administration [72].

Multiple bacterial barriers decrease antibiotics
efficacy. Some of those barriers include bacte-
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Fig.3.17 Scheme of antibiotics encapsulation in LNPs and assess their efficacy in bacterial infected C. elegans

rial biofilms, impermeable cell walls, and
destructive enzymes, and the antibiotics inability
to cross the biofilm matrix. In CF, the viscous
mucus clogging the airways comprises glycolip-
ids, proteins, glycoproteins, polysaccharides, and
DNA. The bacterial cell wall, negatively
charged in both Gram-negative and Gram-
positive bacteria, is another obstacle. The destruc-
tive enzymatic barrier comprises several enzymes
produced by bacteria that can modify the antibi-
otics, rendering their inactivation [79]. These
problems can be overcome or minimized through
the use of nanoparticles. Nanoparticles can
bypass bacterial drug resistance, acting on the
alteration of bacteria efflux pump activity, antib-
iofilm activity, enhanced penetration through bio-
films, protection against enzymatic degradation,
specific targeting, and sustained-release. Factors
that can affect the nanoparticle advantages are
the size, surface hydrophobicity, and zeta poten-
tial of nanoparticles [79].

The C. elegans was used in this work as an ani-
mal model of bacterial infection, particularly with

pathogens belonging to the Bcc group
(Burkholderia  contaminans  IST408  and
Burkholderia cenocepacia K56-2). Thus, the
LNPs with encapsulated antibiotics (e.g., cipro-
floxacin, tobramycin) were fed to infected C. ele-
gans, and the efficacy of encapsulated antibiotics

into nanoparticles could be assessed (Fig. 3.17).

3.5.1 Preparation of NLCs
The identification and composition formula-
tion used to produce the LNPs to be used

against Cystic Fibrosis infections is present in
Table 3.8 [37].

3.5.1.1 Differential Scanning

Calorimetry (DSC) Analysis

of NLCs
NLCs were prepared from a mixture of fatty
acids and oil at 70 °C (formulation NLC_1 con-
stituted by 0.5% MA, 0.9% LA, 1.4% CO, 4.9%
Tween 80) without the sonication step. No solidi-
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Table 3.8 Identification and composition (%w/w) for-
mulation of lipid nanoparticles. The remaining % is Milli
Q water

Formulation

FA® oil* Surfactant
1D (0.8%) (1.2%) (4.9%)
NLC_2 SA (6[0) Span 80
NLC_3 SA SFO Tween 80
NLC_4 SA SFO Span 80
NLC_5 LA SFO Span 80
NLC_6 MA SFO Span 80
NLC_7 PA SFO Span 80
NLC_ SA SFO Span 80
TOBO0.25
NLC_ SA SFO Span 80
CIP0.25
TOBO0.25 and CIP0.25 corresponding to the amount

(0.25 mg) of bioactive compound added per 1 mL of
miniemulsion system to produce LNPs

Fatty acids (FA): SA stearic acid, LA lauric acid, MA
myristic acid, PA palmitic acid

*Qil: CO Coconut oil, SFO sunflower oil

fication was detected in this lipid nanoparticle
formulation as the melting temperature dropped
significantly to 33.0 °C, and this NLC is not solid
at body temperature compared to the melting
point of 56.3 °C and 46.5 °C of pure myristic acid
and lauric acid, respectively (Fig. 3.18).

Based on differential scanning calorimetry,
Keles et al. [80] reported that lauric acid and
myristic acid are phase change materials with a
high melting point. However, their melting point
can change and decrease to 37.2 °C when mixed,
forming a eutectic mixture [80]. This phenome-
non was also observed for other mixtures of fatty
acids, such as lauric acid and palmitic acid [81],
stearic acid, and lauric acid [82]. Thus, the
NLC_1 formulation is better classified as a liquid
nanoemulsion than a solid nanostructured lipid
carrier.

Empty LNPs prepared using a step of sonica-
tion (formulations NLC_2 to NLC_7) were also
analyzed by differential scanning calorimetry
(DSC). The mean particle size (Z-ave), PDI, ZP,
and melting point were obtained for the empty
NLCs (formulations NLC_2 to NLC_7) and
loaded NLCs (NLC_TOBO0.25 and NLC_
CIP0.25) and summarized in Table 3.9.

LNPs of formulations NLC_5 and NLC_6 are
also not solid at body temperature, but the melt-
ing point of these NLCs can be enhanced by
increasing the solid lipid amount in the formula-
tion and/or decreasing the oil content.

No significant differences in the melting
points were observed for LNPs prepared with dif-
ferent surfactants (NLC_3 with Tween 80 and
NLC_4 with Span 80) and different oils (NLC_2
with coconut oil and NLC_4 with sunflower oil).
LNPs containing different fatty acids exhibited
increasing melting temperatures related to the
fatty acid chain’s length, as expected.

LNPs loaded with ciprofloxacin (NLC_
CIP0.25), and tobramycin (NLC_TOBO0.25) were
also analyzed by DSC, presenting, respectively,
melting points of 59.5 °C and 56.9 °C. These
results confirm that these LNPs are solid at body
temperature and similar to the corresponding
empty nanoparticles (NLC_4) (Fig. 3.19)
(Table 3.9).

The shape and morphology of these LNPs
were investigated with TEM. Formulation
NLC_1 exhibited aggregation of nanoparticles
with an average size of 20 nm (Fig. 3.20a) and
spherical nanoparticles with approximately
200 nm (Fig. 3.20b). DLS analysis did not detect
the small nanoparticle aggregation as a signifi-
cant population, and a Z-ave of 219 + 11.0 nm
with a PDI of 0.4 = 0.04 for this formulation was
estimated. Those aggregates could correspond to
some contamination, or the DLS analysis consid-
ered these aggregates as single particles with
approximately 200 nm. The formulation corre-
sponding to NLC_4 with 225.9 + 40.8 nm, PDI of
0.342 +0.06, ZP of —56.9 = 3.72 mV, and a melt-
ing point of 58.9 + 3.72 °C, was selected for fur-
ther studies.

The first TEM visualization of LNPs prepared
with formulations NLC_4, NLC_CIP0.25, or
NLC_TOBO0.25 was not clear, as a film masked
the image, and nanoparticles could not be
observed. This film was presumed to be due to
the high lipophilicity of Span 80. Therefore,
these LNPs were filtered, allowing more explicit
TEM images. Empty LNPs with formulation
NLC_4 (Fig. 3.21a) and nanoparticles loaded
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Fig. 3.18 DSC analysis of pure lauric acid (LA) or myristic acid (MA) and a mixture of fatty acids (LA and MA) and

different lipids (LA, MA, and coconut oil)

Table 3.9 Melting point of nanoparticles in the formulations NLC_2 to NLC_7

Formulation Size (nm) PDI ZP (mV) Melting point (°C)
NLC_1 219.0+£11.0 0.400 £ 0.04 —-20.3 £ 0.52 33.0 = 1.00
NLC_2 273.8 £55.0 0.345 +0.08 —52.6 +3.42 58.1 £0.95
NLC_3 668.1 +£232.6 0.840 £ 0.08 —24.1 £ 0.65 59.9 +0.50
NLC_4 2559 +40.8 0.342 £ 0.06 —-56.9 +3.72 58.9+2.25
NLC_5 205.6 179 0.196 = 0.07 —54.8 +7.30 32.2+1.30
NLC_6 2024 +£2.7 0.208 = 0.03 —47.5 +0.90 36.5 + 1.00
NLC_7 2463 £ 1.6 0.350 = 0.02 -50.8 +5.05 55.3 +0.60
NLC_CIP0.25 258.5 +£50.7 0.399 + 0.08 —48.9 +4.09 59.5 +£0.85
NLC_TOBO0.25 2553 +£63.5 0.325+0.09 —-22.0 +3.62 56.9 £0.30

with tobramycin (Fig. 3.21b) presented a spheri-
cal shape and a size of around 200 nm, results
similar to those obtained by dynamic light scat-
tering analysis (2559 =+ 40.8 nm and
255.3 + 63.5 nm, respectively). LNPs loaded
with ciprofloxacin were also filtered. However,
this procedure did not yield sharp and clear
images, although it was possible to observe the
nanoparticles (dark spots) with sizes ranging
from 100 to 200 nm, similar to DLS analysis
(258 = 50.7 nm) (Fig. 3.21c¢).

3.5.1.2 Filtration of NLCs Suspension

Antibiotic entrapment efficiency was calculated
by quantifying ciprofloxacin and tobramycin in
the filtrate obtained after centrifugation of the
lipid nanoparticle suspension using a Spin-X®
UF centrifugal filter device (Corning, USA). A
known concentration of each antibiotic was previ-
ously filtrated and then analyzed before and after
the centrifugation step. These controls show a fil-
tration efficiency of 99.8% and 88.8% for cipro-
floxacin and tobramycin, respectively. The lower
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Fig. 3.19 Melting points of empty nanoparticles (NLC_4) and loaded with ciprofloxacin (NLC_CIP0.25) or tobramy-

cin (NLC_TOBO0.25)

Fig.3.20 Transmission electron microscopy images of nanoparticles obtained with formulation NLC_1

filtration efficiency for tobramycin is probably
due to its high ionic character promoting its
absorption on the membrane surface
(polyethersulfone - PES).

The integrity of LNPs after the centrifugation
step was evaluated by analysis of Z-ave, PDI, and
ZP of the two loaded antibiotics before and after
the centrifugation step. After centrifugation,
nanoparticle size decreased, suggesting that

larger lipid nanoparticles were retained by the
smaller size of the pore membrane (cut-off of
10,000 Da) from Corning, USA. The decrease
variation of nanoparticle size was 16% to 20%,
while ZP values decreased 13 to 18% (Table 3.10).

Additionally, the resulting filtrates from the
centrifugation were treated with fluorescamine
that can react intensively with amine groups of
tobramycin. However, those filtrates did not
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Fig.3.21 TEM images of empty nanoparticles (a), nanoparticles loaded with tobramycin (b), and nanoparticles loaded

with ciprofloxacin (c)

present fluorescence compared to a blank com-
posed of water + fluorescamine, neither with a
blank composed of phosphate buffer + fluores-
camine, indicating that tobramycin was not pres-
ent in the filtrate. Consequently, tobramycin

encapsulation efficiency was close to 100%.
Furthermore, to check if the tobramycin encapsu-
lation could be quantified by fluorescence analy-
sis, the effect of the temperature or sonication on
the antibiotic degradation was assessed. The fluo-
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Table 3.10 Average size, PDI, and ZP of nanoparticles loaded with ciprofloxacin (NLC_CIP0.25) or tobramycin

(NLC_TOBO0.25) before and after filtration

Z-ave (nm) Variation (%) | PDI ZP (mV) Variation (%)
NLC_CIP0.25 before filtration | 253.4+13.9 |20 0.384 +0.006 | —52.8+2.687 |13
NLC_CIP0.25 after filtration 202.1 £28.2 0.260 = 0.073 | —46.10 + 2.969
NLC_TOBO0.25 before filtration |316.3 +78.6 |16 0.405 +0.031 | —26.70 + 0.565 |18
NLC_TOBO0.25 after filtration 264.3 +56.9 0.334 £0.021 | -21.95 +0.353

rescence intensity was measure before and after
the heating step. After the heating and sonication
steps, the fluorescence intensity of tobramycin
remained unchanged.

These results seem to show an unexpectedly
high encapsulation efficiency of 100% for tobra-
mycin. This result may be possible due to the 5
primary amino groups that this antibiotic pres-
ents that can conjugate to the carboxylic group of
the stearic acid, improving the entrapment or
encapsulation yield. However, more studies
should be performed to determine what occurred
with this antibiotic and its quantification directly
from the LNPs.

3.5.1.3 Loading the NLCs

with Tobramycin, Ciprofloxacin,

and Fluorescent Dye (DiOC)
The antibiotics ciprofloxacin and tobramycin
were entrapped in LNPs prepared from 0.25 mg
of CIP per mL of the miniemulsion system based
on the formulation NLC_4. The Z-ave, PDI, and
ZP values obtained for these nanoparticles show
that the particle size and the polydispersity index
(PDI) of these LNPs containing the antibiotics
ciprofloxacin (258.5 + 50.7 nm; 0.399 + 0.08)
and tobramycin (255.2 + 63.5 nm; 0.324 + 0.09)
were similar to those determined for empty
nanoparticles (255.9 + 40.8 nm; 0.342 + 0.06)
(Table 3.9).

The pH of the lipid nanoparticle suspen-
sions loaded with tobramycin increased
(7.58 £ 0.13) compared with empty nanoparti-
cles (5.53 = 0.34) due to the strong basicity
character of tobramycin associated with the 5
primary amino groups in its chemical struc-
ture. At that pH (7.58 + 0.13), the amines are
positively charged, leading to an increase of
the solution pH. Furthermore, the values of ZP
of loaded LNPs slightly decreased for cipro-

floxacin (—48.9 +£4.09 mV) compared to empty
nanoparticles (=56.9 + 3.72 mV), while
nanoparticles loaded with tobramycin exhib-
ited a significant decrease of the ZP
(—=22.0 £3.62 mV) (Table 3.9).

The decrease of the absolute value of ZP of
LNPs loaded with tobramycin is due to the more
positive charge of this antibiotic at pH 7.5, as
tobramycin may be binding to the particle surface
or conjugated with the carboxylic group of fatty
acid like stearic acid. Stearic acid is negatively
charged at this pH value, thus decreasing the ZP
of the loaded LNPs.

Different concentrations of each antibiotic
(0.25, 0.5, and 1 mg/mL of the miniemulsion sys-
tem) were also incorporated in the LNPs. The
Z-ave, PDI, and ZP values of the loaded LNPs
change a little, except for the significant increase
of the size of nanoparticles with 1 mg/mL of cip-
rofloxacin (Fig. 3.22).

LNPs prepared from formulations NLC_4 and
respective loaded particles NLC_CIP0.25 and
NLC_TOBO0.25 were stored at room temperature
for 2 months, and their size, PDI, and ZP after
one and 2 months after preparation were assessed.
Those results showed that loaded nanoparticles
with CIP are stable for at least 60 days. In con-
trast, phase separation occurred in the suspension
of nanoparticles loaded with TOB after 1 month
(Fig. 3.23). Therefore, we conclude that the LNPs
loaded with TOB are not long-term stable, which
agrees with the low absolute value of ZP previ-
ously obtained (Fig. 3.22).

The LNPs loaded with CIP presented a slight
increase of Z-ave, and the absolute value of ZP
decreased with storage time compared with
empty LNPs with the same formulation
(Fig. 3.24).

In order to investigate if the nematode C.
elegans ingested or not the LNPs, the
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Fig. 3.22 Average size (vertical bars), PDI (black dots), NLC_CIP) or tobramycin (formulation NLC_TOB)
zeta potential (vertical bars), and pH (black dots) of loaded with 0.25, 0.5, or 1 mg of each antibiotic per mL of
nanoparticles loaded with ciprofloxacin (formulation the miniemulsion system

Fig. 3.23 Photograph
showing the visual
aspect of vials
containing empty
nanoparticles (left) or
loaded nanoparticles
with tobramycin after
1 month (right)

DiO18(3), a fluorescent dye (Thermo Fisher

Scientific), was also entrapped in formula- 3.5.1.4 Optimization of Ciprofloxacin

tion NLC_4, together with ciprofloxacin or Loading in NLCs

tobramycin. The values of Z-Ave, PDI, and Different ciprofloxacin concentrations (0.25, 0.5,
ZP of these LNPs exhibited an increase in and 1 mg per mL of the miniemulsion system)
the size and a higher polydispersity index were tested into lipid nanoparticle formulations.
than the empty LNPs (Table 3.11). Entrapment efficiency was calculated by the
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Fig.3.24 Size, PDI, and Zeta potential of nanoparticles obtained with empty formulation (NLC_4) and loaded formu-
lations (NLC_CIP0.25) measured after 1, 30, and 60 days after production

Table 3.11 Average size, PDI, and ZP of nanoparticles prepared with formulations NLC_4, NLC_CIP0.25, or NLC_

TOBO.25 together with a fluorescent dye (DiOC)

Size (nm) PDI ZP (mV)
NLC_4 255.9 +40.8 0.342 +0.06 -56.9 +3.72
NLC_Dio 3349 +52 0.608 = 0.05 -50.3 + 1.80
NLC_DioCIP0.25 309.0x11.2 0.552 = 0.09 -52.8 +0.78
NLC_DioTOBO0.250 321.7+6.9 0.405 +0.03 —22.9+0.45

HPLC quantification ciprofloxacin present in fil-
trates resulting from the centrifugation step of
loaded  lipid  nanoparticle  suspensions.
Encapsulation efficiencies of nanoparticles
loaded with 0.25, 0.5, and 1 mg of ciprofloxacin
per mL of the miniemulsion system (formulation
NLC_CIP) were, respectively, 68.16 + 4.9%,
67.26 £ 8.27%, and 64.11 £ 9.99% (Fig. 3.25).

Drug loading capacity is defined as the per-
centage of drugs incorporated into the lipid
nanoparticles relative to the total weight of the
lipid phase. The drug loading capacities of
nanoparticles loaded with 0.25, 0.5, and 1 mg
of ciprofloxacin per mL of miniemulsion sys-
tem (formulation NLC_CIP) were, respec-
tively, 0.79 = 0.10%, 1.84 + 0.03%, and
4.46 +0.44% (Fig. 3.25). The amount of cipro-
floxacin added into the formulation was
between 5 and 20 mg of antibiotic for 400 mg
nanoparticle carriers.

Jain and Banerjee [83] obtained an %EE rang-
ing from 8.66% + 1.64% to 38.71% + 2.38% for
SLN formulations prepared by the microemul-

sion technique, while Ghaffari et al. [84] obtained
an %EE of 88 + 4.5% using the emulsification-
sonication method. Shazly [85] obtained an %EE
of 73.94% for SLNs with stearic acid prepared by
the emulsification-sonication method.

The nature of the lipid used to prepare LNPs
significantly impacts the different formula-
tions” entrapment efficiency and drug loading
capacity. Different lipids with distinct chemical
properties can be used to optimize the maxi-
mum percentage of drug encapsulation.
Additional studies should be performed to
determine the maximum drug loading capacity
of these NLCs formulations.

3.5.1.5 Ciprofloxacin Release Profile
from NLCs

Studies of ciprofloxacin release from the LNPs
were performed with dialysis tubing, a semi-
permeable membrane that facilitates the
exchange of molecules in solution. Lipid
nanoparticle suspension was poured into the
dialysis tubing, with an external medium com-
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nanoparticles loaded
with different amounts
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posed of phosphate buffer pH = 7.4. Phosphate
buffer samples were taken at different times,
and ciprofloxacin was quantified by HPLC. The
diffusion through the dialysis tubing of free
ciprofloxacin was also analyzed and measured
as a control.

The release profile of ciprofloxacin from
LNPs and free ciprofloxacin is shown in Fig. 3.26.
The release profile shows a burst release, with the
drug being released within the first 7 h (96%
release at t = 7 h). Ciprofloxacin encapsulated in
the LNPs had a slightly slower release than free
antibiotics (95% release at t = 3 h).

20 40

Time (hours)

Table 3.12 Characterization of lipid nanoparticles
(NLC_CIP0.25) before and after the release profile
studies

Z-Ave (nm) PDI
Initial NLC 230.4 £ 1.6 0.363 +0.028
Final NLC 777.1 £732.3 0.678 +0.288

Before and after the release studies, the Z-ave
and PDI analysis suggest that most LNPs have
disrupted due to the higher average size
(777.15 £ 732.3 nm) and the polydispersity index
of the final suspension (Table 3.12).
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Fig. 3.27 Percentage of C. elegans survival when cultivated in the presence of the indicated concentrations of cipro-

floxacin (a) and tobramycin (b)

These results suggest that ciprofloxacin is
close to the lipid nanoparticle surface described
by an imperfect type of structure at the nanopar-
ticle surface, as the antibiotic quickly diffuses
when in contact with the release medium (phos-
phate buffer). The early phase of release corre-
sponds to ciprofloxacin at the nanoparticles’
surface, while the delayed phase is due to
entrapped antibiotic that diffuses from the solid
lipid matrix structure [83].

Jain and Banerjee [83] produced five differ-
ent types of nanoparticles of albumin, gelatin,
chitosan, and SLNs with ciprofloxacin.
Chitosan and gelatin nanoparticles released the
antibiotic for 96 h, whereas drug release from
SLNs occurred for up to 80 h. On the other
hand, free ciprofloxacin hydrochloride showed
a burst release with almost 50% free drug
released in 30 min and more than 90% drug dif-
fusing in 70 min [83]. Their results suggest
SLNSs as promising carriers for sustained cipro-
floxacin release. Shazly [85] produced SLNs
with different lipids and nanoparticles formu-
lated with only stearic acid that displayed a
burst release profile and faster release. These
authors proposed that this could be due to the
fast dissolution of ciprofloxacin molecules
present at the surface layer of the SLNs.
Ghaffari et al. [84] also obtained a similar
release profile for ciprofloxacin encapsulated
into SNLs with a significant burst effect.

3.5.2 InVivo C. Elegans Toxicity
Assay of Tobramycin
and Ciprofloxacin

The percentage of C. elegans survival in a liquid
medium containing different tobramycin and cipro-
floxacin concentrations was evaluated. Our results
indicate that tobramycin has a higher toxic effect on
the nematode when compared to ciprofloxacin.
Exposure to tobramycin concentrations ranging
from 2 to 256 pg/mL led to a decreased survival of
the nematodes from, respectively, 80% to only 11%
(Fig. 3.27b). Kaplan et al. [86] presented a study
where C. elegans infected with pathogens (e.g., S.
aureus) were exposed to tobramycin with a concen-
tration equally low (1.25 pg/mL).

In this work, C. elegans exposed to ciprofloxa-
cin presented a maximum survival percentage for
antibiotic concentrations up to 32 pg/mL, and
even for the highest concentration tested
(1024 pg/mL), a survival percentage close to
80% was registered (Fig. 3.27a).

The Minimal Inhibitory Concentration (MIC)
values of ciprofloxacin determined for the expo-
nentially growing bacterial strains B. contami-
nans IST408 (0.54 pg/mL) and B. cenocepacia
K56-2 (2.66 pg/mL) are lower than the cipro-
floxacin concentrations with high survival of C.
elegans.

However, the tobramycin MIC value for B. con-
taminans IST 408 was 5300 pg/mL, while for strain
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B. cenocepacia K56-2 this antibiotic showed no
efficacy for the concentrations tested. These values
are high above the 256 pg/mL concentration that
caused about 80% of the mortality of C. elegans.
The visual inspection of the nematodes mor-
phology carried out with a stereoscope’s aid
revealed that C. elegans were smaller in medium
supplemented with antibiotics compared to con-
trols without antibiotics (results not shown).

3.5.3 InVivo C. elegans Toxicity

Assay of LNPs

In this work, the first LNPs tested for toxicity in
C. elegans were prepared with formulation
(NLC_1). This formulation showed to be
extremely toxic to the nematodes as the worms
died and formed agglomerates after contact with
these lipid nanoparticles (Fig. 3.28).

Similar results were observed when using
nanoparticles prepared with formulation
NLC_5. These formulations had in common
lauric acid. Based on these results, we hypoth-
esized that this fatty acid caused high and
almost instantaneous nematodes mortality.
Another possibility is some trace impurity in
the fatty acid composition that negatively
affects the worm’s survival. In 1994, Stadler
et al. [87] investigated fatty acids and other
compounds with nematocidal activity towards

Fig. 3.28 Image of C.
elegans after exposure
of nanoparticles
prepared with
formulation NLC_1. All
worms were dead after
2 min

C. elegans at the L4 larval stage after 18 h of
exposure. Fatty acids were found to exhibit low
values of LDs, (dose required to kill half of the
members of a tested population) for C. elegans.
Reported  values include: lauric acid
LDsy = 25 pg/mL, myristic acid LDsy = 5 pg/
mL, palmitic acid LDs, = 25 pg/mL, and stearic
acid LDs, = 50 pg/mL [87].

3.5.4 Ingestion of LNPs Loaded
with DiOC Fluorescent Dye

by C. elegans

The fluorescent dye DiOC was incorporated
into the emulsion formulation to confirm that
the worms ingested the LNPs. The fluorescent
dye was encapsulated together with each anti-
biotic, ciprofloxacin, or tobramycin. After 3 h
of exposure to LNPs loaded with DiOC, C.
elegans were observed by fluorescence
microscopy. Images obtained show green fluo-
rescence along with the worms” digestive sys-
tem, indicating that they ingested the LNPs
(Fig. 3.29).

Remarkably, we observed that only a few
worms were fluorescent after exposure to LNPs
loaded with tobramycin, in contrast with the
more significant number of fluorescent worms
detected upon exposure to LNPs loaded with cip-
rofloxacin and the dye.
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A

Fig. 3.29 Microscopy images of C. elegans fed with
nanoparticles containing fluorescent dye and the antibiot-
ics ciprofloxacin or tobramycin. (a) nanoparticles loaded

3.5.5 C.elegans as an Animal Model
of Bacterial Infection
to Assess Antibiotic Delivery
Efficiency Using LNPs

To evaluate the efficacy of LNPs loaded with cip-
rofloxacin or tobramycin against pathogenic
bacteria, we have first compared the survival per-
centages of worms feeding on the non-pathogenic
E.coli OP50 in the absence and presence of
empty or ciprofloxacin-loaded lipid nanoparti-
cles. Control experiments with no nanoparticles
were also carried out. About 29.7% of mortality
occurred among the worms exposed to empty
nanoparticles, while 28.92% of mortality was
observed for worms exposed to nanoparticles
loaded with ciprofloxacin (Fig. 3.30).

Therefore, the mortality of worms exposed to
empty LNPs or nanoparticles containing ciproflox-
acin is not significantly distinct (P = 0.9074).
However, results obtained with each formulation
tested is significantly different for those obtained
with no nanoparticles (P < 0.0001). Altogether
these results indicate that these LNPs present some
toxicity to the worms, nevertheless lower than
demonstrated with LNPs with formulation NLC_1.

Next, we assessed the survival percentage of
infected worms with B. contaminans IST408 or
B. cenocepacia K56-2, using the same condi-
tions as those described above for E. coli OP50.

Worms infected with B. cenocepacia strain
K56-2 presented a mortality rate of 45.24% for

B C

with DiOC; (b) nanoparticles loaded with ciprofloxacin
and DiOC; (c) nanoparticles loaded with tobramycin and
DiOC

the control with no nanoparticles, 38.71% for
empty nanoparticles, and 36.87% in the presence
of nanoparticles loaded with ciprofloxacin
(Fig. 3.31).

The small difference observed in the survival
of infected worms exposed or not to empty or
ciprofloxacin-loaded nanoparticles is not statisti-
cally significant, according to the Mantel-Cox
statistical model using the log-rank. In a study
published by Cardona et al. [88], the survival rate
percentage of worms infected with B. cenocepa-
cia K56-2 was 22% on day 2. The difference of
percentage compared with this assay is possibly
due to different developmental stages of the C.
elegans used (L2 larval stage worms used in this
study, while Cardona et al. [88] used L4 larval
stage worms). After 3 days, the C. elegans
infected with B. cenocepacia K56-2 were visibly
smaller than those feeding only on E. coli OP50
and laid eggs after this period.

C. elegans infected with B. contaminans
IST408 for 3 days presented mortality rates of
84.5% for the control without nanoparticles,
87.8% for the control with empty nanoparticles,
and 77.5% when nanoparticles loaded with the
antibiotic ciprofloxacin (Fig. 3.32). The differ-
ence observed in worm mortality in the presence
of empty nanoparticles or nanoparticles loaded
with ciprofloxacin had a p-value of 0.0061, indi-
cating that survival curves were statistically sig-
nificant. Worms infected in the 3 conditions
exhibited the typical morphological aspect of
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Fig. 3.30 Survival (%) of worms in the absence of
nanoparticles, empty nanoparticles (formulation NLC_4),
and nanoparticles loaded with ciprofloxacin (formulation
NLC_CIP0.25) when feeding on the non-pathogenic E. coli

OP50. The survival curves compared using the log-rank
(Mantel-Cox) test, and the p-value is represented by * when
P <0.05, **when P < 0.01*** when P < 0.001, **** when
P <0.0001 or ns (not significant), n, number of worms

Fig.3.31 Percentage
survival of worms

100

infected with B.
cenocepacia K562 in
the absence of
nanoparticles, empty
nanoparticles (NLC_4),
or nanoparticles with
ciprofloxacin (NLC_
CIP0.25). The survival
curves compared using
the log-rank (Mantel-
Cox) test, ns (not
significant), n, number
of worms

504

Percent survival

]

"ﬂ ns

— No particles (n=
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NLC_CIP (n=179)

168) ]
]

infected C. elegans: smaller size and distended
intestine.

Sousa et al. [89] reported that 80% of the
mortality of C. elegans after 3 days of infection
by B. contaminans 1IST408. The slight differ-
ences in the reported survival rate compared to
the present work might be due to using distinct

40
Time (Hours)

20 60 80

C. elegans strains, DH2 in Sousa et al. [89], and
BN2 in this study.

C. elegans presents many advantages as a bio-
logical model to study bacterial pathogens and
antimicrobial therapies, including the use of
nanoparticles loaded with antibiotics. Among
these advantages, it is worth to mention oral
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Fig.3.32 Percentage
survival of B.

100

contaminans 1ST408-
infected worms in the
absence of nanoparticles
or the presence of empty
nanoparticles
(formulation NLC_4)
and nanoparticles
loaded, ns (not
significant), n, number
of worms

50-

Percent survival

— No particles (n=299)]ns
—— NLC_4(n=279) ]“ *

NLC_CIP (n=293)
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absorption as the main route of drug administra-
tion. In this study, worms were used as an in vivo
animal model to evaluate the oral absorption and
efficacy of LNPs and their toxicity. Even though
LNPs presented some toxicity for C. elegans, the
fatty acid tested in this work are natural food
substances and recognized generally as safe,
according to FDA. Span 80 and Tween 80 are
considered as food additives allowed for direct
addition to food products for human consump-
tion [90].

The amount of ciprofloxacin loaded in the
LNPs used in rescue experiments with infected
C. elegans was 32 pg/mL. Our results indicate
that ciprofloxacin is more effective against B.
contaminans 1ST408 compared to B. cenocepa-
cia K56-2, in good agreement with the results of
rescue experiments with infected C. elegans.
However, for the 32 pg/mL concentration used,
differences in the B. cenocepacia K56-2 survival
were expected, as the MIC value for this strain
was only 2.66 pg/mL. However, the effective
antibiotic concentration in the worm’s intestine
should be lower than the MIC value when applied
at the surface of the culture plates because it
depends on the ingestion of the lipid nanoparti-
cles by the nematode.

For future studies, different pathogens have to
be chosen to assess the efficacy of LNPs loaded
with tobramycin, since tobramycin is not effec-

20 40 60
Time (Hours)

80

tive against the tested strains B. cenocepacia
K56-2 and B. contaminans 1ST408.

Conclusions
and Perspectives

3.6

The formulations of lipid nanoparticles (e.g.,
SLNs and NLCs) tested and produced according
to the LipNanoCar technology, with particle size
below 400 nm, are ideal for oral administration as
they cross the intestinal cells easily. Inclusively,
some formulations led to a particle size below
200 nm, which is an even better result since these
particles will remain invisible to the reticuloen-
dothelial system (RES) and kept in the circula-
tion system over a prolonged time. Transmission
electron microscopy images of these nanoparti-
cles showed their spherical shape and confirmed
the particle size of approximately 200 nm.
Thermal analysis (DSC) also showed that these
lipid nanoparticles are solid at body temperature
for an adequate formulation.

The Zeta Potential of lipid nanoparticles was
negative enough to ensure their excellent physi-
cal stability, indicating Lutensol AT 50, Tween
80, and mainly Span 80 as suitable surfactants for
lipid nanoparticle production. However, the zeta
potential of lipid nanoparticles with tobramycin
was much lower, as this antibiotic with 5 amino
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groups interferes with the composition and sur-
factant aggregation in the emulsion interface. The
low ZP of the lipid nanoparticle suspensions
loaded with tobramycin led to phase separation
in less than 1 month compared with the several
months of long-term stability of lipid nanoparti-
cles loaded with the other antibiotics tested in
this work.

Filtration of lipid nanoparticle suspensions
was a successful process to remove the excess of
water. Nevertheless, lyophilization seems to be a
better alternative by simultaneously removing the
excess of water and enhancing the particles’ sta-
bility during storage. Besides, the resulting pow-
ders can be used to produce classic solid dosage
forms that can be redispersed in water or juice
before administration or used to filling hard gela-
tine capsules.

Rifampicin, ciprofloxacin, tobramycin, and
[-carotene were successfully loaded into the lipid
nanoparticles with entrapment and encapsulation
efficiencies higher than 85%. Rifampicin encap-
sulation efficiencies (69 to 85%) obtained in this
work were higher than those reported in the lit-
erature. Contrastingly, low encapsulation effi-
ciencies were achieved for Pyrazinamide, most
probably due to its high hydrophilicity, leading to
a low partition into the lipid phase than in the
aqueous phase.

Ciprofloxacin presented a quick-release from
the lipid nanoparticle using a dialysis tubing
(96% in the first 7 h), but slower than the free
antibiotic (95% in the first 3 h). This result sug-
gests that ciprofloxacin is loaded near the exter-
nal surface of the lipid nanoparticle.

C. elegans was used as an animal model of
bacterial infection, and strains belonging to the
Bce group were used as models of difficult to
eradicate Cystic Fibrosis pathogens such as B.
contaminans IST408 and B cenocepacia K56-2.
For the first strain, significant differences were
observed between nanoparticles with ciprofloxa-
cin and the control without nanoparticles
(p-value<0.05) and between empty nanoparticles
and loaded nanoparticles with the antibiotic
(p-value<0.01). In the case of B. cenocepacia

K56-2, no significant difference was observed in
rescue experiments without nanoparticles or with
nanoparticles loaded with the antibiotic.

Fluorescence microscopy confirmed the
uptake of the lipid nanoparticles, and their effi-
cacy was successfully tested in C. elegans. This
nematode was used as an alternative model to
mimic the GI tract conditions for drug delivery
systems for oral route administration. These stud-
ies are usually performed with the Caco-2 cell
line to evaluate the cytotoxicity and uptake of
lipid nanoparticles.

LipNanoCar technology was revealed to be
simple, reproducible, allowing the preparation of
lipid nanoparticles without the need for organic
solvents or any sophisticated instruments. The
technology has the potential of easy scale-up for
industrial production. The nanocarriers produced
by the LipNanoCar technology are based on the
GRAS status Oil in Water (O/w) Liquid Lipid
Nano-emulsions and Solid Lipid Nanoparticles
characterized by:

e Water used as a solvent in the range of 50-90%
(W/w),

* No use of organic solvents, toxic compounds,
or endocrine-disrupting chemicals,

e The nanocarriers formulations are all based on
materials (e.g., oils, glycerides, emulsifiers,
medium/long fatty acids, hydrophobic com-
pounds, among others) with GRAS status,

e The liquid lipid and solid lipid nanocarriers
contain fatty acids that are liquid and solid at
room temperature, respectively,

e These nanocarriers have an average size rang-
ing from 50 to 350 nm, with a low polydisper-
sity index (PDI),

e The average size of the nanocarriers allows
their sterilization by simple microfiltration
(0.45 pm),

e The nanocarriers can be formulated to have
zeta potentials in the range of —50 to —25 mV,
avoiding liquid nano-droplet coalescence and
lipid nanoparticles aggregation,

e The right formulation and the zeta potential
values contribute to the production of lipid
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nanoemulsions and lipid nanoparticles stable
in water/aqueous solution for several months.
The nanocarriers have high loading capacities
at least 10-50% (w/w) for hydrophobic bioac-
tive compounds and low for hydrophilic com-
pounds (e.g., pyrazinamide), which can be
easily improved by previous lipid conjugation
strategy.
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Abstract

During the recent decades, dermal delivery
has achieved visible popularity mainly due to
the increase of chronic skin diseases and the
demand for targeted delivery and patient
compliance. Dermal delivery provides an
attractive alternative to oral drug delivery,
promoting the drug application directly at the
site of action, resulting in higher localized
drug concentration with reduced systemic
drug exposure. Among several types of drug
delivery systems used in dermal delivery are
the lipid nanoparticles, which include solid
lipid nanoparticles (SLNs) and nanostruc-

tured lipid carriers (NLCs). These lipid nano-
carriers have attracted great interest and have
been intensively studied for their use in der-
mal applications. Lipid nanoparticles
increase the transport of active compounds
through the skin by improving drug solubili-
zation in the formulation, drug partitioning
into the skin, and fluidizing skin lipids.
Moreover, these nanocarriers are composed
of biologically active and biodegradable lip-
ids that show less toxicity and offer many
favorable attributes such as adhesiveness,
occlusion, skin hydration, lubrication,
smoothness, skin penetration enhancement,
modified release, improvement of formula-

tion appearance providing a whitening effect,
and offering protection of actives against
degradation.

This chapter focuses on the effects of lipid
nanoparticles in dermal delivery, on the types
of active compounds that are used in their for-
mulation and application, some aspects related
to their possible toxicity, and a description of
the most commonly used techniques for the
evaluation of drug absorption on the skin.
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4.1 Introduction

Nanotechnology is a fundamental science that
has been consolidated during the twenty-first
century in designing, characterizing, and using
materials, devices, and systems in the nanometre
size range [1-3]. There are several innovative
applications of nanotechnology in the cosmetic
and dermal pharmaceutical industries which have
transformed the administration of active com-
pounds and represent outstanding opportunities
for both academic and industrial fields [4, 5].

Dermal formulations of nanocarriers have
been used for improved delivery of active sub-
stances inside and through the skin mostly due to
their several advantages over conventional pas-
sive delivery systems as skin hydration, increased
surface area, smoothness, softness, adhesiveness,
occlusion, higher solubility, site-targeted deliv-
ery, improved stability, controlled release,
reduced skin irritancy, protection from degrada-
tion and increased drug loading [6-8]. Several
approaches addressing nano-enabled technolo-
gies have been developed to increase drug bio-
availability and to enhance its absorption or
permeation in the skin [2]. The size of these
nanocarriers is the characteristic that confers
them more efficiently than currently available
formulations and also determines their effective-
ness and targeted delivery [5]. The application of
nanocarriers into cosmetic and pharmaceutical
products offers several advantages as the possi-
bility to protect active substances from degrada-
tion, to encapsulate poorly water-soluble
compounds, and to confer a controlled release
that avoids repeated administrations and pro-
motes patient compliance [9, 10]. The types of
nanocarriers that are being studied for topical
administration are liposomes [11], lipid nanopar-
ticles [12-15], nanoemulsions [16], polymeric
nanoparticles [17], hydrogels [ 18], and micronee-
dles [19].

The history of lipid nanoparticles started
around the ‘90s, and at the beginning, different
names were used as lipid nanospheres [20] and
even lipid microparticles or microspheres [21,
22] to designate solid lipid nanoparticles (SLNs)
which was then the name assigned by the

inventors to describe a type of nanocarriers struc-
turally similar to nanoemulsions but containing a
solid matrix composed by a solid lipid [23].
These nanocarrier systems were first developed
as an efficient alternative to traditional carriers as
emulsions, liposomes, and polymeric nanoparti-
cles and explored to avoid some of their issues in
biological media [2].

SLNSs are described in the literature as the first
generation of lipid nanoparticles and are defined
as colloidal spherical particles with sizes ranging
from 40 to 1000 nm, composed of solid lipids,
dispersed in an aqueous phase, and stabilized by
surfactants [6, 23-25]. SLNs are produced using
one crystalline solid lipid or a mixture of solid
lipids, as glycerides or waxes in concentrations
typically varying from 0.1% to 30% w/w and sur-
factants in contents ranging from 0.5% to 5%
w/w [6, 25]. An important prerequisite of the lip-
ids is that they should be solid at 37 °C that is
considered as the body temperature [26], and
more than one surfactant can be used to prevent
aggregation of particles in the dispersions [25].
Similar to nanoemulsions, SLNs are produced by
substituting the oil phase of the emulsion (O/W)
with one solid lipid or a mixture of solid lipids.
The incorporation of drugs occurs by melting the
solid lipid and suspending or dissolving the
active substance in the melted lipid. Then, the
droplets of melted lipid recrystallize and self-
assemble, typically yielding a mixture of high-
energy crystallized form (a and f’), and
low-energy form (') lipid modifications.
However, the lipids incline to increase their order
during storage and be converted from o/f” to f
modifications which can lead to a subsequent
decrease in imperfections of the lipid matrix lat-
tice and consequently occurs the loss or leakage
of the active substance from the nanocarrier [6,
26]. The main advantages of SLNs are their phys-
icochemical stability, providing higher protection
for incorporated active substances from chemical
and physical degradation, and the controlled
release and transport of drugs to target sites, con-
sequently increasing its bioavailability and effi-
cacy [27]. Also, the use of biocompatible solid
lipids is a great benefit which allows encapsulat-
ing generally lipophilic drugs on SLNs crystal-
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line matrix lattice, on its lipid layers, and or
between the chains of fatty acids [2]. Moreover,
the release profile of the encapsulated drugs can
be adjusted for a specific application through the
selection of a specific combination of lipids and
fatty acids [2, 28].

The second generation of lipid nanoparticles,
or nanostructured lipid carriers (NLCs), was
introduced to overcome the main limitations of
SLNs related to low drug capacity and its loss or
leakage from the nanocarrier during storage [5, 6,
28]. NLCs are composed of an unstructured solid
lipid matrix consisting of a mixture of solid and
liquid lipids that are dispersed in an aqueous
phase containing one surfactant or a mixture of
surfactants [29]. Generally, the solid lipids are
blended with the liquid lipids in ratios from 70:30
up to 99.9:0.1, while the surfactant concentration
usually varies from 1.5% to 5% (w/v) [30]. The
incorporation of liquid lipids in the solid matrix
results in a decrease of the melting point when
compared to exclusively the solid lipid. Also, the
addition of oils leads to a substantial crystal order
disturbance producing several imperfections in
the crystalline lattice, which provides more space
to loading active compounds, increase the drug
loading capacity, and avoids or reduces the drug
expulsion during storage due to a higher drug
incorporation capacity, in comparison with previ-
ous developed SLNs [5, 26, 31]. To achieve a
high degree of imperfections on the lipid crystal
lattice, the lipid blends should comprise structur-
ally different molecules as e.g. oils with a lower
chain of fatty acids and solid lipids with a higher
chain of fatty acids. Nevertheless, when choosing
the composition of the lipid blends it is necessary
to have into consideration that its melting point
still needs to be above the body or skin tempera-
ture at 32 °C [26].

Lipid nanoparticles are very effective carriers
of active compounds used in cosmetics to mois-
turize the skin due to their occlusive properties,
to improve skin elasticity due to their ability to
increase skin hydration, reduce wrinkles, and be
used as antioxidant agents in anti-aging formula-
tions [25, 26, 30, 32, 33]. These nanoparticles are
also excellent carriers of perfumes and insect
repellent thanks to their adhesive properties and

the possibilities of sustained-release [1, 34, 35]
and are commonly used in physical and chemical
sunscreens since they can reflect radiation and
produce a synergistic effect of protection, thus
reducing the amount of incorporated UV filter
which limits the possibility of irritation and also
reduces the associated production costs [25]. The
incorporation of lipid nanoparticles in cosmetics
holds several advantages over traditional per-
sonal care products including enhancing the
product aesthetics, improving the stability of
active substances, targeting active ingredients to
the wanted locations, controlling the release of
active ingredients to achieve continued effects,
and conferring skin protection due to their occlu-
sion property [36, 37]. This type of nanocarriers
is mainly proposed in cosmetics used in anti-
aging products, sunscreens, moisturizers to pre-
serve skin hydration, as well as personal care
products to maintain daily hygiene and look, and
also other innovative uses such as the release of
fragrances [38, 39].

The absorption of active compounds into the
different skin layers has been widely assessed
and one crucial issue in current dermatological
research. Scientists have established different
techniques to estimate the amount of drug deliv-
ery to the skin. General guidelines for dermal
absorption studies published by different organi-
zations from Europe and the United States pres-
ent documents with descriptions and rules of
how to implement dermal absorption assays
[40-47]. However, the measurements are not
properly regulated. Samples from skin biopsy
can be used to directly measure the absorption of
topical drugs, however, biopsies are invasive and
not suitable for obtaining kinetic data. There are
alternative techniques that are used to evaluate
the bioavailability of topical drugs, as in vivo
assays including tape stripping/dermatopharma-
cokinetics, microdialysis, and vasoconstrictor
assay, in vitro assays performed in Franz diffu-
sion cells, and ex vivo assays that use isolated
perfused skin models [40]. The bioavailability of
topical drugs may be assessed by several tech-
niques, which can be used in complement taking
advantage of each technique’s resources [48,
49].
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This chapter, focus on the effects of lipid
nanoparticles in dermal delivery, on the types of
active compounds that are used in their formula-
tion and application, which physicochemical
properties are determinant for their efficiency
and some aspects related to their possible toxicity
and description of the most commonly used tech-
niques for the evaluation of drug absorption on
the skin.

4.2  Skin Morphology and Barrier

Function

The skin is the largest organ of the human body
and comprehends a surface area of about 2 m?,
corresponding to 15% of the total body weight in
an adult [50, 51]. The skin has an integrated com-
plex structure, and it serves as a very effective
barrier to the entry of exogenous substances [6,
52]. The whole dimension of human skin is com-
posed of three strata: the epidermis, dermis, and
hypodermis (Fig. 4.1).

The hypodermis is the most inner, which is
rich in triglycerides and performs as an insulator.
Sweat and pilosebaceous glands emerge from the
hypodermis to the surface of the epidermis [6].
Hair follicles in humans are low in number com-
pared to furry animals [53, 54].

The dermis layer that is highly vascularised
lies beneath the epidermis, is rich in collagen and
elastin, and is embedded in a ground substance
surrounding fibroblasts which represent the high-
est number of cells in the dermis. This stratum is
primarily constituted of connective tissue, is
more hydrophilic in nature, and provides oxygen
and nutrients to the skin [51, 55].

The epidermis is the most external layer of the
skin, include five different layers detectable by
cellular differentiation, which form the viable
epidermis: the stratum lucidum, stratum granulo-
sum, stratum spinosum, Stratum germinativum,
and the non-viable but chemically active stratum
corneum (SC) which is the extreme layer in con-
tact with the environment consisting in about 15
layers of corneocytes [6, 51, 54, 56]. Keratinocytes
containing high quantities of keratin filaments
and water are flat dead cells that migrate toward

the skin surface and undergo maturation to dif-
ferentiate in corneocytes. The SC is commonly
illustrated by the “bricks and mortar” model, in
which the corneocytes are illustrated as bricks
embedded in a mortar that consists of a hydro-
phobic matrix mainly constituted of cholesterol,
cholesterol esters, ceramides, keratin, and fatty
acids [6, 51, 57]. Due to the great complexity of
the SC, this layer represents the main barrier for
the passage of active compounds through the
skin. The other layers of the dermis do not sig-
nificantly contribute to the probable percutane-
ous absorption. However, a very lipophilic active
compound that hypothetically can overcome the
SC barrier will face serious obstacles to absorp-
tion through the subsequent aqueous interface
[56].

The strong skin barrier can limit the drug
uptake, slows drug absorption rates, and pro-
motes the lack of dosing precision [59]. The final
absorption potential of an active compound can
be increased or limited by choice of a suitable
carrier/vehicle for transdermal or dermal deliv-
ery, respectively. The interactions between the
carrier/vehicle and the active substance are of
great importance in formulation development
[56]. Therefore, the characteristics of an active
such as its exposure at the skin surface and parti-
tioning into the skin are identified as major prop-
erties contributing to absorption. The carrier can
improve the active limitations and directly affect
the mentioned characteristics [56, 60].

4.3  Skin Absorption Pathways

Many factors affect the absorption through the
skin as skin age and environment, state of the skin
(normal or diseased), differences between spe-
cies, skin temperature, area of application, physi-
cal characteristics of the penetrant, contact time,
and degree of hydration of the skin. The mecha-
nism of skin absorption is diffusion which is con-
centration-dependent [50, 61]. Dermal delivery
may be considered topical and transdermal; it is
topical when the active compound acts locally or
transdermal when the active compound is deliv-
ered in the systemic route. The main advantages



4 Dermal Delivery of Lipid Nanoparticles: Effects on Skin and Assessment of Absorption and Safety 87

Hair shaft

Arrector pili
muscle

Hair root
Hair follicle

Hair follicle
receptor |

(root hair plexus) . il e
Adipose (fat) tissue

Sweat pore

— Epidermis

Hypodermis/
Subcutis

Artery |

Vein Eccrine sweat gland

Sebaceous (oil) gland

Fig. 4.1 Morphology of human skin. (Adapted from [58] Public domain)

of skin delivery consist of a sustained release of
drugs, the avoidance of side effects connected
with oral delivery of drugs, easy clearance of
medication in case of overdose, bypassing hepatic
metabolism, and patient compliance [6, 62].

The SC is commonly considered the main bar-
rier to the absorption of topically applied sub-
stances and confers primary protection from
external pollutants in the epidermis, contributing
to the limitation of the therapeutic efficiency of
topically applied compounds. It is well acknowl-
edged that a molecule will permeate across the
SC through one of the three possible pathways,
1.e., transcellular (intracellular), intercellular, and
the appendageal (follicular) [6, 51, 63].

The passage of active compounds through the
lipid matrix consists in the intercellular route,
while the passage via keratinocytes consists in
the transcellular route. The appendageal route of
drugs occurs across sweat glands, hair follicles,
and sebaceous glands [6, 62]. The physicochemi-
cal properties of the permeating molecules dic-

tate by which pathways they may cross the
barrier, with most substances possibly permeat-
ing the skin by more than one pathway [64].

The permeation of active compounds includes
several events starting with the release of the per-
meant from the formulation, then occurs the dif-
fusion into and through the SC, followed by the
partitioning to the more aqueous epidermal envi-
ronment, ending up by the passage into the cuta-
neous circulation or the diffusion to deeper
tissues. These events are highly dependent on the
diffusivity and solubility of the permeant sub-
stance within each environment. The diffusion
coefficient of an active substance relies on its
physicochemical properties as the melting point,
molecular size, potential for binding within the
environment, ionization, solubility and may be
also affected by its viscosity and tortuosity or dif-
fusional path length that are factors linked with
the environment [6, 64].

The transcellular route has been considered as
a polar route through the SC. This is mainly due to
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the intracellular keratin matrix of corneocytes,
which is relatively hydrated and consequently
polar in nature, which conditions the permeation
requiring a repeated partitioning between this
polar environment and the lipophilic domains sur-
rounding the corneocytes [64]. Nevertheless, it is
usually admitted that the transport through the SC
occurs principally by the intercellular route.
Within the intercellular lipid domains, transport
can take place via both lipids (diffusion via the
lipid core) and polar (diffusion via the polar head
groups) pathways. The diffusional rate-limiting
region of very polar permeants is the polar path-
way of the SC, which is fairly independent of their
partition coefficient, while less polar permeants
probably diffuse via the lipid pathway, and their
permeation increases with an increase in lipophi-
licity [64]. The appendageal route is considered to
be more appropriate for molecules with a high
molecular weight that diffuses slowly through the
skin and also for nanoparticles [65]. Hair follicles
represent around 0.1% of the skin surface which
makes them a potential pathway for drug perme-
ation. Indeed, the SC layer in the deeper parts of
hair follicles is thinner than other regions in the
epidermis. Moreover, the profound invagination
facilitates access to the capillary network, making
hair follicles the pathway of choice for transder-
mal delivery [66].

4.4  Properties of Lipid
Nanoparticles and Their

Effects on Skin

Lipid nanoparticles, both SLNs and NLCs can be
produced relatively easily, providing an improved
absorption of active substances on skin and are
highly effective carriers based on physical and
chemical principles. Their effects on skin rely on
these principles: physical adhesion to the skin,
mainly due to the small size of the nanoparticles
and consequently high surface area; occlusion
through the formation of a superficial film; physi-
cal occlusion stimulating the absorption of active
substances and chemical interaction between the
lipids from the skin and the lipids from the
nanoparticles [6].

Mechanisms of Skin
Absorption from Lipid
Nanoparticles

4.41

The topical administration of lipid nanoparticles
(SLNs and NLCs) on the skin results in a mono-
layer film due to their adhesiveness property.
This film formation is even more pronounced
when the quantity of nanoparticles in the disper-
sion is higher and sufficient to cover the skin sur-
face. NLCs were consequently also called the
“invisible dermal patch” [26, 67]. This film is
hydrophobic, and its resistance and effects are
dependent on the size of the particles that consti-
tute it. In addition, due to its hydrophobicity, it
has an occlusive effect. Moreover, the lipids of
the nanoparticles may also interact with the skin
lipids, which affects the delivery of the active
compound between the lipid structures of the
skin and disturbs its absorption rate. However,
there is currently little knowledge about this
mechanism, and the composition of an ideal lipid
matrix to reach this interaction with the skin lip-
ids has to be found empirically [26, 68].

A proposed mechanism for the interaction
between lipid nanoparticles and skin lipids dem-
onstrates that the nanoparticles primarily remain
on the skin without interaction with the skin lip-
ids if the particle matrix possesses a very high
melting point or if their lipids matrix are not mis-
cible with SC lipids. In this case, the particles
might only be slightly flattened by the existing
pressure. On the other hand, it can occur an inter-
action between lipids when the melting point of
the nanoparticles’ lipids is below the skin tem-
perature or in the case of good miscibility of the
lipids. This leads to the integration of the lipid
nanoparticles in the lipid phase on SC due to the
desegregation of the nanoparticle matrix and the
occurrence of an inter-diffusion of lipids between
particles and SC lipids [26].

Zhai and Zhai, 2014 [69] demonstrated that
NLCs could disrupt the intercellular environment
surrounding the corneocytes and keratinocytes,
particularly by acting on its lipids composition.
The tight anomalies junctions in SC would lead
to imperfections in the barrier function and would
stimulate the skin permeation of drugs [51].
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In a mechanism for the skin absorption of SLNs
proposed by Jensen et al. 2011 [70], the nanopar-
ticles persist in the SC at the skin surface and accu-
mulate, forming a drug reservoir from where they
release the encapsulated active compounds,
depending on the degree of lipophilicity of the
active substance and consequent capacity to reach
the target cells in the lower strata of the skin. The
SLNs would release the active molecules in a
biphasic way, with an initial burst release from the
surface of the nanoparticles followed by a reser-
voir effect at the skin surface and SC [51, 70].
SLNs interact with the skin lipids depending on
the drug partitioning in the lipid nanoparticle, by
the drug lipophilicity, by the type of interacting
skin lipid, and the composition of the lipid matrix.
Both SLNs and NLCs could cross the appendageal
pathway since they promote follicular deposition
due to their high lipophilicity [51].

4.4.2 Occlusion

The SC constitutes a barrier for lipid and water-
soluble substances represented by the “brick-
mortar” model consisting of a continuous lipid
layer [26, 71]. The lipid nanoparticles adhere to
the skin leading to a film formation and subse-
quently to an occlusion effect with an increased
hydration effect [1, 68, 72]. This hydration effect
contributes to the skin’s healthy appearance and
directly influences the percutaneous absorption
of active substances. For topical administrations,
it is important that the active is not systemically
absorbed but instead is crucial that a certain
absorption occurs in the skin to the desired effect
take place [1, 73].

The occlusion effect resultant from a mono-
layered hydrophobic film formation increases the
hydration of the SC by reducing the water evapo-
ration from the skin surface, which usually has
about 10—15 % water content. This effect promotes
the formation of spaces between the corneocytes
and the increase in the inter-corneocyte gaps, pro-
moting an increase in the SC’s permeability and,
consequently, the penetration of active com-
pounds [26, 71]. It was reported that approxi-
mately 4% of lipid nanoparticles with a diameter

of about 200 nm should hypothetically form a
mono-layered hydrophobic film when c. 4 mg of
the formulation is applied per cm? [68, 74]. This
occlusion factor is directly dependent on several
factors: (i) lipid content, (ii) degree of crystallin-
ity of the re-crystallized lipid, and also (iii) parti-
cle size [1]. Therefore, different occlusion effects
can be obtained by manipulating the particle size
of lipid nanoparticles [68]. When the particle size
decreases, at a certain lipid concentration, the
occlusion effect can be increased or instead when
the concentration of lipid (number of nanoparti-
cles at a given particle size) increase the occlusion
effect is more pronounced at a given particle size
by increasing the number of particles (concentra-
tion of lipid) and consequently, a “controlled
occlusion effect” can occur (Fig. 4.2) [7, 72].

It was reported that the particle size has to be
less than 260 nm [75] to accomplish a higher occlu-
sion and a more significant interaction with the skin
surface. Moreover, it was also reported that an
increase in the liquid content might reduce the
occlusive effect, which is higher for lipid nanopar-
ticles possessing the highest crystallinity, thus indi-
cating that SLNs had a higher occlusive effect than
NLCs [26, 76, 77]. Lombardi Borgia et al. 2005
[78] reported that after SLNs application on the
skin, its water content evaporates, resulting in a
recrystallization phenomenon inducing the partial
release of the active and its skin penetration [51].

The occlusion effect induced by typical oint-
ment formulations does not ensure rapid hydra-
tion. Thus, it is preferable to use a preparation
that can supply water, which lipid nanoparticle
suspensions are suitable to offer. Moreover, due
to their hydration properties, it can be assumed
that lipid nanoparticles may enhance skin elastic-
ity [79] and that these particles can be further
used to formulate anti-aging products [68].

4.4.3 Enhanced Stabilization
of Actives and Skin
Bioavailability

The solid matrix of both SLNs and NLCs repre-
sents one of their most important features. It
enables the advantage of stabilizing active ingre-
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Fig. 4.2 The controlled occlusion effect of lipid nanopar-
ticles in function of the particle size. Left: At a given iden-
tical lipid content, reducing the particle size leads to an
increase in particles number which results in a denser film.

reduction in
particle size

dients that are chemically labile against degrada-
tion by light, oxidation and hydrolysis [1, 68].
The selection of an appropriate lipid is a major
factor to be considered as the active compound
must be totally solubilized/retained within the
lipid matrix during the storage time [68, 72].

The effect of chemical stability of actives after
their incorporation into lipid nanocarriers was
already proven for, e.g., coenzyme Q10 [80, 81],
ascorbyl palmitate [82, 83], and retinoids [1, 68,
84-86].

The lipids composition of lipid nanoparticles
will also determine their skin bioavailability and
targeting in two possible ways: (1) the differ-
ences in lipid composition might lead to different
interactions with the lipids of the SC and conse-
quently to a different localization of the active
compound; (2) the lipid composition will deter-
mine the localization of the active compound
inside the particle, modulating its bioavailability
and release [72, 87].

4.4.4 Modulation of Actives Release
and Supersaturation Effects

Before the incorporated active ingredient on SLN
and NLC may exercise their function into the
skin, it is prime necessary its release [68, 88].
The release profile of lipid nanoparticles depends

©O 0000

Increase in SLN/NLC
concentration

00000
0000000

Right: At a given particle size, increasing the lipid concen-
tration leads to an increase in particle number and density
of the film which also result in a higher occlusion effect.
(Adapted from [7, 72]. Published with permission)

on the interaction of numerous factors, thus being
a multifactorial event [89]. It is dependent on the
preparation method, the composition of the for-
mulation (i.e., composition and concentration of
surfactant), the solubilizing properties of the sur-
factant for the incorporated active compound,
and the solubility of the active compound in the
lipid matrix (oil/water partition coefficient) [68,
89]. These factors influence the inner structure of
the lipid nanoparticles and, therefore, the rate of
release of incorporated ingredients [86, 90, 91].
Depending on the matrix structure, the release
profiles can vary from very fast release, medium,
or extremely prolonged release [68, 92].
Moreover, the release of actives can also be stim-
ulated by enzymatic lipid degradation due to the
microbial flora existing on skin or electrolyte
changes in the SC [71]. The lipid structure of the
particles may be influenced by the electrolytes,
which can present a more polymorphic form pro-
moting drug expulsion [26, 89].

Most active dermal substances are not
intended for deeper skin absorption having only a
superficial action in local effect and avoiding the
undesired absorption into the systemic blood cir-
culation [68]. Moreover, it seems clear that a
release profile over weeks is not interesting for in
vivo topical delivery. Although, dispersions of
lipid nanoparticles demonstrate the capacity to
control the rate of actives penetration into the
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skin and modulate the drug release, i.e., adapting
it accordingly to the therapeutic needs [89].
Modulation of drug release into specific layers of
the skin and, therefore, drug absorption across
skin membranes can also be achieved due to the
creation of a supersaturated system [93]. These
systems can be created by the incorporation of
lipid nanoparticles into topical formulations
(creams, ointments, emulsions, and gels). The
increase in saturation solubility will lead to an
increased diffusion pressure of the drug into the
skin [68, 89]. During storage, the active com-
pounds continue entrapped into the matrix of the
lipid nanoparticles since it preserves its polymor-
phic form. With the application of a supersatu-
rated cream into the skin and an increase in
temperature and water evaporation, the lipid
nanoparticles’ lipid matrix transforms from a
more unstable polymorph to a more ordered
polymorph leading to drug expulsion.
Consequently, the active is expelled from the
lipid matrix into the emulsion already saturated
with the same active, thus creating a supersatura-
tion effect. This phenomenon increases thermo-
activity and leads to active absorption into the
skin [68, 89].

4,5 Active Compounds Used

in Dermal Formulations

Essential properties of galenic and cosmetic for-
mulations as efficacy and tolerability, are deter-
mined by the active and the vehicle’s nature.
Thus, a well-formulated base of empty lipid
nanoparticles may have numerous positive effects
on the skin, as occlusion and stabilization of the
epidermal barrier. Moreover, the effects of many
active compounds are dependent from the overall
formulation and preparation as it may confer
them more stability and protection, increasing
their bioavailability. The interactions between the
carrier, active ingredient and the skin greatly
influence their effects in the formulation and the
release profile of the active substance [133]. The
categories in which the active substances used in
dermal formulations belong will be presented
and further discussed.

4.5.1 Vegetable Oils and Fatty Acids
Current research on dermal formulation has been
directed towards using vegetable ingredients by
very good results of scientific research on the
properties of natural origin raw materials and
motivated by consumers’ preferences [94].
Vegetable oils are abundant renewable and read-
ily available sources exhibiting great interest as
raw materials to develop natural and eco-friendly
dermal products [95, 96]. These vegetable fats
remain in the liquid form at room temperature
and are most frequently extracted from seeds,
fruits, or plant seedlings. Oils are composed of a
mixture of higher saturated and unsaturated fatty
acids with triglycerides [97]. These compounds
result from a combination of higher fatty acids
presenting long aliphatic carbon chains (low
C14:0) with esters of glycerol and in small
amounts they may contain phospholipids, free
sterols, tocols (tocopherols and tocotrienols), tri-
terpene alcohols, hydrocarbon sand fat soluble
vitamins [95, 97, 98].

Depending upon the individual percentages of
fatty acids in their molecules, vegetable oils
exhibit multiple skin benefits and therapeutic
activities as antioxidant properties, providing
skin protection against reactive oxygens species
(ROS) [99, 100], and also anti-carcinogenic and
anti-inflammatory activities [95, 101]. In dermal
formulations, vegetable oils are used as moistur-
izers and emollients by increasing hydration and
preventing water loss from the skin, primarily by
forming a protective layer on the epidermis [97,
102]. Moreover, the beneficial effects of vegeta-
ble oils are well-recognized in the biological syn-
thesis of components of cell membranes and in
the transport and oxidation of cholesterol, thus
playing a critical role in the proper functioning of
the human body [97].

There are some research works reporting the
use of vegetable oils in the formulation of lipid
nanoparticles. For instance, Badea et al. [95]
described a study involving the selection of seven
vegetable oils, namely pomegranate seed oil,
blackcurrant seed oil, sesame seed oil, raspberry
seed oil, carrot root oil, wheat germ oil and rice
bran oil to design and produce NLCs as nanocar-
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riers for the encapsulation of diethylamino
hydroxybenzoyl hexyl benzoate (DHHB) which
is a synthetic sunscreen by hot high-pressure
homogenization. They obtained appropriate sized
NLCs, having mean particle sizes ranging
between 100 nm and 145 nm, and showed that
vegetable oils and especially their combinations
have a great potential to be used to development
antioxidant nanostructured lipid carriers loaded
with a UVA to boost their photo-protective
action. Lacatusu et al. [103] investigated the pos-
sibility of grape seed oil (GSO) and squalene
(Sq) to formulate biocompatible NLCs with anti-
oxidant properties as a protective and safety for-
mula for b-carotene by a melt high-shear
homogenization process and obtained nanoparti-
cles with average diameters of about 85 nm for
GSO and 89 nm for Sq and excellent antioxidant
properties mainly attributed to the presence of Sq
and GSO. Also, Lacatusu et al. [104] success-
fully synthesized by a combination of high shear
and high pressure homogenization techniques,
soft and functional nanocarriers based on pump-
kin and amaranth oils able to co-encapsulate and
co-deliver avobenzone and octocrylen, two UV-A
and UV-B filters with mean diameters of 100 and
160 nm, good antioxidant activity and strong
anti-UV properties.

4.,5.2 Retinoids

Retinoids are poorly water-soluble compounds,
chemically related natural and synthetic vitamin
A derivatives that in part present different
biological activities [31, 105]. This group
includes various substances or derivatives of reti-
nol, as retinaldehyde, retinoic acid (tretinoin) or
retinyl esters as retinyl palmitate [105]. In this
context, it is possible to differentiate two major
retinoids families of acids, including isotretinoin
and tretinoin, and non-acids. Furthermore, due to
the lipophilic characteristic of retinoids, they can
diffuse through cellular and phospholipid mem-
branes [106].

In the skin, retinoids play a crucial regulatory
role in epidermal growth and differentiation.
They increase skin elasticity, decrease skin

roughness and prevent the peroxidation of skin
lipids [31, 107]. Research studies have demon-
strated that retinoids present several therapeutic
benefits such as preventing oxidative stress; they
can act as UV filters; help to renew epidermal
cells; improve skin aging and photo-aging, and
control cutaneous bacterial flora [105]. Retinoids
demonstrate some other biological -effects,
including the decrease in skin roughness, the
reduction of actinic keratoses and, hyperpigmen-
tation and the improvement of fine wrinkles and
acne vulgaris [31]. Moreover, topical retinoids
act as antioxidants, preventing tissue atrophy and
the loss of collagen that is generally a result of
aging [108] and show antimicrobial activity
against the bacteria typically involved in acne
[109, 110].

Some retinoids as retinol (vitamin A), retinyl
palmitate, beta carotene, tretinoin, isotretinoin,
adapalene (ADA), and tazarotene have a great
impact in topical administration [106]. Retinol is
the most commonly used substance in modern
antiaging preparations. Compared with tretinoin
presents less irritant effects to the skin and is gen-
erally well-tolerated in topical administrations
[111]. Retinol and their derivative retinyl esters
are currently considered the “gold standard” of
antiaging agents. They can be applied at a maxi-
mal concentration of up to 0.3% as the clinical
efficacy of these compounds has been scientifi-
cally well studied and proven [106, 111].
Tretinoin has been commonly used in dermatol-
ogy since the early 1960s, but it was only in the
1980s that its importance in treating aging skin
was discovered [106]. Isotretinoin is a neo-
collagenous substance that inhibits the function-
ing of metalloproteinases and is more tolerable
than tretinoina. Although, it is typically recom-
mended for the acne treatment, it is also viewed
as an alternative approach to photo-aging [112,
113].

Despite the numerous beneficial effects of
retinoids in the previously mentioned skin, the
development of topical systems containing these
compounds also presents some drawbacks as
poor water solubility, high chemical instability,
and photo-instability and potential irritation upon
administration [31, 114]. Thus, retinoid-loaded
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lipid nanoparticles have been pointed to help in
decrease the adverse effects of these molecules
and protect them against degradation [31, 109,
115, 116].

Jain et al. [117] investigated the possibility
of co-administration of encapsulated ADA,
which is a drug that demonstrates efficacy in
the treatment of minor to moderate acne in
humans and vitamin C, which is an important
complementary active compound because of
its antioxidant activity, within carbopol hydro-
gel to obtain a delivery system having in
simultaneous prolonged anti-acne activity and
anti-oxidative potential. The NLCs were pre-
pared by high-pressure homogenization (HPH)
method followed by incorporation into vita-
min C loaded gel. All NLCs-ADA formula-
tions presented an average size of 268.3+2.5nm
with a narrow size distribution (PDI-
0.218+0.0012) and zeta potential of
16.35+0.21mv, which gives it an improved
permeability across bio-membranes and a ben-
eficial effect while accumulating in skin lay-
ers. Furthermore, in contrast to that seen with
free ADA, NLCs-ADA presented higher skin-
targeting potential, and the adjuvant antioxi-
dant helped to exacerbate the potential of ADA
during chronic therapy, thus demonstrating the
potential of NLCs as an efficient carrier for
the dermal delivery of ADA and also the syn-
ergistic effect of vitamin C in topical
therapeutics.

Lee et al. [118] developed a topical formu-
lation of retinyl retinoate (RR) NLCs com-
posed of canola oil as vegetable oil, Precirol or
Compritol as solid lipids, and Tween 80 as a
surfactant. RR is a newly synthesized anti-
aging and anti-wrinkle agent synthesized from
areaction between retinoic acid and retinol and
demonstrates higher chemical stability and
improved skin regeneration effect than other
retinoids that have been extensively used for
the treatment of acne vulgaris and psoriasis.
The method of HPH was efficiently employed
in the NLC production. It yielded homogenous
nanodispersions with a size range of 230-
300 nm and PDI values of 0.2, regardless of the
solid lipid selected. Precirol-based NLC

(P-NLC) showed an improved entrapment of
RR with encapsulation efficiencies of 97.8%
and a drug loading capacity (mg RR/g lipid) of
89.6m/g. In release studies using Franz diffu-
sion cells, P-NLCs showed a controlled release
pattern, being thus considered an appropriate
system for topical drug delivery of the heat-
labile ingredient RR.

Liu et al. [119] developed an isotretinoin-
loaded SLN (IT-SLN) formulation with skin tar-
geting for topical delivery of isotretinoin,
commonly used to treat severe acne and other
dermatological diseases. The hot homogeniza-
tion method was performed to prepare the drug-
loaded SLN using PRECIROL ATO 5 as solid
lipid and the surfactants Tween 80 and soybean
lecithin. SLN formulations showed a small aver-
age size between 30 and 50nm, Transmission
electron microscopy (TEM) images presented
IT-SLN particles with a spherical shape, and the
zeta potentials of all the formulations are about
—15mV. IT-SLN formulations showed high
entrapment efficiency ranging from 80% to
100%. The penetration of isotretinoin from the
IT-SLN formulations through skins and into
skins was evaluated in vitro using Franz diffusion
cells fitted with rat skins. The in vitro permeation
data showed that all the IT-SLN formulations
could avoid the systemic uptake of isotretinoin in
skins. Furthermore, IT-SLN consisting of 3.0%
PRECIROL ATO 5, 4.0% soybean lecithin, and
4.5% Tween 80 significantly increased the accu-
mulative uptake of isotretinoin in the skin and
showed a significantly enhanced skin targeting
effect.

4.5.3 Antioxidants

Antioxidants are a heterogeneous group of sub-
stances that prevent oxidative stress from tissues
of the body and offer protection to cell mem-
branes by reducing or neutralizing the concentra-
tion of toxic oxygen molecules and free radicals
[120, 121]. During the aging process, antioxi-
dants are significantly reduced by extrinsic and
intrinsic factors of human body. Among the vari-
ous factors contributing to the skin aging are
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Fig. 4.3 Diagram of some antioxidants most commonly used in dermal formulations. (Adapted from [122]. Published

with permission)

photo-damage, free radicals and oxidation, smok-
ing, hormones, heredity and life style [120].

Topical antioxidants are considered a power-
ful strategy to reduce skin damage produced by
reactive oxygen species (ROS) and restore or
improve its antioxidant defense mechanisms
[122]. This has driven the design of several phar-
maceutical and cosmetic formulations to prevent
or correct the injuries related to skin aging, thus
improving skin healthiness and appearance [120,
123]. Some of the most commonly employed
antioxidants in skincare formulations, claiming
anti-aging effects, are based on exogenous anti-
oxidants such as vitamins, enzymes, plant-
derived active ingredients as polyphenols, and
synthetic compounds that humans cannot synthe-
size in the body (Fig. 4.3) [120, 122].

Many skincare products are based on botani-
cal active ingredients and extracts due to its
potent antioxidant activity that plants produce to
counteract the effect of UV radiation to which
they are regularly exposed [121]. However,
besides the important antioxidant characteristic,
many topical products based on plant-derived
active ingredients show other biologic properties
such as anti-inflammatory and anti-carcinogenic
activities [122]. An example of such a cases is
resveratrol which belongs to the polyphenolic
phytoalexins family and is found in grapes, nuts,

fruits (coloured berries), and many red wines.
Resveratrol has pronounced antioxidant activity
with strong anti-inflammatory, anti-proliferative,
and sirtuin-activating properties [120, 122].
Vitamins as vitamin C (l-ascorbic acid), vita-
min E (a-tocopherol), and vitamin B3 (niacina-
mide) are at present the most common active
ingredients in cosmetic formulations to treat pre-
mature skin aging [124, 125]. a-Tocopherol is a
lipid-soluble antioxidant found in concentrations
of 2-20% in countless skin care products, in vari-
ous foods such as vegetables, seeds, in meat, and
in the skin [120]. It has demonstrated good toler-
ability on the skin with very positive effects and
it can also be used against oxidation in dermal
and food formulations. Besides its physiologic
anti-inflammatory, immunostimulatory, and anti-
proliferative effects, o-tocopherol prevent the
epidermis to dry by creating a moisture barrier,
protects the skin from harmful bacteria and helps
skin repair itself [106, 126]. Moreover, this vita-
min also showed antiaging effects, it accelerates
the epithelialization of the skin, increases enzyme
effects, and has photoprotective effects [120].
The main drawback of most compounds with
proven antioxidant activity is that they do not
show suitable properties to achieve adequate con-
centrations in the skin layers where they should
exert their action. Thus, the rationale design of
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skin delivery systems based on lipid nanocarriers
could promote the delivery and bio-distribution
of these compounds more efficiently and repre-
sent an undeniable benefit for many anti-aging
skin care products [122].

Guo et al. [127] developed quercetin-loaded
nanostructured lipid carriers (QT-NLCs) and eval-
uated their potential as a topical delivery system.
Quercetin (QT) is a natural flavonoid that presents
various biological activities. Besides its antioxi-
dant potential, it also presents anti-cancer, anti-
inflammation, anti-platelet aggregation,
anti-anemic action, and anti-anaphylaxis effects.
The method of emulsion evaporation-solidification
was used to prepare QT-NLCs at low temperature,
which presented an average particle size of 215.2
nm, with zeta potential values of —20.10 + 1.22
mV and spherically shaped. The drug loading and
average entrapment efficiency of the optimized
QT-NLCs were 3.05 +0.01% and 89.95 + 0.16%,
respectively. In vitro and in vivo skin permeation
studies showed that QT-NLCs could increase
drug retention in the epidermis and dermis com-
pared to QT propylene glycol solution. Studies on
effect of QT-NLCs on skin surface confirmed that
QT-NLCs could weaken the barrier function of
SC and facilitate drug permeation in skin, thus
indicating that NLCs have a targeting and pro-
longed release effect and could be a promising
vehicle for topical delivery of QT.

Soldati et al. [128] developed SLNs formula-
tions containing natural seed butter from an
Amazon tree, Theobroma grandiflorum, for the
topical release of resveratrol. This compound is a
non-flavonoid polyphenolic and unstable mole-
cule with a broad range of biological activities
such as antioxidant, anti-inflammatory, and
cardio-protective properties. SLN loaded with
resveratrol (R-SLN) was prepared by modified
high shear homogenization technique and pre-
sented a homogenous size distribution with par-
ticle diameter equal to 195.30 nm + 12.19 nm and
PdI of 0.16 + 0.09 while the zeta potential
revealed negative surface charge (—19.54 + 1.89
mV). The obtained drug loading capacity and
encapsulation efficiency were 3.36 + 0.11% and
74.12 £ 2.17%, respectively. A drug release study
was performed using Franz Diffusion cells con-

taining artificial human sweat for 24h, and the
kinetics revealed a burst release followed by a
sustained drug release from R-SLNs. It was also
verified an increased antioxidant activity in 20%
and increased permeation and retention of resve-
ratrol in the human skin, raising the amount of
resveratrol over than 2-fold in stratum corneum
compared to the resveratrol solution itself.

Dzulhi et al. [129] formulated SLN loaded
with green tea leaves extract (GT-SLN) and eval-
uated their potential for skin penetration. The
green tea leaves extract has a potent antioxidant
activity due to polyphenols, which is known to be
even higher compared with vitamin C and vita-
min E. GT-SLN was prepared by solvent
emulsification-evaporation method and presented
a zeta potential of -30.967 + 1.29, with an aver-
age particle size of 155.6 + 10.04 nm; polydisper-
sity index of 0.409 + 0.05; entrapment efficiency
of 81.124 + 0.443% and a spherical shape. In
vitro penetration study performed in Franz diffu-
sion cell was analyzed for 12 hours at 12 point
intervals and showed flux value for GT of 0.261
+ 0.005 pg/cm*hour and from GT-SLN of 1.965
+ 0.025 pg/cm?.hour. The results indicated that
GT-SLN formulations had a better penetration
rate than the extract itself without being incorpo-
rated in SLN.

4.5.4 Moisturizers

Moisturizing creams aim at maintaining skin
integrity and well-being by providing a healthy
appearance for the individual. The products can
be regarded as cosmetics but may also be regu-
lated as medicinal products if they are marketed
against dry skin diseases, such as atopic dermati-
tis and ichthyosis [130]. Moisturizers smooth a
rough skin surface and protect it from dryness,
containing emollients, occlusive agents, and
moisture-retaining substances [120]. Thus, they
are classified according to the mechanism of
action of their compounds as occlusive, emol-
lients, and humectants [106].

Most frequently, commercially available prod-
ucts use compounds of each of these classes in their
formulations. Moisturizers not only serve as lipid-
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replenishing and rehydrating skin care of dry skin,
but also help maintain the aging skin health [130].

4,55 Polypeptides

At the molecular and functional level, polypep-
tides are capable of increasing collagen regenera-
tion and preventing their degradation. Polypeptides
with improved anti-aging activity are divided into
signalers, neurotransmitter inhibitors, enzyme
carriers, and inhibitors and are classified accord-
ing to their main functional effects [106].

There is evidence that amino acids and pep-
tides may enhance the texture and consistency of
skin surface with impressive anti-aging results
without undesirable effects [106]. It became pos-
sible to produce peptide sequences that imitate
body’s molecules, such as collagen or elastin,
thus influencing metabolic processes such as col-
lagen synthesis [120].

4.6 Toxicological Concerns
Applicable toxicity studies of lipid nanoparticles
can be planned based on their intended use, expo-
sure levels, and the ingredients present in the for-
mulations [131]. The importance of toxicity
studies lies in assuring the safety of new nanopar-
ticles before any pre-clinical and clinical studies
and they are recorded for common use in the
pharmaceutical industry or in cosmetics. In this
regard, it is of great importance to estimate the
toxicology of lipid nanoparticles and perform
standard toxicological experiments for a better
assessment of these nanomaterials and their
effects [132].

After the dermal exposure of a new substance,
its dermal toxicity is evaluated through studies of
local and systemic effects. The compounds that
permeate the skin and induce systemic toxicity
are identified through these dermal toxicity stud-
ies, however, it is not possible to quantify the
total absorbed substance [133].

The SC, as the outmost layer of the skin, and
its bi-lipid layers, regulate the degree of dermal
permeation, which commonly occurs through

passive diffusion. Nevertheless, the biotransfor-
mation of test nanomaterial can occur prior to its
systemic absorption in the deeper viable areas of
the skin [134]. Certain biological factors mainly
influence the dermal absorption process of
nanoparticles as skin localization, SC integrity,
and thickness of the epidermis [132]. Lipid
nanoparticles are known to be stable in aqueous
dispersion and allow the encapsulation of hydro-
philic and lipophilic drugs, acting as drug reser-
voirs in various skin layers, accumulating
between corneocytes, and intermixing with skin
lipids, or by disintegrating and merging with
lipidic layers [135].

Depending on ingredients to prepare lipid
nanoparticles, it is possible to modify the release
profile of active compounds and avoid their
adverse effects. For instance, SLNs prepared
with a drug-enriched shell show burst release
characteristics, whereas SLNs with a drug-
enriched core lead to a sustained release. Despite
their composition, the physicochemical proper-
ties, impurity, and purity may also influence the
toxic profiles of lipid nanoparticles. Given the
above, an important advantage of SLNs is their
biodegradability. Generally, SLN and NLC are
well-tolerated in living organism, lipids easily
undergo natural decomposition, for example,
under the effect of enzymes. There is a risk that
nanoparticles can be cytotoxic, if they adhere to
the cell membrane and then gradually release the
products of cytotoxic degradation. In the case
when lipid matrix materials are made of fatty
acids, the products of biodegradation are com-
pounds naturally present in human organisms
[25]. The components used to formulate SLNs
are safe as compared to polymeric nano and mic-
roparticles, which may cause systemic toxicity
by impairment of the reticuloendothelial system
due to slow degradation of its components up to 4
weeks [136]. However, it is worth emphasizing
that surfactants that are part of lipid nanoparticles
can have the most significant impact on their tox-
icity since these agents interact with cell mem-
branes composed of phospholipids. A prerequisite
to being safe is the GRAS (generally recognized
as safe) status of the excipients of lipid nanopar-
ticles, but additional nanotoxicological studies
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are needed to allow the understanding of the
effect of nanoparticles in the body [137, 138].
There is an established relationship between the
size of nanoparticles and their toxicity, as the
lower the size, the higher the surface area and the
higher the reactivity.

Due to the rigidity and dimensions of the SC bar-
rier layer, it is established that nanoparticles with
sizes greater than 100 nm do not perfuse this skin
layer. However, particles of =~ 200 nm size provide
an occlusive protective effect on skin surface that in
turn enhances penetration of the skin [136].

A major concern in evaluating skin absorption
and toxicity of nanomaterials is how to conduct
the experiments. Both in vivo and in vitro methods
are used to determine the skin penetration of lipid
nanoparticles because selecting either of these
techniques may result in distinct types of results
and information [139]. The Franz diffusion cell is
a well-established model for dermal and transder-
mal delivery, and it has been used as an important
method for transdermal drug research [140]. The
in vitro dermal penetration techniques using
donated human skin are preferred to in vivo tests
in animals. In vitro studies have shown that SLNs
are acceptable at concentrations <I mg/mL (total
lipids), and with particle diameter >500 nm can be
less tolerated, which can be explained by their
aggregation. It was also shown that the stabilized
formulations composed of several surfactants are
less biocompatible than those based on one sur-
factant only. For polysorbate 80 and poloxamer
188, two surfactants mostly used in SLNs formu-
lations, enough evidence has been found to deter-
mine their safety [141].

In vivo studies, which evaluate the organism as
a whole, with the skin of rat or pig produce better
results since these animals are anatomically, phys-
iologically and biochemically similar to humans,
but are strictly restrained by legislation. Therefore,
in vivo studies are important to define the concen-
tration and location of the active compound in the
tissues and systemic toxicity [142]. Systems pro-
duced with large quantities of surfactants present a
higher risk of exhibiting cytotoxicity.

It seems evident that the knowledge of the
toxicological profile of any active compound and
the biocompatibility of the delivery systems are

critical for implementing new therapies, but the
currently available information of lipid nanopar-
ticle dermal toxicity is still very limited [143].

4.7 Experimental Assessment

of Dermal Absorption

Dermal absorption is the way how different com-
pounds pass through skin into the systemic circu-
lation [144]. The interaction of a compound from
the skin’s external surface with the epidermis but
not with the circulatory system is a dermal pene-
tration. Dermal permeation is the penetration
through functionally and structurally different
layers. Moreover, dermal resorption is the uptake
of a substance into the dermal blood or lymph
capillaries, thus entering directly or indirectly the
systemic circulation [145].

The most effective way to transport bioactive
compounds to the skin for topical and transder-
mal applications is through different nanocarriers
formulations. The bioavailability of topical drugs
evaluation requires different methodologies due
to the type of drug, disease to treat, and product
application [146]. Therefore, using the right
methodology to study penetration and perme-
ation through the skin phenomena is a multifac-
eted issue.

The characteristics of the drug carrier system
strongly influence how the system can be most
successfully examined [40, 145]. Different meth-
ods have been defined for the cutaneous drug
release and penetration profile studies using nano-
carriers. General rules for dermal absorption stud-
ies are given by the regulations from Europe and
the United States. However, ethical issues and no
uniform methodologies require replacing animal
use in the cosmetic, pharmacological, and toxico-
logical sciences to replace trustworthy and repro-
ducible alternative methods. The European Union
legislation forbade the use of animals for cosmetic
products tests. Since 2004 and 2009, the use of
animal models for commercial product testing has
been banned. Besides, to substitute the use of ani-
mal in vivo studies, the European Centre for the
Validation of Alternative Methods (ECVAM) pre-
sented a document with the list of authorized
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in vitro cell models for the safety assessment of
cosmetic products [146—148]. These documents
give some norms on conducting dermal absorp-
tion assay, but the detailed experimental details
are not properly regulated. However, for the study
of carcinogenicity, repeat dose toxicity and repro-
ductive toxicity assays, for which there is no alter-
native in vitro methods development of in vitro
models, are urgently needed.

The Guidance Notes on Dermal Absorption
(No.156) [44], Test Guidelines 427 (in vivo meth-
ods) [43] and 428 (in vitro methods) [42], and the
Guidance Document for the Conduct of Skin
Absorption Studies [41] were published about
this subject by Organization for Economic
Cooperation and Development (OECD). The
OECD has given guidelines, but those are not
fixed and specified protocols, so a detailed pre-
experimental optimization of the particular
experimental conditions such as characteristics
of the test compound, protocol conditions, and
the purposes of the study are necessary to be
done. The OECD 428 determines detailed rules
of obligatory experimental details, and the test
system needs to be justified [41].

Interested in more information about this regula-
tion can found the information in the World Health
Organization International Program on Chemical
Safety (WHO/IPCS) Environmental Health Criteria
235 [45], the European Centre for Ecotoxicology
and Toxicology of Chemicals (ECETOC)
Monograph 20 [149], the United States
Environmental Protection Agency (USEPA) report
on dermal exposure assessment [150], and the
European Food Safety Agency (EFSA) Guidance
on dermal absorption for plant protection products
[47]. The standard technique by which the bioavail-
ability of all topical drugs can be assessed does not
exist. Based on research discussion between phar-
maceutical scientists and dermatologists from aca-
demia, industry, and regulatory agencies, the
outcome emphasized a need for greater attention to
quality, probably, via a Quality-By-Design (QBD)
approach. In addition, it has been suggested that
multiple techniques be used in complement to take
advantage of each technique’s assets [48, 49].

Concerning the chemical composition and the
skin morphology and characteristics, lipid

nanoparticles showed immense potential as vehi-
cles for cutaneous administration of bioactive
compounds, mainly due to the targeting effect and
controlled release in different skin strata. Looking
into the literature, it is perceivable that lipid
nanoparticles have been used to a much superior
level for topical and dermal drug delivery com-
pared to transdermal application. Since the epi-
dermis is rich in lipids, lipid carriers for drugs can
promote absorption into the outermost layer of the
skin, the SC. However, local and systemic toxic
effects are major issues in skin absorption [151].

Techniques for modeling absorption through
human skin are divided in two main group: quan-
titative techniques (Diffusion cells) and qualita-
tive or semi-quantitative techniques which
include different microscopic and spectroscopic
methods such as Fluorescence microscopy, Two-
Photon microscopy (2-PFM), Confocal Laser
Scanning microscopy (CLSM), and the Raman
microscopic methods.

The most commonly utilized methodologies
are 1) in vitro (Diffusion cells), 2) ex vivo
(extracted from organism’s skin models), 3) in
vivo (vasoconstrictor assay, tape stripping, and
microdialysis).

In vitro and ex vivo techniques are usually
used in the early stages of drug development to
optimize drug delivery. In vivo techniques are
used in the later stages to consider additional
local and systemic effects.

4.7.1 InVitro Methods to Evaluate

Skin Penetration

4.7.1.1 Diffusion Cells and Diffusion
Tests
Diffusion cells are typically made of glass and

can be categorized into three primary classes
[152-154]:

1. Franz diffusion cell (vertical) (Fig. 4.4)

2. Two - chambered Side-by-side
(horizontal)

3. One - chambered flow — through cell
(vertical)

cell
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Fig. 4.4 Example of a
Franz diffusion cell

The Franz diffusion cell divides into two
sections (Fig. 4.4): the donor compartment and
the receptor compartment, which can be open,
semi-open, or closed. The two compartments
are divided by an artificial membrane or a skin
model horizontally oriented, with the drug
being applied to the donor chamber. A receptor
medium with sink conditions is regularly sam-
pled for drug/metabolite and replaced [40, 152,
153].

Side-by-side water jacketed diffusion
cells housed both the receptor and donor
cells for permeability testing separated by
membrane.

Side-by-side water-jacketed diffusion cells for
permeability study permit liquid circulation
through the vertical membrane, separating the
receptor and donor compartment.

Another type of diffusion cell approach is
the “one-chamber flow-through” type described
by Bronaugh and Stewart [154]. The goal is to
mimic in vivo conditions by automating sam-
pling where the receptor fluid is continually
pumping through the dermal chamber, and sam-
ple gathering is in a fraction collector. Related
results have been described for all types of
cells.

Depending on objectives, two types of dif-
fusion protocols exist: in vitro release tests
(IVRT) and in vitro skin permeation studies
(IVPT) [155]. The IVRT study shows the
release rate, and the IVPT study shows the
flux profile. The IVRT incorporates the use of
artificial membranes (lipid or non-lipid-based
model), and the sample dose must be blocked
and infinite. Usually should be used in the
early phase of the study. The IVPT should be
used for promising formulations as this proto-
col include the use of the human skin. The
sample dose should be un-occluded and finite
[152, 155].

Artificial Polymeric Membranes

The non-lipid silicone membranes are most
effective for studying the skin permeability of
lipophilic compounds though their use for
hydrophilic compounds has not been suggested
[156, 157]. The poly(dimethylsiloxane)
(PDMS) membranes have been used as a model
to study the mechanism of methyl paraben and
salicylic acid transport across human skin
[158]. The solvent membrane, composed of
70% silicone oil and 30% isopropyl myristate
compared with human skin permeability coef-
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ficients, was shown to be a suitable model to
determine SC/water partition coefficients using
Parallel Artificial Membrane Permeability
Assay (skin-PAMPA model) for a variety of
model drugs in agreement to the existing litera-
ture values [159]. High human skin permeabil-
ity correlation for different drug systems was
achieved with another synthetic membrane,
namely the Strat-M™ membrane. This mem-
brane creates a morphology similar to human
skin, characterized by a very tight surface layer
with a porous structure. The membrane is com-
posed of multiple layers of polyether sulfone,
which could be impregnated with a specific
blend of synthetic lipids, mimicking the addi-
tional skin-like properties of the artificial mem-
brane [160].

Lipid based model membranes, using the
skin-PAMPA protocol, developed by Sinké
et al. [161], showed a good permeability cor-
relation of a selected drug model tested with
the different human skin databases. The mem-
brane model composition reproduces simpli-
fied composition of the skin lipid matrix, which
includes free fatty acids, cholesterol, and a
synthetic ceramide-analog. In the standard
skin-PAMPA procedure, a huge quantity of
samples is requested for the donor plate, which
does not meet the concept of a limited dose. A
poor correlation was obtained between the
skin-PAMPA and the epidermis, while between
the skin-PAMPA and the full-thickness skin
was obtained a good correlation [161]. For
more details on the skin-PAMPA applications,
the reader is referred to look at Sinké et al.,
2015 [162].

The Phospholipid vesicle-based permeation
(PVPA) model is based on tightly fused lipo-
somes on a polymeric membrane filter to
mimic the human SC. The PVPA model pro-
vides a tool to perform a high-throughput per-
meability screening. By tuning liposome
compositions to mimic thigh SC barriers, it is
possible to obtain different PVAP absorption
barrier models that can cover drugs with differ-
ent lipophilic characteristics and penetration
ability [163-165].

Reconstructed Human Skin Equivalents
(RHSEs)

Another test systems such as reconstructed skin
models have been developed due to limited avail-
ability of human skin, ethical issues, and inter-
species variability regarding the use of animal
skin for cosmetic applications. These models are
already commercially available (e.g., EpiDermO,
MatTek; EpiSkinO, SkinEthic, Lyon, France)
[164, 166—175]. Reconstructed skin models try to
imitate the structure and physiology of human
skin. These models have already been validated
for phototoxicity, acute skin irritation, skin corro-
sion testing, and drug permeability studies [166,
170, 176]. They are usually classified in two
groups [166, 170, 174]:

1. Reconstructed Human Epidermis (RHEs)
models with SC and viable epidermis (e.g.,
EpiSkinO,  SkinEthicO,  EpiDermO).
EpiSkinO was developed by L’Oréal (France),
and commercially supplied by SkinEthics
Laboratories (France), involve the epidermal
layers of native skin. [167]. Also, the
EpidermTM model (MatTek Corporation,
Massachusetts, USA) was successfully used
for in vitro toxicology assessment, such as
dermal corrosivity, skin irritation, and photo-
toxicity of several cosmetic ingredients [167,
169, 176].

2. Full-Thickness skin models (FTMs) consist of
SC, viable epidermis, and dermal analogous
(GraftSkin(), EpiDemlFTO, PheninonO).
Commercially available models such as
Graftskin TMLSETM (Organogenesis, MA,
USA) and Phenion ¢} (Henkel Corp, Diisseldorf,
Germany) showed good reproducibility of the
permeation profile.) The Full-Thickness skin
models contain keratinocytes grown on a der-
mal substrate populated with fibroblasts to
form epidermal and dermal compartments.

The major limitation of RHSEs is the overpre-
dicted permeability parameters compared to
those from human or animal skin, probably due
to different lipid composition and organization of
SC. Also, there is no available RHSEs model
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with appendages as hair follicles, pilosebaceous
units, and sweat glands to study the drug perme-
ation mechanisms. Thus, RHSEs are consider-
ably more permeable but more uniform in
permeability than ex vivo human skin models,
which are more inconsistent. Nevertheless,
RHSEs could provide an adequate tool for qual-
ity control of cosmetic products [173, 175].

Skin-on-a-Chip

Technological advance in microfluidics has pro-
vided an opportunity to integrate three-
dimensional (3D) tissue engineered models to
develop ‘organ-on-chip’ systems to create human
skin analogs that better mimic the morphology
and functionalities of human skin, compared to
conventional static culture systems (Fig. 4.5).
Overcoming the lack of vascularization and inca-
pability for long-term culture of RHSEs models,
microfluidic-based platforms have been devel-
oped and incorporate previously engineered skin
models to better simulate the in vitro skin func-
tion [177-179]. “Skin-on-a-chip” model culture
skin tissue inside of a microfluidic system to
develop the 3D microdomains of the natural
human skin, and also to control skin model sur-
roundings. A microfluidic and biosensor technol-
ogy is used to create the "skin-on-a-chip" model
with different skin culture models [178, 179].
Identifying a suitable cell source that resembles
the natural skin and is widely accessible, repro-
ducible, and cost-effective is of enormous impor-
tance for developing a skin-on-chip platform. For
example, Wufuer et al. developed a skin-on-a-

chip model that simulated inflammation and
edema [180].

Skin-on-a-chip platforms include continuous,
pulsatile, and gravity flows [181]. Contrary to
liquid-liquid interface tissues (LLI), the epider-
mis belongs to air-liquid interface (ALI) tissues.
A majority of studies applied LLI for in vitro
research, while some studies modeled ALI. In
vitro immune-competent model was developed
by Ramadan and Ting evaluate the protection
impact of the keratinocytes layer and toxicity of
different hazards [182]. Though it shows poten-
tial for capturing the aspects of drug transport
and distribution, skin-on-a-chip still faces chal-
lenges such as scalability issues, analytical detec-
tion limitation, and different requirements of
media supplementation for each tissue [177,
181].

3D Three-Dimensional Bioprinted Skin
Equivalent
Bioprinting or direct cell printing is a very useful
addition to tissue engineering technology. This
relatively new technology aims to create de novo
organs with precisely controlled structural
design, high reproducibility, and repeatability. A
computer-aided bioadditive manufacturing pro-
cess has emerged to deposit living cells together
with hydrogel-based scaffolds for 3-D tissue and
organ fabrication through a layer-by-layer build-
ing process [184, 185].

Development of high-throughput, reproduc-
ible, three-dimensional (3D) bioprinted skin
equivalents (BPSEs) that have structure and func-

Fig. 4.5 Schematic layout of a microfabricated 3D-skin-on-a-chip. (Reproduced with permission from authors [183])
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tionally similar to native skin tissue have a con-
siderable interest, as well for the skin related
diseases and regenerative medicine issues, as for
the industrial application in cosmetics [186].
Regarding bioink admission, bioprinting modali-
ties are divided into three types: droplet-, extru-
sion-, and laser-based bioprinting [187, 188].
Concerning the inherent multilayered, multicel-
lular composition of human skin, bioprinting is
an advantageous production method to create
skin models for pharmaceutical and dermatologi-
cal testing.

Tseng et al. [211] use magnetic 3D bioprint-
ing and fibroblasts as the cellular component for
performed toxicity assay of five different drugs
[189].

4.7.2 Exvivo Models to Evaluate
Skin Penetration

The use of ex vivo models of either human or ani-
mal origin for dermal absorption studies is exten-
sively reported in the literature. Various types of
skin are proposed for this studies such as human
cadaver skin and excised skin from different ani-
mals (e.g., rodents, pigs, guinea pigs, snakes)
[163, 172,175, 190, 191]. Excised human skin is
acknowledged as the best surrogate for in vivo
humans compared to other skin [190]. However,
the choice of an appropriate ex vivo model for the
drug permeability depends on different factors
such as precise experimental conditions, storage,
sample treatment, and preparation [191]. The
region from breast or abdominal skin should be
used for the experimental outcome and excised
skin barrier properties stay stable for six months
at -20°C [175].

With characteristics closely similar to human
skin, regard to similar skin layer thicknesses,
follicular structures, skin lipids composition,
and dermal anatomy, porcine skin has been
widely used in skin-permeation studies (usually
skins of the flanks and/or the pig ears) [192,
193]. Mainly used animal skin models are from
primates such as a mouse, rat, guinea pig, rab-
bit, bovine (udder). The snake models are also

used. As the primate research has very con-
trolled rules and ethical considerations, the
rodent skin, regarding its relative facility to
obtain (small size of rodents, uncomplicated
handling, and relatively low cost), is mostly
used as a model in in vitro and in vivo (trans)
dermal studies [191].

The topical bioavailability of drugs in iso-
lated perfused skin models is assessed similarly
to the Franz diffusion cell. The comparison of
in vitro and ex vivo studies on the percutaneous
permeation of various topical formulations con-
taining ibuprofen using both the isolated bovine
udder and Franz diffusion cell shows visible
differences in the permeation of ibuprofen
occurred in vitro (udder skin) and ex vivo (iso-
lated perfused bovine udder). However, in the
cellophane membrane, it was not observed
[194]. Yet, authors suggested the use of Franz
diffusion cells when work costs are essential,
and they propose the use of isolated skin/organs
to study mechanisms of cell-cell interactions or
to study the metabolism of the drug in the skin
[194].

4.7.3 InVivo Models

In vivo absorption methodologies are influenced
by ethical, economic, and experimental issues
[171]. The main instructions and suggestions can
be found in OECD documents about this subject,
for example, the Guidance Notes on Dermal
Absorption (No. 156) and Test Guidelines 427
(in vivo methods) [43, 44].

In vivo techniques are used in the advanced
phases to study possible additional local and sys-
temic effects and define the final product [40].
We will briefly present the most used in vivo
techniques and indicate the literature for more
detailed explanations.

1. The human skin
(Vascoconstrictor assay)

blanching assay

This protocol uses the blanching effects to
determine the bioequivalence (BE) of topical
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corticosteroids. This bioassay may apply in vari-
ous test modes (e.g., ointments, creams, and
gels, and for the comparison of generic formula-
tions) for several purposes, such as evaluation of
the drug delivery system impact on the skin,
topical efficiency of new corticosteroid mole-
cules, and study the efficacy of penetration
enhancers. The methodology is also helpful to
determine the effectiveness of viable formula-
tions for clinical applications. However, the vari-
ous authors presented diverse experimental
methods, which difficult comparison of results
[195, 196].

2. Tape stripping/dermatopharmacokinetics
(DKP)

The tape stripping method is used to mea-
sure the penetration of topically applied drugs
on the SC layer of human skin. The assump-
tion of the DPK method is that (i) the SC is
the rate-limiting barrier to appropriate per-
meabilization of the stratum corneum, and (ii)
the amount of drug in the SC is directly
related to drug quantity in the epidermis [197,
198]. During the specific absorption time, the
drug is applied to several sites on the skin.
Then in this minimally invasive method, lay-
ers of the SC are detached by an adhesive
tape, and the skin sample from the adhesive
tape is analyzed. Additionally, the impact of
the compounds on skin hydration effect on
skin SC structure can be analyzed [199, 200].
The method may be quantitative or semiquan-
titative depending on the analysis (High-
Pressure Liquid Chromatography analysis
(HPLC) or Attenuated Total Reflectance
Fourier transform infrared spectroscopy
(ATR-FTIR) [201].

3. Microdialysis (MD)

Microdialysis in the skin is a technique for
in vivo sampling in dermal and transdermal
drug delivery. MD as a research method has
proved to be a safe and important tool for phar-

macokinetic and pharmacodynamic studies. It
allows direct, continuous observing of the
extracellular concentration of drugs in the der-
mis. Microdialysis is a low invasive method
that uses a probe with an implanted semiper-
meable membrane. The probe is taken by the
small skin punctures, which provokes low tis-
sue trauma that generally disappear after 60-90
minutes [202-204].

4.7.4 Microscopic Techniques

Qualitative or semi-quantitative techniques for
modeling absorption through human skin include
diverse microscopic and spectroscopic methods
[152]. The central objective of these techniques is
usually to follow the administration of the drug
between the diverse skin layers and clarification
of the penetration mechanism. The relative quan-
tity of the active compound through different skin
layers can be followed and evaluated [205-208].

By fluorescence microscopy is possible to
detect the position of fluorophore molecules in
the sample (e.g., drug vehicle cellular uptake)
and confocal microscopy as a specific type of
fluorescence microscopy allows obtaining 3D
images of the analyzed system. The most used
confocal techniques are Two-photon microscopy
(2-PFM), Confocal Laser Scanning Microscopy
(CLSM), and lately, laser-based microscopy used
to perform Raman spectroscopy.

Visualization of lipid domains in human skin
SC in a broad temperature range [209], imaging
of all layers of the porcine cornea [210], images
of pigskin structure and transdermal delivery of
liposomes [211], two-photon fluorescence life-
time imaging of the skin SC pH Gradient [212]
are some of the examples where 2-PFM has been
successfully used.

Confocal laser scanning microscopy (CLSM)
is a fluorescence technique frequently used to
imagine the position/movement of observed fluo-
rescent compounds in the skin. CLSM can be
used to observe the skin morphology without tis-
sue fixation and/or mechanical sectioning [173].
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CLSM can be applied to clarify the transport
mechanism of the drug delivery system through
the skin [213-218]. The CLSM may identify the
penetration profiles of fluorescent markers incor-
porated in nanostructured carriers by encapsula-
tion [152].

Transport mechanism through the SC of native
and in vitro reconstructed epidermis [217], lipo-
some—skin interaction [213-215], the penetration
of fluorescent probes into fibroblasts and nude
mice skin [216] ], and the uniform permeation
into the SC of reconstructed human epidermis
model of TOC-DiO-NLC (Fig. 4.6) [218], are
some of the examples of CLSM efficiency for
permeation studies.

Raman spectroscopy is a highly selective,
noninvasive spectroscopic method that uses a
laser ray for molecule excitation those produc-
ing the distinctive vibrational energy levels of a
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molecule that allows clear molecular identifica-
tion. Using Raman spectroscopy dismisses the
use of fluorescent probes. Raman microscopy
allows understanding percutaneous drug deliv-
ery of bioactive compounds and skin structure
[219, 220]. It can be used in vitro as well as in
vivo permeation studies [221-223]. Bakonyi
et al. [224] used Raman spectroscopy to study
the spatial distribution of lidocaine in the skin
for four types of formulation: hydrogel, oleogel,
lyotropic liquid crystal, and NLCs. Nakagawa
et al. perform in vivo determination of the water
amount in the dermis using confocal Raman
spectroscopy [225]. Also, the impact of perme-
ation enhancers for drug distribution in ex vivo
human skin were explained by this methodol-
ogy [222].

Fig. 4.6 Images of skin cross-sections from qualitative in vitro adsorption studies of TOC-DiO-NLCs by CLSM.

(Reproduced with permission from authors [218])
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4.7.5 Skin Permeation Studies
of Lipid Nanoparticles

The composition and characteristics of lipid
nanocarriers made them most studied systems for
topical application. Solid lipid nanoparticles and
nanostructured lipid carriers belong to the group
of matrix nanoparticles. Table 4.1 show examples
of methodologies explained in previous chapters
used for the skin permeation/penetration studies
performed with lipid nanoparticles [173].

4.8 Conclusions

Dermal delivery provides a successful alterna-
tive to the oral route which major limitation is
the mostly impermeable SC that limits the entry
of active compounds through the skin. However,
in the last decades, researchers have been dedi-
cated to developing lipid nanoparticles for skin
delivery that offer advantages in terms of better
drug loading and encapsulation efficiency, col-
loidal stability, adhesion, film formation, and
occlusion in contrast to liposomes and poly-
meric nanoparticles. SLNs and NLCs are the
most studied lipid-based drug delivery systems,
which can deliver drugs and also nutrients for
several administration routes due to their bio-
compatibility, low toxicity, high loading capac-
ity, slow-release rate, and high stability.
Moreover, lipid nanoparticles can protect the
active compounds against chemical degrada-
tion and achieve controlled drug release, once
the drug is entrapped the lipid core surrounded
by a surfactant at the outer surface. These sys-
tems are being developed as drug carriers for
administration by various routes, including der-
mal, ocular, and oral, with the dermal route
being the safest. SLNs and NLCs have addi-
tional advantages in terms of drug encapsula-
tion efficiency and colloidal stability. Regarding
the mechanism of skin interactions, these deliv-

ery systems enable the formation of a hydro-
phobic film on the skin resulting in an occlusive
effect leading to SC rearrangement, promoting
skin penetration. Lipid nanoparticles have
physicochemical properties that give them
exceptional biological activity, with their toxi-
cological profile being dependent on these
properties, mainly the particle size and size dis-
tribution, as well as zeta potential. Thus, site-
specific targeting can be achieved by tailoring
their composition in terms of lipids and surfac-
tants, and consequently, their properties, opti-
mized by factorial design approach with
important therapeutic outcomes. However,
there is still limited knowledge about the ability
of these nanocarrier systems to permeate bio-
logical membranes, distribute the active com-
pounds in the skin strata, and deposit themselves
in the body’s tissues, giving information about
skin penetration.

The success of topical therapy using lipid
nanoparticles is associated with the techniques
used to evaluate the preparations, which facilitate
the optimization of the skin penetration of bioac-
tive compounds. The selection of the most suit-
able techniques is essential and should be based
on availability, facility of use, cost, and particular
restrictions. The models and testing protocols are
standardized and validated by regulatory authori-
ties and industry to ensure reproducibility and
similarity to in vivo scenarios. While being valu-
able for an early testing phase in vitro and ex vivo
techniques are usually used in the early stages of
drug development to optimize drug delivery,
while in vivo techniques are used in the later
stages to consider additional local and systemic
effects, as well as finalize development.
Additionally, localization and penetration/per-
meation complexity measurements, investigation
of penetration mechanism into skin facilitated by
nanocarriers have also been addressed by various
microscopic, spectroscopic, and structural
methods.
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Table 4.1 Overview of methodologies used in dermal absorption studies applying on lipid nanoparticles

Lipid nanoparticle | Active compound Formulation Methodology References
NLC tocoferol Vegetable oil, mytistic In vitro, Reconstructed [218]
acid human epidermis,
Franz-type diffusion cell,
confocal microscopy
Lipid nanospheres | Vitamin A or E Lecinol, soybean oil In vitro, full-thickness rat [226]
skin, Franz diffusion cell
SLN Vitamin A Compritol® 888 ATO In vitro, full-thickness pig [227]
skin, diffusion cell
SLN Oxybenzone Cetyl palmitate, Tego Care | In vivo, human skin, tape [228]
450 stripping technique
SLN Triptolide Tristearin glyceride, In vitro, full-thickness rat [229]
stearic acid skin, Franz diffusion cell
SLN, NLC, - Compritol®, Precirol®, In vitro, full-thickness pig [78]
nanoemulsion Oleic acid,Miglyol® 812 skin, Franz diffusion cell,
fluorescence microscopy
NLC Indomethacin Compritol® 888 ATO, In vitro, human skin, [230]
Miglyol® 812 Franz-type diffusion cell
SLN, NLC Ascorbyl palmitate | Witepsol® E85, Mygliol® | In vitro, full-thickness human | [231]
812 skin, Franz
diffusion cell
SLN Triptolide Tristearin glyceride, In vitro, full-thickness rat [232]
stearic acid skin, Franz diffusion cell
SLN RU5884 1-myristate | Compritol®, Precirol® In vitro, reconstructed [233]
epidermis (SkinEthic),
Franz diffusion cell,
Fluorescence microscopy
SLN Podophyllotoxin Tripalmitin In vitro, full-thickness [234]
porcine skin, Franz
diffusion cell
SLN Vitamin A palmita | Compritol® 888 ATO In vitro, full-thickness human | [107]
skin, Keshary Chien cells
NLC Ketorolac Compritol® 888 ATO, In vitro, epidermal human [235]
Miglyol®812 membranes,
Franz-type diffusion cell
SLN Artemisia Compritol® 888 ATO In vitro, full-thickness pig [236]
arborescens skin, Franz diffusion cell
essential
oil
Lipid Hinokitiol Stearic acid In vitro, full-thickness [237]
nanoparticles hairless mouse skin,
Franz diffusion cell
SLN Isotretinoin Precirol® ATO 5 In vitro, full-thickness rat [85]
skin, Franz diffusion
cell
NLC - Sabowax CP®, Miglyol® In vitro, full-thickness human | [77]
821 skin, Franz
diffusion cells, confocal
microscopy

(continued)
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Table 4.1 (continued)
Lipid nanoparticle | Active compound Formulation Methodology References
Lipid Corticosterone Medium-chain In vitro, human heat- [238]
nanoparticles triglycerides, separated epidermis
tripalmitate, cholesteryl trypsin isolated stratum
myristate, cholesteryl corneum, Franz
nonanoate, glycerol diffusion cell, Fluorescence
monooleate light microscopy
Lipid Ketoprofen and Compritol® 888 ATO, In vitro, human epidermal [239]
nanoparticles naproxen Miglyol®812 membranes,
Franz diffusion cell
SLN Tretinoin Fruit kernel fats In vitro, full-thickness rat [240]
skin, Franz diffusion cell
SLN Miconazole nitrate | Compritol® 888 ATO In vitro, full-thickness human | [241]
skin, Franz
diffusion cell
SLN Econazole nitrate Precirol® ATO 5 In vitro, porcine epidermal [242]
membrane,
Franz diffusion cell
Source: Adapted from Contri et al. [206]
10. Souto E, Almeida A, Miiller R (2007) Lipid nanopar-
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Abstract

Functionalized nanomaterials have recently
been introduced as efficient vehicles for tar-
geted delivery of drugs and other tailored mol-
ecules to cancer cells. They emerge as new
opportunities for addressing particular chal-
lenging targets such as RHO guanosine tri-
phosphatases (GTPases), a group of signaling
molecules involved in the progression of a
variety of tumor types. RHO GTPases com-
prise a subfamily of the Ras superfamily of
small GTPases. They are best known for their
role in cell migration through the remodeling
of the actin cytoskeleton. However, they are
also key regulators of a broad number of cel-
lular functions, ranging from proliferation to
cell adhesion and differentiation. Not surpris-
ingly, their dysregulation has been implicated
in the development and progression of many
types of cancer. The RHO GTPase subfamily
includes 20 members that can be further sepa-
rated into typical and atypical RHO GTPases.
The typical RHO family members include the
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classical RHOA, RAC1 and CDC42 proteins,
which cycle between an active GTP-bound
and inactive GDP-bound conformation, under
the coordinated action of three types of regu-
lators: GEFs, GAPs and GDIs. Atypical RHO
family members have small changes in key
residues that alter their regulatory mecha-
nisms. Nevertheless, both typical and atypical
RHO GTPases contribute to cancer progres-
sion but, in contrast to Ras proteins, very few
mutations have been found in tumors. In most
cancers, it is the expression level and/or activ-
ity of RHO GTPases that is dysregulated.
RHO GTPase signaling has thus long been
seen as an attractive target for cancer treat-
ment but their ubiquity and the lack of
isoform-specific drugs have posed significant
obstacles to the development of viable thera-
peutic strategies. Based on the success of
recent nanomedicine approaches, this chapter
reviews representative studies of how func-
tionalized nanoparticles can be designed to
target tumor-specific molecules and directly
or indirectly modulate the expression and/or
activity of particular RHO GTPases in cancer
cells.

Keywords

Tumorigenic signaling targeting - RHO
GTPase inhibition - “Smart” nanoparticle
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5.1 Introduction

RHO GTPases are low molecular weight proteins
that belong to the large RAS superfamily of small
GTPases. The more than 20 members of the RHO
GTPase family have been grouped into eight sub-
families based on their structure and sequence
homology: RHO, RAC, CDC42, RHOD/RHOF,
RHOH, RHOU/RHOV, Rnd, and RHOBTB [1].
RHOA, RACI, and CDCA4?2 are, by far, the best-
studied members of this family. First identified
for their role in regulating actin cytoskeleton
organization and dynamics [2], they were subse-
quently recognized as key regulators of signaling
pathways involved in a plethora of cellular pro-
cesses, including gene expression, cell-cycle pro-
gression, cell polarity, and cell survival [3]. Like
most RAS superfamily proteins, most RHO
GTPases cycle between a cytoplasmic inactive
state, where the proteins are bound to guanosine
diphosphate (GDP), and a cell membrane-
associated active state, in which the proteins are
bound to guanosine triphosphate (GTP). To be
able to interact with cellular membranes, where
they become activated, most RHO GTPases are
prenylated at a C-terminal CAAX motif, most
often by the addition of a geranylgeranyl group
[1]. Once at the membrane, three families of reg-
ulatory proteins tightly regulate their activation/
inactivation cycles: guanine-nucleotide exchange
factors (GEFs), GTPase-activating proteins
(GAPs), and guanine-nucleotide dissociation
inhibitors (GDIs) (Fig. 5.1). GEFs promote the
exchange of GDP for GTP to activate RHO
GTPases [4], while GAPs accelerate the intrinsic
GTPase activity of RHO GTPases, which inacti-
vates them [5].

RHOGDISs bind to GDP-bound RHO GTPases
and regulate their activity, both spatially and tem-
porally [6, 7]. They form a hydrophobic pocket
through which they bind to the prenylated tails of
RHO GTPases allowing their extraction from the
membrane upon inactivation by GAPs. Then,
RHOGDIs interact with the so-called switch
domains of RHO GTPases and prevent the dis-
sociation of GDP and interaction with GEFs and
effector proteins in the cytoplasm. Following
appropriate stimuli, RHO GTPases release from

RHOGDIs, which allows their integration into
the membrane via their C-terminal prenyl groups,
where they can be activated by GEF proteins [1,
6, 7].

Upon activation, for example downstream of
many membrane receptors, RHO GTPases
undergo conformational changes and can interact
with a large number of effector proteins, includ-
ing enzymes and scaffolding proteins, to mediate
diverse yet specific and spatially and temporally
regulated cellular responses [8]. In many cases,
the downstream signaling feeds back to RHO
GTPases, further modulating their activity
through post-translational modifications, includ-
ing phosphorylation, ubiquitination, sumoylation,
and lipid modification [1, 7, 9].

5.2  Dysregulation of RHO

GTPases in Cancer

Given their involvement in various cellular func-
tions, it is not unexpected that the dysregulation
of RHO GTPases, their regulators or effectors
has been associated with nearly all stages of can-
cer development and progression, including the
dysregulation of cell proliferation, cellular trans-
formation, resistance to apoptosis, tissue inva-
sion, angiogenesis, metastasis, and resistance to
chemotherapy [9]. Unlike Ras proteins, which
are mutated in approximately 20-30% of human
cancers, mutations in RHO GTPases are much
less frequent. Indeed, despite recent cancer
genome-sequencing data identifying rare muta-
tions in various RHO proteins in multiple cancer
types [10], the main body of experimental evi-
dence indicates that the dysregulation of RHO
GTPase activities in cancer occurs mainly
through changes in the expression levels or acti-
vation status of RHO proteins, their regulators or
effectors, via epigenetic and post-translational
events [9]. Upregulation of several RHO GTPase
family members with tumor-promoting proper-
ties and downregulation of other members with
tumor-suppressing activity are often observed in
human cancers, and are known to participate in
several steps of cancerigenesis [9, 11]. For
instance, a study by Zhou et al. [12] described
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Fig. 5.1 The regulatory cycle of RHO-GTPases. RHO-
family GTPases are membrane-anchored via prenylated
tails and become activated by guanine-nucleotide
exchange factors (GEFs), which promote the exchange of
bound GDP with GTP present in the cytosol. GTP binding
alters RHO-GTPase conformation so that interaction can
occur with effector proteins, which then trigger down-
stream signaling. Through the action of GTPase-activating
proteins (GAPs), which accelerate the intrinsic GTPase

that whereas RHOA and RHOC expression is
elevated in gastric cancer tissues, RHOB expres-
sion is downregulated or even absent, in compari-
son to normal gastric tissues. Moreover, the
overexpression of RHOA in human gastric can-
cer cell lines promoted cell proliferation, whereas
RHOC overexpression enhanced motility and
invasiveness. In contrast, RHOB overexpression
suppresses these malignant phenotypes in the
same cell lines [12]. The tumor suppressor role of
RHOB extends to several other malignancies,
including breast, colon, and neurologic cancers
such as the highly aggressive glioblastoma [13,
14]. In another example, the canonical RHO
GTPases RHOA, RAC1 and CDC42 are fre-
quently found overexpressed in breast cancers
[11]; however, the atypical RHO GTPase
RHOBTB?2 is often silenced by promoter meth-
ylation in these tumors and has thus been
described as a tumor suppressor gene in breast
cancer development [15]. As a final example, the
expression of RHO GTPase RHOE (also known
as RND3) is frequently downregulated in hepato-
cellular carcinomas, which correlates with cancer
progression and poor prognosis [16]. However,
RHOE expression is often upregulated in gastric
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activity of RHO GTPases, GTP is hydrolysed and the pro-
tein returns to its inactive conformation. Additional regu-
latory factors of RHO-GTPases are guanine-nucleotide
dissociation inhibitors (GDIs) that contain a hydrophobic
pocket allowing binding to the prenylated tails of RHO
GTPases with subsequent extraction from the membrane.
This prevents further activation cycles until suitable stim-
uli lead to the release from RHOGDIs and re-integration
of RHO-GTPases into the membrane

cancers, and has been implicated in the promo-
tion of epithelial-to-mesenchymal transition and
multidrug resistance in these tumors [17, 18].
Thus, the roles of the various RHO family mem-
bers in cancer progression are complex and
depend on a multitude of factors, including tumor
cell type, tumor stage and likely the individual
tumor context, both intracellular and extracellu-
lar. Nevertheless, their common abnormal expres-
sion and aberrant signaling in virtually all types
of cancers make them attractive targets for cancer
therapy.

5.3 Targeting RHO GTPases

in Cancer

The Ras superfamily of small GTPases, includ-
ing RHO GTPases, have long been viewed as
attractive targets for therapeutic interventions in
cancer. However, their structure and functional
properties have deemed them “undruggable” or.
at least, “hard-to-target” molecules [19]. Given
the micromolar GTP concentration in cells and
the sub-nanomolar binding affinity of RHO
GTPases for GTP or GDP, it is difficult to drug
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RHO GTPases using nucleotide analogs like
those used to inhibit many protein kinases.
Moreover, except for the nucleotide-binding
pocket, the globular structure of RHO GTPases
provides limited tractable cavities for small-
molecule binding. In addition, the complexity
and pleiotropy of RHO GTPase downstream sig-
naling pathways further confounds the challeng-
ing requirement of targeting a particular cell type
or cellular process. Notwithstanding, several bac-
terial toxins have been long known to modulate
the activity of RHO GTPases [20]. For instance,
C3 transferase, an ADP-ribosyltransferase from
Clostridium  botulinum, inactivates RHOA,
RHOB, and RHOC but not RAC1 or CDC42,
while Clostridium difficile toxin A and B inacti-
vate multiple RHO GTPase subfamilies. In con-
trast, RHO proteins can be activated by the
cytotoxic necrotizing factors CNF1 and CNF2
from Escherichia coli and by the dermonecrotiz-
ing toxin DNT from Bacillus bronchiseptica.
These toxins are small proteins that bind RHO
GTPases and block their intrinsic and GAP-
stimulated GTP hydrolysis, thereby rendering
them constitutively active. However, while these
toxins have been powerful tools in dissecting sev-
eral cellular functions of RHO GTPases, they are
large molecules, have low specificity, and most
introduce irreversible modifications to their tar-
gets, making them clinically unusable [19].
Therefore, significant effort has been dedicated
in the last decades to develop small molecule
inhibitors that can selectively modulate RHO
GTPase activity. A few molecules have been
identified, but their translation into the clinical
setting has been limited.

As mentioned earlier, most RHO GTPases are
post-translationally modified by the addition of a
geranylgeranyl moiety in their C-terminus, and
this is a crucial step to allow their interaction with
intracellular membranes and subsequent activa-
tion. GGTI-2418 is a peptidomimetic small-
molecule inhibitor of geranylgeranyl-transferase I
that prevents the prenylation of RHO GTPases
leading to the inhibition of their functions [21].
This inhibitor has recently entered phase I clinical
trials but, while well-tolerated at all tested doses,
no objective patient responses were observed

[22]. Other isoprenyl transferase inhibitors are
available and currently on clinical trials. However,
given their low selectivity, it has been suggested
that the major targets for these inhibitors are likely
proteins other than RHO GTPases [23].

As discussed above, RHO GTPases require
specific GEFs to become activated in response to
distinct stimuli, and several small-molecules
have been identified that specifically target RHO
GTPase/GEF interactions. For example, Rhosin,
a molecule identified through a structure-based
design coupled to a virtual-binding screening
strategy, inhibits the interaction of RHOA and
RHOC with many of their specific GEFs, and its
administration suppresses the invasiveness of
breast cancer cells in vitro [24]. NSC23766 and
EHT 1864 are RACI-specific inhibitors that,
in vitro, suppress the proliferation, migration and
invasion of cancer cells of multiple origins [25].
NSC23766, also identified using a structural-
based virtual compound screen, inhibits RAC1
interaction with a subset of Rac-specific GEFs,
such as Tiam1 and Trio [26], whereas EHT 1864
acts by promoting the loss of bound nucleotide,
inhibiting both GEF-stimulated nucleotide
exchange and nucleotide association [27].
However, critical off target effects in mouse
platelets, as well as their high IC50 (~50 pM)
make these compounds pharmacologically inef-
fective [28]. EHop-016 was identified during the
optimization of NSC23766, and suppresses can-
cer cell migration by interfering with the binding
of RACI to Vav2 [29]. Importantly, EHop-016
reduced mammary tumor growth by ~80% in
nude mice and inhibited angiogenesis and metas-
tasis [30]. However, the drug’s effective concen-
trations are high due to its relatively low
bioavailability, which hinders its potential trans-
lation to the clinic [25]. As a final example,
CDC42 Activity Specific Inhibitor (CASIN), a
compound identified in cell-based assays, dis-
rupts  APC-stimulated exchanging factor
(ArhGEF4)-mediated CDC42 activation with a
low IC50 (~2 pM). Suggestively, CDC42 inhibi-
tion via CASIN treatment reduced tumorigenic-
ity in colorectal cancer xenograft models and
prevented progression of mouse and human
tumor organoids [31].
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54  Modulating RHO GTPases
Through Functionalized

Nanoparticles

As discussed above, RHO GTPases are consid-
ered highly promising but very “hard-to-target”
molecules, despite numerous efforts to develop
GTPase inhibitors [19]. Recently, targeting
mRNA instead of protein by use of RNA interfer-
ence (RNAI) with antisense oligonucleotides has
become an alternative strategy to target GTPase
for cancer treatment [32, 33]. This technology
uses synthetic small interfering RNAs (siRNAs),
generally from 21 to 25 base-pairs (bp), or short
hairpin RNAs (shRNAs), delivered through viral
or bacterial vectors to activate the RNA-induced
silencing complex (RISC). This complex has
ribonuclease activity and uses these synthetic
short RNAs to recognize (by sequence comple-
mentarity) and cleave specific mRNA molecules
in the cell’s cytoplasm, thus reducing de expres-
sion of the corresponding proteins [33]. However,
oligonucleotides are polyanionic biomacromole-
cules that are subtract to serum nucleases and do
not pass easily across cell membranes. Therefore,
specific delivery vehicles are required to facili-
tate the cytosolic oligonucleotide delivery [34].
In recent years, nanoparticles (NPs) have been
proven as powerful tools for systemic delivery of
antisense oligonucleotides and several RNAi-NP
platforms have entered into early phase clinical
trials for the treatment of various diseases includ-
ing cancer [35]. Several recent studies suggest
that this could be a viable therapeutic strategy to
selectively target RHO GTPases in cancer.

5.4.1 Nanoparticle-Mediated

Anti-RHO RNAi

RHOA activity is dysregulated in various human
cancers, and has been implicated in almost every
stage of cancer progression. In breast cancer, for
instance, RHOA overexpression correlates with
increased proliferation, invasion, and angiogene-
sis [9]. Consistently, the knockdown of RHOA by
siRNA inhibits the growth and angiogenesis of
xenografted breast cancer cell lines [36, 37]. In a

seminal study, Pillé and co-workers [38]
increased the efficacy of anti-RHOA siRNA
delivery by encapsulating the antisense oligonu-
cleotides in polyisohexylcyanoacrylate (PIHCA)
nanoparticles coated with chitosan. Chitosan is a
deacylated derivative of chitin, which is one of
the most abundant mucopolysaccharides in crus-
taceans and insects. Besides being cost effective,
the use of chitosan in nonviral delivery systems
increases bioavailability without significant
immunogenicity, enabling repeated clinical
administration [39]. Intravenous administration
of anti-RHOA siRNA in chitosan-coated
nanoparticles to athymic nude mice carrying
xenografts of aggressive MDA-MB-231 breast
cancer cells resulted in over 90% tumor growth
inhibition without any apparent physiological or
histological toxicity to other tissues [38].
Nevertheless, given the pleiotropic functions
of RHO GTPases, the non-targeted systemic
delivery of RHO GTPase downregulating mole-
cules through nanoplatforms may produce
unforeseen adverse effects. One way to circum-
vent these issues is to develop functionalized
“smart” nanoparticle carriers that selectively tar-
get cancer cells. Promising carriers include NPs
functionalized with activatable cell-penetrating
peptides (dtACPPs). These explore the lower pH
and the presence of elevated levels of active
matrix metalloproteinases (MMPs) in the tumor
microenvironment to selectively expose cell-
penetrating peptides that coat the drug/nucleic
acid-containing nanoparticles, thus driving their
internalization, along with the therapeutic mole-
cules, into the tumor cells [40]. Bao et al. [41]
used this strategy to functionalize nanoparticles
carrying RACl1-specific shRNAs. Upregulation
of RAC1 expression has been found in hepatic
metastases of colorectal cancers and associates
with decreased patient survival [41, 42]. Liver
metastases are very common in patients with
advanced colon cancer and, when detected at
diagnosis, the prognosis is so poor that the ben-
efit of treating the primary cancer is uncertain
[43]. Importantly, RAC1 downregulation
through RNA interference significantly inhibits
migration and invasion of colorectal cancer cells
[41, 44]. To translate these findings into an effec-
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tive therapeutic approach Bao et al. functional-
ized dtACPP-PEG-DGL (dtACPPD)
nanoparticles with an EGFP-labeled, RACI-
specific ShRNA. In this system, the authors used
R-malemidyl-o-N-hydroxysuccinimidyl poly-
ethyleneglycol (MAL-PEG-NHS) to conjugate
dtACPP to the surface of poly-L-lysine (DGL),
which has the ability to encapsulate DNA, form-
ing low pH/MMP-sensitive nanoparticles [41].
Upon intravenous administration of the func-
tionalized nanoparticles into a HCT116 colorec-
tal cancer cell xenograft model, the authors
further observed a very high accumulation of
EGFP signal in the tumors, indicative of highly
efficient dtACPPD-mediated delivery of the
shRNAs into the tumor cells. Moreover, this led
to a significant decrease of RAC1 expression in
the tumors and a significant reduction in tumor
metastasis to the liver, suggesting that the use of
dtACPPD/shRAC]1 nanoparticles may constitute
an innovative strategy to address hepatic metas-
tasis in colon cancer [41].

5.4.2 Efficient Cytosolic Delivery
of Anti-RHO siRNAs

Another, important aspect in the design of siRNA
carriers is an efficient cytosolic delivery, i.e.,
once internalized by the target cells, the NP plat-
form needs to respond to endosomal pH and
allow the siRNA molecules to efficiently escape
from endosomes to improve gene silencing effi-
cacy [34].

Li and coworkers [45] have recently devel-
oped endosomal pH-responsive nanoparticles to
enhance the delivery of RACI1-targeting siRNA
together with cisplatin to xenografts of chemore-
sistant breast cancers.

In breast cancers, overexpression of RACI
has also been associated with multi-drug resis-
tance to neoadjuvant chemotherapy, especially in
triple-negative breast cancers [45, 46]. RACI1
stimulates the pentose phosphate pathway by
upregulating glycolysis and this leads to increased
nucleotide metabolism, which protects breast
cancer cells from chemotherapeutic-induced
DNA damage. By using an endosomal pH-

responsive methoxyl-poly (ethylene glycol)-b-
poly(2-(diisopropylamino) ethyl methacrylate)
(Meo-PEG-b-PDPA) polymer with a pKa (~6.24)
close to the endosomal pH (6.0-6.5), Li et al.
achieved a highly efficient cytosolic siRACI
delivery that effectively depleted RAC1 expres-
sion and reversed the resistance to chemothera-
peutic drugs in breast cancer cell lines.
Importantly, similar results were obtained in
triple-negative breast cancer patient-derived
xenografts, when the Meo-PEG-b-PDPA/siRAC1
NPs were administered intravenously [45].

5.4.3 Combining Selective
Targeting with Efficient
Cytosolic Delivery of Anti-RHO
siRNAs

The overexpression of another RHO family
member, RHOC, has been linked to increased
invasion, migration, and metastases of breast
cancers [47]. In addition, downregulation of
RHOC expression using siRNA inhibited the
metastatic spread of aggressive breast cancer
cells [48]. These observations prompted the
development of another type of innovative
“smart” nanoparticles to selectively deliver anti-
RHOC siRNA molecules to metastatic breast
cancer cells [49, 50]. A degradable, pH-sensitive,
B-cyclodextrin (BCD)-based polymeric carrier
that condenses anti-RHOC siRNA was used to
form the “smart” particles. These smart anti-
RHOC particles were efficiently internalized,
successfully escaped the endosome, and deliv-
ered the RNA cargo into the cytoplasm of highly
invasive SUM 149 and MDA-MB-231 breast can-
cer cells. Their incorporation suppressed RHOC
protein levels by >90% and drastically inhibited
the motility, migration and invasion of SUM149
and MDA-MB-231 cells [49]. In a subsequent
study by the same group, the tumor-cell selectiv-
ity of these “smart” particles was further opti-
mized by the asymmetrical functionalization of
the PCD core to display a “brush” of hydrophilic
polyethylene glycol (PEG) chains on the primary
face, and amphiphilic cationic/hydrophobic
grafts that complex the anti-RHOC siRNA cargo



5 Targeting Cancer by Using Nanoparticles to Modulate RHO GTPase Signaling 121

on the secondary face [50]. The free tips of the
PEG chains were then further functionalized to
display EPPT1 targeting peptides. EPPT1 are
antibody-derived peptides that bind with high
affinity to the peptide backbone of MUCI recep-
tors that become exposed in >90% of metastatic
breast cancer cells due to underglycosylation
(uMUC1) [51]. Functionalization of with EPPT1
peptides allowed selective recognition and bind-
ing of the nanoparticles to the uMUCT receptors
present on the surface of aggressive breast cancer
cells followed by particles internalization via
endocytosis and intracellular delivery of anti-
RHOC siRNA, which resulted in a dose-
dependent inhibition of breast cancer cell
migration and invasion [50].

5.5 Indirect Targeting of RHO
GTPases Through

Functionalized NPs

The discovery that the abnormal expression of
certain micro RNAs (miRNAs — endogenous
small non-coding RNA molecules of similar size
and function to the above-described synthetic
siRNAs), plays an important role in different
steps of tumorigenesis and in tumor resistance to
therapy opened the possibility for developing
selective miRNA-based therapeutic approaches
to target cancer [52]. An example of this is miR-
21 that was found highly overexpressed in glio-
blastoma (GBM) [53-55], a neuroepithelial
tumor of the central nervous system, character-
ized by an extremely aggressive clinical pheno-
type with very poor prognosis (only 3-5% of
patients survive for more than 5 years) [56].
MiR-21 directly targets the RHO-family GTPase
RHOB [57], whose expression decreases with
increasing glioma grade [58] and has a tumor
repressive activity [59], namely by inhibition of
PKCi-driven GBM cell motility and invasion
[14]. Thus, targeting the upregulation of miR-21
would constitute an attractive strategy to indi-
rectly restore RHOB expression and decrease the
aggressiveness of GBM tumors. However, the
successful in vivo delivery of anti-miRNA oligo-

nucleotides (AMOs) to brain tumors requires the
use of carriers able to overcome the blood—brain
barrier, allowing their uptake by target tumor
cells. In this regard, Costa et al. [60] reported the
development of a stable nucleic acid lipid parti-
cles (SNALPs)-based miRNA delivery system,
designed to target GBMs. This was achieved by
coupling of chlorotoxin (CTX), a scorpion-
derived peptide that was reported as a reliable
and specific marker for gliomas [61], to the sur-
face of stabilized DSPE-PEG-Maleimide lipo-
somes [60]. These were then used to encapsulate
anti-miR-21 AMOs and tested in an orthotopic
mouse model of GBM. The authors observed that
intravenous administration of SNALP-CTX
nanoparticle-formulated anti-miR-21 AMOs to
GBM-bearing mice resulted in a tumor-selective
increased in RHOB mRNA and protein levels,
which promoted decreased tumor cell prolifera-
tion and increased tumor cell apoptosis leading to
tumor size reduction and improved animal sur-
vival upon co-exposure to the tyrosine kinase
inhibitor sunitinib [60].

Another example of how RHO GTPase dys-
regulation can be indirectly used to target cancer
cells was reported by Liu et al. [62]. These
authors functionalized ultrafine gold-iodine
(Au@I) nanoparticles (AIRA NPs) with a spe-
cific anti-RHOJ antibody to be used as radiosen-
sitizers, enhancing the killing efficacy of radiation
therapy by potentiating the susceptibility of
tumor tissue to low-dosage radiation while reduc-
ing the injury to the surrounding normal tissues
[62]. RHOJ is a member of the CDC42 subfamily
of RHO GTPases that is mainly expressed on the
surface of endothelial cells (ECs) and upregu-
lated in the peri- and intratumoral vasculature of
several human cancers [63, 64]. Once injected
into mouse models with orthotopical breast
tumor xenografts, these anti-RHOJ functional-
ized AIRA NPs bound specifically to both newly
formed tumor vessels in peri- and intratumoral
regions and pre-existing tumor vessels. AIRA
NPs administration remarkably enhanced the
efficacy of radiation therapy in vivo, when com-
pared to radiation alone or even to anti-
angiogenesis chemotherapy [62].
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Potential Adverse Effects
of Carrier NPs

on Endogenous RHO
GTPases

5.6

A cautionary note should be made here regarding
the potential effects of carrier NP composition on
endogenous cellular levels and activity of RHO
GTPases. It has been observed that the uptake of
NP can affect cell behavior including cell prolif-
eration, apoptosis, invasion, and migration [65].
For instance, a study that analysed the effects on
cancer cell migration of PCL-PEG nano-micelles
observed that exposure to nano-micelles of dif-
ferent PCL and PEG chain sizes resulted in dif-
ferent patterns of cell migration and matrix
adhesion. Importantly, these variations in cellular
behavior reflected differences in endogenous
RHOA and RACI expression and activity [66].
In another example, treatment of endothelial cells
with non-functionalized zinc oxide nanoparticles
(ZnO-NPs) caused the activation of RAC1 and
CDC42, leading to the overexpression of inter-
cellular adhesion molecule-1 (ICAM-1) that
potentiates vascular inflammation through stimu-
lation of leukocyte adherence [67]. Also of note,
exposure of mice during pregnancy/lactation to
titanium dioxide NPs (Nano-TiO2), a nanomate-
rial broadly applied in food packaging systems
and food additives, increased RAC1 and CDC42
expression and decreased RHOA levels in
offspring mice neurons, resulting in brain and
cognitive impairment [68].

Thus, while NP carriers are potentially
extremely powerful tools to therapeutically mod-
ulate the activity of RHO GTPases in cancer and
other human diseases, great care has to be taken,
as with any other bioactive agent, in controlling
their toxicity while maximizing their bioavail-
ability, enhancing target cell uptake and minimiz-
ing potential adverse effects.

5.7 Concluding Remarks

and Perspectives

In recent years, nanotechnology has revolution-
ized the field of biomedicine with the develop-
ment of powerful tools and “smart” carriers for

the targeted delivery of bioactive molecules. This
has opened the possibility of designing innova-
tive approaches to tackle the therapeutic modula-
tion of “hard-to-target” molecules such as RHO
GTPases. As discussed above, most modulation
strategies developed so far explored the use of the
antisense oligonucleotides to either deplete
upregulated RHO proteins or to target endoge-
nous downregulators, such as miRNAs, in the
case of pathologically downregulated GTPases
(Fig. 5.2). An interesting approach that may be
explored in the future is the use of “smart” NPs to
selectively deliver the few available RHO GTPase
small molecule inhibitors to cancer cells, thus
avoiding the reported toxicity and adverse effect
caused by their systemic delivery. This principle
has been recently applied in the development of
innovative tools to treat osteoporosis. Protein—
DNA hybrid hydrogels were engineered to selec-
tively target osteoclasts and allow the
spatiotemporally controlled release of C3 toxin
to inhibit RHOA signaling. Notably, the applica-
tion of these C3 toxin-loaded hydrogels effec-
tively reduced osteoclast formation and bone
resorption activity [69].

Another stimulating possibility is the use of
NPs to improve the delivery of modified anti-
sense oligonucleotides (ASOs) to suppress the
splicing of tumor-associated RHO GTPase iso-
forms. Certain RHO GTPase isoforms have been
associated with cancer progression. For instance,
two CDC42 variants, CDC42-v1 and CDC42-v2,
can be generated through alternative splicing,
and it was shown that the downregulation of
CDC42-v2 isoform in ovarian cancer leads to
increased proliferation and invasion of tumor
cells [70]. Another example is RACIB, a splice
variant of RAC1 GTPase that is overexpressed in
various cancers, including colorectal [71], breast
[72], lung [73], and thyroid carcinomas [74].
RACIB results from the inclusion of an addi-
tional exon that adds 19 amino acids to the con-
ventional RACI protein, increasing its GDP/GTP
exchange and channeling its signaling towards
pro-proliferative and pro-survival pathways [75].
These tumor-associated splicing events could be
targeted using ASOs such as phosphorodiamidate
Morpholino oligomers (PMOs) that instead of
promoting mRNA degradation rather modify
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Fig. 5.2 Overview of nanoparticle-deliverable cargo
molecules to inhibit RHO-GTPase activity. Nanoparticles
have been developed as new tools for carrying pharmaco-
logical inhibitors (cargo). The scheme summarizes the
possible cargo molecules to tackle the therapeutic modu-
lation of RHO GTPases, as detailed in the text. For the

gene expression by blocking specific regulatory
elements, namely those required for exon inclu-
sion/skipping during splicing [76]. This strategy
has already been proven successful in the clinic
for the treatment of spinal muscular atrophy
(SMA), an autosomal recessive disorder charac-
terized by loss of motor neurons and muscle atro-
phy, with symptoms manifesting in early
childhood [77]. SMA is caused by mutations in
the survival motor neuron (SMNI1) gene that
abrogate its expression. A second duplicated
gene, SMN2, produces very little functional pro-
tein due to the abnormal splicing of exon 7. The
recently approved drug Nusinersen is an ASO
that binds SMN2 and prevents exon 7 skipping,
increasing SMIN protein levels and improving
patient motor function [78]. Importantly, this
drug has to be delivered intrathecally since ASOs
cannot cross the blood-brain barrier (BBB), but it
was shown recently that this may be overcome
using ASO-functionalized nanoparticles based
on modified BBB-crossing peptides [79]. Thus,
equivalent ASO-NP-based strategies could be
used in the future to specifically target splicing
events leading to the abnormal expression of

Bacterial toxins?
e Inhibitory peptides?
e Chemical inhibitors?

e Auand lodine

Up or downregulation

of Rho GTPases or
their modulators

—r

Enhanced radiosensitization

compounds shown in bold experimental proof has been
provided; however, the remaining compounds represent
potential strategies that can be explored in the future, in
particular when combined with “smart” carriers allowing
targeted or tissue-specific delivery, e.g., to cancer cells

tumor-associated RHO GTPase isoforms in dif-
ferent cancer types.

A third strategy worth future investigation is
the use of functionalized NPs to enhance the bio-
availability of short peptide inhibitors of RHO
GTPase activation and signaling. Several RHO
inhibiting peptides have been developed in the
last decades [80]. For example, using random
peptide T7 phage display technology, Sakamoto
et al. [81] identified a short peptide capable of
inhibiting the interaction between RACI1 and its
GEF DOCK?2. When delivered to intracellular
compartments by combination with cell-
penetrating peptide CPP, this inhibitory peptide
significantly reduced endogenous RACI activa-
tion in B-lymphocytes and strongly impaired of
B-cell migration. In another study, Nur-E-Kamal
et al. [82] developed a short peptide, derived
from the CDC42-binding domain of the activated
Cdc42-associated kinase 1 (ACK-1), that inhibits
CDC42 downstream signaling by blocking the
interactions of CDC42-GTP with effectors, such
as ACKs, p2l-activated kinases (PAKs) and
Wiskott—Aldrich syndrome protein (N-WASP).
Recently, another group developed a 16-mer
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cyclic peptide with similar CDC42 inhibitory
properties that, upon addition of a cell-penetrating
sequence, was able to suppress proliferation,
migration and invasion in RAS-driven cancer cell
models [83]. The problem with peptide drugs is
that they usually have low bioavailability, poor
specific bio-distribution, and a high risk of immu-
nogenicity [84], and in the case of RHO proteins
an added risk of systemic adverse effects, as
described above for chemical inhibitors.
Therefore, the design of NP carriers, functional-
ized to enhance the bioavailability and targeted
distribution of RHO peptide inhibitors, would
certainly improve their = pharmacological
applicability.

Despite the exciting therapeutic possibilities
brought up by NP-carrier technology, it must be
stressed here that most of the studies reviewed in
this chapter report in vitro investigational find-
ings, which do not address important questions
such as the biological fate of the NP carriers after
delivering their cargo, their biopersistence in tar-
get organs and other tissues, and related physio-
logical  consequences, namely regarding
potentially toxic side effects. Indeed, recent evi-
dence on the interaction of metal and metal oxide
NPs, such as the Au-, ZnO-, and TiO2-carriers
described in this chapter, has been reported to dis-
turb the natural functions of cells and their com-
ponents, with potentially significant health
consequences (recently reviewed in [85]). These
deleterious effects range from cell membrane per-
foration and cytoskeleton abnormalities, to reac-
tive oxygen species (ROS) production, genomic
damage and epigenetic alterations, and relate not
only to the size and physicochemical properties of
NPs but also to their concentration in biological
systems. Thus, it is of paramount importance that
the design of novel NP-based therapeutic strate-
gies is accompanied by robust nanotoxicological
in vitro and in vivo research, so that the clear
potential benefits of their use are not hampered by
unforeseen adverse health effects.
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Nanocelluloses: Production,
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Abstract

Nanocelluloses are a very promising material
that has been widely explored for the most
diverse applications. The pursuit for sustain-
able and environmentally friendly materials
is in line with the nature of nanocelluloses
and therefore they have emerged as the per-
fect candidate for plastics substitution, food
additive, rheology controller, 3D printing of
diverse structures, among many other possi-
bilities. This derives from their interesting
characteristics, such as reduced size and high
specific surface area, high tensile strength,
crystallinity and transparency, and from the
fact that, such as cellulose, they are obtained
from renewable sources, with relative ease
for functionalization in order to obtain
desired specificities. Thus, the industry is
trying to react and effectively respond to the
exponential growth of published research in
the last years, and therefore new facilities
(not only lab and pilot plants but already
industrial sites) have been producing nano-
celluloses. This new fibrous materials can be
obtained from different raw-materials by dif-

ferent methodologies, leading to different
types of nanocelluloses with, obviously, dif-
ferent characteristics. Nonetheless, technical
and economical constraints have been
addressed, such as the high energy demand
or the «clogging of homogenizers/
microfluidizers.

This chapter intends to present a review
addressing the main features related to the
production, characterization and market of
nanocelluloses and providing additional infor-
mation regarding the vast literature published
in these domains.

Keywords

Nanocelluloses - Production -
Characterization - Market

6.1 Introduction

Nanocelluloses are defined as cellulosic mate-
rials with, at least, one dimension at the nano-
meter scale [1, 41, 66, 112, 138]. The interest
in this material has increased exponentially
due to its peculiar characteristics like high
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database

nanocelluloses has increased
(Fig. 6.1").

In the last years several terms have arisen for
the classification of nanocelluloses. According
to ISO standard TS 20477 [65] and standard
proposal TAPPI WI 3021 [141], terms like cel-
lulose nanofibrils (CNF), cellulose microfibrils
(CMF), cellulose nanocrystals (CNC), cellu-
lose microcrystals and bacterial nanocellulose
(BNC) can be found, depending on the produc-
tion process (raw material used and process
conditions) and on the final dimensions. The
process of production may be top-down, in
which the nanocelluloses are obtained through
fibrillation of lignocellulosic biomass, such as
wood (types CNF, CMF, CNC) or bottom-up, in
which they are created from glucose monomer
units, using for example cellulose-producing
bacteria (type BNC). Figure 6.2 presents the
hierarchical structure of cellulose and the isola-
tion of the cellulose nanomaterials from wood

(top-down method).

exponentially

'The following keywords were used for the search in the
Web of Science database: “nanocellulose” OR “cellul*”
NEAR/1 (“microfib*” OR “nanofib*” OR “bact*” OR
“microb*” OR “nanocryst*” OR “microcryst*” OR
“whisk*”).
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about the theme nanocellulose, using the Web of Science

6.2 Nanocelluloses - Sources
and Types
6.2.1 Cellulose Nanofibrils (CNF)

and Cellulose Microfibrils
(CMF)

Cellulose nanofibrils (also called nanofibrillar
cellulose or cellulose nanofibers) and microfibrils
(or cellulose microfibres) are a type of nanocellu-
lose that possesses amorphous and crystalline
parts (Fig. 6.2). With aspect ratio usually greater
than 10, their lengths are found to be up to 100 pm
and, in the case of CNF, the width is usually
3-100 nm. CMF have a size distribution with not
only cellulose fibrils at the nanoscale but also a
significant amount of fibrils with non-nanometric
dimensions, being sometimes difficult to distin-
guish between CNF and CMF. The dimensions
referred to above are specified in ISO standard TS
20477 [65]. Nonetheless, it must be taken into
account that many other dimensions can be found
in the literature: e.g. distinction between CNF and
CMF by the cross sections of 3-20 nm and
10-30 nm, respectively [36] or even more spe-
cific, distinguishing also the length between CNF
(diameter 2-10 nm, length > 10 pm, aspect-
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Fig. 6.2 Schematic illustration of the hierarchical structure of cellulose and of the isolation of cellulose nanomaterials

from wood

ratio > 1000) and CMF (diameter 10-100 nm,
length 0,5-10 pm, aspect-ratio 50-100) [132].
Cellulose filaments (CF) can be considered as a
variant of CMF with a greater aspect ratio than the
latter, i.e., 1000 or more, with diameter of 80 to
300 nm and length of 100 to 2000 pm [77].

CNF consist in a bundle of stretched cellulose
molecules chains, very flexible and long, and
thus tend to become entangled, which is one of
the reasons why they are so valued as they are
good for strength, reinforcement, and rheology
modification [1, 66, 74]. The typical sources for
their production are wood, hemp, flax, sugar beet,
potato tuber, among others (Table 6.1).

In recent years, considerable research has
arisen on lignocellulosic nanofibers (LCNF), in
order to value residual biomass, reduce raw mate-
rial costs and environmental impact [40]. The
raw materials studied by various authors include
residues of the primary industrialization of wood
and straw wastes [39, 43, 122, 143, 144]. Some
authors have even drawn attention to the best pro-
duction performance of LCNF when compared to
CNF [60, 131].

6.2.2 Cellulose Nanocrystals (CNC)
and Cellulose Microcrystals

CNC (also known as nanowhiskers or nanorods)
have an elongated rod-like shape and are highly

crystalline, presenting low flexibility and an
aspect ratio smaller than that of CNF (CNC
AR = 5-50, according to ISO standard TS 20477
[65]), usually with diameters of 3-50 nm and
lengths as low as 100 nm. In its turn, cellulose
microcrystals (also known as microcrystalline
cellulose) contain 90% of the material with diam-
eters superior to 5 nm and aspect ratio higher
than 2. They exhibit a high degree of crystallinity
(50-90%) [18, 166] with limited flexibility com-
pared to CNFs. The degree of crystallinity and
their morphology depend on the cellulosic mate-
rial used for their production (usually wood, cot-
ton, wheat and rice straw, tunicin, bacteria and
algae), as well as on the preparation conditions
and on the techniques used. Besides being good
for strength, reinforcement and rheology modifi-
cation, CNC are also good for the enhancement
of optical, electrical, and chemical properties.

6.2.3 Bacterial Nanocellulose (BNC)

Finally, BNC (also called biocellulose or micro-
bial cellulose) are produced from the glucose
units of a genus of bacteria: Gluconacetobacter
[1, 41, 54]. The bacteria are cultivated in com-
mon aqueous nutrient media and the BNC are
excreted to the air resulting in a highly swollen
network (diameters between 10 and 40 nm) with
a distinct tunnel and pore structure [73]. This
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Table 6.1 Types of nanocelluloses and their sources and representative references and dimensions

Type Sources References dimension®
Cellulose nano and Wood, hemp, flax, sugar beet, potato CNF: [17, 120, 167] Diameter:
microfibrils (CNF/CMF) tuber, wheat straw, bagasse CMF: [19, 34, 37, 38, 3-100 nm
105, 156] AR: >10
Cellulose nano and Wood, cotton, tunicin [90, 84, 97] Diameter:
microcrystals (CNC) 3-50 nm
AR: >5
Bacterial nanocellulose Low-molecular weight sugars and [83, 111] Diameter:
(BNC) alcohols 10-40 nm
AR: 100-150

ithe dimensions are based on ISO standard TS 20477 [65] (except for BNC). AR = length/diameter

type of nanocellulose possesses high molecular
weight, crystallinity and good mechanical stabil-
ity. Besides, it is free of lignin, hemicellulose and
pectin, being a source of very pure cellulose
(=98%) [131].

6.3  Production

For ease of understanding, the available state
of the art on the nanocellulose production will
be divided into the top-down and bottom-up
methodologies. A recent report produced by
TAPPI (Technical Association of the Pulp and
Paper Industry), summarized the state of the
industry regarding the production of cellulose
nanomaterials, and the numbers revealed that
a) nanocelluloses are produced not only in lab-
oratory and pilot facilities, but already at
industrial scale and that b) CMF is produced in
greater quantities when compared to CNF and
CNC [93]. These nanomaterials are being pro-
duced worldwide, and therefore a topic related
to their commercialization will be addressed in
sect. 4.

6.3.1 Maechanical Treatments

CNF and CMF can be produced by mechani-
cal, chemical or enzymatic treatments or by a
combination of the aforementioned. The defi-
bration of the fibers involves an intensive
mechanical treatment and for that refining,
homogenization, microfluidization, high inten-

sity ultrasonication, milling or cryocrushing
can be used. The most common mechanical
treatments used to produce CNF are refining
and high pressure homogenization (HPH),
being commonly used together. In the first, the
fibres are forced through a gap between two
surfaces fitted (one or both) with bars and
grooves, which damages the microfibril struc-
ture promoting external fibrillation by gradu-
ally peeling off the external cell wall layers
(primary and secondary S1) and exposing the
secondary S2 layer (Fig. 6.2). In this way, the
fibers are ready for treatment in the homoge-
nizer in which the fiber suspension is submit-
ted to high pressures in order to pass through a
small nozzle at high velocity so that the impact
and shear rates suffered by the suspension
result in the reduction of the fibers size to the
nanoscale (Fig. 6.3). This process, although
very efficient and simple, presents some draw-
backs, namely the frequent obstruction of the
small nozzle and the high energy consumption
[1]. The microfluidization process is very simi-
lar to the HPH: the fiber undergoes high-pres-
sure treatments as the slurry is accelerated and
sent out of the equipment, passing through a
chamber with a Z-shape structure that pro-
motes an intense collision between particles so
that the high impact splits the fibers into fibrils.
In this equipment, the smaller the Z-shape con-
striction, the higher is the pressure and there-
fore the higher the fibrillation degree [104].

In the high intensity ultrasonication (HIU)
the fibrils are isolated by ultrasound hydrody-
namic forces created by a powerful mechanical
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Fig. 6.3 Scheme of the
valve of a high-pressure
homogenizer
(reproduced entirely
from Wikimedia https://
commons.wikimedia.
org/wiki/
File:Homogenizing_

Feed

Seat

valve.svg)

oscillation that promotes intense waves [155].
According to Wang and Cheng [155] several
factors (temperature, power, time) may affect
the efficiency of fibrillation and a mixture of
micro and nanofibrillar material is obtained and
therefore the authors claimed that by combining
HIU and HPH a more uniform fibrillar suspen-
sion is obtained. The grinding treatment is based
on a static and a rotating grind stones system
generating shear forces that individualize the
nanofibers from the pulp wall structure.
However, in this process, the pulp fibers can
become highly degraded which may affect their
reinforcing potential [129, 158]. Both in HPH
and grinding, it is common to repeat the process
several times, by increasing the number of
cycles, in order to increase the degree of fibrilla-
tion. Another alternative to produce nanocellu-
lose is cryocrushing. In this method the water
swollen cellulosic fibers are immersed in liquid
nitrogen and submitted to high shear forces,
which leads to the rupture of the cell wall by the
pressure exerted by the ice crystals. The grind-
ing and cryocrushing processes are usually
accompanied by high pressure treatments [56,
68, 156].

As expected, the average particle size
decreases with increasing energy consumption

Impact ring

[42]. This is most important when considering
the potential of nanocelluloses to be used at an
industrial scale. Despite the many efforts to
reduce the energy consumption while producing
nanocelluloses with controlled sizes, it is legiti-
mate to say that the process is still not economi-
cally feasible for smaller added-value
applications, such as paper and paperboard prod-
ucts [104]. In fact, large amounts of energy were
reported with values exceeding 30.000 kW h/t
[85].

6.3.2 Chemical and Enzymatic
Treatments

Since the aforementioned treatments are not
100% efficient in producing nanofibrils and the
energy costs necessary to perform them are
high, it has become usual to pre-treat the fibers,
before the mechanical step. In fact, it is stated
that, for cellulosic fibers, the pre-treatment
helps reducing the energy consumption by
91-98% [11, 129].

The pre-treatments can be of enzymatic or
chemical nature. In the first, the enzyme is used
to modify or degrade the lignin and the hemicel-
lulose, besides helping to hydrolyze cellulosic
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fiber specific components [1, 59]. The most con-
ventional enzyme applied for the modification of
pulp fibers in order to produce CNF is endo-1,4-
B-D-glucanase, which requires some disordered
structure in cellulose to disrupt it [1]. Pddkko
et al. [105] and Henriksson et al. [58] applied a
mild enzymatic hydrolysis (using endogluca-
nase) combined with refining and passes in a
HPH to produce a CMF gel with diameters in the
nanometer range and high aspect ratio. In these
studies they also compared the enzymatic treat-
ment with a chemical one (acid hydrolysis), con-
cluding that the CMF produced by the former
method possessed a more favorable structure
with a more homogeneous distribution of nanofi-
ber geometries and higher aspect ratio than the
CMF produced by the latter method. The enzy-
matic hydrolysis is already being studied as a
cost-effective approach to produce CMF to be
used as a paper reinforcement: in a quite recent
article Tarrés et al. [142] concluded that the pulp
consistency, pH of the suspension, the treatment
time and enzyme dosage have a key role during
the production of CMF with high specific sur-
face. In this article the authors used an enzyme
cocktail which contains endo-p-1,4-glucanases
but the same authors also produced CNF with a
commercial enzyme obtained from genetically
modified Trichoderma reesei [55]. Since cellu-
losic fibers contain different organic compounds
itis usual to apply a cocktail of cellulase enzymes
in order to disrupt the fibers, which is hardly done
by a single enzyme [113].

Another approach for the nanocellulose pro-
duction is by chemical treatment. The most com-
monly used process for the extraction of CNCs
from native cellulose is based on a strong acid
hydrolysis under strictly controlled conditions of
temperature, agitation, and time. Hydrochloric
and sulfuric acid have been mostly used in the
extraction process [115, 161]. An acidic attack
dissolves the amorphous portions of cellulose,
resulting in the formation of a nanocrystal struc-
ture [72]. During this process, negatively charged
sulfate groups are introduced on the cellulose
chain, leading to intermolecular repulsive forces
that confer electrostatic stability to CNCs in polar
aqueous suspensions [30, 90, 115].

For the cellulose nanofibrils production there
are several possibilities, such as the use of ionic
liquids to dissolve cellulose or the introduction of
carboxyl groups on the fibers to facilitate the
fiber wall delamination. Li et al. [80] pretreated
sugarcane bagasse with an ionic liquid in order to
dissolve the cellulose and stated that this facili-
tated the mechanical treatment in a HPH. Besides,
other chemical pre-treatments such as acetyla-
tion, silylation, or treatments with isocyanate
have been used to generate CNF hydrophobic
surfaces in order to reduce the agglomeration of
these materials. Nonetheless the most effective
and used pre-treatments are based on the modifi-
cation of the fibers in order to introduce ionic
groups. One approach that fits this purpose is car-
boxymethylation that negatively charges the cel-
lulosic fibers surface and increases the breakup of
lignocellulosic fibers to nanosize by adding car-
boxymethyl groups to the cellulose chains of the
fibers. The most cited author regarding this pre-
treatment is J. A. Walecka [153] and his work is
based on the etherification of the cellulose
hydroxyl groups with monochloroacetic acid
(MCA) in its sodium salt form, in the presence of
sodium hydroxide (Fig. 6.4). Wagberg et al. [152]
used this method followed by HPH to produce
carboxymethylated CNF with cross section
diameters of 5—15 nm. In this study it was shown
that very high concentrations of the salt or too
low pH would cause agglomeration of the fibers.
The same authors studied the accessibility of
polyelectrolytes to carboxymethylated cellulose
microfibrils and found that high molecular weight
polyelectrolytes were accessible to all carboxyl
groups [151], which can be very important when
considering the additives used in papermaking.
Carboxymethylated CNF are known to increase
the water retention value [22], reducing hornifi-
cation during drying [44], and to limit aggrega-
tion of particles [130].

Another common approach is oxidation. The
most reliable method is based on the use of
TEMPO (2,2,6,6-Tetramethylpiperidine-1-oxyl)
to mediate the oxidation, in which carboxylic
groups are introduced at the C6 position of the
glucose unit [66, 117-120]. Figure 6.5 shows the
scheme of the oxidation in which the primary
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oxidant (NaClO) is added to a cellulose suspen-
sion in the presence of catalytic amounts of
TEMPO and NaBr at pH 9-11. In this reaction,
the C6 primary hydroxyl groups of cellulose are
converted to carboxylic groups via C6 aldehyde
groups, at the expense of NaClO and NaOH con-
sumption as the oxidation proceeds [118].

Some side reactions can occur in this reaction
under alkaline conditions, such as the depolymer-
ization or discoloration of the oxidized cellulose
due to the presence of residual aldehyde groups
and therefore some authors applied a different
system consisting of TEMPO/NaClO/NaClO,

under neutral or slightly acidic conditions [121,
140, 163]. Several studies have proven that, by
pre-treating the cellulosic fibers with TEMPO, it
is possible to reduce the number of passes in the
homogenizer required to produce CNF [16, 17,
31]. Other oxidation pre-treatment commonly
used is periodate-chlorite oxidation since it
improves the fibrillation efficiency of CNF. In
this pre-treatment a sequential oxidation of the
cellulose fibers with periodate and chlorite
occurs, in which firstly the vicinal hydroxyl
groups of cellulose at C2 and C3 positions are
oxidized to the corresponding aldehyde groups,
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and then these aldehyde groups are further oxi-
dized to carboxyl. Liimatainen et al. [82] stated
that, by using this pre-treatment, oxidized cellu-
loses with carboxyl contents ranging from 0.38 to
1.75 mmol/g could nanofibrillate to highly vis-
cous and transparent gels with yields of 85-100%
without clogging the homogenizer.

6.3.3 Biosynthesis of Bacterial
Cellulose

As stated, bacterial nanocellulose is manufac-
tured by a bottom-up method, contrary to the pro-
cesses aforementioned. The most studied species
of bacteria for production of cellulose is
Glunoacetobacter xylinus. These bacteria pro-
duce an extracellular, chemically pure-glucan,
supporting their survival in the natural environ-
ment since the cells are kept at the surface of cul-
ture media, being entrapped inside gelatinous,
skin-like membranes, consisting of entangled
cellulose fibers [50]. The advantage of bacterial
derived cellulose microfibrils is that it is possible
to adjust culturing conditions to alter the microfi-
bril formation and crystallization [96].

The G. xylinus species are usually cultivated
at 30 °C for 7-14 days in a Hestrin-Schramm
medium (composed of a carbon source, enriched
nitrogen source and a small amount of citric acid)
with pH adjusted to 5.7. Several authors have
modified the composition of this medium in order
to optimize BNC production [95, 159, 164].
Besides, and according to Gama et al. [50], there
is the need to optimize separately the conditions
of cellulose biosynthesis from diverse carbon
sources for each BNC producer. In most cases
glucose, glycerol, sucrose, and mannitol were
found to be the most suitable carbon sources for
cellulose production (here mentioned in the order
from the most to the least efficient source).

The culture can be performed under static or
agitated conditions. In the static culture, the
microbiological medium is placed in shallow
trays and inoculated with bacteria, being there-
fore a more expensive method and characterized
by low productivity [50, 95]. As for the agitated
culture, a higher power supply is needed, but it

has the main advantage of high cell concentration
and productivity [168].

Since several authors have considered that the
industrial scale production of BNC is still not
efficient or cost effective in static cultures, some
research has been carried out to produce BNC in
a large scale at a low cost by using culture
medium composed of agroindustrial sources or
wastes [10].

6.4 Properties

and Characterization

The production methods abovementioned usually
generate an aqueous suspension/dispersion with
low amounts of solids (CNC 1-2 wt% and CMF
0.5-3 wt%). Besides, the pre-treatments includ-
ing functionalization of the cellulose structure
can also give rise to a gel (Fig. 6.6), which is
stable and transparent, also at very low solids
concentration (such as 1-2 wt% for oxidized
CNF) [45]. For their characterization, but mainly
for their commercialization, there may be the
need to dry them, and therefore nanocelluloses
can be manipulated as a film, an aerogel or a
foam. The mechanisms for drying will be dis-
cussed in Sect. 3.7.

As stated, nanocelluloses have many unique
properties that make them attractive for several
applications. According to a previous review, the
main points that should be addressed are the
amount of produced nanomaterial, the rheology
of the dispersion, the average particle size and
size distribution, crystallinity, specific surface
area, surface chemistry, and mechanical proper-
ties [71]. Obviously, taking into account the fore-
seen applications, some properties can have more
importance than others. An accurate, consistent
and reliable characterization of the nanocellu-
loses is essential, not only for their application,
but also to evaluate the interaction with the local
environment, which is fundamental for their
commercialization. With this regard, mention is
due to the following publications: i) the review
article by Foster et al. [45] which establishes the
details of the best practices, methods and tech-
niques for characterizing CNC and CNF and ii)
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Fig. 6.6 Examples of a CMF suspension (left) and a CNF gel (right), both at ca. 1 wt% solids

the ISO standard TS 21346 [64] that defines the
characterization techniques to be used in elemen-
tary fibrils, or individualized cellulose
nanofibrils.

In the present text the state of the art of the
nanocelluloses characterization is divided by the
properties considered as more important and will
be focused mainly in CNF, CMF and BNC. Other
types of nanocelluloses or even other methods for
their production will remain out of scope.

6.4.1 Amount of Nanomaterial

As stated in sect. 1, there are several types of
nanocelluloses with different characteristics and
the amount of nanomaterial is an important prop-
erty to be determined since the samples are not
usually entirely composed of nano-sized mate-
rial. The most common technique used for the
estimation of this property is ultracentrifugation.
By this method the nanofibrils are separated from
the large size particles that remain concentrated
at the bottom of the sample holder and, by weight
difference, the nano-sized material content is
determined. The centrifugation conditions to be
used are much dependent on the type of sample
and on the degree of fibrillation: Ahola et al. [4]
applied 10,400 rpm to nanocellulose dispersions
for 2 h while Taipale et al. [138] used only 45 min
with the same speed and Gamelas et al. [51] used
only 9000 rpm for 30 min (ca. 9000 g) since the

nanofibers were more fibrillated. ISO standard
TS 21346 [64] states that the suspensions should
be at 0.1% consistency and the centrifugal sepa-
ration performed at more than 12,000 g for lon-
ger than 20 min.

6.4.2 Morphology and Fibril
Dimensions

The assessment of the fibrils appearance, mor-
phology, shape and size has been performed
using different techniques, being the most com-
mon those based in microscopy, although some
indirect methods, such as turbidimetry or light
scattering, are becoming common [45].

Among the microscopic methods, it is usual to
start by performing optical microscopy (OM) to
get an overview of the sample and of its homoge-
neity. After, higher resolutions are needed in
order to analyze the fibrils details and for that
field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM) are
used. These techniques have the advantage of
allowing the visualization of the nanocelluloses
and, when combined with image analysis, mea-
suring their dimensions [4, 24, 27, 59]. However,
typically, the size distribution is limited to the
width distribution since the aspect-ratio is too
high to obtain the length-distribution values.
Figure 6.7 shows an example of FE-SEM and
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Fig. 6.7 FE-SEM image of a mechanically-produced CMF (left) and AFM image of TEMPO-oxidized nanocellulose

from wood (right) [87]

AFM images taken on nanocelluloses.
Nonetheless, it is worth mention that these tech-
niques may require a careful preparation of the
samples (particularly TEM) and are laborious,
time consuming and very user-dependent.
Besides, the observation field is limited and
therefore the results are not always representative
of the entire sample. The shape of the nanofibers
may appear different depending on the method
used: e.g., when using AFM, tip-broadening
effects make it difficult to understand if the mor-
phology observed is due to individual particles or
to agglomerates. Therefore, the techniques men-
tioned provide different but complementary
information about the morphology and dimen-
sions of the nanocellulose fibrils and, in order to
obtain a good and accurate analysis, one most use
a combination of the microscopic methods [24].
Indirect measurements such as turbidimetry
have also been used. For suspensions of TEMPO-
oxidized CNF, the visible spectra in the transmit-
tance mode evidenced higher transmittance for
more fibrillated samples, corresponding to a
clearer suspension with higher amount of nano-
sized material [51, 119]. On the other hand, tech-
niques based on light scattering and diffraction,
such as dynamic light scattering (DLS) or laser
diffraction spectrometry (LDS), can overcome
some of the drawbacks mentioned for the
microscopy-based  techniques  [97, 112].
However, the particles should be spherical, and

since cellulose nanofibrils are a fibrillar-like
material with high aspect ratio, the values
obtained from DLS cannot be directly linked to
the particle length or cross-section dimensions
and cannot be directly correlated with particle
size distributions. It should therefore be taken as
a hydrodynamic “apparent particle size” that can
be used as an internally consistent method to
assess the dispersion quality or state of aggrega-
tion. Notwithstanding, it was reported for cellu-
lose  nanocrystals that the equivalent
hydrodynamic radius, measured by DLS, did not
differ much from the theoretical hydrodynamic
radius, calculated for cylinder-shaped particles
based on the dimensions of length and width
assessed by FE-SEM [46, 51] Thus, microscopy
and light scattering methods are considered com-
plementary. In fact, Gamelas et al. [51] analyzed
different CNF obtained by NaClO/NaBr/TEMPO
pre-oxidation and mechanical treatment and cal-
culated the nanofibrils length based on the width
measured by AFM and the hydrodynamic diam-
eter assessed by DLS.

6.4.3 Physical Properties

Some important physical properties to consider
when characterizing nanocelluloses are the crys-
tallinity, specific surface area (SSA) and the degree
of polymerization (DP). The crystallinity can be
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determined by X-ray diffraction (XRD), Raman
spectroscopy, infrared spectroscopy (FT-IR) and
BC nuclear magnetic resonance (NMR) but it
strongly depends on the source and processes used
to produce the nanocelluloses. Alemdar and Sain
[6] determined by XRD the crystallinity of wheat
straw and of soy hull nanofibers produced by a
chemical-mechanical technique and concluded
that an increase of the crystallinity of 35% and of
16%, respectively, occurred because the treatment
removed non-cellulosic components such as lignin
and hemicelluloses. The same conclusions were
stated by Jonoobi et al. [70] with nanofibers
extracted from kenaf core. However, it is difficult
to compare results from the literature since they
depend on the calculation methods used to obtain
the values (peak height/intensity, peak area/decon-
volution, amorphous subtraction) [71].

Regarding the specific surface area determina-
tion, different methods have been used. One of
the most common is the Brunauer—Emmett—
Teller (BET) method by N, adsorption for nano-
papers or freeze-dried nanocelluloses. The
drawback of this technique is the sample prepara-
tion (drying) that highly affects the surface area
due to aggregation. According to Sehaqui et al.
[125], after direct water evaporation, the specific
surface area can be as low as 1072 m?g~! corre-
sponding to a nanopaper with ca. 20% porosity.
However, if a water exchange to methanol or
acetone prior to drying is performed, the porosity
increases to 28% and 40%, respectively [59].
Sehaqui et al. [125] produced a CNF nanopaper
by supercritical CO, drying with exceptionally
high specific surface area (up to 480 m? g!).
Other method often used to determine the spe-
cific surface area is the Congo red adsorption.
Spence et al. [132] determined the specific sur-
face area of freeze-dried bleached and unbleached
fibers/microfibrils and concluded that the
unbleached samples adsorbed about 1.8 times
more Congo red per unit of BET surface area
than the bleached samples since, contrary to the
BET method, the Congo red adsorption method
is considered to depend on the chemical compo-
sition of the fibers. Specifically, there is more
rapid adsorption of the dye to hydrophobic lignin
than to hydrophilic cellulose.

The degree of polymerization has been
reported to strongly depend on the aspect ratio of
the nanofibers [79]. Shinoda et al. [126] found a
linear relation between DP and length of TEMPO-
oxidized CNF. It is common to apply the ISO
standard 5351 [63] that calculates the average DP
by applying the Staudinger—Mark—Houwink
equation through the determination of the limit-
ing viscosity number with a solution of cuprieth-
ylenediamine (CED) [59, 167]. When considering
TEMPO-oxidized CNF, Shinoda et al. [126]
stated that only CED could completely dissolve
this type of nanofibrils consisting of both par-
tially oxidized and unoxidized cellulose mole-
cules. According to Zimmerman et al. [167], the
production of CMF from softwood sulfite pulp
led to a decrease in viscosities/DPs between 15%
and 63%. The authors also referred that the
strength properties of films or composites con-
taining CMF decreased with the decrease of the
DP which makes it a valuable tool for evaluation
of the CMF performance.

6.4.4 Chemical Properties

Concerning the chemical properties of nanocel-
luloses, perhaps the most important issue to con-
sider is their surface chemistry. As stated,
nanocelluloses can be modified by different
methods which, in consequence, will inevitably
modify their surface chemistry. In this matter, it
is usual to measure the surface charge, for exam-
ple by the identification of the functional groups
present at the surface. Stenstad et al. [135] and
Taipale et al. [138] analyzed the charge of CMF
samples by zeta potential measurements. In the
first study, the authors produced CMF by homog-
enization and modified its surface with different
chemicals, changing the surface charge from
negative to positive, while in the second study,
CMF produced by carboxymethylation revealed
to possess twice the surface charge than CMF
produced by only mechanical treatments.
Gamelas et al. [51, 52] also determined the zeta
potential of TEMPO-oxidized CNF by measur-
ing the electrophoretic mobility concluding that
this treatment leads to strongly negatively
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charged fibers, in accordance with other authors
[15, 97, 165]. The production of CMF from the
same source, but with enzymatic treatments, did
not alter the charge of the initial fibers [89].

To determine the content of functional groups
at the surface of nanofibers it is common to use
titrimetic methods. For CNF produced by
TEMPO-mediated oxidation several authors
determined the content of aldehyde and carbox-
ylic groups using conductometric titrations [12,
87, 117]. For instance, Saito and Isogai [117]
determined carboxyl and aldehyde contents of
0.67 and 0.21 mmol/g, respectively, for nanocel-
lulose produced from cotton linter. Other related
methods such as potentiometric or polyelectro-
lyte titrations can be used. Syverud et al. [137]
used both the conductometric and potentiometric
titrations and obtained similar results for the car-
boxyl’s content of TEMPO-oxidized cellulose
(0.52 and 0.51 mmol/g, respectively).

Characterization techniques such as FT-IR to
determine the oxidation level during the TEMPO-
mediated oxidation (through the measurement of
the intensity of the band at 1738 cm™! due to the
carbonyl stretching [119]), or X-ray photoelec-
tron spectroscopy (XPS) to determine the surface
chemical composition regarding the surface
modification of nanofibers are also usually
applied to nanocellulose.

6.4.5 Rheology

As abovementioned, nanocelluloses can form a
gel even at very low concentrations in water —
usually 1 to 5%, but for values as low as 0.125%
a gel can also be found [105]. This is one of the
reasons why they are a suitable material for
diverse applications. CNF suspensions also
appear as a rheology modifier to be applied in
cosmetics, paints, food, as mineral suspending
agent, among other applications [9]. Therefore, it
becomes essential to assess the rheological
behavior of this gel, e.g., for paper surface treat-
ments in which the dosage and coating must be
well controlled. Several authors have studied the
rheological behavior of nanocelluloses. Hubbe
et al. [62] dedicated a 100 pages review article to

the subject, containing issues such as flow, fluid
layers, entanglement of cellulose fibrils and
effect of pH or salt addition, among others.

Most publications evidence their pseudoplastic
behavior [16, 78, 99, 105], meaning that the increase
of the shear stress or of the shear strain leads to a
decrease of the viscosity. However, these authors
also claim that this behavior is noticed above the
critical concentration — e.g., for Lasseuguette et al.
[78] this value is of 0.23% — while below this the
behavior can be similar to that of a Newtonian fluid.
According to Kangas et al. [71] this is due to the fact
that, at this concentration, the fibrils form a strong
entangled network. Also, the gel point — the lowest
fibrous volume at which all the flocs are intercon-
nected forming a self-supporting network [81] — is
claimed to be reduced with the addition of cationic
polymers [147]. This is related to the compressive
yield stress of the flocs, which is affected by the
strength of the interparticle bridging forces. In
papermaking, it is important that the nanocellulose
sample possesses a low gel point in order to improve
drainage [81]. Alves et al. [9] also studied the fibrils
aggregation as a major factor in the suspensions
rheology, stating that as the pH is decreased and car-
boxylic groups is protonated, the suspensions vis-
cosity increases.

Thixotropy, i.e. reversible shear-thinning
behavior, is also referred to as a property of nano-
celluloses [32, 62], with recovery times depend-
ing on the type of material assessed — e.g., higher
fibrillation reduces the recovery time [33].
Regarding temperature, it was found that heating
a cellulose nanofibrils suspension did not affect
significantly its viscosity, since the nanocellulose
had a dominant effect over the aqueous medium
[3, 57]. Finally, it was also demonstrated that the
introduction of charged groups to the nanocellu-
lose structure is responsible for the decrease of
viscosity, due to strong repulsive forces between
surfaces, which act as kind of lubricant [62]. In
this sense, several authors have introduced salts,
dispersants or surfactants to the nanocellulose
suspension in order to control the dispersion sta-
bility and reduce the viscosity [9]. Sodium chlo-
ride and carboxymethylcellulose are the most
reported additives when studying rheology of
nanocellulose [32, 100].
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In papermaking, nanocelluloses have been
found to be a great rheology-controller for coat-
ing formulations, as not only viscosity is
enhanced but also water-binding [32, 62].

6.4.6 Toxicity

The production of nanocellulose at an industrial
scale and its application in a multiplicity of prod-
ucts and biomedical devices can represent a poten-
tial hazard to workers along the lifecycle as well as
to consumers [149]. Vartiainen et al. [148] con-
cluded that workers’ exposure to particles in the
air during grinding and spray drying of birch cel-
lulose was low or non-existent with the implemen-
tation of appropriate protection equipment and
proper handling. However, the high aspect ratio of
CNF and its biodurability in the human lungs
[133] resembles the fiber paradigm that has been
associated to the adverse effects of other fibrous
nanomaterials (e.g., carbon nanotubes). Therefore,
to ensure the safety of CNF to humans prior to
their largescale commercialization, it is of utmost
importance to investigate their potential toxico-
logical properties, particularly their genotoxicity
that is closely associated to carcinogenicity.
Cytotoxicity deals with the effect of the CNF on
cell viability, while immunotoxicity regards the
effects on the functioning of local and systemic
immune systems and finally, the genotoxicity is
related with the direct or indirect damaging effects
on DNA or chromosomes. Most toxicological
studies have focused on nanocellulose types with
morphological and surface chemical characteris-
tics different from the above-mentioned
CNE. These include BNC [69, 83, 98, 108, 123,
124] and CNC [20, 28, 35, 76, 127, 160]. These
nanocellulose types are generally considered as
nontoxic, although CNC could induce low cyto-
toxicity and immunotoxicity in vitro and in vivo
[28, 160]. Regarding CNF, the few published stud-
ies mainly indicate no relevant cytotoxic, geno-
toxic or immunotoxic effects [7, 29, 103, 109,
148]. Nevertheless, a recent study by Catalan et al.
[21] showed that mice exposure by pharyngeal
aspiration to CNF produced through TEMPO oxi-
dation led to an acute lung inflammatory response

and induced DNA damage in lung cells. Moreover,
Lopes et al. [86] reported that an unmodified CNF
induced a pro-inflammatory effect in THP-1 mac-
rophages that could be moderated by the introduc-
tion of surface modifications.

6.4.7 CNF/CMF Drying and Films

Nanocelluloses are usually processed in their
aqueous suspension form because of their hydro-
philic nature and of the propensity to agglomer-
ate during drying. In fact, the hydrogen bonds
between water and the cellulose particles enable
the system to remain thermally and kinetically
stable even at different moisture contents [107].
However, if properly dried, nanocellulose can be
used to produce composites or form films and
aerogels with excellent properties. Films made
entirely of nanocelluloses are usually called
“nanopapers” and reported to be transparent rigid
films with high strength, flexibility, low thermal
expansion coefficient and good barrier properties
[1, 41, 79, 158], which make them excellent
materials to be used as substrates in several appli-
cations. However, removing water from the CNF
suspensions can be a delicate process and some
authors tried to propose viable solutions to the
problem, being already in operation some pilot
plants to the production of nanopaper [139]. Peng
et al. [107] studied the effect of several tech-
niques to dry cellulose nanocrystals and nanofi-
brillated cellulose: oven drying, freeze-drying,
supercritical drying and spray-drying. The
authors concluded that spray-drying was the most
suitable technique to dry CNF without affecting
the particles nano-scale, while the other tech-
niques created a highly networked structure with
cellulose agglomerates. Pdikko et al. [105] pro-
duced aerogels with strong mechanical properties
by applying two different freeze-drying tech-
niques (cryogenic and vacuum) to a CNF suspen-
sion, stating that these are advantageous and
cheaper than the usual technique: supercritical
drying. Fig. 6.8a shows a freeze-dried
TEMPO-nanocellulose.

Regarding the formation of nanopapers, sev-
eral techniques can be used, namely vacuum fil-
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Fig. 6.8 Examples of TEMPO-oxidized nanocelluloses obtained by (a) freeze-drying and (b) solvent casting

tration, spraying, solvent casting, solvent
exchange, spin-coating, among others [27, 45,
59, 91]. The fastest method to produce nanopap-
ers is vacuum filtration by using a dynamic sheet
former. Some authors stated that with the use of
an appropriate wire, usually membranes or poly-
amide cloths, it is possible to obtain transparent
and strong nanopapers [47, 59, 114]. The main
objective of the production of nanopapers has
been the study of their mechanical properties, but
also, in a minor degree, the analysis of the optical
and barrier properties. Syverud and Stenius [136]
produced nanopapers with thickness values of
20-33 pm that possessed strength properties
comparable to, or higher than, those of cello-
phane. Besides, they stated that the dense struc-
ture formed by the fibrils gave superior barrier
properties and the films were comparable, in
terms of oxygen transmission, to the best syn-
thetic polymers used for packaging, like polyvi-
nylidene chloride or polyester. It must be stressed
out that the properties of the films strongly
depend on the raw material used for their produc-
tion and values of tensile strength around
130 MPa for nanopapers produced from sulfite
pulp [59] or as high as 233 MPa with TEMPO-
oxidized softwood pulps [47] can be found. The
classical method to produce nanopapers is sol-
vent casting in which the solvent is evaporated
with controlled temperature, relative humidity
and time. However, it is a time consuming method
that can take up to five days if, for example, room
temperature is used [13, 24, 132]. Figure 6.8b

shows a nanopaper made by solvent casting of a
TEMPO-oxidized BEKP. Other processes such
as solvent exchange are commonly found in the
literature. With these methods it is also possible
to produce porous films. According to Sehaqui
et al. [125] a water exchange to methanol or ace-
tone prior to drying increases the porosity from
20% to 28% and 40%, respectively, which is due
to the less hydrophilic character of the solvents
that reduce the capillary effects during the drying
process. In this work, the authors produced nano-
papers using three different methods, namely lig-
uid CO, evaporation, supercritical CO, drying
and tert-butanol freeze-drying, obtaining nanopa-
pers with high specific surface area and with
mechanical properties comparable to those of
typical commodity thermoplastics but with much
lower density (640 kg m~3). Finally, Ahola et al.
[5] produced a thin and smooth film by another
strategy: the authors spin-coated cellulose nano-
fibril dispersions on silica substrates. This method
differs from the previous in the sense that the
nanopaper is formed directly on a suitable
substrate.

Chinga-Carrasco et al. [24-27] have
researched thoroughly the micro-structure of
nanopapers surfaces by the use of image analysis
techniques. In their works, novel microscopy
techniques and automatic computerized image
analysis have shown to be preferable to the com-
mon visual and subjective evaluations. The effect
of residual fibers in the roughness of nanopapers
was studied in detail, concluding that without a
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proper treatment, such as fractionation, the nano-
papers had an extreme rough surface structure,
which to some applications such as printing, is
very detrimental [27]. By using laser profilome-
try topography, it was possible to distinguish size
differences in the top and bottom sides of a
TEMPO-oxidized nanopaper, and therefore a
quantification of the amount of nanofibrils pres-
ent in different samples was performed [51].

Regarding the optical properties, it is well
known that films made entirely of nanocellulose
are transparent since the size of the nanofibrils is
much inferior to the wavelength of visible light
[61, 129]. Indeed, Fukuzumi et al. [47] produced
TEMPO-oxidized nanopapers with 20 pm thick-
ness and stated that at 600 nm a 90% transmit-
tance, when using softwood, and a 78%
transmittance, when using hardwood, was found.
Similar values were obtained by Wang et al.
[158], with nanopapers derived from waste cor-
rugated paper, and by Nogi et al. [102], that eval-
uated the influence of the surface roughness in
transmittance, concluding that the light transmit-
tance could be increased to ca. 90% if the films
were polished or impregnated with an optical
transparent polymer layer (acrylic resin).

As already stated, nanopapers have unique
properties that make them an outstanding mate-
rial for diverse applications: transparent films for
food packaging [92], antimicrobial films [116],
water treatment [91], electronic devices [145],
conductive papers [61], coating technologies,
among others. However, some problems remain
associated with the nanopapers production/use
that still need a solution, such as their hydrophilic
nature, preservation and the fact that nanocelu-
loses do not redisperse, among others.

6.5 Market

6.5.1 Commercialization

In order to effectively commercialize the nano-
cellulose products, several aspects have to be
taken into account. A report from Miller [93]
identifies the main producers at large scale
(Table 6.2). It must be taken into account that

Table 6.2 Nanocellulose main producers (tonnes per
year, dry basis) [93]

Producer Material Capacity
FiberLean technologies, | CMF 8800
UK

Kruger, Canada CF(CMF) 6000
Borregaard, Norway CMF 1100
Nippon paper, Japan CNF 560
CelluForce, Canada CNC 300
Norske Skog, Norway CMF 260
University of Maine, CNF 260
U.S.A

Daicel, Japan CMF 200
RISE, transportable CMF 200
container factory

American process, CNC 130
US.A

American process, CNF 130
U.S.A

CelluComp, UK CNF 100
Chuetsu pulp and paper, | CNF 100
Japan

FiberLean Technologies produces a hybrid mate-
rial as CMF are mixed with mineral fillers ata 1:1
ratio [53]. International Paper and Stora Enso
companies are also reported to be producing
CMEF, largely for use in their own paper and
paperboard products [94].

Some technical challenges, related to the
aforementioned specific characteristics of the
nanomaterials, are identified within this topic [2,
93, 146] and can be synthesized as follows:

e Drying and dispersion

e Compatibilization

e Cost

e Consistent quality from batch to batch
» Safety and regulatory issues

If by the one hand the cost of production is the
bottleneck of nanocellulose usage at industrial
scale, by the other hand, drying is considering
one of the most important issues. Due to the high
hydrophilic character, and to the tendency to irre-
versibly aggregate while drying, one significant
challenge is to produce dry CNF powder with a
preserved nanoscale structure and re-dispersion
capacity, which would provide advantages in
CNFs storage and transportation. However,
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according to Miller [94], when considering the
papermaking industry, 75% of all nanocellulose
is produced by mills and used in their own pro-
duction, which minimizes the challenges identi-
fied. Overall, there is the need to select the best
material for a given application, define the opti-
mal loading, and consider a learning curve for the
end-user. Besides, the development of applica-
tions to use the product, with the research and
development associated, and the scale up neces-
sary, are still assumed to be a challenge for com-
mercialization [94].

A variety of market reports and guides for end
users have been published forecasting the nano-
cellulose market, including companies such as
Future Markets Inc., RISI, Market Intel, LLC and
TAPPI [75]. A report from Future Markets Inc.
predicted the global market for nanocellulose
until 2030, stating that, overall, the production
costs of these nanomaterials should be reduced
(as example, TEMPO-CNF should decrease from
50 USD/kg to ~ 2 USD/kg) [48]. The cost of pro-
ducing nanocellulose is primarily dependent on
the type of pre-treatment applied, with the cheap-
est process being probably the enzymatic pre-
treatment, where the cost for making CMF from
the pulp integrated in a pulp mill is 0.4 €/kg,
which today is in operation in large-scale paper-
making applications [75]. For non-integrated use
of CNF/CMF in papermaking applications, the
cost including pulp cost and profits should be
lower than 2.5 €/kg [75].

6.5.2 Applications

Due to the amazing properties presented by nano-
celluloses, and considering the opportunity to
produce a functional material with specific char-
acteristics directed to the desired requests, sev-
eral applications have been arising and the
nanocellulose use is almost endless. In this sense
nanocelluloses have been applied, as said, in the
most diverse fields such as papermaking, textiles,
medicine, cosmetics, pharmaceuticals, food
industry and technology. Table 6.3 presents the
applications with higher potential volume for
nanocelluloses, as depicted by BioBased Markets

Table 6.3 Applications and potential volume of nanocel-
luloses, in tonnes [93]

Market | Potential | Nanocellulose
size loading | potential
Paper and 400,000 | 5.0% 20,000
paperboard
Textiles 50,000 2.0% 1000
Paints and 40,000 2.0% 800
coatings
Carbon black | 15,000 2.0% 300
Films and 9670 2.0% 200
barriers
Composites 9000 2.0% 180
Oil and gas 17,500 1.0% 180
Nonwovens 7000 2.0% 140
Water 4650 2.0% 90
treatment
Excipients 4600 2.0% 90
Cement 15,000 | 0.5% 75
Adhesives 500 2.0% 10
Cosmetics 300 1.0% 3
Battery 60 2.0%
separator
TOTAL 23,063

in their 2018 annual report. Examples of applica-
tions are the water treatment [91, 150, 154],
printed electronics [145, 162], tissue engineering
and drug delivery [14, 83, 110].

According to Klemm et al. [75], there is an
agreement that high value and/or high volume
applications should be pursuit in order to reduce
the nanocellulose production cost. Considering
the aforementioned, the major potential use of
nanocelluloses is in papermaking.

Nonetheless, despite the high potential of use
in papermaking, textiles or coatings, these are
low-value products, and it is noticed that the
research available has been primarily focused on
high-value products, especially in composite
materials. According to Sir6 and Placket [129]
nanocomposites are two-phase materials in which
one of the phases has at least one dimension in the
nanometer range (1-100 nm). Besides their excel-
lent mechanical properties, nanocelluloses pres-
ent many advantages in the production of
composites, such as biocompatibility, transpar-
ency and high reactivity due to the presence of
hydroxyl groups within a high surface area.
Composites with nanocelluloses have been pro-
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duced with petroleum-derived non-biodegradable
polymers such as polyethylene (PE) or polypro-
pylene (PP) and also with biodegradable poly-
mers such as polylactic acid (PLA), polyvinyl
alcohol (PVOH) and starch [129], and several
works have arisen with inorganic fillers [8, 145].
The main purpose of the works published in this
field is to improve the strength properties of the
composites [49, 101, 106]. Besides, exceptionally
smooth surfaces are reported under specific con-
ditions, which make these composites a promis-
ing material for printed electronics. However, it is
noteworthy that all of the research performed
strongly depends on the nature and preparation
method of the nanocelluloses used [167]. Some
disadvantages of using nanocelluloses in compos-
ites for reinforcement applications should also be
referred to, namely the high moisture absorption
and the incompatibility with most of the poly-
meric matrices and of course the temperature
limitation because lignocellulosic materials start
to degrade near 220 °C [128], which can restrict
the type of composite that can be produced.
Examples of applications are the CNC composite
filter papers for rapid removal of bacteria from
aqueous solutions [23], the electrically conduc-
tive composites (Zhang et al. 2019) or even the
CMF films with acetic anhydride that possess bar-
rier properties similar to the common packaging
materials [114], among several others.

6.6  Final Remarks

Nanocelluloses, in their varied denominations,
shapes and properties, have been widely explored
in the last decades. The state of the art regarding
these interesting and promising materials is very
extensive and covers the research and develop-
ment based on the possible sources, production,
properties and characterization but also on the
proposed usages.

In this sense, nanocelluloses can have very
distinct characteristics, depending on the raw
material used, as well as on the treatments applied
for their production. The different characteristics
will have distinct impacts on their final applica-
tions, which make it very important to always

perform a complete analysis of the intrinsic prop-
erties of these new materials.

Their use in the most diverse applications has
been widely explored, as nanocelluloses may be
used for plastics substitution, as food additive,
rheology controller, 3D printing of diverse struc-
tures, among many other possibilities, which
reinforces the idea that the behavior of nanocel-
luloses in the presence of other components
should be carefully studied, with all of its
specificities.
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Abstract morphology. Hence, it is essential to

understand whether physicochemical proper-

Nanocelluloses have good rheological proper-
ties that facilitate the extrusion of nanocellu-
lose gels in micro-extrusion systems. It is
considered a highly relevant characteristic that
makes it possible to use nanocellulose as an
ink component for 3D bioprinting purposes.
The nanocelluloses assessed in this book
chapter include wood nanocellulose (WNC),
bacterial nanocellulose (BNC), and tunicate
nanocellulose (TNC), which are often
assumed to be non-toxic. Depending on vari-
ous chemical and mechanical processes, both
cellulose nanofibrils (CNF) and cellulose
nanocrystals (CNC) can be obtained from the
three mentioned nanocelluloses (WNC, BNC,
and TNC). Pre/post-treatment processes
(chemical and mechanical) cause modifica-
tions regarding surface chemistry and nano-

ties may affect the toxicological profile of
nanocelluloses. In this book chapter, we pro-
vide an overview of nanotoxicology and safety
aspects associated with nanocelluloses.
Relevant regulatory requirements are consid-
ered. We also discuss hazard assessment strat-
egies based on tiered approaches for safety
testing, which can be applied in the early
stages of the innovation process. Ensuring the
safe development of nanocellulose-based 3D
bioprinting products will enable full market
use of these sustainable resources throughout
their life cycle.

Keywords
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Several types of nanocelluloses can be obtained
from different raw materials, including wood,
annual plants, agro-industrial side streams, bacte-
ria, and marine resources. The most common
nanocelluloses are obtained from hard- and soft-
wood chemical pulp fibers, e.g. kraft and sulfite
pulp fibers and will be referred to as wood nano-
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celluloses (WNC) in this chapter. Wood pulp
fibers are roughly 1-5 mm in length and
15-50 pm in width.

Wood pulp fibers are processed with chemical
and enzymatic pre-treatments to facilitate the
structural deconstruction of the fibers into two
main types of WNCs, i.e., cellulose nanofibrils
(CNF) and cellulose nanocrystals (CNC).
Depending on the pre-treatments, wood CNFs
have dimensions of roughly >1 pm in length and
< 100 nm in width, while wood CNC are shorter
nano-objects with lengths of <200 nm and
widths<50 nm (Table 7.1). For simplicity, in this
book chapter, we will apply the term CNF in gen-
eral, including cellulose nanofibrils, cellulose
nanofibers, microfibrillated cellulose, and nanofi-
brillated cellulose.

Compared to wood-derived nanocelluloses,
bacterial nanocellulose (BNC) is obtained from
bacterial biosynthesis and is commonly com-
posed of longer and nano-sized fibrils (diameters
<100 nm). Also, tunicate nanocellulose (TNC) is
another type of nanomaterial obtained from
marine animals (Tunicates). BNC and TNC are
composed mainly of cellulose, while WNC may
contain hemicellulose and residual lignin due to
the plant origin.

Various types of nanocelluloses have been
assessed from a biomedical perspective.
Applications include wound dressings, scaffolds
for tissue engineering, neural guidelines, to name
a few [1-5]. These applications would benefit
from a controlled deposition of nanocellulose
and additional components to form specific and
personalized constructs. It would make it possi-
ble to fabricate biomedical devices that are tailor-
made for particular patients and situations. Such
technology is also most valuable for constructing
tissue models that mimic tissues such as skin,
tumors, and human organs. Here is where three-
dimensional (3D) printing will play a significant
role, i.e., the development of tailor-made model
constructs for testing drugs, medicines and, in the
long run, for replacing malfunctioning body
organs with fully functioning vascularized 3D
printed constructs.

3D printing is an additive manufacturing pro-
cess to create a 3D object layer-by-layer, aided

by a pre-defined computer model. There exist
various types of 3D printing processes applied to
the fabrication of biomedical devices and tissue
models, e.g., fused deposition modeling (FDM),
stereolithography, inkjet printing, and micro-
extrusion (also called direct-ink-writing) [6-8].
The fabrication of tissue models or organoids can
comprise the 3D printing with biomaterial inks
(e.g., nanocelluloses, collagen, and alginates) to
construct scaffolds and then load the scaffolds
with cells to form a tissue model that is maturated
in a bioreactor. A more direct approach is to uti-
lize a biomaterial ink directly loaded with cells
(defined as bioink) and deposit the bioink layer-
by-layer following a pre-defined design, also
termed as 3D bioprinting [9].

This book chapter will describe various nano-
celluloses intended for biomedical applications,
focusing on physicochemical properties that may
determine the toxicological profile. More atten-
tion to 3D bioprinting of nanocellulose-based
bioinks and the requirements necessary to fulfill
from a regulatory point of view will be given.

7.2  Overview of Nanocelluloses
Good overviews have been recently published
about several types of nanocelluloses for biomed-
ical applications and 3D bioprinting [8, 10, 11].
The various studies are mostly based on wood
nanocelluloses with different physicochemical
characteristics that may affect the toxicological
profile and the 3D printability. Note that the
nanocelluloses WNC, BNC, and TNC differ on
the source of cellulose (wood, bacterial biosyn-
thesis, and tunicate, respectively). Depending on
the raw materials pre-treatment, the nanocellu-
loses may have different structural and surface
chemical characteristics (Table 7.1 and Fig. 7.1).
WNCs are probably the most common type of
cellulose nanomaterial proposed for biomedical
applications. Wood CNF is one type of WNC and
is characterized by being high aspect ratio nano-
objects with diameters in the nanoscale (<100 nm)
and lengths in the micrometer-scale (roughly >1
micrometer) [12—14]. CNF is composed of amor-
phous and crystalline domains [15]. CNF for bio-
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Fig. 7.1 Transmission electron microscopy images of
wood CNFs: (a) mechanical grade, (b) enzymatic pre-
treated, and (¢) TEMPO mediated oxidized. (d) wood

medical applications and testing have been
obtained by mechanical nanofibrillation by using,
e.g., homogenizers, fluidizers, and grinders [16—
18]. Before the mechanical nanofibrillation, vari-
ous chemical and enzymatic pre-treatments can
be applied to ease the fibr