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v

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 João 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-

lytical 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 
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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

Nanoparticles Nanoplates Nanofibres

Nanorods

Nanotubes

Nanowires

Fig. 1.1  Nanoobjects classification according to ISO/TS 
27687:2008

J. A. M. Catita
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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, 

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

1  Challenges in Nanomaterial Characterization – From Definition to Analysis
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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 

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 

Nanomaterials

Bulk

One Phase

Multi phase

Particles

Surface bound

Suspended in 
liquids

Suspended in 
Solids

Airborne

Surface

Structured 
Surface

Film

Structured film

Fig. 1.3  The 
categorization 
framework for 
nanomaterials. The 
nanomaterials are 
categorized according to 
the location of the 
nanostructure in the 
material. (Adapted from 
[13])
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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  m2/cm3. 
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 m2/cm3.” [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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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 

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
  –	 Flammability

  –	 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

1  Challenges in Nanomaterial Characterization – From Definition to Analysis
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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 μm) 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  μm. 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 μm [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-
lytical 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:

–– It is applicable to broad size distributions from 
1 nm to more than1 μm,

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

–– it is fast and robust,
–– it is 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 

J. A. M. Catita



15

safety evaluation through the improvement of the 
existing regulatory guidelines.
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Trends in the Design 
and Evaluation of Polymeric 
Nanocarriers: The In Vitro 
Nano-Bio Interactions

Ana Bettencourt and Lídia M. Gonçalves

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 

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-
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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-ε-caprolactone, 

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-ε-caprolactone Daptomycin Infection [25]

Ocular surface Chitosan Ceftazidime Infection [26]
Pulmonary Chitosan Gene Genetic disorders [27]
Tumour tissue Polyamidoamine dendritic Folic acid, 

methotrexate, or 
tritium

Cancer [28]

Secondary targeting
Gingival 
fibroblast

Chitosan Minocycline Periodontal disease [29]

Lung cancer 
cell

Hyaluronic acid Docetaxel Cancer [30]

Neuronal cell Polybutylcyanoacrylate Protein Neurodegenerative 
disease

[31]

Intestinal cells Hyaluronic acid Insulin Diabetes [32]
Tertiary targeting
Mitochondria Oligomeric hyaluronic acid-

dithiodipropionic acid-berberine
Vitamin B6 Cancer [33]

Mitochondria Poly (lactic-co-glycolic acid) Mdivi1 Myocardial ischemia [34]
Nucleus Polyphosphoester TAT-Ce6/DOX Cancer [35]

Note: Ce6 chlorin e6, DOX doxorubicin, Mdivi1 mitochondrial division inhibitor 1, TAT pHe-sensitive transactivator of 
transcription
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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	 �The Interplay 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: 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”.

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”
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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 

Fig. 2.3  Schematic overview of the interplay between primary and secondary NPs physicochemical properties and 
cellular uptake, intracellular trafficking, exocytosis and cytocompatibility responses
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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.

Table 2.3  Different examples of pathways for NPs cel-
lular internalization

Pathway Definition
Passive mechanism (energy non-dependent)
Direct 
binding

Plasma penetration across cell 
membrane

Perforation 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 μm

Pinocytosis 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

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 Graça 
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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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 

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 

Fig. 2.4  Schematic representation of human gingival 
fibroblast uptake mechanisms (macropinocytosis and 
clathrin-based endocytosis) and intracellular trafficking of 

chitosan-NPs. Adapted with permission from [29]. 
Copyright © 2019 Elsevier
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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 μg/mL, respectively. The larger 
NPs (200 nm) did not trigger significant release 
of TNF-α up to 300 μg/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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2.2.3	 �In Vitro Cellular Effects 
Screening Remains a Difficult 
Task

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, Graça 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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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.
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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; (c) Enlarged region of (b); (d) Orthogonal views 

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 μm. 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 −20  mV.   
Concomitantly, high entrapment or encap-

sulation efficiencies (%EE) were achieved, 
as illustrated in this work for β-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 IST408 
and Burkholderia cenocepacia K56–2 infec-
tions were tested as model bacterial pathogens 
difficult to eradicate in Cystic Fibrosis respira-
tory diseases.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88071-2_3&domain=pdf
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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 

V. L. R. Esgueira et al.



45

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 

Fig. 3.1  Structure of liposomes, reversed micelles, nanoemulsions, and lipid nanoparticles

Lipids Drug moleucles

Solid Lipid Nanoparticle (SLN) Nanostructured Lipid Carrier (NLC)

a bFig. 3.2  Schematic 
structure of Solid Lipid 
Nanoparticles (a) and 
Nanostructured Lipid 
Carriers (b)
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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].

Fig. 3.3  Three drug incorporation models in SLNs: (a) Homogenous matrix of Solid Solution; (b) Drug-enriched shell; 
(c) Drug-enriched core

Amorphous lipid matrix Amorphous lipid matrix

Lipids Drug
molecules

Oil nano-compartments

Imperfect type NLC Amorphous type NLC Multiple type NLC

a b c

Fig. 3.4  Models of drug incorporation in Nanostructured Lipid Carriers
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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.

•	 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].

•	 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].

•	 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 

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 nanocarrieŕs 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., 
α-tocopherol and derivatives) [33]; vitamins (e.g., 
retinoids, retinyl palmitate) [34]; β-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	 �In Vitro 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	 �In Vivo 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 

Fig. 3.6  Transport mechanisms enhancing drug bioavailability in the presence of lipids

V. L. R. Esgueira et al.



53

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 IST408 and 
Burkholderia cenocepacia K56–2 belong to the 
Bcc 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.

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 

Fig. 3.7  Representative 
stages of the C. elegans 
life cycle (L1 through 
L4). L4 larvae molt into 
young adults, developing 
into reproductive adults 
that survive for 
approximately 3 weeks 
under standard 
laboratory conditions
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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. tuber-
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].

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].

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

ID

Formulation
Lauric 
acid 
(%)

Oila 
(%)

Co-surfactant 
Hexadecane 
(%)

Surfactant 
Lutensol 
A15 (%)

SLN_1 10.0 – 3.0 7.1
SLN_2 5.6 – 3.2 7.4
SLN_3 2.9 – 3.2 7.6
SLN_4 6.9 – 3.1 7.3
SLN_5 8.2 – 3.1 7.2
SLN_6 4.3 – 3.2 7.5
NLC_1 5.5 1.4 3.1 7.3

3.0β-
SLN
3.0β-
NLC

6.9
5.5

–
1.4

3.1 7.3

1.1RIF-
SLN
1.1RIF-
NLC

7.1
5.7

–
1.4

3.2 7.5

2.0RIF-
SLN
2.0RIF-
NLC

7.1
5.7

–
1.4

3.2 7.5

1.1PYZ-
SLN
1.1PYZ-
NLC

7.1
5.7

–
1.4

3.2 7.5

3.0β, 1.1RIF, 2.0RIF, and 1.1PYZ corresponds to the 
amount (mg) of bioactive compound added per 1 g of the 
miniemulsion system to produce LNPs
aOil is Coconut oil
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Fig. 3.8  Macroscopic 
aspect of empty SLNs: 
(left) – non-sonicated 
formulation; (right) – 
sonicated formulation

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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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 

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. 

Fig. 3.10  Zeta Potential 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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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 μm 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 

Fig. 3.11  Powder 
resulting from 
lyophilization of SLN_1 
obtained with 
formulation 60 °C; 
10.0% LA; sonicated
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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 

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

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
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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 ± 0.9 to −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 

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

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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β-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).

β-carotene (β) was incorporated in LNPs with 
formulation 60  °C, 6.9% LA ((3.0β-SLN) or 
5.7% LA + 1.4 Oil (3.0β-NLC), sonicated, 3 mg 
β-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., 
β-carotene) that was not entrapped and present in 
the aqueous phase of nanoemulsion dispersions. 
As expected, SLN_4b and NLC_1 loaded with 
β-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 β-carotene is less soluble in 
oil than in fat, the %EE of 3.0β-SLN is higher 
than 3.0β-NLC.  Morphological analysis of 
3.0β-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 

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
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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.

Fig. 3.15  Macroscopic differences exhibited by empty and loaded NLC_4 immediately before and after sonication

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

Formulation Z-Ave (nm) PDI ZP (mV) EE (%)

3.0β-SLN 281 ± 19 0.34 ± 0.03 −29 ± 5 95 ± 5

3.0β-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

1.1RIF_NLC 180 ± 90 0.36 ± 0.08 −19.5 ± 0.9 69 ± 1

2.0RIF_SLN 181 ± 31 0.34 ± 0.03 −19.2 ± 1.3 79 ± 7

2.0RIF_NLC 215 ± 5.0 0.28 ± 0.03 −18.8 ± 0.6 85 ± 5
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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 SLNs, fabri-
cated by a modified microemulsion technique. 
The particle sizes obtained were 141 ± 13 nm, the 
ZP 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 
β-carotene (Table 3.5) shows that the highest per-
centage of entrapment efficiency was obtained 
for β-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.

Fig. 3.16  TEM images of rifampicin loaded lipid nanoparticles (RIF-NLCs)
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3.5	 �LNPs Loaded 
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-

cially in CF patients, and are associated with a 
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-

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 −22.7 ± 2.4 29 ± 15
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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-

Fig. 3.17  Scheme of antibiotics encapsulation in LNPs and assess their efficacy in bacterial infected C. elegans
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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_TOB0.25 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_TOB0.25) 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_TOB0.25 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 

Table 3.8  Identification and composition (%w/w) for-
mulation of lipid nanoparticles. The remaining % is Milli 
Q water

ID

Formulation
FAa 
(0.8%)

Oilb 
(1.2%)

Surfactant 
(4.9%)

NLC_2 SA CO 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_
TOB0.25

SA SFO Span 80

NLC_
CIP0.25

SA SFO Span 80

TOB0.25 and CIP0.25 corresponding to the amount 
(0.25  mg) of bioactive compound added per 1  mL of 
miniemulsion system to produce LNPs
aFatty acids (FA): SA stearic acid, LA lauric acid, MA 
myristic acid, PA palmitic acid
bOil: CO Coconut oil, SFO sunflower oil
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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 (255.9  ±  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 

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_4 255.9 ± 40.8 0.342 ± 0.06 −56.9 ± 3.72 58.9 ± 2.25

NLC_5 205.6 ± 17.9 0.196 ± 0.07 −54.8 ± 7.30 32.2 ± 1.30

NLC_6 202.4 ± 2.7 0.208 ± 0.03 −47.5 ± 0.90 36.5 ± 1.00

NLC_7 246.3 ± 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_TOB0.25 255.3 ± 63.5 0.325 ± 0.09 −22.0 ± 3.62 56.9 ± 0.30

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)
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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 

Fig. 3.19  Melting points of empty nanoparticles (NLC_4) and loaded with ciprofloxacin (NLC_CIP0.25) or tobramy-
cin (NLC_TOB0.25)

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

Fig. 3.21  TEM images of empty nanoparticles (a), nanoparticles loaded with tobramycin (b), and nanoparticles loaded 
with ciprofloxacin (c)
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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_TOB0.25 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 

Table 3.10  Average size, PDI, and ZP of nanoparticles loaded with ciprofloxacin (NLC_CIP0.25) or tobramycin 
(NLC_TOB0.25) 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_TOB0.25 before filtration 316.3 ± 78.6 16 0.405 ± 0.031 −26.70 ± 0.565 18

NLC_TOB0.25 after filtration 264.3 ± 56.9 0.334 ± 0.021 −21.95 ± 0.353
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DiO18(3), a fluorescent dye (Thermo Fisher 
Scientific), was also entrapped in formula-
tion NLC_4, together with ciprofloxacin or 
tobramycin. The values of Z-Ave, PDI, and 
ZP of these LNPs exhibited an increase in 
the size and a higher polydispersity index 
than the empty LNPs (Table 3.11).

3.5.1.4	 �Optimization of Ciprofloxacin 
Loading in NLCs

Different ciprofloxacin concentrations (0.25, 0.5, 
and 1  mg per mL of the miniemulsion system) 
were tested into lipid nanoparticle formulations. 
Entrapment efficiency was calculated by the 

Fig. 3.22  Average size (vertical bars), PDI (black dots), 
zeta potential (vertical bars), and pH (black dots) of 
nanoparticles loaded with ciprofloxacin (formulation 

NLC_CIP) or tobramycin (formulation NLC_TOB) 
loaded with 0.25, 0.5, or 1 mg of each antibiotic per mL of 
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)
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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-

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_
TOB0.25 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 334.9 ± 5.2 0.608 ± 0.05 −50.3 ± 1.80
NLC_DioCIP0.25 309.0 ± 11.2 0.552 ± 0.09 −52.8 ± 0.78
NLC_DioTOB0.250 321.7 ± 6.9 0.405 ± 0.03 −22.9 ± 0.45
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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).

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).

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

Fig. 3.25  Encapsulation 
efficiency (vertical bars) 
and drug loading 
capacity (black dots) of 
nanoparticles loaded 
with different amounts 
of ciprofloxacin (0.25, 
0.5, and 1 mg of CIP per 
mL of the miniemulsion 
system)

Fig. 3.26  Release 
ciprofloxacin profile 
from nanoparticles 
(Formulation NLC_
CIP0.25) and free 
ciprofloxacin over 48 h
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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 
SLNs 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	 In Vivo 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 μg/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 μg/mL).

In this work, C. elegans exposed to ciprofloxa-
cin presented a maximum survival percentage for 
antibiotic concentrations up to 32  μg/mL, and 
even for the highest concentration tested 
(1024  μg/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 μg/mL) and B. cenocepacia 
K56–2 (2.66  μg/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 μg/mL, while for strain 

Fig. 3.27  Percentage of C. elegans survival when cultivated in the presence of the indicated concentrations of cipro-
floxacin (a) and tobramycin (b)
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B. cenocepacia K56–2 this antibiotic showed no 
efficacy for the concentrations tested. These values 
are high above the 256 μg/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	 �In Vivo 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 

C. elegans at the L4 larval stage after 18 h of 
exposure. Fatty acids were found to exhibit low 
values of LD50 (dose required to kill half of the 
members of a tested population) for C. elegans. 
Reported values include: lauric acid 
LD50 = 25 μg/mL, myristic acid LD50 = 5 μg/
mL, palmitic acid LD50 = 25 μg/mL, and stearic 
acid LD50 = 50 μg/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.

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

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 

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

with DiOC; (b) nanoparticles loaded with ciprofloxacin 
and DiOC; (c) nanoparticles loaded with tobramycin and 
DiOC
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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 IST408. The slight differ-
ences in the reported survival rate compared to 
the present work might be due to using distinct 

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 

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 
infected with B. 
cenocepacia K56–2 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
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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 μg/mL.  Our results indicate 
that ciprofloxacin is more effective against B. 
contaminans IST408 compared to B. cenocepa-
cia K56–2, in good agreement with the results of 
rescue experiments with infected C. elegans. 
However, for the 32 μg/mL concentration used, 
differences in the B. cenocepacia K56–2 survival 
were expected, as the MIC value for this strain 
was only 2.66  μg/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-

tive against the tested  strains B. cenocepacia 
K56–2 and B. contaminans IST408.

3.6	 �Conclusions 
and Perspectives

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 

Fig. 3.32  Percentage 
survival of B. 
contaminans IST408-
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
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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 
β-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 
Bcc 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:

•	 Water used as a solvent in the range of 50–90% 
(w/w),

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

•	 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,

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

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

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

•	 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,

•	 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].

SLNs 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 (α and β′), and 
low-energy form (β′) lipid modifications. 
However, the lipids incline to increase their order 
during storage and be converted from α/β′ to β 
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 m2, 
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 
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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, 
i.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 

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

4.4.1	 �Mechanisms of Skin 
Absorption from Lipid 
Nanoparticles

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 cm2 [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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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 

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 

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. 

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)
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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 
a reaction 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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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 (α-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]. α-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, α-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 

Fig. 4.3  Diagram of some antioxidants most commonly used in dermal formulations. (Adapted from [122]. Published 
with permission)
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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 μg/cm2.hour and from GT-SLN of 1.965 
± 0.025 μg/cm2.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].

4.5.5	 �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 <1 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	 �In Vitro 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 cell 

(horizontal)
	3.	 One  – chambered flow  – through cell 

(vertical)
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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-

Fig. 4.4  Example of a 
Franz diffusion cell
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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 Sinkó 
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 Sinkó 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., EpiDermÒ, 
MatTek; EpiSkinÒ, 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., 
EpiSkinÒ, SkinEthicÒ, EpiDermÒ). 
EpiSkinÒ 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 
(GraftSkinÒ, EpiDermFTÒ, PheninonÒ). 
Commercially available models such as 
Graftskin TMLSETM (Organogenesis, MA, 
USA) and Phenion Ò (Henkel Corp, Düsseldorf, 
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	 �Ex vivo 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	 �In Vivo 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 blanching assay 
(Vascoconstrictor assay)

This protocol uses the blanching effects to 
determine the bioequivalence (BE) of topical 

F. Pinto et al.



103

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 

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 

acid
In vitro, Reconstructed 
human epidermis,
Franz-type diffusion cell, 
confocal microscopy

[218]

Lipid nanospheres Vitamin A or E Lecinol, soybean oil In vitro, full-thickness rat 
skin, Franz diffusion cell

[226]

SLN Vitamin A Compritol® 888 ATO In vitro, full-thickness pig 
skin, diffusion cell

[227]

SLN Oxybenzone Cetyl palmitate, Tego Care 
450®

In vivo, human skin, tape 
stripping technique

[228]

SLN Triptolide Tristearin glyceride, 
stearic acid

In vitro, full-thickness rat 
skin, Franz diffusion cell

[229]

SLN, NLC, 
nanoemulsion

- Compritol®, Precirol®, 
Oleic acid,Miglyol® 812

In vitro, full-thickness pig 
skin, Franz diffusion cell, 
fluorescence microscopy

[78]

NLC Indomethacin Compritol® 888 ATO, 
Miglyol® 812

In vitro, human skin, 
Franz-type diffusion cell

[230]

SLN, NLC Ascorbyl palmitate Witepsol® E85, Mygliol® 
812

In vitro, full-thickness human 
skin, Franz
diffusion cell

[231]

SLN Triptolide Tristearin glyceride, 
stearic acid

In vitro, full-thickness rat 
skin, Franz diffusion cell

[232]

SLN RU58841-myristate Compritol®, Precirol® In vitro, reconstructed 
epidermis (SkinEthic),
Franz diffusion cell, 
Fluorescence microscopy

[233]

SLN Podophyllotoxin Tripalmitin In vitro, full-thickness 
porcine skin, Franz
diffusion cell

[234]

SLN Vitamin A palmita Compritol® 888 ATO In vitro, full-thickness human 
skin, Keshary Chien cells

[107]

NLC Ketorolac Compritol® 888 ATO, 
Miglyol®812

In vitro, epidermal human 
membranes,
Franz-type diffusion cell

[235]

SLN Artemisia 
arborescens 
essential
oil

Compritol® 888 ATO In vitro, full-thickness pig 
skin, Franz diffusion cell

[236]

Lipid 
nanoparticles

Hinokitiol Stearic acid In vitro, full-thickness 
hairless mouse skin,
Franz diffusion cell

[237]

SLN Isotretinoin Precirol® ATO 5 In vitro, full-thickness rat 
skin, Franz diffusion
cell

[85]

NLC - Sabowax CP®, Miglyol® 
821

In vitro, full-thickness human 
skin, Franz
diffusion cells, confocal 
microscopy

[77]

(continued)
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Table 4.1  (continued)

Lipid nanoparticle Active compound Formulation Methodology References
Lipid 
nanoparticles

Corticosterone Medium-chain 
triglycerides,
tripalmitate, cholesteryl 
myristate, cholesteryl 
nonanoate, glycerol 
monooleate

In vitro, human heat-
separated epidermis
trypsin isolated stratum 
corneum, Franz
diffusion cell, Fluorescence 
light microscopy

[238]

Lipid 
nanoparticles

Ketoprofen and 
naproxen

Compritol® 888 ATO, 
Miglyol®812

In vitro, human epidermal 
membranes,
Franz diffusion cell

[239]

SLN Tretinoin Fruit kernel fats In vitro, full-thickness rat 
skin, Franz diffusion cell

[240]

SLN Miconazole nitrate Compritol® 888 ATO In vitro, full-thickness human 
skin, Franz
diffusion cell

[241]

SLN Econazole nitrate Precirol® ATO 5 In vitro, porcine epidermal 
membrane,
Franz diffusion cell

[242]

Source: Adapted from Contri et al. [206]
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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 

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.
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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, RAC1, and CDC42 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].

RHOGDIs 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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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 
RHOBTB2 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 

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 

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 

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
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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 RAC1-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  μM) 
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 RAC1 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 μM). 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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5.4	 �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 RAC1-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, RAC1-
specific shRNA. In this system, the authors used 
R-malemidyl-ω-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/shRAC1 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 RAC1-targeting siRNA 
together with cisplatin to xenografts of chemore-
sistant breast cancers.

In breast cancers, overexpression of RAC1 
has also been associated with multi-drug resis-
tance to neoadjuvant chemotherapy, especially in 
triple-negative breast cancers [45, 46]. RAC1 
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 siRAC1 
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, 
β-cyclodextrin (βCD)-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 SUM149 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 βCD 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 
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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 MUC1 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 uMUC1 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 
PKCι-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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5.6	 �Potential Adverse Effects 
of Carrier NPs 
on Endogenous RHO 
GTPases

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 RAC1 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 RAC1B, a splice 
variant of RAC1 GTPase that is overexpressed in 
various cancers, including colorectal [71], breast 
[72], lung [73], and thyroid carcinomas [74]. 
RAC1B results from the inclusion of an addi-
tional exon that adds 19 amino acids to the con-
ventional RAC1 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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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 (SMN1) 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 SMN 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 

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 RAC1 and its 
GEF DOCK2. When delivered to intracellular 
compartments by combination with cell-
penetrating peptide CPP, this inhibitory peptide 
significantly reduced endogenous RAC1 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, p21-activated kinases (PAKs) and 
Wiskott–Aldrich syndrome protein (N-WASP). 
Recently, another group developed a 16-mer 

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 

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
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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, 
Characterization and Market

Paulo J. T. Ferreira and Ana F. Lourenço

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 
aspect ratio (AR), specific surface area (SSA), 
mechanical strength, low coefficient of thermal 
expansion and good optical properties [1, 16, 
41, 112].

The number of publications regarding the pro-
duction, characterization and/or utilization of 
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nanocelluloses has increased exponentially 
(Fig. 6.11).

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).

1 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*”).

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 μm 
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  μm, aspect-

Fig. 6.1  Publications including journal articles and patents about the theme nanocellulose, using the Web of Science 
database

P. J. T. Ferreira and A. F. Lourenço



131

ratio  >  1000) and CMF (diameter 10–100  nm, 
length 0,5–10  μm, 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 μm [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 

Fig. 6.2  Schematic illustration of the hierarchical structure of cellulose and of the isolation of cellulose nanomaterials 
from wood
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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	 �Mechanical 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 

Table 6.1  Types of nanocelluloses and their sources and representative references and dimensions

Type Sources References dimensiona

Cellulose nano and 
microfibrils (CNF/CMF)

Wood, hemp, flax, sugar beet, potato 
tuber, wheat straw, bagasse

CNF: [17, 120, 167]
CMF: [19, 34, 37, 38, 
105, 156]

Diameter: 
3–100 nm
AR: >10

Cellulose nano and 
microcrystals (CNC)

Wood, cotton, tunicin [90, 84, 97] Diameter: 
3–50 nm
AR: >5

Bacterial nanocellulose 
(BNC)

Low-molecular weight sugars and 
alcohols

[83, 111] Diameter: 
10–40 nm
AR: 100–150

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

[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 

Fig. 6.3  Scheme of the 
valve of a high-pressure 
homogenizer 
(reproduced entirely 
from Wikimedia https://
commons.wikimedia.
org/wiki/
File:Homogenizing_
valve.svg)
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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-
β-D-glucanase, which requires some disordered 
structure in cellulose to disrupt it [1]. Pääkko 
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-β-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 
it is 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/NaClO2 

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, 

Fig. 6.4  Carboxymethylation reaction with sodium monochloroacetate. R depends on the progress of the reaction [88]

Fig. 6.5  Scheme of TEMPO-mediated oxidation of cellulose
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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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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 

Fig. 6.6  Examples of a CMF suspension (left) and a CNF gel (right), both at ca. 1 wt% solids
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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 

Fig. 6.7  FE-SEM image of a mechanically-produced CMF (left) and AFM image of TEMPO-oxidized nanocellulose 
from wood (right) [87]
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determined by X-ray diffraction (XRD), Raman 
spectroscopy, infrared spectroscopy (FT-IR) and 
13C 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 N2 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 10−2 m2g−1 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 CO2 drying with exceptionally 
high specific surface area (up to 480  m2 g−1). 
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−1 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 
CNF. 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 Catalán 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. Pääkkö 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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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  μm 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 liq-
uid CO2 evaporation, supercritical CO2 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 

Fig. 6.8  Examples of TEMPO-oxidized nanocelluloses obtained by (a) freeze-drying and (b) solvent casting
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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 μm 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 

FiberLean Technologies produces a hybrid mate-
rial as CMF are mixed with mineral fillers at a 1:1 
ratio [53]. International Paper and Stora Enso 
companies are also reported to be producing 
CMF, 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:

•	 Drying and dispersion
•	 Compatibilization
•	 Cost
•	 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, 

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

Producer Material Capacity
FiberLean technologies, 
UK

CMF 8800

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, 
U.S.A

CNF 260

Daicel, Japan CMF 200
RISE, transportable 
container factory

CMF 200

American process, 
U.S.A

CNC 130

American process, 
U.S.A

CNF 130

CelluComp, UK CNF 100
Chuetsu pulp and paper, 
Japan

CNF 100
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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 

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 Siró 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-

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

Market 
size

Potential 
loading

Nanocellulose 
potential

Paper and 
paperboard

400,000 5.0% 20,000

Textiles 50,000 2.0% 1000
Paints and 
coatings

40,000 2.0% 800

Carbon black 15,000 2.0% 300
Films and 
barriers

9670 2.0% 200

Composites 9000 2.0% 180
Oil and gas 17,500 1.0% 180
Nonwovens 7000 2.0% 140
Water 
treatment

4650 2.0% 90

Excipients 4600 2.0% 90
Cement 15,000 0.5% 75
Adhesives 500 2.0% 10
Cosmetics 300 1.0% 3
Battery 
separator

60 2.0% 1

TOTAL 23,063
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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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Nanocelluloses – Nanotoxicology, 
Safety Aspects and 3D Bioprinting

Gary Chinga-Carrasco, Jennifer Rosendahl, 
and Julia Catalán

Abstract

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-

morphology. Hence, it is essential to 
understand whether physicochemical proper-
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

Nanocellulose · 3D printing · Bioprinting · 
Toxicology · Medical devices · Regulatory 
frameworks

7.1	 �Introduction

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 μm 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 μm 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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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 fibrillation of fibers into 
homogeneous nanofibril dispersions. Such pre-
treatments affect not only the physical character-
istics of the nanofibrils but also the surface 
chemistry. Contrary to enzymatic pre-treatments 
[19], chemical pre-treatments introduce e.g. car-
boxyl, carboxymethyl and aldehyde groups [12, 
13, 20, 21]. Phosphorylation has also been 
applied to introduce phosphoryl side groups on 
the surface of CNF [22].

Wood CNCs are another type of WNC and are 
low aspect ratio nano-objects prepared by chemi-
cal hydrolysis (through HCl and H2SO4) of the 
amorphous parts of the nanofibrils (Fig.  7.1d). 
Although the mechanical strength (Young modu-
lus) of CNC has been reported to be high, this 
may vary considerably depending on the source 

of cellulose, methodology, and direction of mea-
surement, e.g., transversal or longitudinal [23].

BNC  consists of only glucose monomers, 
which are biologically extruded into cellulose 
nanofibrils by Gram-Negative acetic acid bacte-
ria, resulting in extracellular cellulose pellicles 
[30]. Various carbon sources are utilized and fer-
mented in the acidic-neutral pH range by the bac-
teria [31]. The BNC materials have a series of 
advantageous characteristics: high water holding 
capacity, a large degree of polymerization, high 
crystallinity, and excellent mechanical proper-
ties. Compared to WNC, BNC has a low produc-
tion yield, being thus an expensive biomaterial. 
However, based on its purity (only cellulose 
chains), BNC has been proposed for a series of 
high-value applications within the biomedical 
sector [10]. BNC per se is not 3D printable as the 
material is produced as cellulose pellicles. Hence, 
additional post-processing of BNC has been 
applied to produce nanocrystals through acid 
hydrolysis [32] and mechanical disintegration 

Fig. 7.1  Transmission electron microscopy images of 
wood CNFs: (a) mechanical grade, (b) enzymatic pre-
treated, and (c) TEMPO mediated oxidized. (d) wood 

CNC, (e) BNC, and (f) TNC have been treated with 
H2SO4. Reproduced and modified with permission from 
[29]. Copyright (2014) American Chemical Society
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and homogenization to make a 3D printable BNC 
dispersion [33].

TNC is derived from tunicate animals, which 
contain cellulose in the tunic tissues, i.e., on the 
surface of the epidermis of the tunicate marine 
animals. The cellulose nanofibrils are synthe-
sized by enzyme complexes involved in the syn-
thesis of glucan chains [34]. TNC is obtained by 
processing the tunicate material with alkali pro-
cess, similar to kraft pulping of woody material 
[35], is composed almost entirely of cellulose, 
and the nanofibrils are highly crystalline and with 
a high aspect ratio (Fig. 7.1f).

7.3	 �Nanotoxicology and Safety 
Aspects

Due to their natural origin, cellulosic materials 
(e.g., WNC, BNC, and TNC) are often assumed 
not to be toxic. However, the induction of lung 
diseases by cellulose fiber-containing dust in tex-
tile workers and the pulp and paper-producing 
industry has been well recognized since the last 
century [36], leading to several studies investi-
gating the possible health risks associated with 
cellulosic materials. Although the toxicological 
findings were contradictory among studies, all of 
them agreed on the high biopersistence of cellu-
lose fibers. According to the fiber pathogenicity 
and frustrated phagocytosis paradigms, bioper-
sistent long (>10 μm) fibers may have the poten-
tial to be carcinogenic [37, 38], leading to lung 
cancer [39]. Although it is expected that long and 
stiff fibers (e.g., carbon nanotubes) may nega-
tively affect phagocytosis, CNFs are considered 
softer and flexible, which may facilitate the 
phagocytosis by macrophages. However, fea-
tures, such as nanoscale sizes (at least one dimen-
sion less than 100 nm), larger surface area, and 
modified surface chemistry, may impart novel 
material properties and biological behavior com-
pared with conventional materials [40]. 
Therefore, it is necessary to address the human 
health and environmental safety aspects of 
nanocelluloses before scaling up their production 
[41].

Various studies and reviews have addressed 
the potential toxicity of nanocelluloses. 
According to Stoudmann et al. [42], the studies 
revealed variations and some contradictory find-
ings attributed to several factors, e.g., cellulose 
source, pre-treatments, and incomplete material 
characterization. It seems that compared to CNC, 
various grades of CNFs have caused the most 
variable results when it comes to endpoints such 
as cytotoxicity, genotoxicity, and inflammation. 
It is important to emphasize that CNFs vary con-
siderably depending not only on the source but 
also on the pre-treatment (e.g., enzymatic and 
chemical) and mechanical nanofibrillation 
(Table 7.1). It is thus essential to be specific when 
the toxicological profile of CNF materials is 
assessed and describe the physicochemical 
aspects in detail, including, e.g., the size (width 
and length), the nanofibrillation yield (fraction of 
nanofibrils concerning the total mass), and the 
surface chemistry (which depends on the pre-
treatment) (Table 7.1).

Keep in mind that nanocelluloses include a 
wide range of CNC and CNF materials, and most 
studies are based on lab-scale production of 
nanocelluloses, which may raise concerns about 
the reproducibility of the assessed materials. 
Hence, an appropriate comparison of the toxico-
logical findings of different studies may be diffi-
cult. Also, samples of wood CNFs may contain 
micrometer-sized residual fibers [43], depending 
on the pre-treatments and mechanical equipment 
(grinders, homogenizers, and fluidizers) been 
applied during production. Hence, it is also 
essential to quantify the nanofibrillation yield 
[44].

Unfortunately, in some previous studies con-
cerning toxicology, CNFs have mostly been 
grouped and generalized as one nano-object, and 
no adequate characterization or description of the 
CNF materials has been provided. This may lead 
to confusion and misleading conclusions that 
have to be taken with care. Hence, this observa-
tion raises a significant concern previously 
emphasized, i.e., “proper characterization of 
structural, chemical and biological aspects should 
be a requirement in scientific publications in 
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order to document the characteristics of nanocel-
luloses and their biological impacts” [8].

Hence, in this section, to the best of our 
knowledge and depending on the information 
provided by the specific reviewed studies, we 
have tried to identify the various specific CNF 
grades according to the terminology used in 
Table 7.1 to provide more insight into the physi-
cochemical effects on the corresponding toxico-
logical profile.

7.3.1	 �Routes of Exposure

The route of exposure may determine the toxico-
logical responses to nanocelluloses. The main 
portals of entry to the human body include the 
gastrointestinal tract, skin, systemic circulation, 
and the lung, through inhalation [36]. The latter 
is considered the primary route of exposure for 
humans for any nanoparticle released into the 
environment, especially in occupational settings 
[45]. A life cycle risk assessment of nanocellu-
loses identified inhalation of dry nanocellulose 
powders or, in the case of wet slurry, airborne wet 
nanocellulose-containing particles during the 
production and manufacturing of nanocelluloses 
as the most relevant exposure scenarios [46]. 
Also, nanocelluloses seem to have long pulmo-
nary biopersistence, as supported by in vitro 
experiments with artificial lung airway lining and 
macrophage phagolysosomal fluids [47], and by 
in vivo evidence [48–53]. As previously men-
tioned, the biopersistence of fibers has been iden-
tified as a critical feature governing the 
toxicological response following chronic inhala-
tion exposures. Therefore, the release and inhala-
tion of cellulose/polymer particles during 
processing steps, such as drilling, cutting, and 
sanding of polymer nanocomposites, in addition 
to possible liquid aerosols in wet operations, 
might be a concern [41].

Although inhalation has been pointed out as 
the main route for human exposure to nanomate-
rials, there is little information about exposure 
concentrations. When M-CNF were properly 
handled, no significant increases of particles in 
the air, compared to background levels, were 

observed during friction, grinding and spray dry-
ing [54]. Dustiness measurements were used in 
another study to simulate occupational exposure 
to spray-dried CNC [55]. The authors estimated 
that the mass fractions of inhalable, thoracic, and 
respirable particles were moderate. The National 
Institute for Occupational Safety and Health 
(NIOSH, USA) conducted an exposure charac-
terization study of the production of CNC that 
had been tagged with cesium [56]. The analyses 
of filter-based air samples for elemental cesium 
indicated that CNCs were aerosolized during 
centrifugation and manipulation of the dry prod-
uct without exceeding the occupational exposure 
limit (OEL) values for cellulose dust. There is not 
enough data on occupational exposure or inhala-
tion toxicity for nanocelluloses to determine 
material-specific OEL values for airborne dust 
[56, 57]. As for other nanomaterials, lower expo-
sure levels may be expected to be harmful for 
nano-sized fibers, compared to bulk forms.

Exposure to nanocelluloses may also happen 
by the oral route, as nanocelluloses are intended 
to be incorporated into food (e.g., as a rheological 
agent), as well as in food packaging [18, 58, 59]. 
No clear demonstration of release from packages 
has been shown to date [46]. Recently, fluores-
cently labeled E-CNFs were used for monitoring 
leaching in laboratory papers (100% E-CNFs and 
E-CNF-fiber blended papers). The results showed 
loss values below 3 wt% E-CNFs, as fibrillation 
of E-CNF increased, improving paper stability, 
and reducing overall cellulose nanofibril loss 
[59].

Most of the potential 3D printed applications 
involving nanocelluloses are meant to be bio-
medical applications [8, 11]. Dermal exposure 
is the potential route for wound dressings- 
assuming that nanocelluloses are released from 
the dressings- especially as the absorption may 
be higher through the damaged skin barrier 
(e.g., burn skin). In the case of constructs for 
tissue engineering and drug delivery systems, 
nanocellulose-based products are expected to 
be directly delivered into the human body. 
Hence, the toxicity of the nanocelluloses will 
be determined by their potential release from 
the products, translocation through different 
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body compartments, and clearance rate from 
the body [60].

7.3.2	 �Human Toxicological Studies

Knowledge of the potential adverse biological 
impact of nanocelluloses is still scarce, despite 
the increasing number of studies addressing the 
toxic effects of these materials in the last few 
years. The excellent reviews of Roman [60], 
Endes et al. [36] and Seabra et al. [61], followed 
by the more recent ones of Ventura et  al. [62], 
Čolić et al. [63] and Stoudmann et al. [42], sum-
marize the existing studies, showing that conflict-
ing conclusions are reached.

Most toxicological studies on nanocelluloses 
have been performed in vitro, using mammalian 
cell cultures. These studies (summarized in the 
previously reported reviews) indicated absence 
or low cytotoxicity for CNCs, whereas more con-
tradictory responses seemed to be reported for 
CNFs. As mentioned above, this is most probably 
due to the complex physicochemical characteris-
tics of different CNFs (Table  7.1). Regarding 
genotoxic effects, the existing studies are too 
scarce to allow clear conclusions. Although in 
vitro models are appropriate for identifying acute 
effects and elucidating mechanisms of action, 
they cannot provide information on the behavior 
of the materials in complex systems, such as 
whole organisms [62]. In vitro methods are nei-
ther well-suited for studying long-term effects. 
Hence, in vivo studies using animal models are 
still needed to get full understanding of the toxic 
effects of nanocelluloses.

Most of the few existing in vivo studies have 
been performed by administrating the nanocellu-
loses through the respiratory tract, mainly by 
intratracheal instillation [52] or (oro)pharyngeal 
aspiration [48–51, 64–66]. Regarding CNC, they 
elicited an acute inflammatory response in mice 
24 h after a single administration [64]. Pulmonary 
exposure to repeated doses of CNC resulted in 
reprotoxic effects in male mice three months 
after the last administration [65]. Some CNFs 
appear to be highly inflammogenic 24 h following 
pulmonary exposure, but the inflammatory 

response subsides within a month [51, 52]. 
Interestingly, different inflammatory pathways 
seem to be involved in response to CNC or CNF 
exposures [66]. On the other hand, some CNFs 
seem to show a genotoxic potential [49, 50, 52], 
which raises concerns about their possible carci-
nogenicity. Only one study has assessed the tox-
icity of CNC by inhalation [55]. Rats were 
exposed to aerosolized CNCs at a maximum con-
centration of 0.26 mg/L for 4 hours. After moni-
toring the animals for mortality, gross toxicity, 
and behavioral changes for a period of 14 d, they 
were euthanized and subjected to autopsy. No 
adverse effects were observed.

In all previous studies, the maximum post-
treatment period analyzed was up to one month. 
Shvedova et  al. [48] investigated the effects of 
repeated doses of CNC (resulting in an accumu-
lated dose of 240 μg/mouse) after three months 
post-exposure, showing an inflammatory 
response more pronounced in female than male 
mice. More recently, one study investigated the 
pulmonary toxicity exerted by BNC nanofibrils 
after a total period of 6  months [53]. C57BL/6 
mice were intratracheally instilled with repeated 
doses (for three consecutive weeks) of 100 μg/
mouse of BNC nanofibrils. Histological analyses 
revealed a chronic bronchoalveolar inflammation 
together with alterations in the lung tissue after 
six months.

As concerns, animal experiments performed 
by other routes, no skin sensitization, corrosion, 
or irritation was demonstrated for CNC using 
standardized Organization for Economic 
Co-operation and Development (OECD) Test 
Guidelines [55]. The same authors did not find 
acute or sub-chronic toxic effects after oral 
administration of CNC. Although still very lim-
ited in number, the available studies suggest that 
CNCs are non-toxic upon ingestion or contact 
with the skin [60]. On the other hand, rats admin-
istrated with M-CNF (produced by grinding) by 
gavage showed no significant differences in 
hematological and serum markers and histopath-
ological analyses than control animals [18]. In 
another study, no adverse effects were observed 
in rats fed with CNF for 90 consecutive days 
[67]. The CNF was produced by mechanical 
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homogenization, i.e., apparently a type of M-CNF 
(Table 7.1).

To date, no human biomonitoring studies spe-
cifically dealing with nanocellulose exposure 
have been performed. The few toxicological 
studies on nanocellulose-based products in 
humans are clinical trials for some specific bio-
medical applications. For instance, CNF 
(homogenized and without pre-treatment 
reported by the authors, M-CNF) was applied to 
develop a wound dressing assessed in a clinical 
trial on burn patients. No allergic reaction or 
inflammatory response was observed [17]. On 
the other hand, a BNC-containing wound dress-
ing incorporating sericin and polyhexameth-
ylene biguanide was assessed by applying it on 
the skin of healthy volunteers. No signs of irrita-
tion were shown on the skin of any of the indi-
viduals [68].

7.3.3	 �The Effect of Physicochemical 
Properties

It is well-recognized that physicochemical fea-
tures of nanomaterials may affect their toxicity 
[40, 69, 70]. CNC and CNF are produced using 
different techniques, which dramatically affect 
their physicochemical characteristics (see 
Table 7.1). Hence, they also show different haz-
ard features. CNC, which is internalized by mac-
rophages and lung epithelial cells, triggers an 
inflammatory response. On the other hand, some 
types of CNFs, which may not be so efficiently 
phagocytized or taken up, elicit none or milder 
inflammatory reaction [62, 71]. Furthermore, 
both CNC and CNF show less hazardous effects 
than those produced by other nanofibres that also 
display a high aspect ratio and show long pulmo-
nary biopersistence, such as multiwalled carbon 
nanotubes (MWCNTs) [51, 72]. E-CNF appeared 
to be more potent than MWCNTs in inducing 
systemic acute phase response in one in vivo 
study [52]. Therefore, differences in other physi-
cochemical properties, such as rigidity or metal 
impurities, may explain the more severe effects 
of MWCNTs [66].

Differences in some physicochemical proper-
ties are also affecting the biological behavior of 
nanocelluloses belonging to a similar category 
(e.g., CNC vs. CNF). For instance, the interaction 
of CNF with dendritic cells depended on the 
thickness and length of the material [73]. On the 
other hand, the magnitude of the immune response 
triggered by three different CNCs in the human 
lung alveolar epithelial cell line A549 was directly 
related to their effective particle sizes [71]. 
Moreover, surface functionalization is indeed one 
of the key features [60]. Surface functionalized 
nanocelluloses are increasingly proposed for sev-
eral applications, such as healthcare products and 
food packaging, due to the new beneficial proper-
ties imparted by the surface modifications [58]. 
The abundance of hydroxyl and carboxyl groups 
on the surface of nanocellulose, allowing subse-
quent modification with polymers, has made this 
material attractive for drug delivery applications 
[74, 75]. However, different functionalization will 
determine differences in the agglomeration rate, 
hydrophobicity, surface charge, and surface 
chemistry of nanocelluloses, affecting their cellu-
lar uptake, interaction with subcellular organ-
elles and downstream biological responses [62]. 
Surface functionalization, which affects the mate-
rial surface chemistry and the size (width) and 
morphology, has been reported to drive the 
inflammatory response to CNF [16]. A pro-
inflammatory response, measured by cytokine 
secretion, was detected in THP-1 macrophages 
treated with an E-CNF. However, such an effect 
was not observed when the surface charge groups 
carboxymethyl (C-CNF) and hydroxypropyltri-
methylammonium were introduced into CNF 
[16]. On the other hand, the same group has 
recently assessed the effects of CNFs with differ-
ent surface modifications (carboxymethylation, 
hydroxypropyltrimethylammonium substitution, 
phosphorylation, and sulfoethylation) on the 
intestinal cell line Caco-2 [58]. In this case, CNF 
surface functionalization did not have an impact 
on the cell metabolic activity and cell membrane 
integrity. The effect of surface charge on the 
immunological response evoked by two differen-
tially functionalized CNCs has been investigated 
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in a mouse macrophage-like cell line (J774A.1) 
and human THP-1 macrophages [76]. The cat-
ionic CNCs-poly (aminopropylmethacrylamide, 
APMA) showed a more robust secretion of 
inflammatory cytokines in the murine cell line, 
while the anionic CNCs-poly (N-iso-
propylacrylamide, NIPAAm) showed a signifi-
cant NLRP3 inflammasome-dependent and 
independent immunological response in human 
macrophages. Furthermore, mitochondrial func-
tion was differentially affected by both types of 
CNCs. Differential induction of cell morphology 
changes was previously reported for the same 
CNCs, with CNCs-poly (NIPAAm) causing cell 
enlargement and elongation [77]. In another 
study, the capacity of one type of unmodified 
CNC and four cationic derivatives of it to stimu-
late NLRP3-inflammasome-dependent immuno-
logical response and enhance the production of 
mitochondrial reactive oxygen species (ROS) was 
analyzed in the J774A.1 cell line [78]. Only one 
of the cationic derivatives activated the inflamma-
tory response, being the presence of amide link-
age and fewer cationic polymer brushes the 
potential modulating factors. On the opposite, 
nanocellulose (denominated as CNC by the 
authors) bearing negatively charged carboxylic 
groups (introduced through TEMPO mediated 
oxidation), which were used as precursors to 
obtain hydrogel patches by cation-induced gela-
tion, did not show cytotoxic effects on a human 
melanoma cell line [79]. A short-term repeated 
oral toxicity study revealed hepatotoxicity of a 
CNC modified with oxalate ester in the exposed 
rats [75]. As pointed out by the authors, the intro-
duction of this functional group at the surface of 
CNC might increase its hydrophobicity, a surface 
characteristic that has been associated with 
increased cytotoxicity and inflammatory response. 
Unfortunately, the unmodified CNC was not 
included in the study of Otuechere et  al. [75], 
which precludes raising conclusions on whether 
the observed deleterious effects were exclusively 
due to the modification.

Hadrup et al. [52] studied the adverse effects 
induced in mice exposed to E-CNF and carboxyl-
ated CNF, provided by different manufacturers, 
by intratracheal instillation. They concluded that 

carboxylation of CNF was associated with 
reduced pulmonary and systemic toxicity, and 
suggested the involvement of hydroxy groups in 
the inflammatory and acute phase responses. This 
conclusion has to take into account that carboxyl-
ation (probably through TEMPO mediated oxi-
dation, T-CNF, Table  7.1) causes a higher 
nanofibrillation of pulp fibers, compared to enzy-
matically pre-treated CNF (E-CNF), i.e., E-CNF 
may have a larger fraction of residual fibers, 
lower nanofibrillation yield and thicker and lon-
ger nanofibrils. Hence, conclusions about toxic-
ity and considering only the surface modifications 
and chemistry of CNFs have to be taken with 
caution as in most cases, the effect of the surface 
modification cannot be decoupled from the CNF 
morphology and physical properties (e.g., width, 
length, nanofibrillation yield, and residual fibers). 
This is a crucial point, usually not considered in 
toxicological studies.

Similar results were found in other studies 
where the same materials and C-CNF were 
administrated to mice by (oro)pharyngeal aspira-
tion [50, 51]. CNFs (apparently M-CNF and 
E-CNF based on the data provided by the authors 
and producers) were more prone to trigger 
inflammation [51] and to induce DNA strand 
breaks in the lungs [50] than those modified by 
carboxymethylation (C-CNF). Interestingly, 
when tested in vitro, E-CNF was the only mate-
rial showing high cytotoxicity and significant 
increased production of the pro-inflammatory 
cytokines IL-1β and TNF-α in exposed THP-1 
macrophages [51]. But none of the materials 
induced cytotoxicity or genetic damage in human 
bronchial epithelial BEAS- 2B cells, suggesting 
that the mechanisms involved in the genotoxic 
effects detected in vivo are not present in the in 
vitro model [50]. Alternatively, the increase of 
pro-inflammatory cytokines caused by E-CNF in 
this particular study may have been triggered by 
the relatively high endotoxin levels (1.27 endo-
toxin units/ml) reported by the authors [51].

Far from being an obstacle, the possibility of 
moderating biological responses by modifying 
the properties of the materials opens up the option 
of designing them safer [40, 80]. As concerns 
biomedical applications, the consideration at 
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early stages of the design of those attributes 
linked to the safety and efficacy of the product 
are the pillar of current quality-by-design 
approaches [81]. In that sense, the characteriza-
tion needs, which are addressed in currently 
available regulatory documents for 
nanotechnology-enabled health products, have 
been extracted and categorized by the REFINE 
project [82]. Hence, requirements for character-
ization were suggested as endpoints for quality 
and safety assessments. Most of the extracted 
parameters refer to the nanoscale properties spe-
cific for or associated with the materials, such as 
size, shape, morphology, or surface properties 
[82]. However, the success of those strategies 
requires the existence of validated characteriza-
tion methods for nanomaterials [70], which are 
still lacking for a reliable characterization of 
nanocelluloses, both in complex liquid media 
used in in vitro cellular models [69] and real 
occupational settings [46, 83].

7.3.4	 �Regulatory Frameworks

Nanomaterials are explicitly or implicitly cov-
ered by the European Union’s (EU) regulatory 
framework, which consists of several pieces of 
horizontal and sector-specific legislation, each of 
them with a defined purpose and scope. For each 
regulation, specific provisions for the safety 
assessment and authorization of nanomaterials 
are applied [84].

As concerns the production of nanocelluloses, 
they are exempted from the Registration, 
Evaluation, Authorization, and Restriction of 
Chemical (REACH) regulation (1907/2006/EC). 
Cellulose is a natural polymer, and natural poly-
mers (including nanoforms) are exempted from 
the REACH registration.

Worker protection is regulated in the EU 
through the directive on safety and health at work 
(89/391/EEC), the directive on risks related to 
chemical agents at work (98/24/EC), and their 
related national legislations. OEL values are set 
to any chemical agent relevant to the work envi-
ronment, except for carcinogen (regulated by the 
carcinogens and mutagens directive, 2004/37/

EC). As mentioned above, no specific OEL val-
ues exist for nanocelluloses. The Permissible 
Exposure Limit allowable by the Occupational 
Safety and Health Administration (OSHA, USA) 
for cellulose dust is 5  mg/m3 for the respirable 
fraction, expressed as 8-h time-weighted average, 
TWA [57]. No OEL values for cellulose dust are 
available at the EU.  Instead, several countries 
(e.g., Finland) use the OEL value for unspecific 
organic dust as inhalable fraction (5  mg/m3, 
TWA). On the other hand, an OEL value of 0.01 
fibers/cm3 has been recommended for nanocellu-
loses [85], which is the same value suggested for 
other biopersistent fibrous nanomaterials, e.g., 
carbon nanofibers. However, the same authors 
recommended minimizing the exposure as far as 
reliable methods for quantitative measurement of 
air sample concentrations, which would allow 
comparison with the suggested OEL value, are 
available.

Although polymers are exempted from the 
REACH registration, they should comply with 
food-related regulations. Both cellulose fibers 
(millimetric scale) and micro-cellulose (micro-
metric scale) have been evaluated by the European 
Food and Safety Agency (EFSA) [86]. As neither 
intestinal absorption nor toxicity was observed, 
both materials were considered as safe. A similar 
statement applies to the chemically modified cel-
luloses that were included in the same assess-
ment. However, other types of modified celluloses 
should be considered as a different material than 
those authorized, and a new process to obtain the 
pre-marketing authorization must start. In the 
case of nanocelluloses, their nano features may 
affect the interaction with biological systems. 
Hence, a specific assessment is required during 
their safety evaluation, as described by the EFSA 
Guidance on Nanomaterials [86], which is cur-
rently under revision.

To date, no specific regulatory framework 
exists for nanomaterial-based medical products 
and devices. Instead, nanotechnology-enabled 
health products follow current regulatory frame-
works for medicinal products or medical devices. 
However, they may require additional quality and 
safety assessments triggered by the nanomaterial’s 
unique characteristics [82]. Furthermore, the clas-
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sification of a product into a medicinal product or 
a medical device depends on the primary mode of 
action. Such classification may not always be 
clearly defined for nanotechnology-enabled health 
products due to their increasing complexity and 
high diversity. A product’s components may have 
different modes of action, which are governed by 
different regulations [82]. Recently, a draft guide-
line on the quality requirements for drug-device 
combinations has been released [87].

Most of the 3D printing applications involving 
nanocelluloses are related to medical devices, 
which are regulated by the Medical Devices 
Regulation (EU) 2017/745 (MDR), and the  In 
Vitro  Diagnostic Medical Devices Regulation 
(EU) 2017/746 (IVDR). Both Regulations 
entered into force in May 2017 and have a stag-
gered transitional period of 4 and 5 years, respec-
tively. The latter does not contain specific 
requirements regarding nanomaterials, whereas 
several provisions on nanomaterials are included 
in the former [82]. The MDR requires special 
attention when devices have or consist of nano-
materials that can be released into the patient’s or 
user’s body unless they only come into contact 
with intact skin [82, 84]. An indication informing 
on the presence of nanomaterials on the device 
should be included on the device’s label. 
Nanomaterials also require an independent safety 
assessment, even if the corresponding non-nano 
sized substance is already authorized. The bio-
logical evaluation -included in the safety assess-
ment- can be performed according to the ISO/TC 
194 (2012) [88]. The MDR also specifies that 
medical devices incorporating or consisting of a 
nanomaterial belong to class III, i.e., the highest 
risk class, unless the nanomaterial is encapsu-
lated or bound in such a manner that it cannot be 
released into the patient’s or user’s body when 
the device is used within its intended purpose 
[84]. The guidance adopted by the Scientific 
Committee on Emerging and Newly Identified 
Health Risks (SCENIHR) on the Determination 
of Potential Health Effects of Nanomaterials 
Used in Medical Devices [89] can help to clarify 
how the MDR should be applied in practice. A 
summary of it can be found in Annex B of the 
REFINE white paper [82].

7.3.5	 �Safety Assessment 
and Testing Strategies

Safety assessment is required in all the above-
described regulations, most of which agree on the 
human health and environmental effects that 
should be addressed [90]. Hazard assessment 
generally relies on several toxicological end-
points that are assessed using validated test 
guidelines or guidance documents, most of them 
still requiring animal experiments. However, new 
alternative methods, in agreement with the 3R 
principles, may replace them in the future [91]. 
3R means that all animal tests should be replaced 
by alternative methods when this is possible 
(Replace), reduce the number of animals used 
as  much as possible without compromising the 
quality of the data (Reduce), and that all experi-
mental procedures are performed in a way that 
minimizes suffering, stress and pain of the ani-
mals (Refine). Besides, nanotechnology-enabled 
health products always require clinical trials 
before their use in clinical practice can be 
approved [82]. Therefore, the production and 
commercialization of nanocelluloses and 
nanocellulose-based products will have to com-
ply with the corresponding regulatory require-
ments, depending on the products’ intended final 
use. Nevertheless, it is highly advised to screen 
the toxic potential of the nanocelluloses, based 
on in vitro assays, at the pre-commercialization 
or pre-clinical stages, which allows supporting 
safe-by-design and quality-by-design strategies 
[41]. Figure 7.2 summarizes the different steps of 
the testing strategies that have been proposed, 
which would allow a safety assessment of nano-
celluloses before their regulatory approval for 
medical applications.

One of the challenges in testing nanomaterials 
is that the observed toxic effects may change 
from one nanoform to another similar one that 
shows a slight variation in any of its physico-
chemical features [92]. Hence, a thorough char-
acterization of the tested nanomaterials is 
required [70, 92]. Although protocols for charac-
terizing nanocelluloses have recently been pro-
posed [93], not well-validated methods are still 
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available, especially concerning characterization 
in culture media [69].

Bacterial endotoxins are lipopolysaccharides 
originating from the outer wall of Gram-negative 
bacteria. Endotoxins are known to trigger inflam-
mation, and they may induce oxidative stress 
and, subsequently, other toxic effects (e.g., DNA 
damage) [94]. Therefore, demonstration of a 
level of endotoxins sufficiently low in the mate-
rial is recommended when investigating the tox-

icity of nanomaterials [95], especially for 
immunotoxicity testing, and is required for bio-
medical applications [3, 94]. As bacterial endo-
toxins are common contaminators of naturally 
derived materials, endotoxin testing is especially 
relevant in the case of nanocelluloses [3]. 
However, endotoxin testing is challenging as 
nanomaterials may interfere with the endotoxin 
assays [94]. Polymyxin B has sometimes been 
used in parallel immunotoxicity experiments to 

Fig. 7.2  A testing strategy for the safety assessment of nanocelluloses used in medical applications (based on Ventura 
et al. [62] and Čolić et al. [63])
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inhibit the potential effects of any endotoxin 
present in the CNF samples [16]. However, it is 
more desired to produce and handle the nanocel-
luloses in an environment as much endotoxin-
free as possible. An illustrative example is the 
method that Nordli et al. [3] developed to obtain 
ultrapure T-CNF suitable for wound dressings.

Several testing strategies suitable for nanomate-
rials have been proposed in the last years [96–98]. 
All of them suggest a battery of assays to assess 
key endpoints involved in nanomaterials-induced 
adverse cellular effects [91]. Nanomaterials can 
induce cells to produce ROS, which may lead to 
pro-inflammatory effects. Increased ROS levels 
produced directly by the nanomaterial or as a con-
sequence of the inflammatory response can result 
in DNA or chromosome damage [62, 91]. Each of 
these endpoints can be assessed using methods 
already existing for conventional chemicals. 
However, many of the methods need to be modified 
when applied to nanomaterials, mainly due to the 
materials’ interference with the assays [84].

Cytotoxicity is usually the first step in assess-
ing the toxicity of nanomaterials. It is one of the 
endpoints requested for testing of medical 
devices to obtain regulatory approval [Medical 
Devices Regulation (EU) 2017/745 (MDR)], and 
it is also required as a pre-test for establishing the 
range of doses to be evaluated in the genotoxicity 
assays [96]. However, although cytotoxicity 
assays are useful for the early screening and 
ranking of nanomaterials, they do not provide 
information on the type of hazardous event and 
the possible mechanism of action. Furthermore, 
the lack of cytotoxicity does not mean lack of 
hazardous effects [41]. For instance, Lopes et al. 
[16] reported inflammatory effects induced by 
E-CNFs (Table 7.1) in macrophages at doses that 
did not impair the cells’ viability.

Generation of ROS is a normal mechanism in 
maintaining cellular metabolism, but when pro-
duced in excess (oxidative stress) results in adverse 
effects [75]. As oxidative stress is the prevailing 
paradigm in explaining how nanomaterials induce 
adverse cellular effects [91], this endpoint is 
included in most of the testing strategies proposed 
for nanomaterials, including the one suggested by 

Endes et al. [99] to mimic the inhalation of high 
aspect ratio nanoparticles in a 3D lung model. 
Endes et al’s and other strategies also recommend 
assessing immunotoxicity [97, 99], as inflamma-
tion is one of the initial steps that may give rise to 
lung fibrosis, secondary genotoxic effects, and 
carcinogenesis after inhaling biopersistent nanofi-
bers [41]. Furthermore, immunotoxicity testing is 
part of the regulatory assessment of nanotechnol-
ogy-enabled health products [82]. Finally, geno-
toxicity is a critical endpoint in the toxicity testing 
of nanomaterials [96, 97], as it is a hazard endpoint 
required in all the regulations previously described. 
It is because of the critical consequences of muta-
tions on human health, as they play a crucial role 
in the initiation and progression of carcinogenesis, 
and reproductive and developmental abnormalities 
[41].

Current in vitro toxicological testing of nano-
materials is limited by the the ability of the pres-
ent assays to deal with secondary toxic 
mechanisms and organ specificity that are fully 
present only in a whole organism in vivo [41]. 
Co-culture of, e.g., inflammatory and target cells 
and 3D tissue models may help in detecting sec-
ondary effects of nanomaterials, although the 
number of studies utilizing these techniques is 
scarce. In the case of nanocelluloses, an in vitro 
multicellular model of lung epithelium using an 
air-liquid interface cell exposure system was 
used to assess the specific fibre-cell interactions 
of two types of CNCs [100]. On the other hand, 
Ventura et al. [44] used a co-culture of A549 and 
THP-1 cells to assess the toxicity of T-CNFs. 
More recently, an advanced intestinal co-culture 
model consisting of Raji B, Caco-2, and HT29- 
MTX cells has been used for toxicological test-
ing of CNFs [101]. Furthermore, omics 
approaches can present a supporting tool in eluci-
dating the prevailing mechanisms of nanomateri-
als’ toxicity. To date, only one study has assessed 
gene expression changes in the lung tissue of 
mice three months post-exposure to CNC using a 
high-throughput mRNA microarray [48]. 
However, more data is needed to validate these 
methods before making a clear conclusion and 
recommendations about their applicability [91].
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7.4	 �3D Bioprinting 
of Biomaterials and Model 
Tissue Constructs

Significant advances have been made regarding 
3D printing of biomaterials, and 3D bioprinting, 
including cell-laden bioinks, as well as support-
ing components into complex 3D functional scaf-
folds [102]. Hence, 3D bioprinting, which 
involves additional complexities, should consider 
the technical printing and the interaction of the 
biomaterial with the cells. However, there is still 
a lack of knowledge concerning the materials for 
bioprinting [103].

3D bioprinting implies requirements regard-
ing the biomaterial preferences: the material 
must be dispensable in the technologies used for 
deposition and patterning, it needs to quickly 
solidify after material dispersing, maintain vol-
ume during and after 3D printing (not swell or 
shrink). A biomaterial to be tested for 3D bio-
printing of, e.g., tissue models, medical devices, 
and vehicles for drug delivery, should be biocom-
patible and safe, and this should be ensured as 
described in the previous sections. During 3D 
bioprinting, each layer should be joined together 
to keep the structure, mechanical characteristics 
should be similar to the in vivo situation, and it 
should be stable in a growth environment for 
cells, often 37  °C.  Further, the material must 
allow cells to attach, migrate and proliferate; it 
should not be cytotoxic (as explained in the pre-
vious sections), and depending on the applica-
tion, it should be degradable [102, 104].

Materials for 3D printing fall under two main 
categories, distinguished by their components 
and means of production, i.e.  naturally derived 
and principally synthetic. Examples of naturally 
derived biomaterials for 3D printing are nanocel-
lulose, collagen hydrogels, gelatin, agarose, hyal-
uronic acid-based hydrogels, alginate, and 
chitosan-alginate composite scaffolds [105]. 
Synthetic inks often consist of poly(ethylene gly-
col) (PEG), Polyvinylpyrrolidone (PVP), 
poly(lactic-co-glycolic acid) (PLGA) or 
Polycaprolactone (PLC).

Biomaterials are often combined to optimize a 
bioink; for example, nanocellulose has been 

mixed with alginate to obtain better shear thin-
ning, cell survival, cellular differentiation, and to 
keep a stable construct during culturing [26, 
106]. This exemplifies an essential aspect of bio-
materials, i.e., that a single biomaterial cannot 
meet all the criteria necessary to fabricate a func-
tional bioink for bioprinting [107].

Bioinks are utilized to fabricate scaffolds with 
specific shapes, sizes, and geometrical complexi-
ties to create 3D tissue constructs that may mimic 
the human body [108]. 3D structures enable dif-
ferent cell responses, compared to the corre-
sponding 2D structures, e.g., integrin expression, 
cell migration, cell mechanics, proliferation, dif-
ferentiation, stemness [109–113]. The possibility 
to bioprint scaffolds to mimic the human micro-
environment as in vitro models makes it possible 
for various applications, such as tissue engineer-
ing, regenerative medicine, drug screening with 
high-throughput assays, wound dressing, trans-
plantation, and clinical application [108]. 
Different tissue constructs that mimic native tis-
sues and organs have been successfully bio-
printed utilizing several 3D printing approaches, 
for example; skin [114], cardiac [115], bone 
[116], cartilage [117], liver [118], and lung [119]. 
However, the fabrication of fully functional tis-
sue models and organs is still demanding due to 
limitations regarding, e.g., vascularization [120].

3D bioprinting has been an alternative for tis-
sue engineering and regenerative medicine and a 
robust drug screening tool and discovery tool. 3D 
bioprinting will facilitate these in vitro models 
that potentially represent the specific pathologi-
cal environment of patients. Remember that the 
lack of relevant human mimicking pre-clinical 
models is a primary reason for drug candidates 
failing in clinical trials [121, 122]. Additionally, 
multiple cancer cell lines have exhibited more 
drug resistance when cultured in 3D than 2D 
[123–125], and drug resistance in the 3D cultures 
has also been shown more similar to in vivo mod-
els [126–130]. It is also important to emphasize 
that there are increasing legal requirements and 
public opinions for the use of alternative, non-
animal models in the regulatory safety assess-
ment of chemicals, drugs, and medical devices 
[131]. It is considered one of the significant driv-
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ing forces regarding the research community’s 
efforts to develop fully functional tissue models 
by 3D bioprinting technologies. It is important to 
emphasize that the research community, pharma-
ceutical companies, and regulatory instances are 
striving to work according to 3R (Replace, 
Reduce, Refine).

7.4.1	 �Nanocellulose-Based Inks 
for 3D Printing

Specifically, nanocelluloses have demonstrated a 
considerable potential to be utilized in 3D print-
ing of several medical devices and tissue models, 
including wound dressings, tissue engineering 
models, and drug delivery. The performance of 
nanocellulose inks on 3D printing operations 
depends on various factors, including i) the con-
centration, ii) the rheology, iii) surface chemistry, 
and iv) the cellulose nanofibril and cellulose 
nanocrystal physical characteristics.

The research and development of nanocellu-
loses have advanced, and this is exemplified by 
various companies that are presently offering 
nanocelluloses that can be used for 3D printing 
applications. Companies were requested to pro-
vide information about their corresponding 
(semi)commercial products, and the information 
provided by the companies that kindly responded 
to this request is listed in Table 7.2.

The commercial nanocelluloses are obtained 
from different sources from woody biomass 
(soft- and hardwood) and marine animals 
(Tunicates), applying various pre-treatments and 
consequently have different characteristics 
(Table 7.2). It is crucial to provide such specifica-
tions relevant to the 3D printing process and 
understand the application of nanocellulose-
based inks for specific 3D bioprinting purposes 
and the corresponding biological effects.

Various types of nanocelluloses can be applied 
for 3D bioprinting processes [26, 132–135]. The 
concentration of nanocellulose inks can also be 
tuned, which may affect the structure of the scaf-
folds. The porosity and pore connectivity in scaf-
folds are essential for the diffusion of nutrients 
during the maturing of tissue models. The struc-

tures of the 3D printed scaffolds are observed in 
Fig.  7.3. Note the differences regarding the 
porosity and pore wall roughness, which are most 
probably caused by the nanofibril morphology.

Compared to BNC, which has been exten-
sively developed for wound dressings [136], 
T-CNF has been proposed as a good alternative 
as it can form translucent structures, with good 
liquid absorption, adequate mechanical strength 
in wet conditions [137], some antimicrobial 
properties [138, 139] and particular immuno-
genic properties [140, 141]. Also, nanocelluloses 
are in general 3D printable (Fig.  7.3), which 
opens the possibility to 3D bioprint skin 
constructs, e.g.,  for  testing wound dressings or 
for medical use in wound healing situations.

As mentioned above, one of the potential and 
promising applications of nanocellulose-based 
inks is the fabrication of tissue models for, e.g., 
cancer research (Figs. 7.4 and 7.5). Scaffolds can 
be 3D printed, freeze-dried, and seeded with can-
cer cells. The scaffolds are incubated for a lim-
ited time, and laboratory testing can be performed, 
e.g., gene expression analysis, western blot, flow 
cytometry, and functional testing (Fig. 7.4).

In Fig.  7.5, breast cancer cells have been 
grown on T-CNF and imaged using scanning 
electron microscopy (SEM). It clearly shows that 
cells are attaching to the surface, and there are 
many different phenotypes of cells. Note the dif-
ferent shapes such as elongated and rounded up. 
Further, it also shows that cell interconnection 
exists between adjacent cancer cells and cells that 
are far from each other. It is considered a promis-
ing observation as cancer cells can be grown on 
T-CNF scaffolds. The next steps currently being 
explored are the maturation of such constructs 
and the cancer cells’ corresponding characteriza-
tion through gene expression analysis. This 
approach will potentially facilitate cancer tissue 
models that can be applied for drug screening 
and, thus, developing personalized medicine for 
cancer treatment.

It is important to note that nanocelluloses used 
for 3D printing of tissue models, e.g., drug 
screening, could be easier to commercialize than 
nanocelluloses that will be applied for, e.g., tissue 
engineering and medical devices that will be in 
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direct contact with human tissue. This is due to 
the extensive regulations applied to nanomateri-
als (Regulation (EU) 2017/745) that can be 
released into the patient’s or user’s body. 
However, the development of nanocellulose for 
3D printing of tissue models should follow the 
Regulation (EU) 2017/746 on In-Vitro Diagnostic 
Devices.

7.5	 �Concluding Remarks

This book chapter has provided an overview of 
nanotoxicology and safety aspects associated 
with different types of nanocelluloses, including 
CNC and CNF. Although the assessed nanocel-
luloses are mainly obtained from woody biomass, 
different kinds of nanocelluloses can be produced 

Fig. 7.3  3D printing of different CNFs and the corre-
sponding pore structures of the printed and freeze-dried 
structures. Left) T-CNF (2.5  wt%, produced by RISE 
PFI). Middle) TUNICELL ETC CNF (2.5 wt produced by 
Ocean TuniCell AS). Right) Exilva CNF (5  wt%, pro-

duced by Borregaard). All the scaffolds were 3D printed 
with a Regemat3D printing unit, utilizing a nozzle of 
0.41 mm and a speed of 3 mm/s. The same settings were 
used in all the printing operations, and no attempt was 
made to improve the 3D print quality

Fig. 7.4  Workflow of drug screening using 3D printed tissue scaffold and gene expression analysis
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from tunicates or bacterial biosynthesis. Relevant 
regulatory requirements were considered. Finally, 
a short overview was provided of (semi)commer-
cial nanocelluloses that are or can be used as ink 
components for 3D bioprinting, and a specific 
example towards bioprinting of cancer tissue 
model was exemplified. This demonstrates the 
potential of nanocellulose as a natural biopoly-
mer for biomedical applications, also considering 
aspects related to regulatory approval before 
commercialization.
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Abstract

In the last years, “omics” approaches have been 
applied to study the toxicity of nanomaterials 
(NM) with the aim of obtaining insightful infor-
mation on their biological effects. One of the 
most developed “omics” field, transcriptomics, 
expects to find unique profiles of differentially-
expressed genes after exposure to NM that, 
besides providing evidence of their mechanistic 
mode of action, may also be used as biomarkers 
for biomonitoring purposes. Moreover, several 
NM have been associated with epigenetic alter-
ations, i.e., changes in the regulation of gene 
expression caused by differential DNA methyl-

ation, histone tail modification and microRNA 
expression. Epigenomics research focusing on 
DNA methylation is increasingly common and 
the role of microRNAs is being better under-
stood, either promoting or suppressing biologi-
cal pathways. Moreover, the proteome is a 
highly dynamic system that changes constantly 
in response to a stimulus. Therefore, proteomics 
can identify changes in protein abundance and/
or variability that lead to a better understanding 
of the underlying mechanisms of action of NM 
while discovering biomarkers. As to genomics, 
it is still not well developed in nanotoxicology. 
Nevertheless, the individual susceptibility to 
NM mediated by constitutive or acquired 
genomic variants represents an important com-
ponent in understanding the variations in the 
biological response to NM exposure and, conse-
quently, a key factor to evaluate possible adverse 
effects in exposed individuals. By elucidating 
the molecular changes that are involved NM 
toxicity, the new “omics” studies are expected 
to contribute to exclude or reduce the handling 
of hazardous NM in the workplace and support 
the implementation of regulation to protect 
human health.
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8.1	 �Introduction

In recent years, we have been witnessing a new 
way of approaching genetic toxicology with the 
use of methodologies increasingly based on 
molecular and cellular biology, applied either in 
vitro or in vivo. This innovative trend in toxicity 
assessment became particularly evident with the 
development of laboratory methodologies that 
could offer high-throughput data, as is the case 
with hybridization-based technologies (microar-
rays), next-generation sequencing (NGS) or mass 
spectrometry. The National Research Council of 
USA defined “toxicogenomics” as the applica-
tion of genomic technologies (for example, 
genetics, genome sequence analysis, gene expres-
sion profiling, proteomics, metabolomics, and 
related approaches) to study the adverse effects 
of environmental and pharmaceutical chemicals 
on human health and the environment [63]. In a 
single experiment, and in a short time, these tech-
nologies can gather much more biological infor-
mation than conventional assays, ultimately 
allowing a global overview of all molecular path-
ways that are modified in the cell, tissue or organ-
ism in response to a toxic insult. For instance, the 
comet assay, one of the most common assays in 
toxicology [71], indicates if a nanomaterial (NM) 
induces genotoxic effects by causing DNA strand 
breaks. However, when molecular methodologies 
are used, the molecules involved in this process 
can be identified, from mitochondrial anti-
oxidative enzymes to DNA repair enzymes, 
among several others. This greater insight at the 
molecular level, coupled with a wide range of 
biological findings, has resulted in a deeper 
understanding of the mechanism of action of NM 
and the cellular functional pathways affected by 
exposure. This knowledge allows building com-
prehensive adverse outcome pathways (AOPs) 
[5, 65] from the molecular initiating event to the 
final adverse outcome [29, 36]. Further efforts 
are underway to develop NM-relevant AOPs [20, 
29, 36]. Thus, although the classical in vivo bio-
assays, clinical chemistry, and histopathological 
endpoints are still considered the “gold standard” 
for detecting substance-induced toxicity in ani-
mal models, the use of data derived from alterna-

tive toxicogenomics tools is gaining acceptance 
by the regulatory community for hazard identifi-
cation and for understanding the underlying 
mode-of-action (MOA) of NM.  Following the 
landmark report Toxicity Testing in the 21st 
Century: A Vision and a Strategy of the 
U.S. National Academy of Sciences in 2007, var-
ious reports have identified toxicogenomics as 
key in the next generation of risk science, includ-
ing national regulatory agencies [46, 47, 55]. For 
example, it is possible to screen for carcinogenic-
ity and to discern the potential MOA of a chemi-
cal based on analysis of gene expression [91]. 
However, it is often necessary to have specialized 
bioinformatics skills and expertise in order to 
treat, analyze and interpret the massive amounts 
of complex data that are obtained. Genomics, i.e., 
the study of the whole genome of an organism, is 
an approach that is still not developed in toxicol-
ogy. The Environmental Genome Project (https://
egp.gs.washington.edu/) is one of the few initia-
tives that has evolved from a candidate gene 
approach to exome sequencing in order to 
develop a database of single-nucleotide polymor-
phisms (SNPs) to examine the relationships 
between environmental exposures, inter-
individual sequence variation in human genes 
and disease risk in U.S. populations. Most toxi-
cological studies continue to focus on studying 
genetic variations in a predefined set of genes of 
interest, and still do not apply high-throughput 
methodologies.

In this sense, the genomic sequence (i.e., 
genotype) of an individual can significantly 
affect the pharmacokinetics and pharmacody-
namics for a particular chemical, thereby deter-
mining the individual’s susceptibility to toxicity 
via changes in the target tissue dose [84]. It is 
the case of SNPs in the CYP, NAT and GST 
genes, encoding for biotransformation phase I 
and II metabolic enzymes, which are used as 
toxicological susceptibility markers in exposure 
to industrial and environmental carcinogens 
[83]. Besides genes encoding enzymes involved 
in the biotransformation of xenobiotics, also 
genes involved in the cellular defense against 
toxicant-induced cell damage or coding for the 
receptors or transcription factors which regulate 
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the expression of these enzymes are of particu-
lar interest [83]. Nevertheless, few genetic stud-
ies exist in nanotoxicology, and even fewer at 
the genomics level. Two of these studies have 
used collections of mutant organisms in order to 
find out which mutants triggered a different 
response to the NM exposure [60, 92]. Wu et al. 
[92] studied titanium dioxide nanoparticles 
(nano-TiO2) toxicity in Caenorhabditis elegans 
mutants and found that sod-2, sod-3, mtl-2, and 
hsp-16.48 genes were susceptibility genes for 
toxicity, probably by enhancing the uptake of 
nano-TiO2 into the nematodes’ body. Marmiroli 
et  al. [60], using deletion mutants of 
Saccharomyces cerevisiae, identified 112 and 
114 strains associated to increased sensitivity or 
tolerance to cadmium sulphide quantum dots 
exposure, respectively (Marmiroli et al. [60]). A 
genome-wide association (GWA) study was 
performed to identify potential candidate sus-
ceptibility genes associated with nano-Ag-
induced neutrophil influx into the lung [73]. 
Mice from 25 different inbred strains were 
exposed to 0.25 mg/kg of 20-nm citrate-coated 
nano-Ag by oropharyngeal aspiration. The 
mouse genetic background contributed to 
inflammatory response variations, highlighting 
the role of individual genotypes in susceptibility 
to exposure. GWA mapping identified 10 sig-
nificant SNPs on mouse chromosomes 1, 4, 15, 
and 18, and identified 3 promising candidate 
susceptibility genes, Nedd4l (neural precursor 
cell expressed developmentally downregulated 
gene 4-like; chromosome 18), Rnf220 (Ring fin-
ger protein 220; chromosome 4), and Ano6 
(anocatmin 6; chromosome 15), for which 
mRNA levels were inversely correlated with 
nano-Ag-induced lung inflammation [73].

Much more common in nanotoxicology than 
genomics are other “omics” approaches, namely, 
transcriptomics, epigenomics and proteomics, 
and, for that reason, we will now further develop 
each of these “omics” separately, towards the dis-
covery of biomarkers having risk/safety or mech-
anistic assessment utility in nanotoxicology.

8.2	 �Transcriptomics

Many biological effects of NM on a living system 
are reflected upstream in gene expression in a 
way that is necessary for the cell to adapt to their 
new stimulus. Therefore, the major focus of toxi-
cogenomics has been on identifying changes in 
gene expression triggered by exposure to NM, 
through the identification and/or quantification of 
coding transcripts, i.e., the messenger RNAs 
(mRNAs) that exist in the cell. This can be 
restricted to studying the expression of a small 
group of genes, for example, by reverse 
transcription-quantitative real-time PCR 
(RT-qPCR), or by studying global gene expres-
sion using microarrays or RNA-Sequencing 
(RNA-Seq). These genomics methods, in combi-
nation with bioinformatics tools for ontology and 
pathway analyses, have been used to identify 
molecular MOAs of toxicants [37, 38]. Signatures 
of cancer-relevant genes can discriminate 
between direct vs. indirect genotoxic carcinogens 
vs. non-genotoxic and non-carcinogens [22–24].

To date, several studies have identified gene 
expression profiles associated with exposure to 
NM that were suggested as biomarkers of effect 
in human biomonitoring. Many of these studies 
have been performed in rodents exposed by inha-
lation, pharyngeal aspiration or intratracheal 
instillation. Carbon nanotubes (CNT), either 
single-walled (SWCNT) or multi-walled 
(MWCNT), are one of the most studied NM. In 
the case of MWCNT, it was suggested that 
Ccdc99, Msx2, NOS2 and Wif1 genes are of pos-
sible utility for medical surveillance in occupa-
tional settings [66], whereas larger sets of 
differentially expressed genes were suggested to 
be potentially useful to predict lung cancer risk 
[34] or were linked to pulmonary fibrosis [68]. 
Gene expression profiles from lungs of mice 
exposed to three different MWCNT were used to 
identify the altered pathways underlying key bio-
logical events linking MWCNT exposure to lung 
fibrosis. Then, for each perturbed pathway, 
benchmark doses were calculated and associated 
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with the gene expression changes in order to 
derive transcriptional benchmark doses for 
MWCNT-induced lung fibrosis. Their use was 
suggested to establish acceptable levels of expo-
sure applicable to human health risk assessment 
[49].

Nevertheless, many of those studies have anal-
ysed global lung tissue collected from euthanized 
rodents. Therefore, considering that a less invasive 
sampling process is needed for human biomoni-
toring, it must be investigated not only if these 
gene expression profiles are similar in humans, but 
also if they are similar on other surrogate tissues, 
such as peripheral blood. A study that compared 
gene expression changes in the lungs and blood of 
mice exposed by pharyngeal aspiration to a 
MWCNT reported that only 9 of the 38 differen-
tially expressed genes on the lungs were similarly 
altered in blood, and 6 genes were only found to 
have increased expression in the systemic circula-
tion [25]. Therefore, different tissues other than 
the target tissue, i.e., the tissue affected by expo-
sure, must be carefully evaluated, before genomic 
profiles can be used as biomarkers of effect.

As already mentioned, besides their utility as 
possible biomarkers of effect, the under- or over-
expressed mRNAs can be linked into functional 
networks using bioinformatics tools to reveal 
MOAs through activating or inhibitory events. A 
network of differentially expressed genes in 
MWCNT-7 exposed mice is presented in Fig. 8.1, 
which links related genes in functional nodules, 
allowing an immediate global view of the consis-
tency of the findings and their impact in cellular 
functions.

Some types of MWCNT, such as MWCNT-7 
(Mitsui-7), have been frequently compared to 
asbestos due to their shared fibrous-shape and 
biopersistency, and transcriptional studies have 
confirmed a frequent association between 
MWCNT exposure and expression changes of 
lung cancer-related genes [13, 44, 64, 79]. Apart 
from cancer-related pathways, CNT exposure has 
been associated with disturbances in a multiplic-
ity of other cellular pathways, such as apoptosis, 
inflammation, oxidative stress, fibrosis, cell cycle 
and proliferation [4, 13, 14, 19, 21, 34, 41, 44, 64, 
66–68, 77–79]. 

Toxicogenomics studies of other commonly 
used NM, such as nano-TiO2, revealed that the 
pulmonary injuries observed in mice following 
long-term exposure to nano-TiO2 suspensions by 
nasal instillation were also associated with 
expression changes in genes involved in immune/
inflammatory responses, apoptosis, oxidative 
stress, cell cycle, stress responses, cell prolifera-
tion, the cytoskeleton, signal transduction, and 
metabolic processes [52]. Intratracheal instilla-
tion of rutile nano-TiO2 in mice revealed dose- 
and time-dependent changes in genes associated 
with inflammation, ion homeostasis and muscle 
function, and suggested that retention of nano-
TiO2 without long-term inflammation may per-
turb calcium, ion, and lipid homeostasis, and 
affect pulmonary smooth muscle contraction, 
potentially contributing to the development of 
lung diseases [43]. In the case of mice exposed 
to anatase nano-TiO2 by intraperitoneal injec-
tion, whole genome analysis found that this form 
of nano-TiO2 triggered lipid and glucose meta-
bolic changes and deregulated xenobiotic metab-
olism in the liver [53]. Moreover, it induced 
oxidative stress related to mitochondrial dys-
function, inflammatory responses and apoptosis 
in the lungs, which could be related to lung-
specific carcinogenesis [53]. Nano-TiO2 also 
induced changes in global gene expression of 
ovaries from mice treated by intragastric admin-
istration, supporting the hypothesis that this NM 
directly affects ovarian function. For instance, 
upregulation of Cyp17a1 and Akr1c18 genes 
could explain the increase in estradiol biosynthe-
sis and the decrease in progesterone, respectively 
[28]. Other differentially expressed genes in 
mice ovaries were related to apoptosis, oxidative 
stress, immune and inflammatory responses, 
transcription, ion transport, regulation of cell 
proliferation, and oxidoreductase activity of 
ovary [28]. Changes in genes related to DNA 
damage or repair, oxidative stress, and apoptosis 
were also identified in human airway epithelial 
cell cultures [8].

Several other metallic NM have been the focus 
of toxicogenomics studies. In vitro exposure to a 
sub-lethal dose of zinc oxide nanoparticle (nano-
ZnO) increased the expression of 4 genes 
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involved in apoptosis and oxidative stress 
(BNIP, PRDX3, PRNP, and TXRND1) [42]. In 
addition, microarray analyses of global gene 
expression in lung tissues from rats following a 
short-term inhalation exposure to copper oxide 
nanoparticles (nano-CuO), showed several dif-
ferentially expressed genes, with much less 
impact after a 22-day recovery period, and cell 
proliferation/survival and inflammation were 
again the main processes triggered by exposure, 
but with no significant changes of oxidative 
stress-related pathways. Up-regulation of the 
oncogene epithelial cell transforming protein 2 
(Ect2) and chemokine CCL2 were observed [15]. 
Macrophages exposed to welding-related metal 
oxide NM previously identified in welders’ lungs 
(Fe2O3, Fe3O4, MnFe2O4 and CrOOH NP) 
induced a profound modification of differential 
gene expression in response to the different NM, 
among which MnFe2O4 NP was the most potent 
to induce THP-1 macrophage activation [7]. 

Overall, these results suggest that oxidative stress 
is a major mechanism of action of metallic NM, 
leading to inflammation, DNA damage and 
apoptosis.

Whole genome expression analysis in RAW 
264.7 macrophages using RNA-seq showed sev-
eral deregulated genes after exposure to non-
cytotoxic doses of mesoporous silica nanoparticles 
(nano-Si), but not after exposure to nonporous 
nano-Si. Gene ontology and functional pathway 
analyses revealed lysosome pathway up-regula-
tion, probably caused by damaged organelles due 
to the presence of nano-Si, which activates 
autophagosome formation that subsequently 
merge with lysosomes [94]. Only the smaller 
sized amorphous nano-Si induced significant 
gene expression changes in another in vitro study, 
where lysosomal-related pathways were again the 
most significantly affected, appearing to be asso-
ciated with higher nano-Si internalization and 
subsequent lysosomal overload in the cytoplasm 

Fig. 8.1  Functional interaction network analysis of 41 
differentially expressed genes identified in mice exposed 
to MWCNT-7. Different colors indicate sub-networks of 

functionally related genes involved in common molecular 
pathways [88]
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[18]. Other significantly affected pathways 
included oxidative phosphorylation, steroid bio-
synthesis, terpenoid backbone biosynthesis and 
cytokine–cytokine receptor interaction, among 
others [18]. Whole genome microarray analysis 
of the early gene expression changes induced by 
10 and 500  nm amorphous silica nanoparticles, 
performed by Waters et al. [90] revealed that the 
most important transcriptional change was an 
induction of the Cxcl2 chemokine (MIP-2a), also 
implicated in crystalline silica-induced lung neu-
trophil recruitment. The magnitude of change for 
the majority of genes affected correlated more 
tightly with particle surface area than with either 
particle mass or number, and was particle size-
specific. The overall biological processes affected 
by all gene expression changes were nearly iden-
tical, irrespective of particle diameter. 
Interestingly, these data indicate that common 
biological MOAs are expected for nano- and 
supranano-sized silica particles [90].

One issue that needs further elucidation is the 
concordance of in vitro and in vivo studies. It 
should be highlighted that in vivo and in vitro 
systems may identify similar altered biological 
pathways, but with different underlying gene 
expression changes [67]. Improving the existing 
in vitro models can allow a better resemblance 
with the in vivo. For instance, Snyder-Talkington 
et  al. [78] compared global MWCNT-induced 
gene expression from human lung epithelial cells 
(SAEC) and microvascular endothelial cells 
(HMVEC) in monoculture and co-culture, with 
gene expression obtained from mouse lungs 
exposed to MWCNT.  Their data indicated that 
genes involved in inflammation and fibrosis, 
which are known outcomes of in vivo MWCNT 
exposure, were more concordant with the gene 
expression in the co-culture system [78]. 
Nevertheless, although differences still exist, in 
vitro exposures seem to efficiently recapitulate 
the significantly altered molecular functions in 
vivo [45].

At least one transcriptomics study was per-
formed in humans. Shvedova et  al. [75] com-

pared global mRNA and non-coding RNA 
expression profiles in the blood of workers 
exposed to a MWCNT aerosol and non-exposed 
workers from the same manufacturing facility. 
Microarray studies revealed 785 differentially 
expressed genes involved in cell cycle, apoptosis 
and proliferation. The related pathways and sig-
naling networks were mostly associated with pul-
monary outcomes, mainly pulmonary 
inflammation and fibrosis (including cytokines 
such as IL6, CSF2 and CXCL2, and growth fac-
tors such as VEGFA and PDGFA), cardiovascu-
lar outcomes and, exclusively in the highly 
exposed group, carcinogenic outcomes, namely, 
bronchoalveolar adenoma and adenocarcinoma, 
and goblet cell metaplasia and hyperplasia [75]. 
These findings are similar to those described in 
rodents exposed to MWCNT.

Although toxicogenomics is increasingly 
becoming integrated in toxicology studies, find-
ing a profile of significant differentially-expressed 
genes for each mechanism of toxicity, starting 
from an initial set of thousands of genes that are 
under- or up-expressed as compared to a non-
exposed control, can be bioinformatically cum-
bersome. Furthermore, the lack of standardization 
in the experimental designs has hindered their 
consistency and the generation of more reliable, 
unbiased and accurate predictive toxicological 
models. For instance, the comparison between 4 
different transcriptomics studies that shared the 
same in vivo model (C57BL/6 mice) exposed to 
the same NM (MWCNT-7), has shown that there 
was not a single gene in common [88]. The lack 
of standard guidelines for preprocessing the large 
transcriptomics data sets, such as criteria for 
quality control, filtering, and normalization, may 
be a major contributor to these discrepancies. In 
addition, different tools used for differential 
expression analysis may have variable impact in 
the detection of true positive results [95]. A 
review of current standards, available resources 
and good practices for the bioinformatics analy-
sis of transcriptomics data in toxicogenomics is 
available elsewhere [26].
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8.3	 �Epigenomics

Another layer of understanding the way a NM 
can affect gene expression is through epigenom-
ics, i.e., the study of regulation of gene expres-
sion that is attained by modifying histone tails 
(e.g., by methylation, phosphorylation, acetyla-
tion), or altering DNA methylation and 
microRNA (miRNA) expression [56, 81]. These 
are all fine-tuned cellular mechanisms that work 
in synchronization to regulate gene expression in 
order to achieve cellular homeostasis. Here, we 
will focus on the last two.

Regulating the levels of methylated cytosines 
(5-methylcytosine, 5-mC) in CpG dinuc 
leotides and its oxidized derivative 
5-hydroxymethylcytosines (5-hmC) plays a fun-
damental role in the regulation of the transcrip-
tional activity of the genome [33]. There is still 
very limited data on this subject regarding NM 
exposure.

It was suggested that blood DNA methylation 
levels could be a biomarker for lung inflamma-
tion and disease following MWCNT exposure, 
since C57BL/6 mice exposed via oropharyngeal 
instillation showed global genomic hypomethyl-
ation in lungs and blood at 7 days post-exposure, 
coinciding with disease development. Moreover, 
in whole lung tissue, promoter hypomethylation 
of the pro-inflammatory genes IFN-γ and TNF-α 
matched cytokine production, and promoter 
hypomethylation of Thy-1, a gene involved in tis-
sue fibrosis, matched collagen deposition [10]. 
Laser printer-emitted engineered NM released 
from nano-enabled toners during consumer use 
also caused alterations in the global methylation 
of DNA and transposable elements in vivo and in 
vitro, although with differences between both 
models that suggested more hypomethylation in 
vitro, and hypermethylation in vivo [57]. Nano-
SiO2 also induced global genomic hypomethyl-
ation in HaCaT cells [31] and, in another study 
by the same author using the same cellular model, 
decreased mRNA expression and protein levels 
of poly(ADP-ribose) polymerase-1 (PARP-1), a 
pivotal repair enzyme, through increased site 
specific methylation in the PARP-1 gene pro-
moter mediated at least in part, by DNA methyl-
transferase 1 (DNMT1) [32].

Accordingly, most studies have shown an 
association between NM exposure and DNA 
hypomethylation. By contrast, Brzóska et al. [11] 
found no changes in promoter methylation of 44 
genes related to inflammation and apoptosis in 
HepG2 cells exposed to low cytotoxic doses of 
nano-Ag, nano-Au, and superparamagnetic iron 
oxide nanoparticles. Nevertheless, nine miRNAs 
related to these processes were differentially 
expressed, mostly related to cell proliferation 
inhibition and tumorigenesis [11].

Changing miRNA expression is another 
mechanism of gene regulation. miRNAs are 
small 19 to 25 nucleotides-long non-coding 
RNAs usually acting as endogenous repressors of 
gene activity via post-transcriptional binding to a 
“seed” sequence in the 3´ untranslated region (3’-
UTR) of mRNA [35]. Extracellular circulating 
miRNAs have shown to be remarkably stable in 
plasma and serum, resistant to RNase activity 
and extreme pH, as well as to multiple freeze-
thaw cycles [12, 30, 72]. Moreover, they are tis-
sue specific, and for these reasons they have 
attracted much interest as potential biomarkers of 
disease [70, 74, 93], particularly in malignant 
diseases [3, 69, 79].

The utility of miRNAs as biomarkers of NM 
exposure has been first investigated by Nagano 
et  al. [62] that compared the effectiveness of 
serum levels of liver-specific miRNAs with that 
of conventional hepatic biomarkers for liver dam-
age after exposure to nano-Si (nSP70) in mice, 
concluding that the sensitivity of miR-122 was at 
least as good as those of the conventional mark-
ers of hepatic function, alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST).

When studying gene expression changes 
associated with mitochondrial dysfunction in 
human bronchial epithelial cells exposed to 
MWCNT-7, Nymark et  al. [64] also studied 
miRNA expression changes and found four miR-
NAs associated with decreased mitochondrial 
membrane potential [64]. Global lung mRNA/
miRNA regulatory relationships associated with 
inflammation and fibrosis after exposure to 
MWCNT-7 were also studied using microarrays 
[19], and the correlation between mRNA/
miRNA changes and health outcomes was inves-
tigated by Snyder-Talkington et al. [79] in whole 
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blood of rodents exposed to MWCNT.  The 
results showed an association betwen FCRL5/
miR-122-5p and hyperplasia, MTHFD2/miR-
206-3p and fibrosis, FAM178A/miR-130a-3p 
and bronchiolo-alveolar adenoma, and IL7R/
miR-210-3p and bronchiolo-alveolar adenocar-
cinoma, among others. A high-throughput deep 
sequencing method was used by Li et al. [51] in 
mouse embryo-derived NIH/3 T3 cells exposed 
to MWCNT for identifying the altered miRNAs 
and the corresponding functional pathways. 
NGS was also used to identify differentially 
expressed miRNAs in A549 epithelial alveolar 
cells exposed to MWCNT-7 or crocidolite asbes-
tos for 24 hours, their target genes and the dereg-
ulated cellular pathways [89]. In Fig. 8.2 we can 
see the profile of differentially expressed miR-
NAs in A549 cells after exposure to MWCNT-7, 
and the functional pathways enriched with genes 
post-transcriptionally regulated by these miR-
NAs. Most of these genes are cancer-related, 
highlighting the carcinogenic potential of 
MWCNT-7.

Other NM, as nano-TiO2, have been also 
shown to change the expression of several miR-
NAs in vitro, up-regulating a large number of 

genes involved in the KEGG categories “metabo-
lism” (thiamine metabolism, purine metabolism, 
glycosaminoglycan biosynthesis-chondroitin 
sulfate/dermatan sulfate, glycosaminoglycan 
biosynthesis-heparan sulfate/heparin, metabolic 
pathways, lysine degradation, retinol metabo-
lism), “human diseases cancers” (transcriptional 
misregulation in cancer, microRNAs in cancer, 
N-Glycan biosynthesis), “environmental infor-
mation processing” (Notch signaling pathway, 
ECM-receptor interaction, Hedgehog signaling 
pathway, mTOR signaling Pathway, phosphati-
dylinositol signaling system), and “cellular pro-
cesses” (gap junction, endocytosis, signaling 
pathways regulating pluripotency of stem cells). 
Moreover, it was suggested that miRNAs 378b 
and 378 g may play an important role in TiO2-
NPs-mediated colonic cytotoxicity [54].

All these studies suggest that NM can cause 
subtle epigenetic changes, highlighting the need 
to investigate these types of alterations when ana-
lyzing the health risks of NM exposure. These 
alterations can be used as biomarkers of effect in 
biomonitoring exposure to NM and also provide 
a mean to uncover their mechanistic adverse 
effects on human health.

Fig. 8.2  Differentially expressed miRNAs in A549 cells 
after 24 hours exposure to MWCNT-7 comparatively to 
non-exposed cells, and KEGG pathways enriched with 

genes targeted by these miRNAs, ordered by decreasing 
p-value [89]
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8.4	 �Proteomics

Information derived from genomic and transcrip-
tomic studies about NM fate and MOA in bio-
logical systems are often inconclusive, because 
DNA provides the blueprint how to build an 
organism, but proteins execute the hard work [2, 
86]. According to the central molecular biology 
dogma, one gene codes one protein. However, if 
we take into account the products of alternative 
splicing, single amino acid polymorphisms aris-
ing from non-synonymous single nucleotide 
polymorphism and covalent posttranslational 
modifications at one or more sites of proteins, it 
is speculated that as much as 100 protein variants 
(proteoforms) can be derived from a single gene 
[76]. Of about 25,000 genes in the human body, 
nearly 20,000 are encoding proteins, which 
means theoretically nearly one million protein/
proteoforms possibly constitute the human pro-
teome [1]! The proteome is a highly dynamic 
system that changes constantly in response to 
exo- and endogenous stimuli. Changes in protein 
abundance and/or in protein variability are key 
aspects influencing the body response and adap-
tation to environmental exposures. Proteomics, 
the science of the proteome, offers the great 
opportunity to identify and quantify the proteins/
proteoforms associated with these processes, 
leading to a better understanding of the underly-
ing mechanisms while discovering biomarkers.

Knowing that protein quantities cannot be 
amplified prior to measurement, as in the case of 
DNA, ultrasensitive techniques are needed to 
analyze and measure protein changes that occur 
at the subcellular level and/or under a wide 
dynamic range of protein concentrations. 
Advances in mass spectrometry-based pro-
teomics technology, coupled with bioinformatics 
tools, added evidence to the information offered 
by genomics and transcriptomics.

Mass spectrometry (MS) is the most powerful 
approach to identify and elucidate the structure 
of complex molecules like peptides and/or pro-
teins, including protein post-translation modifi-
cations (PTMs) [6]. Global proteome profiling 
using MS coupled with liquid chromatography 
and dedicated software systems, known as shot-

gun MS, is the method of choice in discovery 
proteomics as it offers the possibility to explore 
the complete protein plethora of a given cell/
organism [87]. Several MS analytical platforms 
have been developed and proven to be robust and 
straightforward in proteomics [87].

In NM-toxicoproteomics, shotgun proteomics 
is used to investigate changes in physiological 
processes triggered by NM, or to encounter puta-
tive biomarkers for quantitative evaluation of NM 
toxicity. The number of the yearly publications in 
this field is continuously growing (according to 
PubMed), especially since 2010, which confirms 
the involvement of proteomics in mechanistic 
nanotoxicology.

Several extensive reviews were published 
about the toxicoproteomics of carbon based NM 
(e.g., CNT, fullerenes, graphene, graphite and 
carbon black) [9, 39, 59]. Their common conclu-
sions about cellular protein alterations upon 
exposure involves changes in oxidative stress, 
cell differentiation, metabolic processes, cyto-
skeleton formation and apoptosis. It was shown 
that chemical modifications and different func-
tionalizations of carbon NM can ameliorate tox-
icity when compared to pristine NM.  Acute 
toxicity of PEGylated and Tween functionalized 
SWCNTs was tested in vivo in BALB/c mice. 
While standard toxicity assays assumed SWCNT 
as safe, proteomics analysis showed statistically 
significant alterations in expression of proteins 
with antioxidative and detoxifying properties 
such as peroxiredoxin-6 (Prdx6), electron trans-
port flavoprotein (Etf-a) and thioredoxin peroxi-
dase (TPx). Unlike biochemical and 
pathohistological tests, proteomics revealed, not 
only which metabolic processes were involved in 
toxicity, but also the impact of functionalization, 
where SWCNT-Tween provoked a stronger cell 
response when compared to PEGylated SWCNT 
[2]. Moreover, gold standard in vitro toxicity 
tests assumed a low carbon NM concentration as 
safe, while proteomics revealed changes of pro-
tein expression to have a toxic action before it 
was detectable at the cellular and biochemical 
level [85]. Interesting work was performed by 
Hilton et  al. [40] that compared the results of 
conventional submerged and air-liquid interface 
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(ALI) exposures using a co-culture model con-
sisting of macrophages, epithelial cells (A549) 
and fibroblasts (MRC-5) exposed for 5 days to a 
sub-chronic dose of CNT. Discovery proteomics 
identified 3500 proteins of which ATP5PO, 
NDUFS3, UQCR10 and UQCRFS1 were found 
to be up-regulated in the ALI model, but not in 
the submerged model. These proteins are gener-
ally associated with oxidative phosphorylation 
and mitochondrial disfunction. These results are 
of great importance, since they may serve as a 
guideline in future nanotoxicity method develop-
ment [40].

Zhang et al. showed that cytotoxic metal NM 
impacted metabolic pathways such as antioxidant 
response, TCA cycle, oxidative stress, endoplas-
mic reticulum stress, and immune response. 
Bioinformatics analysis uncovers that changes in 
expression of proteins involved in oxidative stress 
(HMOX1), chaperone functions (HS71B, DNJB1) 
and autophagy (SQSTM) were able to distinguish 
different classes of metal-containing NM, hence 
identifying them as putative biomarkers for the 
evaluation of the NM toxic effect [96].

The concern that the presence of silver con-
taining NM (widely used as effective antimicro-
bial agents) in the environment, particularly in 
water and soil, could significantly change the 
natural microflora, motivated the proteomics 

study of the influence of nano-Ag on the soil-
dwelling bacterium Bacillus thuringiensis. The 
results disclosed 34 differentially-expressed pro-
teins upon exposure, involved in oxidative stress, 
protein degradation, apoptosis, metal detoxifica-
tion, cytoskeleton remodeling and transcription/
elongation processes [61].

Dalzon et al. [17] reported selective toxicity of 
nano-Si toward macrophages with changes in 
cytoskeleton, phagocytic capacity, and increased 
DNA sensitivity toward alkylating reagents. 
AMP-activated protein kinase (AMPK pathway) 
and myeloid differentiation primary response 
protein 88 (myd88) pathways were the main 
affected metabolic routes [17].

Moreover, proteomics can give us deep infor-
mation about the NM fate once they enter a bio-
logical system. The NM protein corona represents 
their biological identity and defines the physical 
interaction between NM and target cells. 
Therefore, it is of great importance to unveil and 
understand the processes that occur in the NM 
surface, as well as corona composition. Protein 
corona is a dynamic system, since, at first, pro-
teins with high concentration and high associa-
tion rate occupy the NM surface, and lately, 
proteins with lower concentration, but higher 
affinity, will exchange and replace the initially 
associated proteins (Fig. 8.3) [16, 50, 58].

Fig. 8.3  Protein corona 
composition. (Adapted 
from [50])
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Tenzer et al. [82] investigated the kinetics of 
corona formation on nano-Si and polystyrene 
nanoparticles (nano-Ps) in the human blood, and 
applied label-free proteomics to obtain quantita-
tive information on the protein corona finger-
print. Surprisingly, they discover that corona is 
formed in less than 30  s, independently of the 
NM type, and identified 166 proteins. A longer 
incubation time caused a more heterogeneous 
and complex corona with more than 300 identi-
fied proteins. Corona composition changed over 
time in terms of amount, but not in composition. 
It was found that early formed corona mediates 
haemolysis, thrombocyte activation, NM uptake 
and cell death [82]. Proteomics analysis of single-
layered graphene oxide (SLGO) and multi-
layered graphene oxide (MLGO) incubated in 
standard cell medium (DMEM+FBS) identified 
an average of 300 proteins, of which 115 were 
unique for SLGO, and 11 for MLGO in concor-
dance with previous findings [27]. Moreover, sur-
face chemistry, size and porosity were responsible 
for corona composition and, subsequently, NM 
physiological activity [27]. In fact, data obtained 
by proteomics show that cellular immune 
response depends on the corona composition. 
The complex nano-ZnO-corona, formed upon 
incubation of nano-ZnO in serum, is enriched 
with opsonin protein, which interacts with 
immune effector cells, triggering rapid clearance 
and toxicity. Surface modification of nano-ZnO 
with polyacrylamide-grafted guar gum (PAm-
g-GG) polymer changes corona toward improved 
biocompatibity with decreased toxicity [80]. A 
team of scientists went one step further in inves-
tigating NM biocompatibility introducing a 
method for studying the ultimate line between 
NM and the cell  – SUrface proteomics, Safety, 
Targeting and Uptake (SUSTU). The rationale 
for this method relies on the fact that proteins 
from corona can determine the selection of the 
receptors on the target cells. This method relies 
on a classical strategy for analysing cell surface 
by proteomics. Briefly, corona was biotin-
labelled, followed by in situ trypsin digestion, 
and tryptic digests were recovered and analysed 
by label free quantitative mass spectrometry. 
Using SUSTU it will be possible to rapidly char-

acterize the surface of engineered NM, toward 
improved targeting, uptake, function and safety 
[48]. Hence, the ability to identify active sites 
that trigger undesirable reactions make pro-
teomics a necessary tool for the design of new, 
biocompatible, and more effective formulations 
of NM.

8.5	 �Conclusions

The safety of NM has to be assessed to ensure 
consumer, occupational, and environmental 
health. “Omics” approaches studying gene 
expression, epigenetic modifications and pro-
teomics allow deepening the knowledge on the 
molecular effects of NM pointing towards possi-
ble future targets for mechanistic research on the 
toxicity of these materials. Advances in “omics” 
technologies have improved our understanding of 
the gene and protein expression changes that are 
linked to biological key events trigged by NM 
exposure. This knowledge allows the construction 
of NM-relevant AOPs, from the molecular initiat-
ing event to the final adverse outcome. Since 
“omics” methodologies are capable of detecting 
subtle cellular changes, the adoption of in vitro 
models that better mimic the in vivo than the con-
ventional monocultures of immortalized cell 
lines, can provide more reliable toxicological 
information. Moreover, proteomics of corona 
became an emerging scientific domain that com-
plements genomics and transcriptomics to better 
understand the NM metabolic fate and interaction 
with the biological environment. Furthermore, the 
discovery and development of appropriate sensi-
tive and specific accessible biomarkers, suitable 
for occupational and environmental biomonitor-
ing programs, is critical. Here, “omics” can also 
be a tool to identify novel effect biomarkers, 
either through differentially expressed genes, 
miRNAs or proteins. Individual susceptibility to 
NM mediated by constitutive or acquired genomic 
variants is still a poorly explored issue, but would 
represent an important component in understand-
ing the variations in the biological response to 
NM exposure and, consequently, for evaluating 
possible adverse effects in exposed individuals.

8  New “Omics” Approaches as Tools to Explore Mechanistic Nanotoxicology



190

Acknowledgments  This work was funded by FCT/
MCTES, project PTDC/SAU-PUB/32587/2017 and proj-
ect PTDC/BTM-TEC/28554/2017 through national funds 
(PIDDAC), ToxOmics (UIDB/00009/2020; UIDP/00009/ 
2020) and BioISI—Biosystems & Integrative Sciences 
Institute, Faculty of Sciences University of Lisbon, 
Lisbon, Portugal. It is also a result of the GenomePT proj-
ect (POCI-01-0145-FEDER-022184), supported by 
COMPETE 2020  - Operational Programme for 
Competitiveness and Internationalisation (POCI), Lisboa 
Portugal Regional Operational Programme (Lisboa2020), 
Algarve Portugal Regional Operational Programme 
(CRESC Algarve2020), under the PORTUGAL 2020 
Partnership Agreement, through the European Regional 
Development Fund (ERDF), and by FCT, and the National 
Mass Spectrometry Network (RNEM)-FCT Infrastructure 
Program, Portugal.

References

	 1.	Aebersold R, Agar JN, Amster IJ, Baker MS, Bertozzi 
CR, Boja ES, Costello CE, Cravatt BF, Fenselau C, 
Garcia BA, Ge Y, Gunawardena J, Hendrickson RC, 
Hergenrother PJ, Huber CG, Ivanov AR, Jensen ON, 
Jewett MC, Kelleher NL, Kiessling LL, Krogan NJ, 
Larsen MR, Loo JA, Ogorzalek Loo RR, Lundberg 
E, MacCoss MJ, Mallick P, Mootha VK, Mrksich 
M, Muir TW, Patrie SM, Pesavento JJ, Pitteri SJ, 
Rodriguez H, Saghatelian A, Sandoval W, Schlüter 
H, Sechi S, Slavoff SA, Smith LM, Snyder MP, 
Thomas PM, Uhlén M, Van Eyk JE, Vidal M, Walt 
DR, White FM, Williams ER, Wohlschlager T, 
Wysocki VH, Yates NA, Young NL, Zhang B. (2018) 
How many human proteoforms are there? Nat Chem 
Biol 14(3):206–214. https://doi.org/10.1038/nchem-
bio.2576. 29443976

	 2.	Ahmadi H, Ramezani M, Yazdian-Robati R, Behnam 
B, Razavi Azarkhiavi K, Hashem Nia A et al (2017 
Sep 25) Acute toxicity of functionalized single 
wall carbon nanotubes: a biochemical, histopatho-
logic and proteomics approach. Chem Biol Interact 
275:196–209

	 3.	Ak G, Tomaszek SC, Kosari F, Metintas M, Jett JR, 
Metintas S, Yildirim H et  al (2015) microRNA and 
mRNA features of malignant pleural mesothelioma 
and benign asbestos-related pleural effusion. Biomed 
Res Int 635748:1–8

	 4.	Alazzam A, Mfoumou E, Stiharu I, Kassab A, Darnel 
A, Yasmeen A, Sivakumar N, Bhat R, Al MA (2010) 
Identification of deregulated genes by single wall 
carbon-nanotubes in human normal bronchial epithe-
lial cells. Nanomedicine 6:563–569

	 5.	Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, 
Hornung MW, Johnson RD et  al (2010) Adverse 
outcome pathways: a conceptual framework to sup-
port ecotoxicology research and risk assessment. 
Environ Toxicol Chem 29(3):730–741. https://doi.
org/10.1002/etc.34

	 6.	Arevalo R Jr, Ni Z, Danell RM (2020 Jan) Mass spec-
trometry and planetary exploration: a brief review 
and future projection. J Mass Spectrom 55(1):e4454. 
https://doi.org/10.1002/jms.4454

	 7.	Audureau É, Simon-Deckers A, Franco-Montoya ML, 
Annangi B, Kermanizadeh A, Boczkowski J, Lanone 
S (2018) Substantial modification of the gene expres-
sion profile following exposure of macrophages to 
welding-related nanoparticles. Sci Rep 8(1):8554. 
https://doi.org/10.1038/s41598-018-26988-z

	 8.	Aydin E, Türkez H, Hacımüftüoğlu F, Tatar A, 
Geyikoğlu F (2017) Molecular genetic and bio-
chemical responses in human airway epithelial cell 
cultures exposed to titanium nanoparticles in vitro. J 
Biomed Mater Res Part A 105:2056–2064. https://doi.
org/10.1002/jbm.a.35994

	 9.	Basak SC, Vracko M, Witzmann FA (2016) 
Mathematical Nanotoxicoproteomics: quantitative 
characterization of effects of multi-walled carbon 
nanotubes (MWCNT) and TiO2 Nanobelts (TiO2-NB) 
on protein expression patterns in human intestinal cells. 
Curr Comput Aided Drug Des 12(4):259–264. https://
doi.org/10.2174/1573409912666160824145722

	10.	Brown TA, Lee JW, Holian A, Porter V, Fredriksen 
H, Kim M, Cho YH (2016) Alterations in DNA meth-
ylation corresponding with lung inflammation and as 
a biomarker for disease development after MWCNT 
exposure. Nanotoxicology 10(4):453–461. https://doi.
org/10.3109/17435390.2015.1078852

	11.	Brzóska K, Gradzka I, Kruszewski M (2019) Silver, 
gold, and iron oxide nanoparticles alter miRNA 
expression but do not affect DNA methylation 
in HepG2 cells. Materials 12:1038. https://doi.
org/10.3390/ma12071038

	12.	Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, 
Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W, Zhang 
Y, Wang J, Jiang X, Xiang Y, Xu C, Zheng P, Zhang 
J, Li R, Zhang H, Shang X, Gong T, Ning G, Wang J, 
Zen K, Zhang J, Zhang CY (2008) Characterization 
of microRNAs in serum: a novel class of biomark-
ers for diagnosis of cancer and other diseases. Cell 
Res 18(10):997–1006. https://doi.org/10.1038/
cr.2008.282

	13.	Chen D, Stueckle TA, Luanpitpong S, Rojanasakul 
Y, Lu Y, Wang L (2015) Gene expression profile of 
human lung epithelial cells chronically exposed to 
single-walled carbon nanotubes. Nanoscale Res Lett 
10:12

	14.	Chou C-C, Hsiao H-Y, Hong Q-S, Chen C-H, Peng 
Y-W, Chen H-W, Yang P-C (2008) Single-walled 
carbon nanotubes can induce pulmonary injury in 
mouse model. Nano Lett 8(2):437–445. https://doi.
org/10.1021/nl0723634

	15.	Costa PM, Gosens I, Williams A, Farcal L, Pantano 
D, Brown DM, Stone V, Cassee FR, Halappanavar 
S, Fadeel B (2018) Transcriptional profiling reveals 
gene expression changes associated with inflamma-
tion and cell proliferation following short-term inha-
lation exposure to copper oxide nanoparticles. J Appl 
Toxicol 38:385–397. https://doi.org/10.1002/jat.3548

C. Ventura et al.

https://doi.org/10.1038/nchembio.2576
https://doi.org/10.1038/nchembio.2576
https://doi.org/10.1002/etc.34
https://doi.org/10.1002/etc.34
https://doi.org/10.1002/jms.4454
https://doi.org/10.1038/s41598-018-26988-z
https://doi.org/10.1002/jbm.a.35994
https://doi.org/10.1002/jbm.a.35994
https://doi.org/10.2174/1573409912666160824145722
https://doi.org/10.2174/1573409912666160824145722
https://doi.org/10.3109/17435390.2015.1078852
https://doi.org/10.3109/17435390.2015.1078852
https://doi.org/10.3390/ma12071038
https://doi.org/10.3390/ma12071038
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1021/nl0723634
https://doi.org/10.1021/nl0723634
https://doi.org/10.1002/jat.3548


191

	16.	Cuervo AM, Wong ES, Martinez-Vicente M (2010) 
Protein degradation, aggregation, and misfold-
ing. Mov Disord 25(Suppl 1):S49–S54. https://doi.
org/10.1002/mds.22718

	17.	Dalzon B, Aude-Garcia C, Collin-Faure V, Diemer 
H, Béal D, Dussert F, Fenel D, Schoehn G, 
Cianférani S, Carrière M, Rabilloud T (2017 Jul 
13) Differential proteomics highlights macrophage-
specific responses to amorphous silica nanoparticles. 
Nanoscale 9(27):9641–9658. https://doi.org/10.1039/
c7nr02140b

	18.	Decan N, Wu D, Williams A, Bernatchez S, Johnston 
M, Hill M, Halappanavar S (2016) Characterization 
of in  vitro genotoxic, cytotoxic and transcriptomic 
responses following exposures to amorphous silica 
of different sizes. Mutat Res Genet Toxicol Environ 
Mutagen 796:8–22. https://doi.org/10.1016/j.
mrgentox.2015.11.011

	19.	Dymacek J, Snyder-Talkington BN, Porter DW, 
Mercer RR, Wolfarth MG, Castranova V, Qian Y, Guo 
NL, Virginia W (2015) mRNA and miRNA regulatory 
networks reflective of multi-walled carbon nanotube-
induced lung inflammatory and fibrotic pathologies in 
mice. Toxicol Sci 144:51–64

	20.	Ede JD, Lobaskin V, Vogel U, Lynch I, Halappanavar 
S, Doak SH, Roberts M, Shatkin JA (2020) Translating 
scientific advances in the AOP framework to decision 
making for nanomaterials. Nano 10(6):1–22. https://
doi.org/10.3390/nano10061229

	21.	Ellinger-Ziegelbauer H, Pauluhn J (2009) Pulmonary 
toxicity of multi-walled carbon nanotubes (Baytubes) 
relative to alpha-quartz following a single 6h 
inhalation exposure of rats and a 3 months post-
exposure period. Toxicology 266:16–29. https://doi.
org/10.1016/j.tox.2009.10.007

	22.	Ellinger-Ziegelbauer H, Stuart B, Wahle B, Bomann 
W, Ahr HJ (2005 Aug 4) Comparison of the expres-
sion profiles induced by genotoxic and nongenotoxic 
carcinogens in rat liver. Mutat Res 575(1-2):61–84. 
https://doi.org/10.1016/j.mrfmmm.2005.02.004

	23.	Ellinger-Ziegelbauer H, Gmuender H, Bandenburg 
A, Ahr HJ (2008 Jan 1) Prediction of a carcino-
genic potential of rat hepatocarcinogens using toxi-
cogenomics analysis of short-term in  vivo studies. 
Mutat Res 637(1-2):23–39. https://doi.org/10.1016/j.
mrfmmm.2007.06.010

	24.	Ellinger-Ziegelbauer H, Aubrecht J, Kleinjans JC, 
Ahr HJ (2009 Apr 10) Application of toxicogenom-
ics to study mechanisms of genotoxicity and carci-
nogenicity. Toxicol Lett 186(1):36–44. https://doi.
org/10.1016/j.toxlet.2008.08.017

	25.	Erdely A, Hulderman T, Salmen R, Liston A, Zeidler-
Erdely PC, Schwegler-Berry D, Castranova V, 
Koyama S, Kim YA, Endo M, Simeonova PP (2009) 
Cross-talk between lung and systemic circulation dur-
ing carbon nanotube respiratory exposure. Potential 
Biomarkers Nano Lett 9(1):36–43

	26.	Federico A, Serra A, Ha MK, Kohonen P, Choi J-S, 
Liampa I, Nymark P, Sanabria N, Cattelani L, Fratello 
M, Kinaret PAS, Jagiello K, Puzyn T, Melagraki G, 

Gulumian M, Afantitis A, Sarimveis H, Yoon T-H, 
Grafström R, Dario GD (2020) Transcriptomics 
in toxicogenomics, Part II: preprocessing and dif-
ferential expression analysis for high quality data. 
Nanomaterials 10:903. https://doi.org/10.3390/
nano10050903

	27.	Franqui LS, De Farias MA, Portugal RV, Costa CAR, 
Domingues RR, Souza Filho AG, Coluci VR, Leme 
AFP, Martinez DST (2019 Jul) Interaction of gra-
phene oxide with cell culture medium: evaluating the 
fetal bovine serum protein corona formation towards 
in vitro nanotoxicity assessment and nanobiointerac-
tions. Mater Sci Eng C Mater Biol Appl 100:363–377. 
https://doi.org/10.1016/j.msec.2019.02.066

	28.	Gao G, Ze Y, Li B, Zhao X, Zhang T, Sheng L, Hu 
R, Gui S, Sang X, Sun Q, Cheng J, Cheng Z, Wang 
L, Tang M, Hong F (2012) Ovarian dysfunction 
and gene-expressed characteristics of female mice 
caused by long-term exposure to titanium dioxide 
nanoparticles. J Hazard Mater 243:19–27. https://doi.
org/10.1016/j.jhazmat.2012.08.049

	29.	Gerloff K, Landesmann B, Worth A, Munn S, Palosaari 
T, Whelan M (2017) The adverse outcome pathway 
approach in nanotoxicology. Comput Toxicol 1:3–11. 
https://doi.org/10.1016/j.comtox.2016.07.001

	30.	Glinge C, Clauss S, Boddum K, Jabbari R, Jabbari 
J, Risgaard B, Tomsits P, Hildebrand B, Kääb S, 
Wakili R, Jespersen T, Tfelt-Hansen J (2017 Feb 2) 
Stability of circulating blood-based MicroRNAs  - 
pre-analytic methodological considerations. PLoS 
One 12(2):e0167969. https://doi.org/10.1371/journal.
pone.0167969

	31.	Gong C, Tao G, Yang L, Liu J, Liu Q, Zhuang Z 
(2010) SiO2 nanoparticles induce global genomic 
hypomethylation in HaCaT cells. Biochem Biophys 
Res Commun 397:397–400

	32.	Gong C, Tao G, Yang L, Liu J, Liu Q, Li W, Zhuang 
Z (2012) Methylation of PARP-1 promoter involved 
in the regulation of nano-SiO2-induced decrease of 
PARP-1 mRNA expression. Toxicol Lett 209:264–269

	33.	Greenberg MVC, Bourc’his D (2019) The diverse 
roles of DNA methylation in mammalian develop-
ment and disease. Nat Rev Mol Cell Biol 20:590–607. 
https://doi.org/10.1038/s41580-019-0159-6

	34.	Guo NL, Wan Y, Denvir J, Porter DW, Pacurari 
M, Wolfarth MG, Castranova V, Qian Y (2012) 
Multiwalled carbon anotube-induced gene signa-
tures in the mouse lung: potential predictive value 
for human lung cancer risk and prognosis. J Toxicol 
Environ Heal A 75:1129–1153

	35.	Ha M, Kim VN (2014) Regulation of microRNA bio-
genesis. Nat Rev Mol Cell Biol 15:509–552

	36.	Halappanavar S, Ede JD, Shatkin JA, Krug HF (2019) 
A systematic process for identifying key events for 
advancing the development of nanomaterial relevant 
adverse outcome pathways. NanoImpact 15:100178. 
https://doi.org/10.1016/j.impact.2019.100178

	37.	Hamadeh HK, Bushel PR, Jayadev S, DiSorbo O, 
Bennett L, Li L, Tennant R, Stoll R, Barrett JC, Paules 
RS, Blanchard K, Afshari CA (2002a) Prediction of 

8  New “Omics” Approaches as Tools to Explore Mechanistic Nanotoxicology

https://doi.org/10.1002/mds.22718
https://doi.org/10.1002/mds.22718
https://doi.org/10.1039/c7nr02140b
https://doi.org/10.1039/c7nr02140b
https://doi.org/10.1016/j.mrgentox.2015.11.011
https://doi.org/10.1016/j.mrgentox.2015.11.011
https://doi.org/10.3390/nano10061229
https://doi.org/10.3390/nano10061229
https://doi.org/10.1016/j.tox.2009.10.007
https://doi.org/10.1016/j.tox.2009.10.007
https://doi.org/10.1016/j.mrfmmm.2005.02.004
https://doi.org/10.1016/j.mrfmmm.2007.06.010
https://doi.org/10.1016/j.mrfmmm.2007.06.010
https://doi.org/10.1016/j.toxlet.2008.08.017
https://doi.org/10.1016/j.toxlet.2008.08.017
https://doi.org/10.3390/nano10050903
https://doi.org/10.3390/nano10050903
https://doi.org/10.1016/j.msec.2019.02.066
https://doi.org/10.1016/j.jhazmat.2012.08.049
https://doi.org/10.1016/j.jhazmat.2012.08.049
https://doi.org/10.1016/j.comtox.2016.07.001
https://doi.org/10.1371/journal.pone.0167969
https://doi.org/10.1371/journal.pone.0167969
https://doi.org/10.1038/s41580-019-0159-6
https://doi.org/10.1016/j.impact.2019.100178


192

compound signature using high density gene expres-
sion profiling. Toxicol Sci 67(2):232–240. https://doi.
org/10.1093/toxsci/67.2.232

	38.	Hamadeh HK, Bushel PR, Jayadev S, Martin K, 
DiSorbo O, Sieber S et  al (2002b) Gene expression 
analysis reveals chemical-specific profiles. Toxicol 
Sci. https://doi.org/10.1093/toxsci/67.2.219

	39.	Haniu H, Matsuda Y, Usui Y, Aoki K, Shimizu M, 
Ogihara N, Hara K, Okamoto M, Takanashi S, 
Ishigaki N, Nakamura K, Kato H, Saito N (2011) 
Toxicoproteomic evaluation of carbon nanomaterials 
in vitro. J Proteome 74(12):2703–2712., ISSN 1874-
3919. https://doi.org/10.1016/j.jprot.2011.03.004

	40.	Hilton G, Barosova H, Petri-Fink A, Rothen-
Rutishauser B, Bereman M (2019 Feb 1) Leveraging 
proteomics to compare submerged versus air-liquid 
interface carbon nanotube exposure to a 3D lung cell 
model. Toxicol In Vitro 54:58–66

	41.	Hsieh WY, Chou CC, Ho CC, Yu SL, Chen HY, Chou 
HY, Chou HY, Chen J, Chen HW, Yang PC (2012) 
Single-walled carbon nanotubes induce airway hyper-
reactivity and parenchymal injury in mice. Am J 
Respir Cell Mol Biol 46:257–267

	42.	Huang CC, Aronstam RS, Chen DR, Huang YW 
(2010 Feb) Oxidative stress, calcium homeostasis, 
and altered gene expression in human lung epithelial 
cells exposed to ZnO nanoparticles. Toxicol In Vitro 
24(1):45–55. https://doi.org/10.1016/j.tiv.2009.09.007

	43.	Husain M, Saber AT, Guo C, Jacobsen NR, Jensen 
KA, Yauk CL, Williams A, Vogel U, Wallin H, 
Halappanavar S (2013) Pulmonary instillation of 
low doses of titanium dioxide nanoparticles in 
mice leads to particle retention and gene expression 
changes in the absence of inflammation. Toxicol Appl 
Pharmacol 269:250–262. https://doi.org/10.1016/j.
taap.2013.03.018

	44.	Kim JS, Choi YC, Yu IJ, Song KS, Bang IS, Lee JK, 
Kang CS (2012) Toxicogenomic comparison of multi-
wall carbon nanotubes (MWCNTs) and asbestos. 
Arch Toxicol 86:553–562

	45.	Kinaret P, Marwah V, Fortino V, Ilves M, Wolff H, 
Ruokolainen L, Auvinen P, Savolainen K, Alenius 
H, Greco D (2017) Network analysis reveals similar 
transcriptomic responses to intrinsic properties of 
carbon nanomaterials in vitro and in vivo. ACS Nano 
11(4):3786–3796

	46.	Krewski D, Andersen ME, Mantus E, Zeise 
L (2009 Apr) Toxicity testing in the 21st cen-
tury: implications for human health risk assess-
ment. Risk Anal 29(4):474–479. https://doi.
org/10.1111/j.1539-6924.2008.01150.x

	47.	Krewski D, Westphal M, Andersen ME, Paoli GM, 
Chiu WA, Al-Zoughool M et al (2014) A framework 
for the next generation of risk science. Environ Health 
Perspect 122(8):796–805. https://doi.org/10.1289/
ehp.1307260

	48.	Kuruvilla J, Farinha AP, Bayat N, Cristobal S (2017) 
Surface proteomics on nanoparticles: a step to sim-
plify the rapid prototyping of nanoparticles. 2:55

	49.	Labib S, Williams A, Yauk CL, Nikota JK, Wallin H, 
Vogel U, Halappanavar S (2016) Nano-risk science: 
application of toxicogenomics in an adverse outcome 
pathway framework for risk assessment of multi-
walled carbon nanotubes. Part Fibre Toxicol 13(1):15. 
https://doi.org/10.1186/s12989-016-0125-9

	50.	Li Y, Lee JS (2020) Insights into characterization 
methods and biomedical applications of nanoparticle-
protein corona. Materials (Basel) 13:14

	51.	Li S, Wang H, Qi Y, Tu J, Bai Y, Tian T, Huang N et al 
(2011) Biomaterials assessment of nanomaterial cyto-
toxicity with SOLiD sequencing-based microRNA 
expression profiling. Biomaterials 32(34):9021–9030

	52.	Li B, Ze Y, Sun Q, Zhang T, Sang X, Cui Y, Wang 
X, Gui S, Tan D, Zhu M, Zhao X, Sheng L, Wang 
L, Hong F, Tang M (2013) Molecular mechanisms of 
nanosized titanium dioxide-induced pulmonary injury 
in mice. PLoS One 8:e55563. https://doi.org/10.1371/
journal.pone.0055563

	53.	Li Y, Yan J, Ding W, Chen Y, Pack LM, Chen T (2017) 
Genotoxicity and gene expression analyses of liver 
and lung tissues of mice treated with titanium diox-
ide nanoparticles. Mutagenesis 32:33–46. https://doi.
org/10.1093/mutage/gew065

	54.	Li W, Jia MX, Deng J, Wang JH, Zuberi Z, Yang S, 
Ba J, Chen Z (2020) MicroRNA response and toxic-
ity of potential pathways in human colon cancer cells 
exposed to titanium dioxide nanoparticles. Cancers 
12:1236. https://doi.org/10.3390/cancers12051236

	55.	Liu Z, Huang R, Roberts R, Tong W (2019) 
Toxicogenomics: a 2020 vision. Trends Pharmacol 
Sci 40(2):92–103. https://doi.org/10.1016/j.
tips.2018.12.001

	56.	Lu X, Miousse IR, Pirela SV, Melnyk S, Koturbash I, 
Demokritou P (2016a) Short-term exposure to engi-
neered nanomaterials affects cellular epigenome. 
Nanotoxicology 10(2):140–150. https://doi.org/10.31
09/17435390.2015.1025115

	57.	Lu X, Miousse IR, Pirela SV, Moore JK, Melnyk S, 
Koturbash I, Demokritou P (2016b) In vivo epigen-
etic effects induced by engineered nanomaterials: a 
case study of copper oxide and laser printer-emit-
ted engineered nanoparticles. Nanotoxicology 
10(5):629–639. https://doi.org/10.3109/17435390.20
15.1108473

	58.	Lynch I, Cedervall T, Lundqvist M, Cabaleiro-Lago 
C, Linse S, Dawson KA (2007 Oct) The nanoparticle-
protein complex as a biological entity; a complex flu-
ids and surface science challenge for the 21st century. 
Adv Colloid Interf Sci 134-135:167–174. https://doi.
org/10.1016/j.cis.2007.04.021

	59.	Madannejad R, Shoaie N, Jahanpeyma F, Darvishi 
MH, Azimzadeh M, Javadi H (2019 Jul 1) Toxicity 
of carbon-based nanomaterials: reviewing recent 
reports in medical and biological systems. Chem 
Biol Interact 307:206–222. https://doi.org/10.1016/j.
cbi.2019.04.036

	60.	Marmiroli M, Pagano L, Pasquali F, Zappettini A, 
Tosato V, Bruschi CV, Marmiroli N (2016) A genome-
wide nanotoxicology screen of Saccharomyces cere-

C. Ventura et al.

https://doi.org/10.1093/toxsci/67.2.232
https://doi.org/10.1093/toxsci/67.2.232
https://doi.org/10.1093/toxsci/67.2.219
https://doi.org/10.1016/j.jprot.2011.03.004
https://doi.org/10.1016/j.tiv.2009.09.007
https://doi.org/10.1016/j.taap.2013.03.018
https://doi.org/10.1016/j.taap.2013.03.018
https://doi.org/10.1111/j.1539-6924.2008.01150.x
https://doi.org/10.1111/j.1539-6924.2008.01150.x
https://doi.org/10.1289/ehp.1307260
https://doi.org/10.1289/ehp.1307260
https://doi.org/10.1186/s12989-016-0125-9
https://doi.org/10.1371/journal.pone.0055563
https://doi.org/10.1371/journal.pone.0055563
https://doi.org/10.1093/mutage/gew065
https://doi.org/10.1093/mutage/gew065
https://doi.org/10.3390/cancers12051236
https://doi.org/10.1016/j.tips.2018.12.001
https://doi.org/10.1016/j.tips.2018.12.001
https://doi.org/10.3109/17435390.2015.1025115
https://doi.org/10.3109/17435390.2015.1025115
https://doi.org/10.3109/17435390.2015.1108473
https://doi.org/10.3109/17435390.2015.1108473
https://doi.org/10.1016/j.cis.2007.04.021
https://doi.org/10.1016/j.cis.2007.04.021
https://doi.org/10.1016/j.cbi.2019.04.036
https://doi.org/10.1016/j.cbi.2019.04.036


193

visiae mutants reveals the basis for cadmium sulphide 
quantum dot tolerance and sensitivity. Nanotoxicology 
10(1):84–93. https://doi.org/10.3109/17435390.2015.
1019586

	61.	Mirzajani F, Askari H, Hamzelou S, Schober Y, Römpp 
A, Ghassempour A, Spengler B (2014 Feb) Proteomics 
study of silver nanoparticles toxicity on bacillus 
thuringiensis. Ecotoxicol Environ Saf 100:122–130. 
https://doi.org/10.1016/j.ecoenv.2013.10.009

	62.	Nagano T, Higashisaka K, Kunieda A, Iwahara Y, 
Tanaka K, Nagano K, Abe Y, Kamada H, Tsunoda 
S, Nabeshi H, Yoshikawa T, Yoshioka Y, Tsutsumi Y 
(2013) Liver-specific microRNAs as biomarkersof 
nanomaterial-induced liver damage. Nanotechnology 
24:405102. (7pp)

	63.	National Research Council (US) Committee on 
Applications of Toxicogenomic Technologies to 
Predictive Toxicology. Applications of Toxicogenomic 
Technologies to Predictive Toxicology and Risk 
Assessment. Washington (DC): National Academies 
Press (US); 2007. 1, Introduction. Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK10209/

	64.	Nymark P, Wijshoff P, Cavill R, van Herwijnen M, 
Coonen MLJ, Claessen S, Catalán J, Norppa H, 
Kleinjans JCS, Briedé JJ (2015) Extensive tempo-
ral transcriptome and microRNA analysis identify 
molecular mechanisms underlying mitochondrial dys-
function induced by multi-walled carbon nanotubes in 
human lung cells. Nanotoxicology 9(5):624–635

	65.	OECD (2017) Guidance document on developing 
and assessing adverse outcome pathways. OECD 
Environment, Health and Safety Publications Series 
on Testing and Assessment. No 184.ENV/JM/
MONO(2013)6, Paris, France

	66.	Pacurari M, Qian Y, Porter DW, Wolfarth M, Wan 
Y, Luo D, Ding M, Castranova V, Guo NL (2011) 
Multi-walled carbon nanotube-induced gene expres-
sion in the mouse lung: association with lung pathol-
ogy. Toxicol Appl Pharmacol 255:18–31. https://doi.
org/10.1016/j.taap.2011.05.012

	67.	Poulsen SS, Jacobsen NR, Labib S, Wu D, Husain 
M, Bøgelund JP, Andersen O, Købler C, Mølhave K, 
Kyjovska ZO et  al (2013) Transcriptomic analysis 
reveals novel mechanistic insight into murine bio-
logical responses to multi-walled carbon nanotubes 
in lungs and cultured lung epithelial cells. PLoS One 
8:1–25. https://doi.org/10.1371/journal.pone.0080452

	68.	Poulsen SS, Saber AT, Williams A, Andersen O, 
Købler C, Atluri R, Pozzebon ME, Mucelli SP, 
Simion M, Rickerby D, Vogel U (2015) MWCNTs 
of different physicochemical properties cause similar 
inflammatory responses, but differences in transcrip-
tional and histogical markers of fibrosis in mouse 
lungs. Toxicol Appl Pharm 284:16–32. https://doi.
org/10.1016/j.taap.2014.12.011

	69.	Pu Q, Huang Y, Lu Y, Peng Y, Zhang J, Feng G (2016) 
Tissue-specific and plasma microRNA profiles could 
be promising biomarkers of histological classification 
and TNM stage in non-small cell lung cancer. Thorac 
Cancer 7:348–354

	70.	Rupani H, Sanchez-elsner T, Howarth P (2013) 
MicroRNAs and respiratory diseases. Eur Respir J 
41:695–705

	71.	Sabine L, Amaya A, Collins A (2015) The comet 
assay: past, present, and future. Front Genet 6:266. 
https://doi.org/10.3389/fgene.2015.00266

	72.	Schwarzenbach H, Nishida N, Calin GA, Pantel K 
(2014) Clinical relevance of circulating cell-free 
microRNAs in cancer. Nat Rev Clin Oncol 11(3):145–
156. https://doi.org/10.1038/nrclinonc.2014.5

	73.	Scoville DK, Botta D, Galdanes K, Schmuck SC, White 
CC, Stapleton PL, Bammler TK, MacDonald JW, 
Altemeier WA, Hernandez M, Kleeberger SR, Chen 
LC, Gordon T, Kavanagh TJ (2017 Oct) Genetic deter-
minants of susceptibility to silver nanoparticle-induced 
acute lung inflammation in mice. FASEB J 31(10):4600–
4611. https://doi.org/10.1096/fj.201700187R

	74.	Sessa R, Hata A (2013) Role of microRNAs in lung 
development and pulmonary diseases. Pulm Circ 
3(2):315–328

	75.	Shvedova AA, Yanamala N, Kisin ER, Khailulli TO, 
Birch ME, Fatkhutdinova LM (2016) Integrated 
analysis of dysregulated ncRNA and mRNA expres-
sion profiles in humans exposed to carbon nanotubes. 
PLoS One 11(3):1–32

	76.	Smith LM, Kelleher NL (2013 Mar) Proteoform: 
a single term describing protein complexity. Nat 
Methods 10(3):186–187

	77.	Snyder-Talkington BN, Dymacek J, Porter DW, 
Wolfarth MG, Mercer RR, Pacurari M, Denvir J, 
Castranova V, Qiana Y, Guo NL (2013) System-based 
identification of toxicity pathways associated with 
multi-walled carbon nanotube-induced pathologi-
cal responses. Toxicol Appl Pharm 272(2):476–489. 
https://doi.org/10.1016/j.taap.2013.06.026

	78.	Snyder-Talkington BN, Dong C, Zhao X, Dymacek 
J, Porter DW, Wolfarth MG, Castranova V, Qian 
Y, Guo NL (2015) Multi-walled carbon nanotube-
induced gene expression in  vitro: concordance with 
in  vivo studies. Toxicology 328:66–74. https://doi.
org/10.1016/j.tox.2014.12.012

	79.	Snyder-Talkington BN, Dong C, Porter DW, 
Ducatman B, Wolfarth MG, Andrew M, Battelli 
L, Raese R, Castranova V, Guo NL, Qian Y (2016) 
Multiwalled carbon nanotube-induced pulmonary 
inflammatory and fibrotic responses and genomic 
changes following aspiration exposure in mice: a 
1-year postexposure study. J Toxicol Environ Health 
A 79:352–366

	80.	Srivastav AK, Dhiman N, Khan H, Srivastav AK, 
Yadav SK, Prakash J et al (2019) Impact of surface-
engineered ZnO nanoparticles on protein corona 
configuration and their interactions with biological 
system. J Pharm Sci 108(5):1872–1889

	81.	Stoccoro A, Karlsson HL, Coppedè F, Migliore L 
(2013) Epigenetic effects of nano-sized materials. 
Toxicology 313:3–14

	82.	Tenzer S, Docter D, Kuharev J, Musyanovych A, 
Fetz V, Hecht R, Schlenk F, Fischer D, Kiouptsi K, 
Reinhardt C, Landfester K, Schild H, Maskos M, 
Knauer SK, Stauber RH (2013 Oct) Rapid formation 

8  New “Omics” Approaches as Tools to Explore Mechanistic Nanotoxicology

https://doi.org/10.3109/17435390.2015.1019586
https://doi.org/10.3109/17435390.2015.1019586
https://doi.org/10.1016/j.ecoenv.2013.10.009
https://www.ncbi.nlm.nih.gov/books/NBK10209/
https://doi.org/10.1016/j.taap.2011.05.012
https://doi.org/10.1016/j.taap.2011.05.012
https://doi.org/10.1371/journal.pone.0080452
https://doi.org/10.1016/j.taap.2014.12.011
https://doi.org/10.1016/j.taap.2014.12.011
https://doi.org/10.3389/fgene.2015.00266
https://doi.org/10.1038/nrclinonc.2014.5
https://doi.org/10.1096/fj.201700187R
https://doi.org/10.1016/j.taap.2013.06.026
https://doi.org/10.1016/j.tox.2014.12.012
https://doi.org/10.1016/j.tox.2014.12.012


194

of plasma protein corona critically affects nanopar-
ticle pathophysiology. Nat Nanotechnol 8(10):772–
781. https://doi.org/10.1038/nnano.2013.181

	83.	Thier R, Brüning T, Roos PH, Rihs HP, Golka K, Ko 
Y, Bolt HM (2003 Jun) Markers of genetic suscepti-
bility in human environmental hygiene and toxicol-
ogy: the role of selected CYP, NAT and GST genes. 
Int J Hyg Environ Health 206(3):149–171. https://doi.
org/10.1078/1438-4639-00209

	84.	Thomas RS, Rank DR, Penn SG, Zastrow GM, 
Hayes KR, Hu T, Pande K, Lewis M, Jovanovich 
SB, Bradfield CA (2002 Dec) Application of genom-
ics to toxicology research. Environ Health Perspect 
110(Suppl 6):919–923. https://doi.org/10.1289/
ehp.02110s6919

	85.	Titz B, Elamin A, Martin F, Schneider T, Dijon S, 
Ivanov NV et al (2014) Proteomics for systems toxi-
cology. Comput Struct Biotechnol J:73–90

	86.	Tyers M, Mann M (2003) From genomics to pro-
teomics. Nature 422:193–197

	87.	Van Gool A, Corrales F, Čolović M, Krstić D, Oliver-
Martos B, Martínez-Cáceres E, Jakasa I, Gajski 
G, Brun V, Kyriacou K, Burzynska-Pedziwiatr I, 
Wozniak LA, Nierkens S, Pascual García C, Katrlik 
J, Bojic-Trbojevic Z, Vacek J, Llorente A, Antohe 
F, Suica V, Suarez G, t'Kindt R, Martin P, Penque 
D, Martins IL, Bodoki E, Iacob BC, Aydindogan E, 
Timur S, Allinson J, Sutton C, Luider T, Wittfooth 
S, Sammar M (2020 Apr) Analytical techniques for 
multiplex analysis of protein biomarkers. Expert Rev 
Proteomics 17(4):257–273. https://doi.org/10.1080/1
4789450.2020.1763174

	88.	Ventura C, Sousa Uva A, Lavinha J, Silva MJ (2018) 
Conventional and novel “omics”-based approaches 
to the study of carbon nanotubes pulmonary toxic-
ity. Environ Mol Mut 59(4):334–362. https://doi.
org/10.1002/em.22177

	89.	Ventura C, Vieira L, Silva C, Sousa Uva A, Silva MJ 
(2020) Functional effects of differentially expressed 
microRNAs in A549 cells exposed to MWCNT-7 

or crocidolite. Toxicol Lett 328:7–18. https://doi.
org/10.1016/j.toxlet.2020.04.002

	90.	Waters KM, Masiello LM, Zangar RC, Tarasevich BJ, 
Karin NJ, Quesenberry RD et al (2009) Macrophage 
responses to silica nanoparticles are highly conserved 
across particle sizes. Toxicol Sci 107(2):553–569. 
https://doi.org/10.1093/toxsci/kfn250

	91.	Waters MD, Jackson M, Lea I (2010 Dec) 
Characterizing and predicting carcinogenicity and 
mode of action using conventional and toxicogenom-
ics methods. Mutat Res 705(3):184–200. https://doi.
org/10.1016/j.mrrev.2010.04.005

	92.	Wu Q, Zhao Y, Li Y, Wang D (2014 Aug) Susceptible 
genes regulate the adverse effects of TiO2-NPs at 
predicted environmental relevant concentrations on 
nematode Caenorhabditis elegans. Nanomedicine 
10(6):1263–1271. https://doi.org/10.1016/j.
nano.2014.03.010

	93.	Yanaihara N, Caplen N, Bowman E, Seike M, 
Kumamoto K, Yi M, Stephens RM et  al (2006) 
Unique microRNA molecular profiles in lung cancer 
diagnosis and prognosis. Cancer Cell 9(3):189–198

	94.	Yazdimamaghani M, Moos PJ, Ghandehari H (2017) 
Global gene expression analysis of macrophage 
response induced by nonporous and porous silica 
nanoparticles. Nanomedicine 14:533–545. https://doi.
org/10.1016/j.nano.2017.11.021

	95.	Zhang ZH, Jhaveri DJ, Marshall VM, Bauer DC, 
Edson J, Narayanan RK, Robinson GJ, Lundberg AE, 
Bartlett PF, Wray NR, Zhao QY (2014) A compara-
tive study of techniques for differential expression 
analysis on RNA-Seq data. PLoS One 9(8):e103207. 
https://doi.org/10.1371/journal.pone.0103207

	96.	Zhang T, Gaffrey MJ, Thomas DG, Weber TJ, Hess 
BM, Weitz KK, Piehowski PD, Petyuk VA, Moore 
RJ, Qian WJ, Thrall BD (2020) A proteome-wide 
assessment of the oxidative stress paradigm for metal 
and metal-oxide nanomaterials in human macro-
phages. NanoImpact 17. https://doi.org/10.1016/j.
impact.2019.100194

C. Ventura et al.

https://doi.org/10.1038/nnano.2013.181
https://doi.org/10.1078/1438-4639-00209
https://doi.org/10.1078/1438-4639-00209
https://doi.org/10.1289/ehp.02110s6919
https://doi.org/10.1289/ehp.02110s6919
https://doi.org/10.1080/14789450.2020.1763174
https://doi.org/10.1080/14789450.2020.1763174
https://doi.org/10.1002/em.22177
https://doi.org/10.1002/em.22177
https://doi.org/10.1016/j.toxlet.2020.04.002
https://doi.org/10.1016/j.toxlet.2020.04.002
https://doi.org/10.1093/toxsci/kfn250
https://doi.org/10.1016/j.mrrev.2010.04.005
https://doi.org/10.1016/j.mrrev.2010.04.005
https://doi.org/10.1016/j.nano.2014.03.010
https://doi.org/10.1016/j.nano.2014.03.010
https://doi.org/10.1016/j.nano.2017.11.021
https://doi.org/10.1016/j.nano.2017.11.021
https://doi.org/10.1371/journal.pone.0103207
https://doi.org/10.1016/j.impact.2019.100194
https://doi.org/10.1016/j.impact.2019.100194


195© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 
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_9
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Nanomaterial-Induced Toxicity
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Abstract

The toxic effects of different forms of nano-
materials comprise a series of biological 
effects such as oxidative stress; DNA dam-
age; inflammatory response; activation of 
nuclear transcription factors. Some of these 
are key characteristics of human carcinogens 
and have been considered for hazard identifi-
cation of nanomaterials. In addition, epigen-
etic changes also play a key role in the 
multi-step sequential process of carcinogene-
sis. Epigenetic modifications may constitute 
changes in DNA methylation, histone modifi-
cations (methylation, acetylation etc), and 
changes in non-coding RNA, leading to an 
altered gene expression profile. In this chap-
ter, we describe the state-of-the-art of epigen-
etic modifications induced by different 
nanomaterials, from a limited number of 
in vitro- in vivo and human studies, a majority 
of which is primarily focused on DNA meth-
ylation. We also highlight the potential chal-
lenges and future directions in the field of 
epigenetics research in nanomaterial 
toxicology.

Keywords

Nanotoxicology · Epigenetics · DNA meth-
ylation · Histone modification

9.1	 �Introduction

Different aspects of nanotoxicology has been dis-
cussed in the previous chapters, and it has become 
abundantly clear that nanoparticles (NPs) can 
induce oxidative stress [30, 53, 60, 75], DNA dam-
age [30, 59, 76], alter DNA repair efficiency [11, 
91], induce an inflammatory response [75, 76], can 
potentially be immunomodulatory/immunosup-
pressive [13, 42, 62, 66] and can affect cell death/
cell proliferation [1, 21, 48, 72, 79, 95]. While, it is 
also clear that the field of nanotoxicology research 
is quickly emerging and there are significant 
knowledge gaps, some of the observed effects 
reported for one or more nanoparticle align with 
the “Key Characteristics of Carcinogens as a 
Basis for Organizing Data on Mechanisms of 
Carcinogenesis” described by Smith et al. [92]. In 
addition, the “10 key characteristics” identified by 
Smith et al. [92] towards organization of mecha-
nistic data, also included epigenetic alterations.

Epigenetic alterations are defined (by NCI) as 
changes “in the chemical structure of DNA that 
does not change the DNA coding sequence” 
[19]. In other words, epigenetic alterations are 
broadly considered heritable changes that do not 
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involve a change in the DNA sequence itself. 
Epigenetic alterations, such as DNA/RNA meth-
ylation, histone modifications (methylation, 
acetylation), non-coding RNA regulate gene 
expression by regulating chromatin structure and 
accessibility. Such alterations/signatures play a 
crucial role in proper cellular function, differen-
tiation, development and are influenced by a 
wide range of endogenous and exogenous fac-
tors. One of the most studied epigenetic altera-
tion is DNA methylation (and demethylation), 
where a methyl-group (CH3) is covalently added 
to position 5 of the cytosine pyrimidine ring, and 
a family of DNA methyltransferase (DNMT) 
and ten-eleven translocation (TET) enzymes 
play important role in the maintenance of meth-
ylation pattern [40, 46, 100]. It is generally 
accepted that CpG islands (regions with a high 
frequency of CpG sites) in promoter regions of 
genes are predominantly unmethylated which 
activate gene transcription [4, 5]. Besides, DNA 
methylation, histone modifications play crucial 
role in maintaining chromatin conformation, and 
these processes are tightly coupled [12, 27, 40]. 
These post-translational covalent modifications 
of histone mainly studied in the tail domains of 
H3 and H4, include modifications such as acety-
lation and methylation of lysine and arginine 
among other [12, 27, 40]; and are regulated by 
enzyme families such as histone acetyl transfer-
ase (HAT), histone deacetylase (HDAC), Histone 
methyltransferase (HMT). Another group of key 
regulators are the non-coding RNAs and regulate 
gene expression at the transcriptional and post-
transcriptional levels [26, 99], and closely inter-
act with the DNA methylation and histone 
modification machinery [41, 102].

From the standpoint of environmental and 
occupational diseases and that of chemical 
induced carcinogenesis, it is considerably well 
established that epigenetic modifications play a 
crucial role. Epigenetic changes induced by 
genotoxic environmental carcinogens have 
been systematically reviewed by Chappell et al. 
[14]. While epigenetic changes can be used as 
biomarker of exposure, or as marker of disease 
and disease progression [52] they can also be 
used as potential therapeutic targets [50]. This 

is particularly relevant for NP toxicology, 
where rate of NP production far exceeds the 
hazard identification and risk assessment, while 
an increasing number of workers and consum-
ers are being exposed to these diverse group of 
materials [8, 38].

Despite considerable progress in the field of 
epigenetics and disease biology and cancer epi-
genetics, major gaps remain in understanding of 
chemical induced epigenetic alterations. This is 
also true for the field of nanotoxicology. This 
chapter will therefore summarize the state-of-the-
art and developments in understanding NP induced 
epigenetic changes and comment briefly on future 
direction. While the NPs discussed in the chapter 
is not exhaustive, it is representative of some of the 
most produced and studied particles in relation to 
toxicology. We have identified studies that have 
evaluated one or more epigenetic endpoints, how-
ever no mechanistic conclusion for individual par-
ticle or NP as a group has been made in the chapter 
due to the limited number of comparable studies 
(differences in particle properties, experimental 
design, test system and cell types).

9.2	 �Epigenetic Changes Induced 
by Metal and Metal Oxide 
Nanoparticles

While the evidence stream on epigenetic changes 
induced by metal and metal oxide nanoparticle 
are relatively scarce, some studies have observed 
epigenetic modifications induced by TiO2-NPs, 
ZnO-NPs, CuO-NPs, SiO2 NPs, silver and gold 
nanoparticles among others. In this section we 
discuss briefly, the distinct mechanistic evidence 
exhibited by each of these NPs and at the same 
time try to identify the commonality exhibited by 
these particles.

9.2.1	 �TiO2 Nanoparticles

TiO2-NPs are one of the most abundantly pro-
duced nanomaterials, with considerable evidence 
regarding oxidative stress, cyto-genotoxicity, 
impaired DNA repair efficiency and limited evi-
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dence on immunotoxicity, in  vitro and in  vivo 
[20, 39, 74, 88, 10, 63]. While limited by number, 
in this section (Table 9.1), we discuss the grow-
ing number of studies that have identified some 
of the underlying epigenetic mechanism.

Pogribna et  al. [80], studied global (5-mC) 
and gene specific (EpiTect array) changes in 
DNA methylation, induced by TiO2-NP 
(Aeroxide TiO2 P25; 100  μg/mL) in Caco-2, 
HepG2, NL20 and A-431 cell lines. The authors 
observed global hypomethylation after 72 h of 
exposure, for A-431, HepG2 and Caco-2 cells 
and promoter specific methylation changes in 
several genes associated with apoptosis and cell 
cycle modulatory effects. Changes were 
observed in all cell line for CDKN1A and 
SCARA3, while genes like GADD45A, 
DNAJC15, TP53 were also differentially meth-
ylated in one or more of the cell lines [80]. In 
the same study, while the expression of the epi-
genetic regulators (DNMT1, DNMT3A, 
DNMT3B, MBD2, UHRF1) were altered, it was 
not consistent among the cell types. Given that 
there is epigenetic heterogeneity among tissues 
and cell types, such studies using multiple cell 
line (of relevance to the exposure route, and tar-
get) can be very important.

Despite evidences of the influence of TiO2 
crystal phase on toxicity, the effect of crystal 
phase on epigenetic changes is not well studied. 
In our study we reported significant global DNA 
hypomethylation (5-mC), and a decrease in 
global hydroxymethylation (5-hmC) induced by 
different crystal phase of TiO2-NP (NM-102/
Anatase, NM-104/Rutile, and NM-105/Anatase-
rutile) at sub cytotoxic concentrations in 16-HBE 
cells [32] however such changes were not mecha-
nistically linked to other toxicity endpoints. In 
another study the authors used surfaced coated 
TiO2-NP, to study the effect on DNA methyla-
tion, in A549 cells, in addition to other cyto-
genotoxic endpoints [93]. The authors observed 
significant decrease in Long Interspersed Nuclear 
Element-1 (LINE-1) methylation after 72  h of 
exposure to silica and citrate coated TiO2-NP, 
while no significant changes were observed after 
48 h of exposure.

Patil et  al. [77] also reported global DNA 
(5-mC) hypomethylation, in MRC-5 cells after 
24 and 48  h exposure to TiO2-NP (<100  nm, 
mixture of rutile and anatase, 1 and 8 μg/mL). 
They also observed reduced mRNA expression 
of DNA methyltransferases DNMT1, DNMT3A, 
and DNMT3B [77]. These changes in DNA meth-
ylation were associated with induction of oxida-
tive stress. The influence of TiO2-NP (<25 nm, 
24 h) induced oxidative stress on DNA methyla-
tion was also reported by Bai et al. [2], in A549 
cells, where they observed significant DNA 
hypermethylation in the promoter region of 
PARP-1 (encoding poly (ADP-ribose) poly-
merase 1, involved in DNA repair). Based on the 
other endpoints (cyto-genotoxic and oxidative 
stress), Stoccoro et al. [93] suggested that oxida-
tive stress could be a primary event in inducing 
genotoxicity and epigenotoxicity. While most 
studies have evaluated DNA methylation as a pri-
mary epigenetic endpoint, Jayaram and Payne 
[45], studied the effect of TiO2-NP induced intra-
cellular superoxide on HDAC9 (histone deacety-
lase 9) expression, they used SOD-TiO2-NPs 
(SOD corona), and passivated TiO2-NP.  Both 
passivated and SOD particles did not result in 
intracellular ROS production. SOD-TiO2-NPs 
were able to scavenge superoxide and the expres-
sion of HDAC9 were comparable to control. 
Similar results were observed for the passivated 
TiO2-NPs [45]. In a study by the same group, a 
decrease in HDAC9 expression, and an increase 
in HDAC10 expression was observed; induced by 
food-grade TiO2 particles [44]. While food grade 
TiO2 particle, more specifically E171 may not be 
primarily a nanoparticle, electron microscopy 
analysis shows that at least 36% of the particles 
(by number) are below 100  nm [29, 97]. In 
another study [57], in addition to oxidative stress, 
the authors observed significant global DNA 
hypomethylation in A549 and 16HBE cells at dif-
ferent concentrations (0.1–100 μg mL − 1, 48 h) 
of TiO2-N25 and TiO2-A60. Both TiO2-N25 and 
TiO2-A60 exposure resulted in significant 
changes in the mRNA and protein expression lev-
els of methylation related genes (DNMT3B, 
TET1, TET2 and TET3) in A549 and 16HBE 
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cells. While, most studies have observed oxida-
tive stress and changes in DNA methylation 
induced by TiO2-NP, in one study [56] the 
authors did not observe significant changes in 
global DNA methylation/hydroxymethylation or 
LINE1 methylation in TiO2-NP (21 nm) exposed 
THP-1, SAEC, RAW264.7 cells at subtoxic con-
centrations (0.5 and 30 μg/mL for 24 h). Studies 
reporting the effect of long-term exposure to 
TiO2-NP on epigenetic changes are limited. 
Sierra et al. [90] observed changes in DNA meth-
ylation (21 CpG sites- corresponding to 22 
genes), in TiO2-NP (NM-101; 20.99 ± 6.4 nm) 
exposed BEAS-2B cells after a period of up to 
4 weeks. Since the number of differentially meth-
ylated genes were few, further enrichment analy-
sis was not performed on the set.

In an in vivo study [58], the effect of anatase 
TiO2-NP (25 nm), after 30 day-intranasal instil-
lations in young (5-week) and adult (10-week) 
mice was investigated and observed that the lung 
of young mice were more susceptible, compared 
to the adult mice. While, inflammatory markers 
were upregulated in both young and adult mice, 
significant global DNA hypomethylation and 
decrease in DNA hydroxymethylation were 
observed in young mice. Significant changes in 
sequence specific methylation of TNF-α pro-
moter (2 positions) and Thy-1 (cell surface anti-
gen) were also observed. Expression of DNMT 
mRNAs (DNMT1, DNMT3A and DNMT3B) 
were significantly upregulated in the young mice 
as well. Changes in DNA methylation, DNMT 
expression, and changes in expression of genes 
associated with pathways in cancer indicated the 
importance of epigenetic regulation and the 
potential to be used as biomarker for exposure 
and disease [58]. Additionally, in a cross-
sectional study, Liou et al. [54], investigated the 
effect of TiO2 exposure in workers handling 
(n  =  26) TiO2-NP and observed an increase in 
oxidative stress, but no changes in global DNA 
methylation were observed.

Overall, the studies reporting epigenetic alter-
ations induced by TiO2-NP, primarily investi-
gated DNA methylation changes. Despite the 
heterogeneity in particle and cell types used is 
such studies, evidence indicate towards disrup-

tion of DNA methyltransferase (DNMT) activity 
and DNA hypomethylation, often associated with 
increased oxidative stress. Since oxidative stress 
and oxidative DNA damage has been shown to 
interfere with the ability of DNMTs to efficiently 
interact with DNA [104], resulting in DNA hypo-
methylation and genomic instability, oxidative 
stress induced epigenetic mechanisms warrant 
further investigation.

9.2.2	 �Zinc and ZnO Nanoparticles

Previous studies have identified ZnO-NP 
induced cyto-genotoxicity and oxidative stress, 
in  vitro and in  vivo, and a major attribute of 
ZnO-NP toxicity is ionization/dissolution [96, 
101]. However, only a handful of studies have 
investigated epigenetic alteration. In a study 
(Table  9.2) which also evaluated epigenetic 
effect of TiO2-NP, Patil et  al. [77] reported 
DNA hypomethylation and changes in mRNA 
expression of DNMT1, DNMT3A, and DNMT3B, 
in MRC-5 cells for ZnO-NP (<100  nm, 1 and 
8  μg/mL, 24 and 48  h exposure). Choudhury 
et  al. [84] investigated the effect of ZnO-NP 
(90 ± 2 nm) in human embryonic kidney cells 
(HEK-293) on several key endpoints and 
observed a significant increase in oxidative 
stress and apoptosis. The authors observed a 
significant DNA hypomethylation, sequence 
specific demethylation of LINE1 and an increase 
in DNA hydroxymethylation, and a significant 
increase in expression of Ten-Eleven 
Translocation (TET) [84]. Another in vitro study 
in HaCaT cells, exposed to ZnO-NP revealed 
significant increase in H3K9 methylation and a 
decrease in H4K5 acetylation [28]. These 
changes were associated with an increase in 
expression of pro-apoptotic genes and increased 
oxidative stress and DNA damage and G2/M 
cell cycle arrest. While, the limited number of 
studies provide some evidence regarding oxida-
tive stress induced epigenetic alteration, further 
studies (both in vitro and in vivo) are required to 
evaluate the epigenetic changes induced by 
ZnO-NP taking into account physicochemical 
attributes such as dissolution.

9  Epigenetic Mechanisms in Understanding Nanomaterial-Induced Toxicity
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9.2.3	 �Silica Nanoparticles

Only few studies have reported epigenetic altera-
tions induced by silica nanoparticles (Table  9.3). 
One such evidence comes from the study by Seidel 
et al. [86] in Bhas 42 cell, exposed to Min-U-Sil® 
5 (crystalline silica, 15 and 25 μg/cm2) or NM-203 
(pyrogenic amorphous silica, 2 and 5 μg/cm2). The 
authors observed significant global DNA hypo-
methylation and significant changes in the DNMT 
expression (increased DNMT3A and DNMT3B) 
[86] and an increase in Histone H4 acetylation and 
significant changes in HDAC expression by Min-
U-Sil® 5, but not for NM-203. For Min-U-Sil® 5, 
the authors also observed increased acetylated his-
tone H3 lysine 4 (H3K4Ac), histone H3 lysine 9 
(H3K9Ac) and acetylated histone H3 lysine 27 
(H3K27Ac) on c-Myc promoter, which plays 
important role in cellular metabolism and prolifera-
tion and in cell transformation [86]. Epigenetic 
alterations were also studied in HaCaT cells, 
exposed to Sio2 NP (15 nm) [36]; where the authors 
observed significant increase in promoter methyla-
tion of Poly [ADP-ribose] polymerase 1 (PARP-1), 
which plays key role in chromatin remodelling and 
multiple DNA damage repair pathways [82]. Using 
a DNMT1 knockdown, the authors confirmed the 
role of DNMT1 in the observed Sio2 NP mediated 
effect. Sio2 NP exposure (5 μg/mL, 30 passage) in 
BEAS-2B cells also induced significant changes in 
DNA methylation including PI3K-Akt and 
sequence specific hypermethylation of CREB3L1 
and Bcl-2 promoters indicating the role of mito-
chondria mediated apoptosis [105]. In a cross-
sectional study Liou et  al. [54], observed an 
increase in oxidative stress markers in a group of 
workers handling SiO2 (n  =  31), but changes in 
DNA methylation was not observed. Based on 
these studies, it can be suggested that Sio2 NP can 
induce epigenetic changes to the DNA and histone, 
and these changes are primarily associated with 
cell cycle regulation and proliferation. However, 
important aspect of SiO2 NP toxicity such as the 
crystal structure and surface silanols have not been 
addressed by these studies.

9.2.4	 �Copper and Copper Oxide 
Nanoparticles

In an in vitro study [56], the authors evaluated 
effect of CuO NP (58.7  nm, 0.5 and 30 μg/m, 
24  h) in different cell lines (THP-1, SAEC, 
RAW264.7) and observed small but significant 
changes in LINE 1 methylation, while no 
changes in global DNA methylation/hydroxy-
methylation were observed (Table  9.4). In a 
study aimed at identifying anticancer effect of 
green synthesized CuO NP, the authors observed 
significant inhibition of HDAC family [47] in 
A549 cells, however description of exposure was 
not very well defined for further interpretation. 
Most evidence regarding epigenetic changes 
induced by copper and copper oxide nanoparti-
cles come from in  vivo studies. While several 
key endpoints were evaluated, here we discuss 
the epigenetic endpoints of interest. In an in vivo 
study [55] on BALB/c male mice, using the 
same CuO NP (58.7 nm) particle as mentioned 
above [56], the authors observed an Increase in 
5-mC levels and 5-hmC levels in lung tissue, 
hypermethylation of SINE B1 elements in the 
alveolar macrophages; and methylation of 
LINE-1 remained unchanged. In their study on 
female ICR (Institute of Cancer Research) mice, 
Rosner et al. [83] observed no significant change 
in global DNA methylation upon whole-body 
inhalation exposure to CuO NPs (3  days, 
6  weeks, and 3  months). Enriched pathways, 
based on results of miRNA -mRNA expression 
changes were associated with lysosomal func-
tion, adherens and tight junction, pathways in 
cancer among others. In another study, Ognik 
et  al. [67] observed an increase in oxidative 
stress markers (lipid peroxides, MDA), a 
decrease in catalase, total glutathione and global 
DNA hypomethylation for animals receiving Cu, 
CuNP through their diet. Through their results 
the authors suggested that Cu deficiency could 
impair oxidative defence, and that CuNP supple-
mentation in the diet reduces protein oxidation, 
nitration, DNA oxidation and methylation [67].

9  Epigenetic Mechanisms in Understanding Nanomaterial-Induced Toxicity
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9.2.5	 �Silver Nanoparticles

While silver nanoparticles are one of the most 
studied, both for its biomedical application and to 
identify its toxicity, the studies reporting epigen-
etic alterations are limited (Table 9.5). Gonzalez-
Palomo et  al.[37] in a study on EA.hy926 
endothelial cells, observed global hypermethyl-
ation, downregulation of some miRNAs 
(miRNA -126, −155, and − 146) and increase in 
some inflammatory markers and levels of vascu-
lar cell adhesion molecule 1 (VCAM-1). Very few 
changes in DNA methylation were observed in 
BEAS-2B cells, exposed for a period of up to 
6 weeks to Ag-NP (1 μg/mL), while significant 
changes in the transcriptome was observed [35]. 
Brzóska et  al. [9] reported changes in miRNA 
expression (miR-499a, miR-1-3p), however 
DNA methylation were not altered in HepG2 
cells, exposed to Ag-NP (20 nm, 10 μg/mL) for 
24  h. In mouse hippocampal neuronal cell line 
(HT22), Mytych et al. [64] observed a significant 
increase in DNMT activity and global DNA 
methylation after 48  h of Ag-NP exposure and 
also after a recovery period of 96 h. In another 
study the authors observed significant H3 deacet-
ylation and global DNA hypermethylation in 
A549 cells, exposed to higher concentration of 
PVP-coated Ag-NP [7]. While only a small per-
centage of PVP was part of particle preparation 
(99.9% Ag, 0.3% PVP), like in most epigenetic 
studies the influence of surface coating was not 
very clear [7]. Another study addressed the effect 
of Ag-NP on phosphorylation of histone H3 
[103] in different cell lines (HaCaT, A549, MCF-
7), where significant p-H3S10 (phosphorylation 
of histone H3 at serine 10) was observed, and 
was associated with cellular uptake of the parti-
cles. In contrast to other metal (oxide) nanopar-
ticles, most studies on Ag-NP reported DNA 
hypermethylation, either at a global or sequence 
specific levels. However, the mechanistic expla-
nation behind such changes have not been 
reported. Additionally, toxicologically relevant 
properties for silver nanoparticles such as effect 
of shape/size and ionization have also not been 
reported.

9.2.6	 �Gold Nanoparticles

Among metal nanoparticles, gold (Au-NP) has 
been studied rather extensively for epigenetic 
mechanism (Table 9.6), however with a focus, pri-
marily on therapeutic properties for biomedical 
application. Majority of the particles used in such 
studies are biosynthesized, and are surface coated 
with citrate, PLGA etc. for specific application. In 
this section, we try to discuss the evidence on 
such epigenetic changes, focusing on the toxico-
logical aspect where possible. However, it would 
be important to remember that surface coating of 
particle has an influence on uptake and thereby on 
the observed effects. Therefore, these results can-
not be generalized for Au-NP as a group. Patil 
et al. [78] reported DNA methylation changes in 
human normal skin fibroblast (hypermethylation 
after 24 h, hypomethylation after 48 h) and A375 
cells (hypomethylation after 24 and 48  h) and 
aberrant DNMT expression (DNMT1, DNMT3A 
and DNMT3B) exposed to biosynthesized Au-NP 
[78]. In another study the authors reported the 
reduction of cell cycle related protein expression 
and histone deacetylase activity in HepG2 cells 
treated with “gold-quercetin loaded into poly(DL-
lactide-co-glycolide)” nanoparticles, however due 
to presence of multiple chemicals [6] such effect 
cannot be directly attributed to Au-NP. In another 
in  vitro study, in human embryonic stem cells 
(hESCs), the authors investigated several cyto-
genotoxicity and epigenetic endpoints for coated 
Au-NPs of different size (mercaptosuccinic acid 
coated-1.5, 4 nm, and citrate coated 14 nm) [87]. 
These nanoparticles exhibited global DNA hypo-
methylation (5-mC) and an increase in DNA 
hydroxymethylation (5-hmC) at sublethal con-
centrations. This effect was most prominent for 
Au-NP (4  nm) with 31,000 CpG sites showing 
demethylation [87]. However, no further interpre-
tation on pathways were provided. In HepG2 
cells, exposed to citrate coated Au-NP (10 μg/mL) 
for 24  h, Brzóska et  al. reported changes in 
miRNA expression (miR-499a, miR-491-5p etc) 
however DNA methylation were not altered [9]. 
In a separate study, Ng et  al. [65] reported that 
Au-Np (21 nm, citrate reduction) downregulated 
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the expression of PROS1 (Vitamin K-dependent 
protein S) gene, mediated by the up-regulation of 
microRNA-155 (miR-155) but no change in 
methylation was observed for PROS1.

From the limited in vivo evidence, it is also 
clear that Au-NPs can induce epigenetic altera-
tions in different tissue/cell types. In a study by 
our group [94], in BALB/c mice exposed to dif-
ferent sizes of citrate coated Au-NP (5, 60, 
250  nm), while no changes were observed on 
the level of global DNA methylation (5-mC) 
and hydroxymethylation (5-hmC), Au-NP 
(60  nm) induced CpG hypermethylation in 
ATM, CDK and GSR genes and hypomethyl-
ation in GPX, GSR and TRP53. These changes 
were also associated with deregulations in 
immune markers. In another study, transplacen-
tal miRNA expression changes associated with 
cell proliferation, apoptosis, inflammation etc. 
were also observed in liver and lung of mice 
foetus, for Au-NP (40, 100  nm) administered 
intraperitonially (3.3 mg/Kg) [3].

9.3	 �Epigenetic Changes Induced 
by Carbon Nanotubes

Due to the growing evidence of toxicity induced 
by carbon nanotubes (CNTs), and the increasing 
emphasis on high aspect ratio, and the asbestos 
analogy [49, 81], there has been considerable 
research on epigenetic changes compared to 
other NPs. Classification of “MWCNT-7” as 
“Possibly carcinogenic to humans” (International 
Agency for Research on Cancer- IARC Group 
2B) [43] and growing emphasis on mechanistic 
evidence for potential carcinogenicity, has also 
highlighted the need of epigenetic study. In this 
section we discuss the studies (Table  9.7) that 
have used different types of CNTs (MWCNT- 
Multi wall, SWCNT- Single wall) to evaluate epi-
genetic alterations, and where possible try to 
draw parallels with that of evidence available for 
asbestos.

From our study, in human bronchial epithelial 
cells (16HBE), we observed significant changes 
in DNA methylation induced by MWCNTs (JRC 
NM400; diameter 11  nm, length 846  nm) and 

SWCNTs (NIST SRM:2483; diameter 0.8  nm, 
length 8000 nm) [69]. While we did not observe 
global DNA methylation changes [33, 69] and 
sequence specific changes in LINE1 methylation 
[33], we observed significant changes in individ-
ual CpG sites for MWCNT (2398 genes were 
hypomethylated at gene promoters), and SWCNTs 
(589 CpG sites hypo- or hypermethylated), asso-
ciated with pathways such as p53 signaling, DNA 
damage repair and cell cycle. We also were able to 
identify sequence specific changes in DNA meth-
ylation of several important genes such as NPAT/
ATM, PIK3R2, DNMT1, HDAC4, SKI and GSTP1 
[33, 69]. We did not observe significant changes 
in miRNA expression, which could however be 
due to the smaller number of replicates [33]. In a 
subsequent study we compared the epigenetic 
alterations observed for CNTs to that induced by 
asbestos in 16 HBE cells (Esra [24]), and mostly 
observed no significant changes in global DNA, 
however sequence specific methylation was 
altered for ATM (chrysotile, SWCNT, and 
MWCNT), CDKN1A (SWCNT, MWCNT, and 
amosite) and TRAF2 (only SWCNT) (Esra [24]) 
all of which play important role in pathways asso-
ciated with DNA damage and apoptosis. In our 
study we also did not observed significant changes 
in global RNA methylation, which is a post-a 
translational modification with important role in 
gene regulatory processes. Our analysis of 
genome wide methylation changes induced by 
asbestos fibers (amosite, crocidolite and chryso-
tile) in 16HBE cells [70] also revealed significant 
changes in methylation pattern (associated with 
MAPK signaling pathway, pathways in cancer, 
WNT gene family and homeobox group) and 
some of the altered pathways were similar to that 
observed for CNTs. Differentially methylated 
regions including HOX genes have also been 
reported by Kettunen et  al. [51] for asbestos-
exposed patients. In a recent study, we reported 
the effect of long-term CNT and amosite expo-
sure and recovery on DNA methylation, and we 
found that SWCNTs/amosite induced hypermeth-
ylation at CpG sites and MWCNT induced hypo-
methylation at CpG sites [71]. Moreover, 
spontaneous DNA methylation changes were 
observed during the recovery period [71]. 

9  Epigenetic Mechanisms in Understanding Nanomaterial-Induced Toxicity
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However, the induction of DNA methylation 
changes for the chronic exposure period was less 
pronounced compared to our acute exposure 
experiment and such difference could be due to 
both the lower concentration of exposure for the 
chronic phase and possibly due to tolerance and 
adaptation. While in our study we observed fewer 
DNA methylation changes, in a long-term study 
in BEAS-2B cells, with MWCNT (NM401) expo-
sure period of up to 4  weeks, Sierra et  al. [90] 
observed a significant hypomethylation of 697 
CpG, primarily associated with functions such as 
cell adhesion. The difference between the two 
long terms studies could primarily be due to the 
difference in lower exposure concentration 
(0.25 μg/ml) used in our study [71] compared to 
that reported by Sierra et al. [90] (20 μg/ml), but 
also due to the difference in cell lines used.

From one of our study, in BALB/c mice, intra-
tracheal administration of MWCNT and SWCNT 
resulted in a sequence specific DNA methylation 
in ATM [94]. Such changes have been observed 
in other cell types as well. For instance, in one of 
our studies in THP1 monocytes, while we 
observed no changes in global methylation or 
hydroxymethylation, significant gene specific 
methylation associated with pathways such as 
platelet activation, VEGF receptor signaling 
pathway, chromatin organization, pathways in 
cancer, MAPK signaling pathway, PI3K-Akt sig-
naling pathway were observed [68]. In another 
study, Saarimäki et  al. [85] reported significant 
changes in transcriptome and epigenome (DNA 
methylation) associated with pathways related to 
immune system, cell cycle and signal transduc-
tion, in differentiated THP1 monocyte exposed to 
rigid MWCNT.

In an in vitro study, Chatterjee et al. [15] criti-
cally evaluated the effect of MWCNT diameter 
and length in BEAS-2B and HepG2 cells. In the 
study, the authors observed a global DNA hyper-
methylation in HepG2 cells while a global DNA 
hypomethylation was observed for BEAS-2B 
cells [15]. These changes were in line with 
DNMT1 and DNMT3B expression in both cell 
lines. Of the different forms of MWCNT studied, 
long-narrow and short-narrow forms induced the 

most significant epigenetic changes, associated 
with other oxidative stress and inflammatory 
markers. In another study, significant global 
hypomethylation was observed in lung tissue of 
C57BL/6 mice, exposed to MWCNTs of differ-
ent length and diameter by oropharyngeal aspira-
tion [18]. In the study narrow diameter and long 
length MWCNT induced the most significant 
effect [18], in line with the observation made by 
Chatterjee et al. [15]. The authors also reported 
significant sequence specific promoter hypo-
methylation of IL-1ß, IL-6, and TNF-α at 24 h, 
associated with increase in the inflammatory 
markers, followed by a reversal of the trend 
7 days post exposure [18]. These two studies [15, 
18] taken together, provide significant evidence 
regarding the influence of diameter and aspect 
ratio on CNT induced toxicity and epigenotoxic-
ity. Another evidence in support of the asbestos 
analogy and high aspect ratio fiber toxicity comes 
from the in  vivo study of Chernova et  al. [16], 
where the authors used long and short forms of 
Amosite and carbon nanotubes. In the study the 
authors observed induction of mesothelioma, by 
pleural injection of long CNT and long amosite 
asbestos fibers, preceded by hypermethylation of 
overlapping genes p16/Ink4a and p19/Arf [16], 
which are often inactivated in different forms of 
cancer.

In addition, studies have identified consider-
able evidence of occupational exposure to CNTs, 
and has been presented in a recent review by 
Canu et  al. [38]. In a study by our group [31], 
while we did not observe any significant differ-
ence in global methylation (5-mC), hydroxy-
methylation (5-hmC) and LINE1 methylation; 
we observed significant changes in CpG methyl-
ation for DNMT1, ATM, SKI, and HDAC4 in 
MWCNT exposed workers. These sequence spe-
cific methylation changes were also observed in 
our in vitro studies as discussed above. In another 
cross-sectional study, Shvedova et  al. [89] 
observed significant enrichment of miRNA-
lncRNA-mRNA changes in inflammation, fibro-
sis, tumor promotion and cancer progression 
pathways in MWCNT exposed workers. While 
these studies do not allow for a definitive inter-
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pretation regarding the cause or dose response 
relationship, some other cross-sectional studies 
have shown significant changes in inflammation 
and effect on cardiovascular and lung health [25, 
34, 98]. These studies provided the first set of 
evidence of epigenetic alterations induced by 
occupational exposure to CNTs, but larger longi-
tudinal population studies are needed to provide 
more detailed inside.

9.4	 �Summary and Perspectives

From the studies presented above, it is clear that 
NPs can induce epigenetic changes both at toxic 
and sub- cytotoxic concentrations. In the studies 
discussed above, with the exception of Ag-NP, 
most of the particles induced global DNA hypo-
methylation. DNA hypomethylation is observed 
in carcinogenesis and is highly correlated with 
methylation of DNA repeat elements [22]. 
Methylation of repeat elements such as LINE 1 
and Alu represent approximately 50% of global 
methylation levels and hypomethylation has been 
associated with genomic instability and therefore 
can be used to study epigenetic alterations induced 
by NPs. Additionally, it has been established that 
global DNA methylation levels are modulated by 
oxidative stress[61, 73], and these mechanisms 
share one-carbon metabolism as the common 
denominator. This was observed for several of the 
NPs, but mostly for TiO2-NP, as discussed above. 
In a relatively small number of studies and pri-
marily in case of Ag-NP DNA hypermethylation 
has been observed as well. DNA hypermethyl-
ation at global level and at specific loci has been 
implicated in large number of diseases including 
cancer [23]. Sequence specific DNA hypermeth-
ylation of GSTP1, TP53, p16, p21, ATM among 
other important genes, increased phosphorylation 
of H3 and concurrent mRNA dysregulation has 
been observed for the nanoparticles, similar to 
that observed for other genotoxic carcinogens 
such as formaldehyde, benzene [14]. While these 
findings are extremely interesting, it limits further 
mechanistic interpretation due to certain study 
limitations discussed further. While most epigen-
etic changes have been observed at a sub cyto-

toxic concentration, the observed results are 
representative of a single time window. Given that 
epigenetic changes are highly dynamic, and most 
of the nanoparticles were studied for shorter dura-
tion of exposure, the results cannot provide infor-
mation of a chronic exposure scenario or that 
resulting from a change in exposure conditions. 
Therefore, to understand the dynamic nature of 
such changes, studies need to be designed taking 
into account- chronic low exposure, different 
time windows and an inclusion of recovery period. 
Another important aspect of a study design, aimed 
at understanding epigenetic effect should be the 
selection of appropriate cell type, representative 
of the exposure and elimination route. Despite the 
limited evidence, this is something that has been 
observed for NPs [80] and is extremely important 
as epigenetic changes are cell type specific. 
Additional experimental conditions, relevant for 
nanotoxicological experiments in general, such as 
physico-chemical properties, dispersion condi-
tion, shape of material, aspect ratio of fibres, sur-
face coating and functionalization are equally 
important in the interpretation of epigenetic 
changes. Furthermore, these changes observed in 
mostly in vitro studies must be validated in vivo 
and if possible, in exposed human population. 
Epigenetic alterations can be valuable in provid-
ing key mechanistic insight which can play 
important role in risk assessment, regulation, and 
classification based on mechanistic evidences by 
agencies such as the IARC [17, 92].
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Abstract

An exponential increase in products contain-
ing titanium dioxide nanomaterials (TiO2), in 
agriculture, food and feed industry, lead to 
increased oral exposure to these nanomaterials 
(NMs). Thus, the gastrointestinal tract (GIT) 
emerges as a possible route of exposure that 
may drive systemic exposure, if the intestinal 
barrier is surpassed. NMs have been suggested 
to produce adverse outcomes, such as geno-
toxic effects, that are associated with increased 
risk of cancer, leading to a concern for public 
health. However, to date, the differences in the 
physicochemical characteristics of the NMs 
studied and other variables in the test systems 
have generated contradictory results in the lit-
erature. Processes like human digestion may 
change the NMs characteristics, inducing 
unexpected toxic effects in the intestine. Using 
TiO2 as case-study, this chapter provides a 
review of the works addressing the interactions 

of NMs with biological systems in the context 
of intestinal tract and digestion processes, at 
cellular and molecular level. The knowledge 
gaps identified suggest that the incorporation 
of a simulated digestion process for in vitro 
studies has the potential to improve the model 
for elucidating key events elicited by these 
NMs, advancing the nanosafety studies 
towards the development of an adverse out-
come pathway for intestinal effects.

Keywords
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10.1	 �Nanomaterials in Food 
and Feed

Nanomaterials (NMs) and nanoparticles (NPs) 
show specific physicochemical properties (e.g., 
dimension, surface area area and functionaliza-
tion) that provide advantageous mechanical, opti-
cal and electrical characteristics [1]. 
Nanotechnology is one of the recognized key 
enabling technologies due to its potential to 
improve the quality and performance of many 
types of products and processes, thus being 
widely applied in several industries, namely in 
the food industry, including food processing and 
packaging, and animal feed [2, 3] (Fig.  10.1). 
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However, the exponential development of NMs 
contrasts with lacking conclusive risk assessment 
regarding the human health and the environment, 
causing concerns for public health [1].

In the food sector, NMs can be used as food 
additive to enhance product characteristics (e.g., 
texture, flavour and colour), improve the food 
stability during processing and storage or 
increasing nutritional value of food products [3, 
4]. Several food additives have been recently 
identified to be NMs or as having a substantial 
fraction of the constituting particles in the nano 
range, with TiO2 being one of the most applied in 
food products [3]. TiO2 is used as food additive 
to augment the white colour of some products, 
such as dairy products, pastries, candies, sweets 
and chewing gums. In addition to being used as 
pigment, TiO2 can also be used to improve the 
flavor of non-white foods like vegetables, nuts, 
soups, sauces (e.g., mustard) and to clear bever-
ages (beer, cider and wine) [5, 6]. Another 
important NM applied in food as an additive is 
silicon dioxide (SiO2, E551). This NM is used to 
clear beer and wines (prevent the turbidity of 
beverages) and as an anticaking and anticlump-
ing agent [7].

Both NMs (TiO2 and SiO2), as well as nano-
sized magnesium oxide (MgO, E530) can be 
used in edible coatings to provide moisture or 
oxygen barrier and/or enhance sensory percep-
tions (e.g., flavor), thereby improving the product 
shelf life [4].

Furthermore, some NMs can improve the 
nutritional value of food, including animal feed 
products, via nanoencapsulation and nanoemul-
sions of supplements. Encapsulation of a com-
pound (e.g., vitamins and flavonoids) in a nano 
sized vehicle confers protection against degrada-
tion and improves stability and solubility, thus 
leading to an increased bioavailability and a more 
efficient delivery to cells and tissues [3, 8]). As a 
component of numerous enzymes and hormones, 
zinc is essential for vital physiological functions 
in humans and, therefore, is common to add zinc 
oxide (ZnO) NMs as a source of in food supple-
ments [9]. In the animal feed sector, the size 
reduction of selenium to nano range can increase 
the nutrient absorption in sheep, improving feed 
digestion [10]. Also, it is claimed that the addi-
tion of silver NPs (AgNPs) to drinking water can 
replace the use of antibiotics in chickens and 
pigs, improve digestion of feed and reduce the 

Fig. 10.1  Human and environmental exposure in the manufactured nanomaterials life cycle context
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aflatoxin toxicity, which is very important since 
mycotoxins represent a worldwide problem for 
farmers [11–13]. In fact, Ag NPs are widely used 
for the disinfection of water, as well as TiO2 to 
decompose organic and inorganic contaminants 
in water [14].

NMs may also be applied in food contact 
materials (FCM), i.e., materials that directly 
contact with food products during manufactur-
ing, transportation and storage [2]. Some exam-
ples are food packaging, cooking materials 
equipment, storing boxes, crockery and coatings 
of machines and surfaces [3]. Conversely, the 
application of NMs in FCM appears to have a 
promising future, since their incorporation can 
prevent microbial growth, reduce weight, 
increase heat resistance, increase mechanical 
strength and improve barrier against gases, UV 
radiation and moisture of the packaging. All of 
these features contribute positively to maintain 
the quality and safety of the food, increasing its 
shelf life [15].

Due to their antimicrobial properties against a 
broad range of microorganisms (e.g., viruses, 
bacteria, fungi), AgNPs are the most common 
NMs added to food packaging [3, 16]. In Europe 
(EU), these particles are not approved for use in 
plastic materials, since they can migrate to the 
food [17]. Chitosan, zinc oxide (ZnO), magne-
sium oxide (MgO) are candidates also to be used 
in FCM to prevent the appearance of pathogens 
in food [18, 19], however they are not allowed yet 
in EU. The incorporation of NMs, such as nano-
cellulose in FCM might improve the mechanical 
and thermal properties of the materials, namely 
the ones consisting in biodegradable polymers, 
since due to their natural origin these polymers 
tend to present poor barriers [20]. A summary of 
present, as well as future, applications of nano-
materials in food production, that may cause 
either direct or indirect consumer exposure, can 
be found in [21].

More recently, the utilization of (nano)biosen-
sors in FCM has become a popular trend that is 
commonly known as “active packaging” and/or 
“smart packaging” [2]. The incorporation of 
nanobiosensors allows the detection of pesti-
cides, pathogens, toxins and the monitoring of 

pH, oxygen (O2) and temperature, thereby deliv-
ering information of food quality in real time [2, 
22–24]. Recently, Sahoo et al. [22] work reported 
that ZnO quantum dots (QDs) could detect sev-
eral pesticides due to their high affinity for the Cl 
groups present in the pesticides. At the same 
time, ZnO QDs could photocatalyze the pesti-
cides during the interaction [22]. Through color 
change, nanobiosensors based on TiO2 or nano-
crystalline tin(IV) oxide (SnO2) can indicate O2, 
gases and pH changes or even the metabolites 
formation upon microbiological growth [3].

Currently, many of these applications in food 
and feed are already being commercialized and 
other are in development expecting to reach the 
market in a near future (summarized in Fig. 10.2). 
In this context, the human exposure to NMs may 
occur directly via ingestion of products contain-
ing NMs [21]. Conversely, it can occur indirectly, 
after the ingestion of foods contaminated with 
NMs that had been released from food-contact 
materials (FCM), or used as feed additives or 
nanopesticides. These different cases are 
addressed in the EFSA guideline for nanospecific 
risk assessment [25]. Although nanotechnology 
offers a broad range of promising and innovative 
applications, it also presents new risks. Therefore, 
it is becoming increasingly important to assess 
the potential risks of NMs in human health.

10.2	 �Human Exposure to Titanium 
Dioxide Nanomaterials (TiO2) 
in Food and Food Chain

Since TiO2 can improve the color, texture, flavor 
and stability of many food products, nutritional 
supplements and pharmaceutical formulations, it 
is one of the most used NMs in the food sector. 
E171, the European designation for food-grade 
TiO2, is a food additive and colorant approved by 
the European Union in 1969 [26, 27], in which, 
“approximately, 30% of its particles are less than 
100 nm in diameter”[28]. The size range where 
most particle lie is ca. 40–250 nm [29]. The per-
centage by number of constituent particles 
smaller than 30  nm has been determined to be 
≤1% in samples of E171, either pristine or 
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extracted from foods [28]. It might be applied as 
a pigment/food colorant to whiten and improve 
the opacity of skim milk, ice creams, coffee 
creams, sauces, pastries and candies, while also 
being capable of enhancing the flavor of pro-
cessed food items and to clear distinct beverages 
[5, 6, 30, 31]. TiO2 can also be utilized as an anti-
caking agent in granular and powdered foods [5, 
32]. Sweets and candies (e.g. chewing gum, 
chocolate and products with white icing) contain 
the largest content of TiO2 in their composition 
amongst the available food products: 0.01–1 mg 
per serving [5]. This led to the estimation of con-
sumption of 0.2–1  mg/kg/day of TiO2 by the 
average adult [5]. Some of the lesser relevant 
examples of its oral intake are mainly associated 
with the accidental ingestion of toothpaste and 
lipstick [6, 33]. In this sense, others estimate that 
most humans follow a West European diet and 
used toothpaste, that may imply an oral intake of 

0.06–5.5 mg TiO2/kg body weight/day [33–35]. 
In a very recent report, EFSA Panel estimated, 
for several population groups (infants, toddlers, 
children, adolescents, adults and the elderly), the 
chronic dietary exposure to E171. It was con-
cluded that in the scenario assessment of maxi-
mum level exposure, the mean exposure to E171 
varied from 0.06  mg/kg bw/day in infants to 
12.8 mg/kg bw/day in toddlers [28].

Nanosized TiO2 also exhibits increased 
UV-blocking properties, in a different form asso-
ciated to a transparent appearance, with particles 
entirely <100 nm, and this form is used in UV 
filters, which are advantageous for its incorpora-
tion in food packaging and storage [32]. Due to 
the emerging number of applications of TiO2 in 
the food sector, there is a higher potential of oral 
intake of food products. In addition, the use of 
TiO2 in pharmaceutical sector, or cosmetics such 
as toothpaste and lipstick, can also result in the 

Fig. 10.2  Applications 
of nanomaterials in the 
food and feed sectors, 
including food contact 
materials (FCM)
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ingestion of nanosized TiO2, although these are 
outside the regulation of the food sector.

As a matter of fact, in a study using human 
volunteers with a normal intestinal permeability, 
it was shown that a fraction of pharmaceutical or 
food-grade TiO2 can be directly absorbed into the 
bloodstream in its particulate form, after its oral 
administration (100  mg, in this case) [36]. The 
same authors also suggested that there are, prob-
ably, two distinct particle uptake pathways in the 
human gut, one in the proximal small intestine 
and another in the distal small intestine [36]. To 
quantify the human exposure and uptake of TiO2 
and to unravel the responsible mechanisms, fur-
ther quantitative measurements were suggested 
to be needed [36]. Also, Böckmann et  al. [37] 
reported the absorption of capsules or anatase 
powder containing TiO2 from the gastrointestinal 
tract (GIT) into the bloodstream, following oral 
administration. More recently, it was reported the 
accumulation of both titanium (Ti) and TiO2 in 
the human liver and spleen analyzed post-
mortem, in which more than 24% of the particles 
were at the nanoscale (< 100  nm) [38]. This 
means that the daily oral exposure to TiO2 parti-
cles found in consumer and food products can 
lead to bioaccumulation upon human oral intake 
[38].

As a consequence, the oral ingestion/intake of 
TiO2 might constitute an emerging risk for human 
health, which implies a need to perform the safety 
assessment of these NMs in order to understand 
the biological effects and toxicity regarding their 
consumption. Despite TiO2 is one of the most 
commonly applied NMs in food sector, the 
majority of the (nano)toxicological studies focus 
on non-oral routes of exposure (i.e. inhalation 
and dermal contact). The available data regarding 
toxicokinetics upon oral exposure is still very 
limited and, therefore, it’s crucial to study the 
possible toxic effects of these NMs [30, 31, 39, 
40]. A key study demonstrated the absorption and 
deposition of E171 in rodents upon repeated oral 
exposure, where the accumulation of E171 in the 
liver and intestine of mice was observed, at a 
dose comparable to human exposure levels [41]. 
The inflammation in the intestine and stomach of 
the exposed mice, as well as increased superox-

ide production upon E171 treatment, highlighted 
the need for considering human health risks as a 
result of dietary exposure to the food-grade TiO2 
[41].

10.3	 �Safety Assessment 
of Ingested TiO2 – The View 
from a Regulatory 
Perspective

TiO2 have been classified as possibly carcino-
genic to humans (IARC, group 2B) [42], based 
on studies on animals exposed by inhalation, and 
also as a potential occupational carcinogen 
(NIOSH, 2011). As for cosmetics, the Scientific 
Commission for Consumer Health (SCCS) has 
declared that its use does not harbour increased 
health risks, as long as the TiO2 containing prod-
ucts are applied on intact skin [43]. In 2019, the 
European Parliament and the Council on cos-
metic products published an amendment to the 
Regulation (EC) No 1223/2009  in accordance 
with the opinion of the Standing Committee on 
Cosmetic Products, warning that it must not to be 
used on the lips (Official Journal of the European 
Union, 2019).

Up to date, no consensus exist on the use of 
TiO2 as a food additive. The Food and Drug 
Administration (FDA) categorizes TiO2 as 
“Generally Recognized as Safe” (GRAS) and 
allows products not to exceed more than 1% TiO2 
in weight (https://www.accessdata.fda.gov/
scr ip t s /cdrh /c fdocs /c fCFR/CFRSearch .
cfm?fr=73.575, accessed 24/09/2020). In spite 
the European Union (EU) had approved the use 
of food-grade TiO2 or E171 as a Group II food 
color at quantum satis, that is, it can be applied to 
products “at a level not higher than is necessary 
to achieve the intended purpose”. (European 
Commission, 2008), very recently this risk 
assessment has been revisited by EFSA.  As of 
6th May 2021, EFSA updated its safety assess-
ment concerning E171, concluding that it can no 
longer be considered as safe when used as a food 
additive [28]. This is line with decisions from 
other regulatory bodies such as the French 
Agency for Food, Environmental and 
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Occupational Health and Safety (ANSES), that 
imposed in France the ban of its use in food, 
since January 2020 [44], highlighting the need of 
further studies to characterize the potential health 
effects related to ingestion of E171. The latest 
EFSA report, describes the re-assessment of the 
toxicological data according to the requirements 
specified in the 2018 EFSA Guidance on nano-
technology [28]. The Panel concluded that the 
available data did not suggest adverse effects 
with either E171 up to a dose of 1000 mg/kg bw 
per day or with TiO2 (<30 nm) up to 100 mg/kg 
bw per day. Furthermore, it was considered that 
studies found in the literature on reproductive 
and developmental toxicity of E171 or neurotox-
icity were not reliable and that the studies on 
immunotoxicity and inflammation were inconsis-
tent. A new reproduction toxicity one-generation 
study was performed and did not reveal general 
toxicity, nor effect on thyroid or sex hormone lev-
els, reproductive function and fertility nor pre- 
and postnatal development. A slight effect was 
observed in immunotoxicity, with no dose-
response, while the effect of E171 in producing 
aberrant crypt foci described in Bettini et al. [45] 
was not replicated in other studies. Noteworthy, 
the Panel concluded that “TiO2 particles have the 
potential to induce DNA strand breaks and chro-
mosomal damage, but not gene mutations, and a 
concern for genotoxicity of TiO2 particles cannot 
be ruled out” [28]. The up to date evidence, along 
with all the uncertainties, further highlight the 
need for accurate risk assessment of TiO2 that can 
be ingested and affect human health.

10.4	 �Nano-Bio Interactions 
of Ingested Nanoparticles

The mechanisms of toxicity of NMs following 
oral exposure and ingestion have been poorly 
characterized, although changes in the secondary 
properties of NMs may occur in view of their 
dynamic behavior under physiological condi-
tions, and a global network of cellular and molec-
ular pathways are likely to be impacted upon 
such exposure. The reports concerning the toxic-
ity of NMs are often contradictory as a result of 

poorly characterized formulations and exposure 
conditions. Our previous work has suggested that 
the primary physicochemical descriptors of NMs 
may not be the most adequate to foresee their 
toxicological behavior [46]. In fact, changes in 
cellular environment, such as the culture medium, 
may affect the outcome of toxicity assays [46, 
47]. It was shown in vitro that the same TiO2 test 
material, prepared with standardized dispersion 
protocols, yields different outcomes in blood or 
respiratory cells, alongside with the use of dis-
tinct cell culture conditions, that have different 
effects in secondary characteristics of the NMs, 
leading to discrepant observations [46].

When ingested, the interaction between TiO2 
and the organic biomolecules in food and in the 
gastrointestinal fluids is unavoidable. Under 
these circumstances, the physicochemical prop-
erties of the particles may change, as well as the 
experimental outcome [48]. NMs may agglomer-
ate/aggregate, react or bind to other components 
of food/feed, solubilize upon reaction with diges-
tion fluids, or can even be excreted from the body 
[49]. Due to the plethora of possible transforma-
tions, NMs may not be available in free particu-
late forms, and their translocation across the GIT 
may be influenced as well as their cytotoxic and 
genotoxic outcomes [50]. For example, very 
recently, Zhang et al. [49] reported that the poten-
tial toxicity of TiO2 can be reduced by the pres-
ence of a food matrix. Another study investigated 
the dissolution behavior of NMs under the influ-
ence of the GIT context, by using simple acidic 
and neutral solutions, showing that an important 
characteristic that influences TiO2 solubility is 
the crystal form [51]. In that work, all the TiO2 
forms dissolved very slowly at both pHs, but a 
greater solubility was observed for nano-anatase 
compared to nano-rutile at neutral pH [51].

In vivo studies may provide more realistic 
approaches concerning the modifications that 
NMs may suffer in the digestion process. In spite 
some in vivo studies in rats addressed the biodis-
tribution, elimination and toxicity of ingested 
NMs [52–54], the impact on the GIT should be 
re-considered in view of the major differences 
that exist between humans and rats, regarding the 
physiology and nutrient uptake of the GIT [55]. 
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Considering these limitations, simulated diges-
tion models that are available can provide an 
interesting tool for investigating the digestion of 
food contaminants [56] and eventually NMs [30], 
thus providing an in vitro improved alternative to 
animal models. One of such models has under-
gone international harmonization, particularly 
the standardized INFOGEST in vitro digestion 
method [57, 58]. This method simulates the phys-
iological conditions, including the pH, time dura-
tion, enzymes activity, and composition of 
simulated digestive fluids of the upper GIT, 
including the several digestion stages: oral, gas-
tric and small intestinal [57]. Briefly, the process 
involves three successive digestive phases: oral, 
gastric and intestinal. The oral phase includes 
exposure of the compound to simulated salivary 
fluid and amylase enzyme, followed by the addi-
tion of simulated gastric fluid and gastric enzymes 
(pepsin and gastric lipase). In the intestinal phase, 
simulated intestinal fluid, bile salts and pancre-
atin enzyme are added and, after incubation, an 
enzyme inhibitor, such as 4-(2-aminoethyl) ben-
zenesulfonyl fluoride hydrochloride (Pefabloc) is 
used to stop enzymatic reactions). Our previous 
results using this model showed that one anatase/
rutile TiO2 mixture submitted to simulated in 
vitro digestion (NM-105), toxicity occurred after 
exposure of HT29-MTX-E12 intestinal cells, and 
was more pronounced as compared to undigested 
NMs, together with with subtle decreases in the 
hydrodynamic size of the NM in cell moiety [59].

Other simulated digestion models have been 
described in the literature, but are not usually 
applied to NMs. The dissolution, biodurability 
and persistence of several NMs in individual 
simulated gastrointestinal fluids (saliva, gastric 
and intestinal) were recently studied in a physio-
logically relevant digestion cascade (including 
saliva -gastric - intestinal), and TiO2 was found to 
be the most biodurable and persistent NM [55]. 
The biopersistence and lack of dissolution during 
digestion is consistent with the TiO2 observed in 
the final product of digestion performed using 
standardized INFOGEST in vitro digestion 
method, detected in nano form and agglomerated 
nanoclusters [59]. In other work, a detailed char-
acterization of size, size distribution, morphol-

ogy and the pH and their changes with the 
digestive medium showed increasing agglomer-
ate size over time and during the gastrointestinal 
tract cascade [55]. Using different TiO2, our 
recent work did not show major differences in 
agglomerates’ size for two TiO2 (NM-102, 
NM-103 provided by the Joint Research Centre, 
Ispra, Italy) in the end of the standardized 
INFOGEST in vitro digestion method, but found 
smaller agglomerate’s size for one TiO2 (NM-
105) [59]. This finding may favor the view of an 
influence of the NM crystal phase and properties 
in their biopersistence, previously referred [50]. 
It is therefore foreseen that the addition to the test 
system of a diversity of individual factors/com-
ponents during treatment, the exposure approach, 
and the selected cell model may lead to in vivo-
like conditions, better representing intestine for 
nanosafety research [60].

10.5	 �Cellular Effects 
and Underlying Mechanisms 
of Action of TiO2 
in the Intestine

Following ingestion, NMs may move through the 
upper GIT, reaching the colon. The potentially 
adverse effects of ingested TiO2 may therefore 
occur within the site of NMs absorption (intes-
tine), as well as in other organs in the body after 
absorption like the liver and spleen, the sites of 
NM metabolism and detoxification [61]. Upon 
reaching the intestinal cells, TiO2 can exert a 
direct damage on the GIT structures. Recent in 
vitro and in vivo studies have shown that TiO2 can 
damage intestinal microvilli and tight junctions 
and interact with the epithelium of the small 
intestine, disturbing digestion/absorption of food, 
eventually leading to deficiencies of macro- and 
microelements in the organism [62–65]. The dis-
ruption of the brush border in human intestinal 
Caco-2 cells exposed to food grade TiO2 was 
already described in vitro [62]. In a model of 
Caco-2/HT29-MTX cells, TiO2 NMs decreased 
the number of microvilli, reducing the surface 
area available for absorption of nutrients, Fe and 
Zn, capture of fatty acids and inhibitor of apopto-
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sis protein activity [63]. In the same cell model, 
in the presence of TiO2 there were alterations in 
glucose uptake/transport, caused by intestinal 
microvilli damage, [65]. As suggested by ICP-MS 
data, the TiO2 penetrated intestinal mucosa and, 
in male rats, one dose increased height and width 
of villi, while there was dose-related increase in 
density of goblet cells, not seen on female rats 
[66]. Brun et al. showed that the agglomerates of 
TiO2 crossed the regular epithelium of the ileum, 
altered its permeability and persisted in gut cells, 
where they could induce chronic damage [67]. A 
higher accumulation of TiO2 was seen in Goblet 
cells and M-cells, as compared to enterocytes, 
and tight junction remodelling was promoted 
through deregulation of genes encoding for pro-
teins involved in epithelial structure maintenance 
[67]. In Caco-2 cells, Koeneman et  al. showed 
that uncoated TiO2 can translocate through epi-
thelial lining (at low levels) by transcytosis and 
lead to sub-lethal effects as microvilli reorganiza-
tion and changes on the apical surface of the epi-
thelium and calcium level, without disrupting 
junctional complexes [64]. Further recent evi-
dence shows that the in vitro exposure of Caco-2 
cells to TiO2, disturbed the tight junctions-
permeability barrier with an effect detectable 
after 4 h of incubation and extensive effects on 
barrier integrity at 24  h, indicating that nano-
sized TiO2 particles exert harmful effects on the 
intestinal epithelium layer [68]. On the contrary, 
an in vitro study using a co-culture of human 
enterocytes (Caco-2 cells) and M-cells, provided 
evidence for the lack of translocation of TiO2 
across the gut epithelium model, and the results 
from the same authors after oral administration in 
rats did not suggest any significant internal expo-
sure of the consumer to the NP by oral ingestion 
of nano- or larger particles of TiO2 via food [53]. 
In spite, the accumulation of both titanium (Ti) 
and TiO2 in the human liver and in the spleen ana-
lysed post-mortem that was reported recently 
suggests that the daily oral exposure to TiO2 can 
lead to bioaccumulation [38]. In fact, only 
recently, studies on uptake and translocation of 
ingested TiO2 across the GIT are starting to 
emerge. Following ingestion, uptake of NPs 
across the GIT can occur via different pathways. 

In the case of poorly soluble nano TiO2, active 
uptake by endocytosis-related pathways at the 
mucosal membrane are probably the most 
accepted uptake mechanisms [69]. Whether or 
not crystal structure and size influences the rate 
of uptake of Ti from TiO2 by gut cells, was inves-
tigated by Gitrowski et  al. [69]. The authors 
found that cells accumulate Ti from TiO2 expo-
sure possibly explained by an active uptake of 
Ti-containing particles in physiologically compe-
tent cells, suggesting the probable relevance of 
crystal structure-effect, being the anatase form of 
TiO2 absorbed faster than the rutile [69]. The 
TiO2 uptake in GIT, via the Peyers patches, was 
also proposed to take place, due to the elevated 
presence of TiO2 in the lymphoid tissues [67].

Information on cellular uptake of NMs gives a 
first indication on its possible mechanisms of 
action. For example, the interaction of NM 
directly with DNA can only occur if the NM is 
taken up by the cell and is able to enter the 
nucleus to reach the DNA [70]. Thus far, the 
mechanisms of NM tissue and/or cell damage is 
unclear, and the molecular changes involved in 
these processes are unclear [71], but it has been 
considered that ROS formation could contribute 
to the induction of cell damage [27]. An elevated 
level of reactive oxygen species (ROS) and 
expression of inflammatory transcripts with 
increasing NMs concentration, as well as the 
binding of TiO2 to the cellular membrane and its 
passage into the cells, has been reported. ROS 
formation have been implicated in both indirect 
primary genotoxicity and secondary genotoxicity 
mechanisms following exposure to NMs [72]. A 
comprehensive review of in vitro mammalian 
studies of effects of TiO2 by Iavicoli et al. [73] 
revealed that most papers report induction of 
ROS by TiO2, followed by different types of cel-
lular effects [73]. In most of the studies, TiO2 
induced ROS generation following exposure to 
TiO2. In undifferentiated Caco-2 cells, exposure 
to different types of TiO2 particles (anatase, 
50  nm; rutile, 50  nm; anatase, 100  nm; rutile, 
250 nm; and P25, 21 nm) at 25 and 50 μg/mL, 
significantly increased ROS levels in undifferen-
tiated Caco-2 cells, following 3 h exposure, and 
an increase of IL-8 expression at the highest dose 
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tested [74]. Exposure to different sizes of 80% 
anatase and 20% rutile TiO2 TNP 18 
(5.84 ± 6.59 nm), TNP 30 (24.59 ± 8.60 nm) and 
TNP 87 (81.80  ±  5.27  nm) for 4  h was also 
showed to induced a 10–18 fold increase of ROS 
levels at higher doses (60 μg/mL and 100 μg/mL) 
compared to control for 48 h post exposure [75]. 
TiO2 A12 (95% anatase, 5% rutile; 12 nm) and 
R20 (90% rutile; 10% anatase;22 nm) were seen 
to accumulate in undifferentiated Caco-2 cell cul-
tures exposed to 50 μg/mL, with no alterations in 
cell viability or DNA damage despite increased 
ROS generation, after 6 and 48 h [76]. A high-
level increase of ROS in a dose-dependent man-
ner was also seen after exposure to 1, 2.5, 5, 10, 
20 μg/cm2 (corresponding to 6.4–128.0 μg/ml) of 
TiO2 (anatase <25  nm, 99.7% purity, BET sur-
face area 45-55 m2/g), after 6 h, but not after 24 h, 
with no induction of cytotoxicity, or IL-8 release 
[77]. Later, the same group, found that exposure 
to 1 and 2.5 μg/cm2 (corresponding to 6.4 and 
16.0  μg/ml) of the same NM significantly 
increased the basal level of DNA 8-oxodG in 
comparison to the control at 6 and 24 h of treat-
ment, which was more evident at 6  h exposure 
[78]. Using a different model of non-mucus-
producing phenotype of colorectal adenocarci-
noma (HT-29) cells, an increase in ROS was 
observed after short exposures to 4.5, 9 and 
36  μg/ml TiO2 (anatase, <25  nm, surface area 
45-55 m2/g), for 6 and 24 h [66], more evident 
after 6 h exposure. In the human colon cancer cell 
line (HCT116) and normal colon cell line 
(NCM460), TiO2 (25  nm, anatase) promoted a 
dose-dependent increase of ROS production, 
after exposure to 15 μg/mL, 30 and 60 μg/mL for 
24  h [71, 79]. The intracellular ROS formation 
was markedly elevated by TiO2 in a dose-
dependent manner in Caco-2 and HepG2 cells 
treated with rutile 30 nm TiO2 (100–300 μg/mL) 
for 24 h [61]. Also, in HepG2 cells, ROS levels 
dramatically increased from 6th to 24th hours 
exposed to 10 μg/mL TiO2 [80, 81]. Positive find-
ings on ROS generation have also been found in 
co-culture of Caco-2 and HT29-MTX cells. Guo 
et al. [63] assessed the formation of ROS, follow-
ing 4  h and 5  days exposure to TiO2 (30  nm), 
showing an increase in ROS production. 

Following acute and chronic exposure to three 
different types of TiO2, particularly, E171 (> 95% 
anatase; 118  ±  53  nm), P25 (86% anatase/14% 
rutile; 24  ±  6  nm) and A12 (> 95% anatase; 
12 ± 3 nm) induced ROS formation was observed 
after at all three timepoints (6 h, 24 h and 48 h), 
following acute exposure to 50 μg /mL P25 and 
E171 (the latter also induced ROS at 10 and 
100 μg/mL concentrations), while A12 induced 
ROS after 6 and 24  h exposure, but not at 48 
exposure [82]. Similarly, intracellular ROS levels 
were higher in repeatedly-exposed cells (along 
21 days), following exposure to P25 (at 50 μg /
mL) and E171 (at 50–100  μg/mL) when com-
pared to untreated cells.. DNA strand breaks, 
alkali-labile sites and oxidative purine lesions 
were observed only when cells were exposed to 
the highest concentration, 50  μg/mL, of E171 
using the comet assay and FPG-modified comet 
assay [82]. Later, the same group showed an 
induction of ROS generation after exposure for 
6 h, 24 h or 48 h to 50 μg/mL to A12 (95% ana-
tase, 5% rutile; 12 nm), NM-105 (86% anatase, 
24 nm), or E171 (>95% anatase, 118 nm) or to 
10, 50 and 100 μg/mL of E171, independently of 
exposure time or type of TiO2. Increased ROS 
level in cells exposed to E171, was concentration-
dependent, with significantly higher ROS levels 
in cells exposed to 50 or 100 μg/mL of E171 [83]. 
After 24 h of exposure of NPs decrease in intra-
cellular GSH levels of Caco-2 and HepG2 cells 
was observed at 100, 150, 200, and 300 μg/mL.

In vivo, after TiO2 treatment, the ROS levels of 
liver and kidney cells in ICR mice were signifi-
cantly increased, in dose-dependent manners [80, 
81]. After intragastric administration of TiO2 to 
mice during 30 days, an increase in the accumu-
lation of ROS (e.g. OH−) was observed in the 
spleen of mice, involving p38-Nrf-2 signalling 
pathway, due to lipid peroxidation [84].

Negative results concerning oxidative stress 
were also reported in literature. In Caco-2 cells, 
TiO2 with a diameter ranging from 3.94–25.20 nm 
was induced cell mortality, but no oxidative stress 
or DNA damage [85]. Gerloff et  al. [85] found 
that TiO2 containing anatase-rutile, in contrast to 
the pure anatase, induced cell death or mild DNA 
damage, suggesting that both surface area and 
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crystallinity are critical determinants of TiO2 tox-
icity. Nevertheless, they did not find any signs of 
oxidative stress and ROS production, following 
exposure to 20 a 80 μg/cm2 for 24 h, suggesting 
that other mechanisms that require further studies 
might have led to the toxic responses reported 
[85]. Abbott Chalew and Schwab [86] also did 
not report increased ROS generation in undiffer-
entiated Caco-2 and SW480 cells following 4 or 
24 h exposure to 0, 0.1, 1, 10, or 100 μg/mL TiO2 
Aeroxide P25 NM105 (80% rutile:20% anatase; 
21 nm), as measured by DCFH-DA fluorescence 
assay [86]. In fact, they found an overall reduc-
tion of ROS, which was more prominent after 
24 h exposure. ROS generation was also inhib-
ited in medium comprising 0.05% BSA in two 
human colon cancer cells lines (Caco-2 and/or 
HCT116), as measured by electron spin reso-
nance (ESR)/paramagnetic resonance spectros-
copy, following 24 exposure to 0.143 and 1.43 μg/
cm2 (which equivalents to 1 and 10  μg/mL, 
respectively) of E171, and TiO2 (10–30 nm), in 
Caco-2 cells, which was only increased follow-
ing exposure to micro-sized TiO2 particles (aver-
age size 535 nm) [27]. The authors suggested a 
scavenging or inhibitory effect by the protein 
corona which may prevent ROS formation by 
inhibiting the contact between particle surface 
and ROS precursors. Also, no intracellular ROS 
generation was found in undifferentiated Caco-2 
cells following exposure to 0.125–125  μg/ml 
E171, for 3 h [87]. In differentiated Caco-2 cells, 
no significant increase in ROS formation, cyto-
toxicity and DNA damage was observed follow-
ing a 3 h or 24 h exposure to 0–256 μg/mL of 
TiO2 rutile hydrophobic form (JRC benchmark 
NM-103, 25  nm) and rutile hydrophilic (JRC 
benchmark NM-104, 25 nm), using the CellROX 
assay [88].

The use of digestion simulation fluids for TiO2 
before undifferentiated Caco-2 cell cultures 
exposure, induced a slight decrease in cell viabil-
ity and membrane integrity and an increase in 
ROS generation, following exposure to 100 μg/
mL and 200  μg/mL of two anatases T1 
(99 ± 30 nm) and T2 (26 ± 12 nm) for 24 h [89]. 
However, it had no effect on differentiated Caco-2 
cells [89].

The inconsistency of the results observed in 
the literature may be due to the physicochemical 
properties of the NM itself, NM dispersion 
method, difference in NMs’ size and dispersion 
stability or to the specific protocol conditions, as 
previously described in a literature review [90], 
such as the time of exposure or the different cell 
models used.

The ability of NMs to affect the immune sys-
tem has been discussed in several in vitro and in 
vivo studies. NMs were identified in recent 
reports as potential stimulants of immune 
responses that may lead to immunotoxicity, being 
this endpoint relevant for addressing nanosafety 
[91]. In vitro, Tada-Oikawa et  al. [74] reported 
that the exposure to anatase (50 nm) TiO2 during 
72 h, decreased the cell viability of Caco-2 cells 
in a dose-dependent way and also induced proin-
flammatory response, seen by increased levels of 
IL-1β and IL-8. In addition, TiO2 particles trig-
gered an inflammatory response in co-culture of 
Caco-2/HT29-MTX cells, showing increased 
release of IL-1β, IL-8, IL-17A, eotaxin, and 
RANTES and moderate increase in the expres-
sion of some efflux pumps [83]. In other work, 
the exposure of cocultures to TiO2 caused 
increases in IL-8 release, but had no effect on 
IL-8 release in monocultures [63]. In vivo, 
Trouiller et  al. [92] an elevated expression of 
inflammatory cytokines such as TNF-α, 
interferon-γ and IL-8  in the blood of mice was 
shown after oral intake of 100 mg/kg bw TiO2 for 
5  days. In rats exposed for 7 and 100  days to 
ingestion of 10 mg/kg bw of E171, was observed 
a decreased frequency of immunoregulatory 
Tregs and CD4 + CD25+ Thelpers, as well as the 
induction of inflammatory markers such as TNF-
α, IL-8 and IL-10, in aberrant crypts after 
100  days of exposure [45]. A potent Th1/Th17 
immune response was detected via an increased 
production of IFN-γ in Peyer’s Patches and IFN-γ 
and IL-17 in the spleen after 7 days of exposure 
[45]. More recently, increased concentration of 
IL-6  in the serum of rats treated with 50  mg/
kgTiO2 for 30  days was observed [93]. Long-
term oral exposure to TiO2 also impaired immune 
functions in rats [94]. Also, the molecular nature 
of TiO2-induced immunotoxicity in RAW 264.7 
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macrophage which shown to occur via induction 
of apoptosis and simultaneous multiple toll-like 
receptors signalling through ROS-dependent 
SAPK/JNK and p38 MAPK activation [95]. 
Using livers from mice exposed intragastrically 
to 10  mg/kg bw for 90  days, Cui et  al. [96] 
observed the generation of inflammation and a 
reduction in immune capacity by the downregu-
lation of genes involved in the complement sys-
tem through whole genome microarray analysis. 
Liver Inflammation and fibrosis were described 
after long-term exposure to TiO2 in mice fed for 
9 months [97]. In primary bone marrow derived 
macrophages, TiO2 activated the inflammasome 
in macrophages [98].

In a co-culture of Caco-2/HT29-MTX intesti-
nal cells, although ROS production was detected, 
only minor changes were observed in mRNA 
expression of genes involved in ROS regulation, 
DNA repair via base-excision repair, and endo-
plasmic reticulum stress [83]. The consequences 
of epigenetic changes induced by exposure to 
NMs are still poorly understood [99]. It is recog-
nized the potential of NMs to change global DNA 
methylation, as well as gene-specific methylation 
patterns, including tumour suppressor genes, 
inflammatory genes, DNA repair genes, and 
impaired expression of genes involved in DNA 
methylation reactions, are all potentially relevant 
to cancer development [100]. For example, in 
bronchial cells, hypomethylation was observed 
for anatase, rutile and anatase: rutile mixture 
forms of TiO2 [101], suggesting that epigenetic 
studies should be performed along with conven-
tional toxicity testing methods.

TiO2 appears to have impact on the microbi-
ome, as seen as bacterial ratio of the human intes-
tinal community in vitro which can affect the 
immune response [102]. In vitro bacterial growth 
inhibition and morphological and structural dam-
age was observed following exposure to E171 
[103]. However, these studies were conducted in 
vitro and therefore do not reflect the complexity 
of gut microbiome. Pinget et  al. [104] investi-
gated the impact of E171 on gut microbiota using 
male mice orally exposed via drinking water 
[104]. They observed that TiO2 had minimal 
impact on the composition of the microbiota in 

the small intestine and colon, but it changed the 
release of bacterial metabolites in vivo and 
affected the spatial distribution of commensal 
bacteria in vitro promoting biofilm formation. 
The same authors also reported, in mice exposed 
via intragastric to 150  mg/kg TiO2 (21  nm) for 
30 days, reduced expression of a key component 
of the intestinal mucus layer, the colonic mucin-2 
gene, and increased expression of the beta defen-
sin gene, events associated with colonic inflam-
mation [104, 105]. Furthermore, it was shown 
that, although unapparent pathological changes 
were observed in small intestine, gut microbiota 
was remarkably decreased, and gut microbial 
community compositions was significantly 
changed. Chen et al. [93] also found changes in 
the gut microbiota and faeces metabolomics, in 
Sprague-Dawley rats orally exposed to 0, 2, 10, 
50 mg/kg TiO2 (29 nm, anatase), daily for 30 days 
[93]. Pathological inflammatory infiltration and 
mitochondrial abnormalities were observed also 
in rats after TiO2 [93].

Events such as immunotoxicity, inflammation 
and DNA damage are recognized in general to 
increase the risk of developing cancer. In distal 
colon of mice, after intragastric exposure to 
E171, Proquin et al. [106] observed induced oxi-
dative stress and immune response pathways, 
activation of DNA repair genes and gene expres-
sion changes in genes related to cancer develop-
ment, together with epithelium in colonic crypts, 
14 and 21 days after E171 ingestion. The results 
are consistent with previous studies conducted by 
the same authors, with an identical colitis associ-
ated mouse model, in which hyperplastic altera-
tions in the colon of mice were observed from 
4  weeks of E171 ingestion accompanied by a 
decrease in the number of goblet cells in animals 
exposed by oral gavage to 5 mg/kg bw per day, 
5 days a week, for 10 weeks, [107]. Besides, in an 
Adult male Wistar rat model exposed to 10 mg/
kg bw/day for 7  days of E171, by intragastric 
gavage, led to the promotion of microinflamma-
tion, as well as initiation of preneoplastic lesions 
[45].

Overall, no clear picture has emerged yet 
between the key events (KE) and the adverse out-
comes (AO) that have been reported upon GIT 

10  Cellular and Molecular Mechanisms of Toxicity of Ingested Titanium Dioxide Nanomaterials



236

exposure to NMs, hindering the development of 
an adverse outcome pathway (AOP), as defined 
by OECD [108]. Results from multiple studies 
here presented, although often contradictory, 
suggest a potentially harmful effects of TiO2 in in 
vitro and in vivo intestinal tissue, liver and spleen 
after oral exposure, which is apparently related to 
generate ROS, induced oxidative stress and 
inflammation [109], but it is unknown whether 
these events subsequently result in irreversible 
adverse effects in humans [109]. Also, a great 
number of studies did not use food-grade NMs, 
such as E171, in their experiments, which might 
hinder conclusions on its relevance for human 
safety. It was suggested in a recent assessment of 
the current evidence that key cellular and molec-
ular effects of TiO2 particles can occur in human 
liver, intestinal tissue, spleen and kidney after 
oral exposure, but it is unknown whether these 
events subsequently result in irreversible adverse 
outcomes (AO) in humans [109]. Further research 
is necessary to clarify whether TiO2 leads to AOs, 
and under which conditions this may occur, in 
order to guarantee the safe use of TiO2 as a food 
additive.

10.6	 �Ingested TiO2 Cytotoxic 
and Genotoxic Effects – 
Potential Implications 
in Cancer

Genotoxicity can be defined as the process in 
which a test agent is responsible for inducing 
damaging effects on DNA (single and double 
strand breaks, loss of excision repairs, cross-
links, alkali labile sites), RNA or chromosomes 
(structural and numerical chromosomal aberra-
tions), affecting the integrity or function of those 
structures [110, 111]. Furthermore, genotoxicity 
and carcinogenicity are correlated since many 
carcinogenic agents might act through genotoxic 
mechanisms [112, 113].

The genotoxic effects after the exposure to an 
agent, such as NMs, can be assessed by specific 
genotoxicity assays. According to the Food and 
Drug Administration (FDA), they can be defined 
as “in vitro and in vivo tests designed to detect 

compounds that induce genetic damage by vari-
ous mechanisms” [114], that have the potential to 
replace long-term carcinogenicity studies. A pos-
itive result can indicate that a certain compound 
has the potential to be a human carcinogen [114]. 
For an adequate assessment of genotoxicity, the 
Organization for Economic Co-operation and 
Development (OECD) has defined Genetic 
Toxicology Test Guidelines (TGs) for the usage 
of these assays [115]. Methodologies such as the 
in vitro chromosome aberration, the in vitro or in 
vivo micronucleus test and the in vivo comet 
assay are included in those guidelines with spe-
cific orientations. Whenever possible, in vivo 
testing should be replaced by in vitro assays, in 
order to avoid using animal models [116]. It was 
necessary to adapt some of the previously 
described assays to NMs’ genotoxicity testing 
since some of their physicochemical properties 
interfere with the outcome [115, 117].

Since genotoxic effects can be often masked 
by cytotoxic effects, it is imperative to carry out a 
preliminary cytotoxicity assessment of a com-
pound in order to find the proper range of con-
centrations to perform the following genotoxic 
assays. Cytotoxicity assays can detect the num-
ber of viable cells in a determined cell population 
and in this way, enable the assessment of the 
cytotoxic potential of a test agent. There are 
many assays to evaluate cytotoxicity, being one 
of the most important based on the mitochondrial 
activity and metabolic cell proliferation [118]. 
This includes the MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) assay, in 
which mitochondrial enzymes released only by 
living cells can convert tetrazolium salts (MTT) 
into insoluble formazan crystals. Accordingly, 
the amount of purple formazan crystals produced 
is dependent on the number of viable cells, which 
is reflected by an increase in the optical density 
(OD) [118, 119].

As previously described, nanosized TiO2 is 
one of the most used NMs with applications in 
consumer and industrial products and the trend 
for its use is increasing exponentially [120]. 
Bearing this in mind, the study of cytotoxicity 
and genotoxicity that may arise from the use of 
products containing these NMs has also triggered 
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interest, namely in the food and feed sector. In 
this sense, the study of the adverse biological 
effects that may derive from the ingestion and 
subsequent digestion of TiO2 and its possible 
absorption into the GIT are of extreme 
importance.

Human intestinal epithelial cells (namely, 
Caco-2 and HT29-MTX cell lines) can be used as 
in vitro models to study the cytotoxic and geno-
toxic effects of TiO2 following its ingestion or a 
simulated digestion procedure [121]. These are 
less expensive, have an increased reproducibility 
and their outcome is more rapidly achieved in 
comparison with in vivo models [122]. Both 
referred cell lines are derived from a human epi-
thelial colorectal adenocarcinoma. Caco-2 cell 
line is considered as the best characterized in vitro 
model for the intestinal barrier, since it mimics the 
most abundant cell type found in the small intes-
tine - the absorptive enterocytes. It’s widely used 
in many (nano)toxicological and pharmacological 
studies, including drug transport and NM absorp-
tion/uptake [123–125]. On the other hand, HT29-
MTX cells present a mucus-secreting phenotype 
that resembles Goblet cells, also found in the 
intestine [126]. The presence of a mucus layer is 
considered as a thick and dense physical barrier 
that might influence the diffusion of TiO2 in the 
intestine, which can be retained and consequently, 
reduce the possible translocation/internalization 
of these NMs [123].

The Caco-2 and HT29-MTX cell co-culture 
model can be advantageous compared to mono-
cultures in in vitro absorption studies, since it 
allows to better mimic the intrinsic structure of 
the intestine epithelium and its physiological 
conditions, also increasing the robustness and 
reproducibility of the obtained results [124].

More complex representative models include 
in vivo testing in animals or human volunteer 
studies. The first, besides being time consuming 
and expensive, display significant differences in 
the physiology and nutrient uptake of the GIT of 
humans and rats, as pointed by some authors 
[127]. Volunteer studies may have ethical con-
strains and the results can be influenced by the 
characteristics of individuals, generally in small 
number [128].

Currently, there are already some studies 
reporting the cyto- and genotoxicity of TiO2 after 
a digestion process or after ingestion, upon expo-
sure of intestinal cells, that are described in the 
next sections. Some recent projects addressing 
this issue are also underway, such as the nation-
ally funded project INGESTnano (PTDC/SAU-
PUB/29481/2017, Foundation for Science and 
Technology, Portugal).

10.6.1	 �Cytotoxicity of TIO2 
and Ingested TIO2 In Vitro

A summary of the in vitro cytotoxicity studies 
related to TiO2 exposure in GIT is presented in 
Table 10.1, displaying 12 studies.

Regarding TiO2 cytotoxicity in intestinal 
cells, the majority of the studies in the Caco-2 
cell line indicated absence of effects [82, 86, 88, 
129]. TiO2 anatase with 215 nm was unable to 
produce a cytotoxic outcome on Caco-2 cells 
using the LDH assay (20 and 80 μg/cm2), after 
4 h or 24 h exposure [129]. Also, Abbott Chalew 
and Schwab [86] reported no cytotoxicity in 
Caco-2 cells after 24 h and 48 h of exposure to 
P25 (80% rutile/20% anatase; 21 nm) (0–100 μg/
mL) through the MTT assay. The same outcome 
was verified in Dorier et  al. [82], after 24 h of 
exposure to P25 (86% anatase/14% rutile; 
24 ± 6 nm), using the WST-1 assay (0–200 μg/
mL). Additionally, after 24  h of exposure to 
rutile hydrophobic NM-103 and rutile hydro-
philic NM-104 (0–256 μg/mL), Jalili et al. [88] 
reported no cytotoxic effects in Caco-2 differen-
tiated monolayer cells using neutral red uptake 
assay. Likewise, Dorier et  al. [76] reported an 
absence of cytotoxicity in Caco-2 cells upon 
24  h exposure to A12 (95% anatase/5% rutile; 
12 ± 3 nm) and R20 (90% rutile/10% anatase; 
22 ± 4 nm). Conversely, using the Trypan Blue 
Viability test, E171 (316 ± 284.4 nm) and TiO2 
(99.5% anatase; 10.25  nm) (0–143  μg/cm2) 
induced both a decrease in Caco-2 cell viability 
after 24 h of exposure to 143 μg/cm2 concentra-
tion, and to the 14.3  μg/cm2 concentration of 
E171 [27]. In the same experimental conditions, 
HCT116 cells (another human colon cancer cell 
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Table 10.1  In vitro cytotoxicity reports regarding exposure of a monoculture of cells (Caco-2, C2BBe1, HT29 and 
HCT116), a co-culture of Caco-2/HT29-MTX cells or a tri-culture of Caco-2/HT29-MTX/Raji B cells to TiO2

Cell Type Assay Used Tested TiO2 Concentration
Time of 
Exposure

Result (Positive/
Negative) Reference

Caco-2 LDH Anatase (215 nm) 20 and 80 μg/
cm2

4 h and 
24 h

Negative [129]

Caco-2 MTT P25 (80% 
rutile/20% Anatase; 
21 nm)

0–100 μg/mL 24 h and 
48 h

Negative [86]

C2BBe1 MTT Digested anatase/
rutile mixture 
(21 nm)

10 μg/cm2 24 h Positive [130]

Caco-2 MTT A12 (95% 
Anatase/5% rutile; 
12 ± 3 nm)

0–200 μg/mL 24 h Negative [76]

R20 (90% 
rutile/10% Anatase; 
22 ± 4 nm)

Caco-2 Trypan 
blue 
viability

E171 
(316 ± 282.4 nm)

0–143 μg/cm2 24 h Positive for 14.3 and 
143 μg/cm2 
concentrations

[27]

99.5% Anatase 
(10.25 nm)

Positive for 143 μg/
cm2 concentration

HCT116 E171 
(316 ± 282.4 nm)

5–100 μg/cm2 Negative

HT29 MTT Anatase (< 25 nm) 1–20 μg/cm2 6 h, 
24 h and 
48 h

Negative [66]

Caco-2 WST-1 P25 (86% 
rutile/14% Anatase; 
24 ± 6 nm)

0–200 μg/mL 24 h Negative [82]

Co-culture 
Caco-2/ 
HT29-MTX

E171 (> 95% 
Anatase; 
118 ± 53 nm)

6 h, 
24 h and 
48 h

P25 (86% 
rutile/14% Anatase; 
24 ± 6 nm)
A12 (> 95% 
Anatase; 
12 ± 3 nm)

HT29 MTT Anatase/rutile 
(27.38 ± 5.90)

2–10 μg/mL 24 h Negative [131]
Trypan 
blue 
exclusion

Positive (decrease of 
the membrane 
integrity and an 
increased percentage 
of apoptotic cells)

Caco-2 
differentiated 
monolayer

Neutral 
red uptake

NM-103 (rutile 
hydrophobic; 
25 nm)

0–256 μg/mL 24 h Negative [88]

NM-104 (rutile 
hydrophilic; 
25 nm)

HT29 MTT < 20 nm 50, 100, 200 
and 400 μg/
mL

48 h Positive for 50 and 
400 μg/mL 
concentration

[132]

(continued)
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line), did not show signs of cytotoxicity up to the 
concentration of 100 μg/cm2 [27].

There are some cytotoxicity studies performed 
using the HT29 cell model (i.e. non-producing 
mucus phenotype), following exposure to TiO2. 
However, studies using mucus-producing Goblet 
cells (HT29-MTX) are not widely used in this 
context, and no reports were found regarding 
cytotoxicity assessment upon TiO2 treatment. No 
cytotoxic effects were reported after 6, 24 and 
48 h exposure of HT29 cells to 1–20 μg/cm2 TiO2 
(anatase; < 25 nm) or to 2–10 μg/mL (anatase/
rutile; 27.38 ± 5.90 nm) through the MTT assay 
[66, 131]. On the contrary, a 20–30% decrease in 
cell viability was observed after 48 h exposure of 
HT29 cells to higher concentrations (50 and 
400 μg/mL) of TiO2 (< 20 nm), using the same 
assay [132]. Regarding the trypan blue exclusion 
test, it was also possible to detect a significant 
decrease of the membrane integrity and an abnor-
mal increased percentage of apoptotic HT29 
cells, after 24  h treatment to 2–10 μg/mL TiO2 
[131]. This outcome can be a result of apoptotic 
processes activated by the uptaken or absorbed 
NMs [131].

More recently, Dorier et  al. [82], using the 
WST-1 assay, verified that, after 6, 24 and 48 h of 
exposure, E171 (> 95% anatase; 118 ± 53 nm), 
P25 (86% anatase/14% rutile; 24  ±  6  nm) and 

A12 (> 95% anatase; 12 ± 3 nm) (0–200 ug/mL) 
did not induce cytotoxic effects in a co-culture 
system of Caco-2 and HT29-MTX intestinal 
cells. Later, Dorier et al. [83] described the same 
conclusions regarding the co-culture exposed for 
24 h to the >95% anatase A12 (12 ± 3 nm), E171 
(> 95% anatase; 118 ± 53 nm) and anatase-rutile 
mixture NM-105 (0–200 μg/mL), using the MTT 
assay.

As mentioned before, an important point to 
consider regarding the potential risk of TiO2 in 
food/feed is the variety of transformations that 
are likely to undergo when in the GIT.  In this 
regard, some authors started to study the effects 
of ingested TiO2 in intestinal cell lines, following 
an in vitro simulated digestion process. Through 
the MTT assay, a slight reduction in C2BBe1 cell 
(a cell clone of Caco-2) viability was observed 
after 24 h of exposure to 10 μg/cm2 (app. 40 μg/
mL) of digested anatase-rutile mixture (21 nm) 
[130]. Still, the authors point out that the minor 
cytotoxicity observed may be due to the bile salts 
that were adsorbed to the NMs’ surface. The 
digestion model used by McCracken et al. [130] 
had some differences compared to the most 
recent in vitro digestion process described by 
Brodkorb et  al. [57]. For example, it did not 
include oral phase and it used other enzymes, bile 
salts concentrations and timepoints. Between 

Table 10.1  (continued)

Cell Type Assay Used Tested TiO2 Concentration
Time of 
Exposure

Result (Positive/
Negative) Reference

Co-culture 
Caco-2/ 
HT29-MTX

MTT A12 (> 95% 
Anatase; 
12 ± 3 nm)

0–200 μg/mL 6 h and 
48 h

Negative [83]

E171 (> 95% 
Anatase; 
118 ± 53 nm)
NM-105 (Anatase/
rutile; 24 ± 6 nm)

Tri-culture 
Caco-2/
HT29-MTX/
Raji B

LDH Digested E171 
(370 nm)

1% w/w 24 h Positive for 150 ppm 
boscalide pesticide 
with 1% w/w E171 
using the fasting food 
model (FFM)

[133]

Tri-culture 
Caco-2/
HT29-MTX/
Raji B

LDH Digested E171 
(370 nm)

0.75% and 
1.5% w/w

24 h Positive for both 
concentrations using 
the FFM

[134]
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steps, the NPs were recovered by centrifugation 
[130], a procedure not used in the INFOGEST 
2.0 protocol.

In a distinct report by Cao et al. [134], E171 
(110 nm) was submitted to two different types of 
in vitro simulated digestion procedure, namely 
the fasting food model (FFM) and the standard-
ized food model (SFM), which was based on the 
American dietary. In both, it was used a GIT sim-
ulator in which the three phases of a digestion 
cycle are present: oral, gastric and small intesti-
nal. More specifically, in the oral phase, E171 
was mixed with simulated salivary fluid at 37 °C 
and inverted for only 10 seconds; on the gastric 
phase, the resulting product was combined with 
simulated gastric fluid and incubated for 2 h at 
37 °C with agitation. Finally, in the small intesti-
nal phase, the digested product was mixed with 
salts, bile extract and lipase that mimic the intes-
tinal fluid and additionally incubated for 2 h at 
37 °C. The obtained results showed a significant 
dose-dependent cytotoxicity (using the LDH 
assay) in a tri-culture of Caco-2/HT29-MTX/Raji 
B cells when exposed for 24 h to digested E171 
(0.75% and 1.5% w/w), through the FFM.  No 
significant reduction on the cell viability upon 
treatment with both concentrations of E171 was 
observed for the SFM. The authors concluded 
that the presence of E171  in a fasting type diet 
can result in cytotoxic effects [134]. Using the 
FFM, the LDH assay and the same tri-cellular 
model, Cao et al. [133] also assessed the potential 
combined effects of TiO2 (E171) and the pesti-
cide boscalid in food. Exposure to digested E171 
alone (1% w/w) and boscalid at 10 ppm, with or 
without E171 (1% w/w), only led to the induction 
of a slight cytotoxicty after 24  h. By contrast, 
150  ppm boscalid in the presence of 1% w/w 
E171 digesta caused a reduction on the cell via-
bility (22.6% cytotoxicity) level and was signifi-
cantly more cytotoxic (p  <  0.01) than digesta 
from FFM with 150  ppm boscalid alone [133]. 
Also, under the nationally funded project 
INGESTnano (PTDC/SAU-PUB/29481/2017, 
Foundation for Science and Technology, 
Portugal), the cytotoxicity of TiO2 was analyzed 
in Caco-2 cells, after a harmonized in vitro simu-
lated digestion process. The TiO2 selected for this 

study was NM-102 (provided by Joint Research 
Center, Ispra, Italy; anatase; 22 nm). Preliminary 
studies using the MTT assay in Caco-2 cells 
exposed for 24 h to NM concentrations ranging 
from 0–48 μg/mL revealed a marked cytotoxicity 
at the highest concentrations (Fig.  10.3). This 
cytotoxicity was observed also in the negative 
controls of the digestion, where only solvent 
without NM was applied (cell culture medium 
with sterile-filtered 0.05  wt % BSA-water with 
0.5% absolute ethanol, in the same proportion as 
in the NM samples).

The results revealed that digestion products 
without the NM induced cytotoxic effects above 
the concentration equivalent to 20  μg/mL 
(>12.5% of digestion product) in cell culture 
medium, challenging the applicability of the 
digestion product in further biological assays. 
Conversely, no cytotoxicity was observed when 
cells were exposed to NM-102, without the simu-
lated digestion process. It was thus concluded 
that the digestion product per se was cytotoxic 
and that the enzyme inhibitor pefabloc, added in 
the final step of simulated digestion, was not the 
source of this toxicity (Fig.  10.3). Likewise, 
changes in pH and/or osmolality were discarded 
as cause of DIG toxicity (results not shown).

When performing a digestion without adding 
bile salts (DIG0-mod), the results suggested that 
the addition of bile salts accounted for most of 
the toxicity observed (Fig. 10.4). This was veri-
fied when comparing the cytotoxic effects of 
digestion product without bile salts (DIG0-mod) 
with normal digestion procedure, DIG0 
(Fig.  10.4), where a significant difference was 
observed in cytotoxicty (p  <  0.05, Student’s 
t-test).

The fact that the in vitro human simulated 
digestion by Brodkorb et al. [57] requires a con-
centration of bile salts 166-fold higher than the 
concentration used by McCracken et  al. [130] 
can justify the different toxicity observed for the 
same concentration tested in intestinal cells 
(40 μg/mL). This increased concentration of bile 
salts is based on the normal physiological values 
found in a human adult intestine [57, 58]. In addi-
tion, McCracken et al. [130] used purification by 
centrifugation, possibly further reducing the bile 
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salts content before adding it to cells. Indeed, 
other authors also pointed out that bile salts pres-
ent in digestion product could be considered 

cytotoxic [50, 135]. However, the introduction of 
a purification step in the digestion protocol used 
may lead to the loss of NM in the digestion prod-

Fig. 10.3  Results of the cell viability assay in Caco-2 
cells, showing cytotoxic effects as a function of the con-
centration of the digestion product (DIG product, %) 
without NM (DIG0), both with or without pefabloc, and 
comparison with the digestion product with NM (DIG-

102) or the undigested NM (NM-102). Pefabloc is a 
reagent included in the last steps of the in vitro digestion 
process to inhibit enzymatic activity of the digestion mix-
ture reagents

Fig. 10.4  Results of the cell viability assay in Caco-2 cells, showing high cytotoxic effects of the digestion product 
without NM (DIG0) and lower cytoxicity without bile salts use (DIG0-mod)
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uct, as well to further modifications in the NMs’ 
properties that do not reflect a realistic situation.

It was concluded that, at a concentration range 
below 12.5% of digestion product (correspond-
ing to 28 μg/mL of NM), even using bile salts, the 
harmonized digestion method could be used for 
addressing the toxicity of ingested NMs. In addi-
tion, the literature suggests that concentrations of 
0.14 μg/mL of TiO2 are physiologically relevant 
for intestinal cells [65], so such levels of concen-
tration was used for further experiments without 
concerns of cytotoxic effects due to interference 
of the digestion reagents. Having these findings 
in consideration, further studies of the toxic 
effects of three different TiO2 (NM-103, NM-103 
and NM-105) on the gastrointestinal tract cells, 
Caco-2 and HT29-MTX-E12, were investigated, 
with the application of the standardized static 
INFOGEST 2.0 in vitro digestion method to 
mimic human digestion of TiO2. The most recent 
results showed that, among these three NMs, the 
digested NM-105 (anatase-rutile) showed an 
increased toxicity in HT29-MTX-E12 cells, 
compared to undigested NM. This difference was 
accompanied with subtle changes in secondary 
characteristics of this NM [59].

10.6.2	 �Cytotoxicity of Ingested TIO2 
In Vivo

Few studies related to the study of the in vivo 
cytotoxicity of ingested or orally administered 
TiO2 using animal models have been reported 
and are summarized in Table 10.2.

In the Sycheva et  al. [136] work, nanosized 
TiO2 (33.2 ± 16.7 nm) was administered daily for 
7  days (40, 200 and 1000  mg/kg bw) to male 
mice. No cytogenetic effects were induced in the 
forestomach, colon and testis cells after expo-
sure; on the contrary, upon treatment with the 
40 mg/kg bw dose, a significant increase in the 
mitotic index was observed in forestomach and 
colon epithelia. Furthermore, an augmented 
mitotic activity in the colon at the 200 mg/kg bw 
and an increased apoptotic level at the highest 
concentration were detected [136].

An induction of the apoptosis pathway 
(assessed through the Bax and p53 gene expres-
sion) in the intestine and liver cells was observed 
in rats treated orally to 10, 50 and 100 mg/kg bw 
TiO2 following a 30-day exposure. Nonetheless, 
an activity of other biochemical parameters such 
as alanine aminotransferase (ALT), aspartate 

Table 10.2  In vivo cytotoxicity reports regarding exposure of animal models to ingested TiO2

Animal Model Assay Used Tested TiO2 Concentration
Time of 
Exposure Result Reference

Male mice Poly-organ 
Karyological

Nanosized TiO2 
(33.2 ± 16.7 nm)

40, 200 and 
1000 mg/kg 
bw

Daily 
for 
7 days

No cytogenetic 
effects; increased 
mitotic index in 
forestomach and colon 
cells at a 40 mg/kg bw 
dose; increased 
apoptotic level in 
colon after exposure 
to 1000 mg/kg bw

[136]

Drosophila 
melanogaster

Trypan blue 
dye exclusion

Anatase (< 
25 nm)

0.8 and 
1.60 mg/mL

24 h 
and 
48 h

Cytotoxic effects on 
midgut and imaginal 
disc tissues

[137]

Rat Biochemical 
tests + 
Caspase-3 
activity and 
TUNEL

TiO2 10, 50 and 
100 mg/kg 
bw

Daily 
for 
30 days

Induction of the 
apoptosis pathway in 
the intestine and liver 
cells

[61]

Wister rats Lymphocyte 
proliferation 
assay + LDH

E171 20 and 
40 μg/mL

Daily 
for 
90 days

Decrease in the 
lymphocyte 
proliferation; increase 
of the LDH release

[94]

A. Vieira et al.



243

aminotransferase (ASP), lactate dehydrogenase 
(LDH) and alkaline phosphatase (ALP) were 
increased in all previous concentrations [61].

More recently, through oral gavage, Wister 
rats were exposed to 20 and 40  μg/mL bw of 
E171 daily for 90 consecutive days [94]. Two 
cytotoxic parameters were assessed, more spe-
cifically, the lymphocyte transformation and the 
determination of the LDH activity. A significant 
decrease in the lymphocyte proliferation was 
reported when compared to the control untreated 
group. Nevertheless, an increase of the LDH 
release was detected for both concentrations, fol-
lowing a linear and a quadratic increment [94].

In other animal model, namely Drosophila 
melanogaster, an induction of cytotoxic effects 
on midgut and imaginal disc tissues of larvae was 
detected in vivo after an 24 and 48 h oral expo-
sure to 0.8 or 1.60  mg/mL TiO2 (anatase; < 
25  nm), through the trypan blue dye exclusion 
test [137].

10.6.3	 �Genotoxicity of TIO2 
and Ingested TIO2 In Vitro

As previously mentioned, the in vitro comet and 
the cytokinesis-blocked micronucleus (CBMN) 
assays are frequently used in the genotoxicity 
assessment of intestinal epithelial cells exposed 
to TiO2, but other assays such as mutation assays 
or chromosomal aberration tests, or even oxida-
tive DNA damage assays can be used. Concerning 
the in vitro methods referred, different results 
have been reported after TiO2 exposure, mainly 
due to the distinct concentrations and primary 
sizes of the tested TiO2 or related to the exposure 
conditions. A review on genotoxic effects of TiO2 
that includes other cell types and routes of admin-
istration not related to GIT, can be found in the 
recent EFSA report [28]. In the next sections, we 
focus on the effects related to GIT.

Table 10.3 synthetizes the reports in the litera-
ture corresponding to the in vitro genotoxicity 
assessment following exposure of intestinal epi-
thelial cells to TiO2. No significant genotoxic 
effects were induced in the Caco-2 cell line 
exposed for 4  h to 20  μg/cm2 TiO2 (anatase, 

6.7 ± 1.3 nm; anatase, 3.94 ± 0.05 nm; 90% ana-
tase/10% rutile; 21.90 ± 0.30 nm), using the con-
ventional and FPG-modified comet assays [129]. 
With the same assay, Dorier et  al. [76] did not 
report increased DNA strand breaks after 6  h, 
24 h and 48 h exposure of Caco-2 cells to 50 μg/
mL of an anatase TiO2 (particle size of 12 ± 3 nm) 
or to a rutile TiO2 (22 ± 4 nm). In these two stud-
ies, the reports of the exposure in different units 
(μg/mL or μg/cm2) hamper the comparison 
between the different results mentioned, although 
in this case it is evident that the particle size did 
not induce differences in terms of genotoxicity. 
Furthermore, no genotoxic effects were reported 
in the conventional alkaline comet assay by 
Dorier et al. [82] after an acute 6 h, 24 h or 48 h 
exposure to 10 and 50  μg/mL P25 (86% ana-
tase/14% rutile; 24  ±  6  nm), A12 (95% ana-
tase/5% rutile; 12  ±  3  nm) and E171 (>95% 
anatase; 118  ±  53  nm). Likewise, a 21-day 
repeated exposure to the same TiO2 did not 
induce significant DNA damage in Caco-2 cells 
[82, 83].

Contradictory results were obtained for 
Caco-2 cells exposed for 21-days to E171 (10 
and 50 μg/mL), in which a moderate genotoxicity 
was observed, using the FPG-modified comet 
assay [82]. Furthermore, through the conven-
tional alkaline comet assay, the NanoGenotox 
Joint action reported that three TiO2 produced by 
the JRC repository, namely NM-102 (anatase; 
22 nm), NM-103 (rutile hydrophobic; 25 nm) and 
NM-105 (81.5% anatase/19.5% rutile; 30  nm) 
induced genotoxic damage in Caco-2 cells 
(0–256  μg/mL concentration range), after 24  h 
exposure; conversely, treatment of the same cell 
type with the rutile hydrophilic NM-104 (25 nm) 
did not induce a significant level of DNA damage 
[138]. These results suggest that the hydrophobic 
or hydrophilic nature of NMs with the same pri-
mary size can greatly influence the genotoxicity 
outcome; besides, NMs with the same size but 
with distinct crystalline phases can lead to dis-
tinct outcomes regarding genotoxic damage. In 
the same work, no significant increased DNA 
strand break level was observed after just 3 h of 
exposure to any of the NMs referred to [138]. 
Zijno et al. [78] also reported an increase of the 

10  Cellular and Molecular Mechanisms of Toxicity of Ingested Titanium Dioxide Nanomaterials



244

Ta
bl

e 
10

.3
 

In
 v

it
ro

 g
en

ot
ox

ic
ity

 r
ep

or
ts

 r
eg

ar
di

ng
 e

xp
os

ur
e 

of
 m

on
oc

ul
tu

re
s 

(C
ac

o-
2 

an
d 

H
T

29
) 

an
d 

co
-c

ul
tu

re
s 

of
 C

ac
o-

2/
H

T
29

-M
T

X
 c

el
ls

 to
 T

iO
2. 

C
B

M
N

 –
 C

yt
ok

in
es

is
-

B
lo

ck
 M

ic
ro

nu
cl

eu
s 

A
ss

ay

C
el

l T
yp

e
A

ss
ay

 U
se

d
Te

st
ed

 T
iO

2
C

on
ce

nt
ra

tio
n

T
im

e 
of

 E
xp

os
ur

e
R

es
ul

t (
Po

si
tiv

e/
N

eg
at

iv
e)

R
ef

er
en

ce
C

ac
o-

2
C

on
ve

nt
io

na
l a

lk
al

in
e 

an
d 

FP
G

-m
od

ifi
ed

 
co

m
et

T
U

F A
I 

(A
na

ta
se

; 
6.

7 
±

 1
.3

 n
m

)
20

 μ
g/

cm
2

4 
h

N
eg

at
iv

e
[1

29
]

T
U

F A
II

 (
A

na
ta

se
; 

3.
94

 ±
 0

.0
5 

nm
)

N
eg

at
iv

e

T
U

F A
/R

I 
(7

7%
 A

na
ta

se
/2

3%
 

ru
til

e;
 2

5.
20

 ±
 0

.2
0 

nm
)

Po
si

tiv
e 

fo
r 

th
e 

co
nv

en
tio

na
l 

co
m

et
 a

ss
ay

T
U

F A
/R

II
 (

90
%

 A
na

ta
se

/1
0%

 
ru

til
e;

 2
1.

90
 ±

 0
.3

0 
nm

)
N

eg
at

iv
e

C
ac

o-
2

C
on

ve
nt

io
na

l a
lk

al
in

e 
co

m
et

N
M

-1
02

 (
A

na
ta

se
; 2

2 
nm

)
0–

25
6 
μg

/m
L

3 
h 

an
d 

24
 h

Po
si

tiv
e 

fo
r 

24
 h

 e
xp

os
ur

e;
 

ne
ga

tiv
e 

fo
r 

3 
h 

ex
po

su
re

[1
38

]

N
M

-1
03

 (
ru

til
e 

hy
dr

op
ho

bi
c;

 
25

 n
m

)
Po

si
tiv

e 
fo

r 
24

 h
 e

xp
os

ur
e;

 
ne

ga
tiv

e 
fo

r 
3 

h 
ex

po
su

re
N

M
-1

04
 (

ru
til

e 
hy

dr
op

hi
lic

; 
25

 n
m

)
N

eg
at

iv
e 

fo
r 

3 
an

d 
24

 h
 

ex
po

su
re

N
M

-1
05

 (
81

.5
%

 
A

na
ta

se
/1

8.
5%

 r
ut

ile
; 3

0 
nm

)
Po

si
tiv

e 
fo

r 
24

 h
 e

xp
os

ur
e;

 
ne

ga
tiv

e 
fo

r 
3 

h 
ex

po
su

re
C

B
M

N
 a

ss
ay

Sa
m

e 
T

iO
2

52
 h

N
eg

at
iv

e 
(f

or
 a

ll 
te

st
ed

 T
iO

2)
C

ac
o-

2
C

on
ve

nt
io

na
l a

lk
al

in
e 

co
m

et
A

12
 (

95
%

 A
na

ta
se

/5
%

 r
ut

ile
; 

12
 ±

 3
 n

m
)

50
 μ

g/
m

L
6 

h,
 2

4 
h 

an
d 

48
 h

N
eg

at
iv

e
[7

6]

R
20

 (
90

%
 r

ut
ile

/1
0%

 
A

na
ta

se
; 2

2 
±

 4
 n

m
)

C
ac

o-
2

C
on

ve
nt

io
na

l a
lk

al
in

e 
co

m
et

A
na

ta
se

 (
<

 2
5 

nm
)

1 
an

d 
2.

5 
μg

/
cm

2

2 
h,

 4
 h

, 6
 h

 a
nd

 2
4 

h
Po

si
tiv

e 
fo

r 
1 
μg

/c
m

2  a
t 4

 h
 

ex
po

su
re

[7
8]

FP
G

-m
od

ifi
ed

 c
om

et
Po

si
tiv

e 
fo

r 
1 
μg

/c
m

2  a
t 4

 h
 

ex
po

su
re

 a
nd

 2
.5

 μ
g/

cm
2  a

t 
2 

h 
ex

po
su

re
E

nd
oI

II
-m

od
ifi

ed
 

co
m

et
Po

si
tiv

e 
fo

r 
1 
μg

/c
m

2  a
t 2

 h
 

an
d 

24
 h

 e
xp

os
ur

e
C

B
M

N
1–

20
 μ

g/
cm

2
6 

h 
an

d 
24

 h
N

eg
at

iv
e

A. Vieira et al.



245

C
ac

o-
2

C
on

ve
nt

io
na

l a
lk

al
in

e 
co

m
et

P2
5 

(8
6%

 A
na

ta
se

/1
4%

 
ru

til
e;

 2
4 

±
 6

 n
m

)
A

12
 (

95
%

 A
na

ta
se

/5
%

 r
ut

ile
; 

12
 ±

 3
 n

m
)

E
17

1 
(>

 9
5%

 A
na

ta
se

; 
11

8 
±

 5
3 

nm
)

10
 a

nd
 5

0 
μg

/
m

L
6 

h,
 2

4 
h 

an
d 

48
 h

 o
r 

ch
ro

ni
c 

ex
po

su
re

 f
or

 2
1 

da
ys

 (
th

re
e 

tim
es

 a
 w

ee
k 

fo
r 

3 
w

ee
ks

)

N
eg

at
iv

e
[8

2]

FP
G

-m
od

ifi
ed

 c
om

et
Po

si
tiv

e 
fo

r 
bo

th
 

co
nc

en
tr

at
io

ns
 o

f 
E

17
1 

at
 

21
-d

ay
 e

xp
os

ur
e

C
o-

cu
ltu

re
 

C
ac

o-
2/

H
T

29
-M

T
X

C
on

ve
nt

io
na

l a
lk

al
in

e 
co

m
et

N
eg

at
iv

e

FP
G

-m
od

ifi
ed

 c
om

et
Po

si
tiv

e 
fo

r 
th

e 
50

 μ
g/

m
L

 
co

nc
en

tr
at

io
n 

of
 E

17
1 

at
 

21
-d

ay
 e

xp
os

ur
e

H
T

29
C

on
ve

nt
io

na
l a

lk
al

in
e 

co
m

et
A

na
ta

se
/r

ut
ile

 
(2

7.
38

 ±
 5

.9
0 

nm
)

2–
10

 μ
g/

m
L

24
 h

N
eg

at
iv

e
[1

31
]

FP
G

-m
od

ifi
ed

 c
om

et
Po

si
tiv

e 
fo

r 
th

e 
8 

an
d 

10
 μ

g/
m

L
 c

on
ce

nt
ra

tio
ns

C
ac

o-
2 

di
ff

er
en

tia
te

d 
m

on
ol

ay
er

C
on

ve
nt

io
na

l a
lk

al
in

e 
an

d 
FP

G
-m

od
ifi

ed
 

co
m

et

N
M

10
3 

(r
ut

ile
 h

yd
ro

ph
ob

ic
; 

25
 N

M
)

0–
25

6 
μg

/m
L

24
 h

N
eg

at
iv

e
[8

8]

N
M

-1
04

 (
ru

til
e 

hy
dr

op
hi

lic
;

C
B

M
N

25
 n

m
)

C
ac

o-
2 

di
ff

er
en

tia
te

d 
m

on
ol

ay
er

C
on

ve
nt

io
na

l a
lk

al
in

e 
co

m
et

N
M

-1
00

 (
10

4.
01

 ±
 3

9.
49

 n
m

)
10

, 2
5 

an
d 

10
0 
μg

/m
L

24
 h

Po
si

tiv
e 

fo
r 

th
e 

10
 μ

g/
m

L
 

co
nc

en
tr

at
io

n
[1

39
]

FP
G

-m
od

ifi
ed

 c
om

et
N

eg
at

iv
e

C
o-

cu
ltu

re
 

C
ac

o-
2/

H
T

29
-M

T
X

C
on

ve
nt

io
na

l a
lk

al
in

e 
an

d 
FP

G
-m

od
ifi

ed
 

co
m

et

N
M

-1
05

 (
86

%
 A

na
ta

se
/1

4%
 

ru
til

e;
 2

4 
±

 6
 n

m
)

50
 μ

g/
m

L
24

 h
N

eg
at

iv
e

[8
3]

A
12

 (
95

%
 A

na
ta

se
/5

%
 r

ut
ile

; 
12

 ±
 3

 n
m

)
E

17
1 

(>
 9

5%
 A

na
ta

se
; 

11
8 

±
 5

3 
nm

)

10  Cellular and Molecular Mechanisms of Toxicity of Ingested Titanium Dioxide Nanomaterials



246

DNA damage concerning Caco-2 cells exposed 
to 1 and 2.5 μg/cm2 of anatase TiO2 (< 25 nm) 
with the conventional comet assay and its combi-
nation with the FPG and EndoIII enzymes. 
Despite experiments with four different exposure 
hours – 2, 4, 6 and 24 h - most of the genotoxicity 
outcomes were obtained at shorter exposure 
times and only one positive result was verified at 
the time of 24 h. In this sense, the author suggests 
that after 24 h of exposure to TiO2, Caco-2 cells 
can repair the DNA and oxidative lesions [78]. 
Consequently, the time of exposure can interfere 
tremendously with the final genotoxic result.

In a monolayer of differentiated Caco-2 cells 
model, Vila et al. [139] did not observe the induc-
tion of oxidative damage through the FPG ver-
sion of the comet assay upon treatment with 10, 
25 and 100  μg/mL of JRC NM-100 
(104.01 ± 39.49 nm) for 24 h. Nonetheless, expo-
sure to 10 μg/mL showed a slight genotoxicity 
DNA damage (increased DNA strand break level) 
through the conventional alkaline comet assay. 
This can be explained as the higher the 
concentration of TiO2, the greater their tendency 
to form aggregates in the cell culture medium. 
Then, TiO2 may remain attached to the extracel-
lular membrane of Caco-2 cells, not being able to 
be internalized and to have contact with the cell 
nucleus, preventing the possibility of causing 
DNA damage at higher concentrations [140]. 
Likewise, Jalili et al. [88] reported no significant 
increase in DNA damage in a Caco-2 differenti-
ated monolayer following a 24  h exposure to 
higher concentrations (0–256  μg/mL) of JRC 
benchmark NM-103 (rutile hydrophobic; 25 nm) 
and NM-104 (rutile hydrophilic; 25  nm), using 
the conventional and FPG-modified comet 
assays.

Regarding the CBMN assay, the majority of 
the reports show no genotoxic effects after expo-
sure to TiO2. No significant chromosome dam-
age effects were observed in Caco-2 cells after 
52  h of treatment to 0–256  μg/mL NM-102, 
NM-103, NM-104 and NM-105 (all obtained 
from JRC), assessed by the CBMN assay [138]. 
Following a 6 and 24 h exposure to 1–20 μg/cm2 
of anatase TiO2 (< 25 nm), no increase in the fre-

quency of micronucleated cells was detected in 
Caco-2 cells [78]. Furthermore, Jalili et al. [88] 
observed also no clastogenic or aneugenic 
effects, evaluated through the CBMN assay, fol-
lowing a 24 h exposure to NM-103 (rutile hydro-
phobic; 25 nm) and NM-104 (rutile hydrophilic; 
25 nm) (0–256 μg/mL) considering a Caco-2 dif-
ferentiated monolayer. It is therefore possible to 
conclude that all mentioned studies did not 
report an increase in the frequency of micronu-
clei in Caco-2 cells following exposure to nano-
sized TiO2. Nevertheless, there are still few 
studies related to this assay performed with 
intestinal epithelial cell lines, namely Caco-2, 
that allow definitive conclusions to be drawn 
regarding the capacity of TiO2 to induce chromo-
somal damage in the GIT.  More experimental 
tests should then be performed in order to pre-
dict the behavior of these NMs in the GIT and to 
be able to draw a safe conclusion about their 
possible DNA or chromosomal damage ability in 
intestinal cells.

As with cytotoxicity assays, no studies on 
genotoxicity in HT29-MTX cells were found in 
the literature, but only in its non-mucus-
producing phenotype (HT29 colorectal adeno-
carcinoma cells). Nevertheless, only one study 
was found regarding genotoxicity assessment 
(more specifically, the conventional and FPG-
modified comet assay) in HT29 cells. This may 
be due to the fact that the Caco-2 cell line is cur-
rently the most applied in vitro model of the 
intestinal barrier for toxicological studies, since it 
resembles the most common type of cells in the 
small intestine, namely the absorptive entero-
cytes. After 24  h exposure of HT29 cells to an 
anatase/rutile mixture of TiO2 (27.38 ± 5.90 nm) 
(2–10 μg/mL), no significant increase in the DNA 
strand break level was observed evaluated by the 
conventional comet assay; conversely, an increase 
of the oxidative damage level was reported upon 
treatment with the 8 and 10  μg/mL concentra-
tions. [131].

As already mentioned, the presence of a co-
culture model comprising Caco-2 and HT29-
MTX cells enable to better mimic the structure 
and physiological properties of the intestinal bar-
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rier. This allows it to be a more reliable and 
reproducible in vitro model in toxicological 
assessment studies as it is closer to the physiolog-
ical condition of the human intestine. A co-
culture of Caco-2 and HT29-MTX cells was 
exposed for 6 h, 24 h and 48 h or chronically for 
21 days (three times a week for 3 weeks) to three 
different types of TiO2 (P25, A12 and E171) in 
two different concentrations – 10 and 50 μg/mL 
[82]. The conventional and FPG-modified comet 
assays were used and showed that only the high-
est concentration of E171 (50 μg/mL), induced a 
significant increase in oxidative purine lesions 
and alkali-labile sites, but no the DNA strand 
break level, following a chronic exposure [82]. 
Using the same assay and the same benchmark 
NMs at a concentration of 50 μg/mL, no DNA 
damage was detected in a co-culture of Caco-2 
and HT29-MTX cells following only 24  h of 
exposure [83].

Through the mouse lymphoma gene mutation 
assay and using L5178Y cells, no increase of the 
mutation frequency was verified after 4  h and 
24 h exposure to 40 nm TiO2 (0.0312–2 μg/mL) 
[141]. On the contrary, a linear increase in the 
mutation frequency was observed in WIL2-NS 
cells following incubation with 0, 25, 65 and 
130 g/mL TiO2 (< 100 nm) for 6, 24 and 48 h, 
using the hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) gene mutation assay [142].

As can be seen, inconsistent results are found 
in the literature concerning the in vitro genotox-
icity assessment of TiO2. The conflicting results 
can be explained by the different crystalline 
phase, size, exposure time and concentration 
used in each genotoxicity assay. Besides that, the 
different methods applied, the NMs dispersion 
procedure or even the exposure units referred to 
in reports (μg/mL or μg/cm2) might influence 
critically the toxicological outcome. Due to the 
lack of harmonization in these procedures, a 
more detailed and in-depth investigation is 
needed in order to infer whether the ingested 
TiO2 are genotoxic. No reports were found 
regarding the genotoxicity testing of nanosized 
TiO2 following in vitro simulated digestion, that 
could provide an advancement for a more realis-
tic approach.

10.6.4	 �Genotoxicity of Ingested TIO2 
In Vivo

Although in vivo tests should be avoided, in vitro 
genotoxicity positive outcomes require confirma-
tion by an appropriate follow-up in vivo. This is 
needed since this type of tests offers a more real-
istic approach, thus allowing a better prediction 
of biological responses of organisms to test 
agents like TiO2, in spite of species-specific dif-
ferences already mentioned. Table 10.4 summa-
rizes the reports found in the literature regarding 
the in vivo genotoxic effects of ingested TiO2.

Mice treated orally with TiO2 (anatase, 
20–50 nm), for 14 days in a range of concentra-
tions of 10–100 mg/kg bw, led to a statistically 
significant dose-dependent increase in the % of 
DNA in tail in the liver cells, evaluated through 
the comet assay. In the same study, using the 
CBMN assay, an increase of micronuclei fre-
quency in bone marrow cells was observed only 
after treatment with the highest concentration  - 
100 mg/kg bw [145]. Conversely, the exposure of 
rats by oral gavage during 45 days to 0.5 mg/kg/
day TiO2 (41.99 ± 1.63 nm) did not show DNA 
damage in blood or liver cells [148]. The expo-
sure to 500 mg/kg bw of P25 (75% anatase/25% 
rutile; 21 nm) for 5 days, led to an increase in the 
frequency of micronucleated binucleated cells in 
peripheral blood cells of mice [92]. Furthermore, 
Manivannan et al. [149] reported genotoxic and 
clastogenic effects in multiple organs of Swiss 
albino male mice treated orally with sub-acute 
concentrations (0.2, 0.4 and 0.8  mg/kg bw) of 
rutile TiO2 (25  nm) over a period of 28  days. 
Long-term exposure to low concentrations of 
rutile TiO2 induced DNA damage in organs such 
as liver, spleen, and thymus. Chromosomal aber-
ration test in bone marrow cells revealed the clas-
togenicity of TiO2 at sub-chronic low 
concentrations [149]. In fact, Wang et  al. [54, 
142] already had verified that TiO2 accumulate in 
the liver of rats after 2 weeks of oral exposure to 
a dose of 5  g/kg bw. This suggests that after 
ingested and internalized by the GIT, TiO2 might 
be transported to other tissues and organs, being 
the liver a possible target organ for the digested 
TiO2. This idea is reinforced by Heringa et  al. 
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Table 10.4  In vivo genotoxicity reports regarding exposure of animal models to oral/ingested TiO2

Animal 
Model Assay Used Tested TiO2 Dose

Duration of 
Exposure Result (Positive/Negative) Reference

Wistar 
rats

Comet E 171 (118 nm), 
Anatase (20–
340 nm) and 
NM-105 (15–24 nm)

10 mg/kg 
bw/day

7 days Negative in Peyer’s 
patch cells

[45]

Zucker 
(obese) 
rats

Comet E171 50 or 
500 mg/
kg/week

10 weeks Negative liver, lung [87]

Rats Comet Anatase, TDM 
(160 nm) and TDN 
(33 nm)

40, 200 
and 
1000 mg/
kg bw per 
day

7 days TDM induced DNA-
damage and micronuclei 
in bone-marrow cells 
and TDN induced 
DNA-damage in the 
cells of bone marrow 
and liver brain, liver and 
bone marrow

[136]
Karyological 
assay 
(micronuclei, 
nuclear 
protrusions, 
etc.)

Mice Comet Anatase (117 nm 
and 17 nm)

10, 50, 
250 μg/
mouse

3 days 
after 
treatment

Positive in blood 
leucocytes

[143]

Mice Comet Anatase (10–25 nm) 500, 1000, 
2000 mg/
kg bw per 
day

7 days Positive liver and kidney ([80]; 
[81])

Rat Comet Anatase (5–12 nm) 50, 100, 
200 mg/kg 
bw per day

60 days Positive in leucocytes [144]
Micronucleus Positive in rat bone 

marrow at 100 and 
200 mg/kg bw

Mice Comet Anatase (20–50 nm) 10–
100 mg/kg 
bw

14 days Positive in liver cells 
(dose-dependent 
increase in the % of 
DNA in tail)

[145]

Micronucleus Positive in bone marrow 
cells for the 100 mg/kg 
bw concentration

Mice Micronucleus P25 (75% 
Anatase/25% rutile; 
21 nm)

500 mg/kg 
bw

5 days Positive in peripheral 
blood cells

[92]

Mice Comet TiO2 (58 nm) 200 and 
500 mg/kg 
per bw

90 days Positive in liver and 
kidney

[146]

Micronucleus 
and 
chromosomal 
aberration

Positive in bone marrow

Rats Micronucleus Anatase (75 nm) 10–
200 mg/kg 
per bw

30 days Negative in bone 
marrow

[147]

Wistar 
rats

Comet TEM size: 
41.99 ± 1.63 nm; 
hydrodynamic 
diameter: 
447.67 ± 6.43 nm

0.5 mg/kg/
day

45 days Negative in blood and 
liver cells

[148]

Swiss 
albino 
male 
mice

Comet Rutile (25 nm) 0.2, 0.4 
and 
0.8 mg/kg 
bw

28 days Positive in liver, spleen 
and thymus cells

[149]

Chromosomal 
aberration

Positive for bone 
marrow cells
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[38] work, where both Ti and TiO2 were found in 
the human liver and the spleen analyzed post-
mortem and, wherein at least 24% of the particles 
found (≥ 24%) were nanometric (< 100 nm), as 
already mentioned in this chapter.

Biopersistence of TiO2 in gut cells can possi-
bly induce damage associated to cancer events. 
We take the example of Urrutia-Ortega et  al. 
[107] and Bettini et  al. [45] works, where the 
exposure to E171 induced tumor formation in the 
distal colon, as well as preneoplastic lesions and 
growth of aberrant crypt foci in rats [45, 107]. In 
spite Bettini reports were not replicated in subse-
quent studies Blevins et al. [150], the uncertainty 
of the consequences of the genotoxicity observed 
in most studies raise major concerns. The recent 
report by EFSA clearly states that, on balance 
TiO2 have the potential to induce chromosomal 
and DNA damage, and considering the fact that 
“genotoxicity concern could not be ruled out”, 
the Panel concluded that “E171 can no longer be 
considered as safe when used as a food additive 
“[28]. Furthermore, it is evident that physico-
chemical properties of NMs might influence the 
cytotoxic and genotoxic outcome, and other uses 
of TiO2 aside from E171, should be reconsidered. 
These observations show that it is essential to 
continue studying the possible genotoxic and 
cytotoxic effects, in order to verify if their oral 
consumption/intake is safe for human health.

10.7	 �Final Remarks/Perspectives

In this chapter, we showed the extensive work 
that has been reported worldwide for assessing 
the cellular and molecular mechanisms of toxic-
ity of TiO2, with the purpose of assuring its safety 
for use in promising applications. In spite many 
of these applications rely on food and feed prod-
ucts, the risk analysis often disregards the impact 
of the ingestion process in the TiO2 toxicological 
outcomes. To this regard, knowledge gaps have 
been identified, concerning: (i) the modifications 
of the TiO2 throughout the GIT, upon interaction 
with digestion fluids; (ii) how these modifica-
tions can facilitate/block the systemic absorption 
of the TiO2; (iii) conclusive evidence of key 

molecular events that may lead to adverse out-
comes; (iv) adverse outcomes such as genotoxic-
ity and cancer, that can be most relevant after 
long term exposure to low doses.

In this context, the application of an in vitro 
digestion process for TiO2 can be considered a 
valuable tool. This is an innovative approach and 
currently there are no reports in literature related 
to the genotoxic potential of digested TiO2 in 
intestinal cells. To better integrate the modifica-
tions that NMs suffer in the organism, the addi-
tion of a simulated digestion process in the safety 
evaluation of ingested NMs used in vitro bioas-
says can provide a significant improvement on 
existing approaches [59], that may decrease 
uncertainties in the hazard assessment of ingested 
NMs. The added value of in vitro simulated GIT 
models has been highlighted in EFSA nanoguid-
ance [25], but this outlook also emphasizes the 
need for a comprehensive in  vitro-in vivo inte-
grated approach associated to the use of docu-
mented dispersion protocols, concomitantly with 
a comprehensive physicochemical characteriza-
tion of the test material in each case. Furthermore, 
the use of advanced multidimensional cellular 
models, such as co-cultures and 3D-cell cultures, 
with the inclusion of a multitude of individual 
factors that approximates in vivo conditions [60], 
as well as molecular screening and epigenetic 
endpoints, may provide additional information 
and a relevant alternative to animal experiments, 
at an early stage of safety assessment of NMs and 
in product development of NMs intended for 
human ingestion. By providing a screening tool 
for industry, a safe-by-design approach to the 
development of innovative NMs is foreseen in the 
near future.
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Abstract

Manufactured nanomaterials (NMs) offer 
incredible scientific and societal benefits but 
their potential hazard to human health is not 
yet fully comprehended. In the last decade, a 
significant body of evidence indicates that cer-
tain NMs are capable of translocating from the 
primary exposure site (skin, lungs and gastro-
intestinal tract) to a number of secondary 
organs which includes the liver. Moreover, 
recent advances in the field of nanomedicine 
has resulted in increasing direct intravenous 
injection of NMs with the liver being a par-
ticularly important organ with regards to 
potential toxic effects and accumulation of 
said materials. It is generally acknowledged 
that it is not always possible to make direct or 
meaningful comparisons between in vitro and 
in vivo xenobiotic-induced toxicological 
responses. One of the main reasons for the 
lack of comparability between the testing 
strategies is that biological responses are not 

often alike which can in part be attributed to 
the numerous limitations of traditional mono-
cellular in vitro test systems which are acting 
as a surrogate for a whole organ. In an attempt 
to address and highlight this important issue, 
this chapter will discuss the progress made in 
the production and validation oof next genera-
tion more physiologically relevant multi-
cellular in vitro models of skin, GIT and the 
liver utilised for the assessment of the 
NM-induced toxicological effects.

Keywords

Nanotoxicology · Nanomaterials · 
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Liver · GIT · Skin · Human health · Hazard · 
In vitro and in vivo comparisons · Exposure 
routes

11.1	 �Introduction

The ever-increasing interest in the commercial-
ization of nano sized materials has led to signifi-
cant growth in the disciplines of nanotechnology 
and nanomedicine [79, 80]. As a consequence of 
this however, the same nano specific characteris-
tics which make NMs desirable might also influ-
ence their toxicity [44, 49]. As public and 
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occupational exposure increases there is a real 
need to evaluate the possibility of detrimental 
health consequences of exposure to engineered 
NMs.

The skin, lungs and the gastrointestinal tract 
(GIT) are continually exposed to the external 
environment, hence they are the primary expo-
sure sites for NMs [7]. However, it is now under-
stood that certain materials can translocate from 
these primary exposure sites [48, 95]. As a sec-
ondary exposure tissue, the liver is very impor-
tant, as it has been shown to accumulate NMs at 
higher quantities compared to other target organs 
[48, 95]. In addition, the recent advancements in 
the development of nanomedicine will result in 
direct injection of NMs into the circulatory sys-
tem. Once in the blood materials can quickly 
reach the reach the liver [33, 58, 99].

The potential toxicity of a substance is deter-
mined not only by the dose and route of expo-
sure, but also via a set of parameters referred to as 
“toxicokinetics,” which combined describe the 
uptake, metabolism and transport and elimina-
tion of the substance from the organism. These 
considerations are crucial, since the toxicity of a 
substance is dependent on which organs or cell 
type/s it meets, the exact form the xenobiotic and 
the time-span the substance persists at a specific 
location within an organism.

NMs must be distributed in the organism and 
pass organ barriers before entering tissues and 
reaching cells. It is believed that inhaled materi-
als deposit in the respiratory tract via different 
mechanisms including one or combination of 
interception, impaction, sedimentation and diffu-
sion [19, 32, 77, 83]. It is also important to note 
macrophages are important in the distribution of 
NMs in and out of the lungs [60, 103]. These 
mechanisms all contribute to the release of a pro-
portion NMs into the blood at which point they 
are transported to secondary organs [6, 70, 88, 
107].

As a complete overview of the current status 
of the field of nanotoxicology is not possible 
within the remit of one chapter, the focus here 
will be on NM-induced extra-pulmonary health 
effects with particular attention being paid to the 
next generation more physiologically relevant 

multi-cellular in vitro models of the liver, GIT 
and the skin utilised for the assessment of the 
toxicological effects associated with NM expo-
sure. Due to space constraints only a selected 
number of investigations are highlighted in the 
main text, but the conclusions and discussions are 
on a based much larger literature search. As an 
important consideration, short-comings in in 
vitro nanotoxicology for these specific systems 
are highlighted and discussed with a number of 
suggestions made that might improve experimen-
tal design in the future.

11.2	 �Dermal NM Exposure and In 
Vitro Test Systems of the Skin

The human skin is composed of three layers 
being the subcutaneous tissue, the dermis and the 
epidermis. The superficial epidermis provides a 
protective barrier against foreign antigens and 
xenobiotics, regulates release of water from the 
body and forms a physical barrier from harm. 
Keratinocytes are the major cell type of the epi-
dermis accounting for approximately 90% of the 
cell population. These cells originate in the deep-
est layer of the epidermis, the stratum basale and 
migrate to the third and final layer of the skin, the 
stratum corneum. Dermal absorption is described 
as the transport of a substance from the outer sur-
face of the skin into the organ, resulting in the 
xenobiotic becoming systemically available. 
Importantly, absorption is not the same as perme-
ation, which is simply the diffusion of a com-
pound into a layer of skin. In particular, the 
stratum corneum is one of the most important 
barriers against external compounds due to its 
physical structure and its hydrophobicity. 
However, specific features such as hair follicles 
and sweat glands might potentially offer routes of 
entry for NMs [63].

NMs are extensively utilised in cosmetics as 
a means of protecting the skin from exposure to 
UV sunlight notably by the incorporation of 
ZnO and TiO2 NMs as inorganic UV filters in 
sunscreens [100]. Generally speaking, both 
NMs are considered safe for their use in sun-
screens although concerns have been raised for 
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TiO2 NMs in some products due to the potential 
for photocatalytic activity and phototoxicity 
[90–92, 100].

In particular two important aspects need to 
be fully considered for evaluation of potential 
hazards for the exposure of NM to the skin. 
Firstly, there is the possibility for “local” toxic-
ity in terms of potential for irritation and sensi-
tization (additional genotoxicity/mutagenicity 
cannot be excluded either), and secondly there 
is the possibility for penetration of the skin 
resulting in systemic exposure to the NMs. 
Dermal exposure can occur due to accidental 
spillage or low hygienic occupational settings or 
due to purpose made consumer products for 
skin application such as sunscreens as touched 
upon above. Currently, the sensitization poten-
tial of NMs is still fairly unknown. One of the 
fundamental reasons for this is the difficulty and 
uncertainty in how testing for sensitizing for 
NMs should be performed. The use of intrader-
mal injection at the base of the ear in mice 
described as an alternative for the local lymph 
node assay (LLNA), is one such option [43]. 
The injection of TiO2 NMs in acetone-olive-oil-
treated control mice did not effect lymph node 
(LN) proliferation as an indicator for immune 
stimulation [43]. 2,4-Dinitrochlorobenzene 
(DNCB) sensitization on the other hand resulted 
in LN proliferation, which was further increased 
by the injection of TiO2 NMs. In a follow-up 
study topical exposure of TiO2, Ag or SiO2 NMs 
did not induce an immune response in the drain-
ing local lymph node when applied on the skin 
[98]. In both studies no immune stimulation in 
the draining lymph node was noted as an indica-
tion for sensitization potential, however, in 
combination with the well-known model sensi-
tizer DNCB enhancement of the DNCB response 
was observed indicating adjuvant activity for 
the NMs.

Furthermore and importantly to this chapter, 
several studies have shown that NMs such as 
ZnO, Ag, TiO2, and CeO2 do not show local irri-
tation activity [57, 73, 102]. In a reconstructed 
human epidermis (RhE) model the NMs can be 
applied in a water or lipid based solution on top 
of the epidermal construct that has similar tissue 

layers as normal human skin. To date a number of 
RhE models have been validated and accepted for 
determination of the irritant activity of chemicals 
in OECD TG 439. These include:

	1.	 EpiSkin™ – in vitro reconstructed human epi-
dermis from normal human keratinocytes cul-
tured on a collagen matrix at the air-liquid 
interface. This model is histologically similar 
to the in vivo human epidermis.

	2.	 EpiDerm™ – highly differentiated 3D tissue 
model consisting of normal, human-derived 
epidermal keratinocytes cultured on tissue 
culture inserts.

	3.	 SkinEthic™ – an in vitro reconstructed human 
epidermis from normal human keratinocytes 
cultured on an inert polycarbonate filter at the 
air-liquid interface

	4.	 epiCS® skin  – stratified squamous epithe-
lium. Proliferating cells of the basal layer 
undergo a series of morphological and bio-
chemical changes that culminate in the pro-
duction of dead, flattened, enucleated 
squames.

	5.	 Skin  + ™ model  – reconstructed epidermis 
model

At this juncture it is important to note the prohi-
bition of animal testing of cosmetic products and 
ingredients on animals enforced in the EU in 
2013 which clearly highlights the absolute neces-
sity for the above in vitro testing models.

Whether NMs penetrate through intact skin is 
a controversial topic mainly due to huge knowl-
edge gaps in the available literature [48, 76]. One 
area of research that is clearly lacking is long-
term NM skin exposure studies. That being said, 
it is currently generally believed that following 
exposure local penetration of low-solubility NMs 
in the skin is mainly limited to the first superficial 
layers of the stratum corneum [15, 89], with 
accumulation in hair follicles also possible [17]. 
In contrast, after dermal exposure to ZnO NMs 
(20 nm) (Zn administrated as sunscreens) could 
be detected in the blood of treated volunteers 
[36]. In these studies, 68Zn natural isotopes were 
utilised to allow for assessment of biodistribution 
throughout the body.
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Another important factor influencing NM skin 
penetration and systemic distribution is whether 
the skin is healthy or damaged. Recent data has 
demonstrated that skin damage like abrasions 
and sunburns can influence dermal penetration 
and uptake [42, 75]. As an example, Ag NMs 
where shown to penetrate damaged (burnt skin) 
down to the dermis layer, whereas, this was not 
the case in healthy skin [42].

From the scrutiny of the literature, there are a 
number of consideration that seem to govern the 
dermal absorption of NMs. Specifically, NM size 
and surface chemistry appear to be important, 
whereas the composition and shape seem to have 
less significance. Generally speaking; materials 
larger than 50 nm do not seem to penetrate thor-
ough the stratum corneum (exemplified by size 
dependent penetration of NMs – ≤4 nm penetrat-
ing intact skin, NMs with sizes between 4 and 
20 nm able to penetrate intact and damaged skin, 
and 21 and 45 nm NMs only capable of entering 
damaged skin (reviewed by [64])). This being 
said, an understanding of materials aggerate/
agglomerate during and at the end of an experi-
ment could be vital in the quantities of NMs pen-
etrating the skin and the translocation thereafter. 
Moreover, the solubility of the NM in question 
will influence the toxicokinetics and distribution 
of the material. The literature seems to indicate 
that exposure to positively charged materials will 
result in greater penetration through the skin 
although there is also some confliction whether 
or not this the case. The role and importance of 
impaired barrier function on dermal penetration 
of NMs appears minimal and somehow divisive 
with some studies providing data which is in con-
tradiction of the above statement. Another impor-
tant consideration in study design is whether hair 
is shaved from the skin as this could be an impor-
tant parameter influencing the organs barrier 
function. In summary, the skin seems to be a rela-
tively impermeable barrier to NM entry into cir-
culation [93], however NM translocation 
following dermal exposure is not entirely impos-
sible. Overall, from the available data it appears 
that the risk of NM-induced damage to secondary 
organs following dermal exposure of intact health 
skin is low.

11.3	 �Oral NM Exposure and In 
Vitro Test Systems of the GIT

NM ingestion can occur directly from eating 
food, drinking water or via oral medication [16, 
51]. In addition, mucocilliary clearance of NMs 
may result in the transfer and accumulation of 
materials to the GIT. It is believed that the vast 
quantity of ingested NMs are rapidly passed 
through the GIT and excreted via the faeces [18, 
37, 83]. Very similar to the skin, the surface prop-
erties of NMs play an important role in their 
translocation from the GIT (this will be expanded 
upon below). Once in sub-mucosal tissue, NMs 
are capable of entering the lymphatics and the 
blood [74]. The stability of NMs in the GIT is 
complex and not fully understood due to a num-
ber factors including changes in the pH through 
the different regions of GI tract, the protective 
mucus layer and presence of powerful destructive 
digestive enzymes [69]. After oral administra-
tion, NMs are absorbed is the small intestine. 
With enterocytes, mucus secretory goblet cells 
and the immune sampling M cells of the Peyer’s 
patches all important in the process [61, 69]. Of 
particular importance to nanotoxicology, the M 
cells are associated with the immune cells within 
the GIT and might be involved NM-medicated 
immunotoxicity in GIT [74] (expanded upon 
below).

The adult GIT provides a large complex inter-
face around five metres in length along which 
NMs can interact [35, 38]. The primary area of 
absorption is the small intestine and, with its 
three distinct regions called the duodenum, jeju-
num, and ileum, it accounts for two thirds of this 
length. Its villi and microvilli increase the surface 
absorption area 60–120 times, contributing to a 
mean mucosal surface within the GI tract of 
around 35 m2 [38]. The GI epithelium is the main 
barrier that regulates the movement of material 
from the lumen into the lamina propria and its 
blood vessels and lymphatics [35]. It is composed 
of a community of cooperating cell types. Up to a 
quarter are mucus-secreting Goblet cells dis-
persed within a lawn of enterocytes which are 
responsible for the absorption of nutrients [9, 
40]. The follicle-associated epithelium (FAE) 
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characterises the Peyer’s patches at the distal end 
of the ileum and consist of enterocytes, fewer 
Goblet cells (leading to a thinner mucosal layer), 
and microfold cells (M-cells) which sample 
microbes and particulates before transferring 
them to underlying immune cells via transepithe-
lial transport [25, 62]. The complexity of the GI 
tract is further increased by the physiological 
conditions found within the lumen. The low pH 
of the stomach and the high ionic strength in both 
the stomach and small intestine expose NMs to a 
harsh environment that can fundamentally alter 
their properties [5, 78]. There are further pH 
changes in the small intestine to accompany the 
barrier posed by the lining of mucus, and as well 
as the influence of the local microbiota [21].

Enterocytes are columnar epithelial cells with 
a dense microvillus brush border, held together 
by tight junctions that limit the passive paracel-
lular movement of substances to materials less 
than 2 nm [27, 30]. Molecules can instead cross 
the epithelial barrier by diffusion, or by receptor-
mediated endocytosis followed by transcytosis 
[27]. However, a complex glycocalyx extends 
along the apical membrane functioning as a size-
selective barrier. The ability of NMs to navigate 
across is dependent on its thickness, density, neg-
ative charge, and renewal characteristics [20, 26]. 
The properties of NMs determine the extent to 
which they can penetrate the covering layer of 
mucus provided by the Goblet cells, for example, 
smaller materials are able to penetrate more, 
while positively charged particulates are muco-
adhesive [10]. There is some data indicating that 
once in contact with NMs mature enterocytes can 
take up the material by endocytosis, however, 
their ability to absorb particles >100 nm by endo-
cytosis is limited due to the presence of the 
microvilli that hinder invagination of the apical 
membrane [14, 45]. Instead M-cells are predomi-
nantly responsible for the uptake of both mic-
roparticles and NMs using their established 
mechanism for the translocation of antigens from 
the GI tract [31, 45]. It has also been proposed 
that NMs can translocate across the epithelia bar-
rier through damaged cells or through the gap left 
by the normal shedding of enterocytes in a pro-
cess known as persorption, although the signifi-

cance of these routes have been largely discounted 
[41, 86].

The most common NMs to which we are 
exposed to orally are TiO2, SiO2, Ag and ZnO 
[28, 85]. Survey data on food and fluid consump-
tion combined with published estimates on 
nanoparticle daily ingestion suggest concentra-
tions in the GI tract of 0.12–12.6  μg/ml TiO2, 
9.2–50.4 μg/ml for SiO2 and 0.008–0.032 μg/ml 
for Ag. Further estimation indicates 0.23 μg/cm2 
TiO2 and SiO2 NMs can be expected along the 
GIT [28]. Equivalent estimates for ZnO are 
harder to establish because in addition to food it 
can be taken in through nutritional supplements 
and is widely used in healthcare products which 
can lead to accidental ingestion [28].

The use of in vivo models is the benchmark 
used to establish toxicity and preclinical efficacy 
of substances but such experimentations are 
costly and the ethical implications of any in vivo 
study must be fully considered. The biochemical, 
physiological and anatomical characteristics of 
the section of the human GIT that is under consid-
eration will dictate the most appropriate substi-
tute. For example, the dog stomach is the most 
similar to the human, whereas the passage of 
material through the human small intestine is 
more analogous to that of the rat [23, 28]. Even 
so, there are disparities in the transit time through 
the differing lengths of the GI tracts, and varia-
tions in the villi morphology and mucin composi-
tion. In addition, interspecies comparisons of gut 
microbiota reveal potentially significant differ-
ences in bacterial strains and their distribution 
[27]. While the presence of an intact anatomy and 
physiology is an advantage for animal models, the 
common experimental techniques have inevitable 
shortcomings. Gavage is often used in studies to 
determine systemic absorption, excretion, and 
persistence, but this approach doesn’t accurately 
recapitulate the realistic exposure to a material. In 
situ perfusion involves a region of GI tract being 
exposed to the passage of a solution by afferent 
and efferent cannulas allowing analysis of the per-
fusate, but again the extent to which this mirrors 
normal human exposure is limited [66].

Ex vivo tissue samples have been used for high 
throughput studies of mucoadhesive properties, 
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the uptake and transport of NMs, and drug deliv-
ery. The viability time of the tissue samples is 
limited and on occasions predictive inaccuracies, 
when compared to in vivo observations, have 
been thought to be due to the absence of digestive 
juices in the extracellular environment [20, 66]. 
However, ex vivo and in vivo murine models have 
provided comparable data, for example, about the 
paracellular transepithelial passage of TiO2 NMs 
through disrupted tight junctions [14].

In an attempt to replace, reduce or refine ani-
mal studies, in vitro investigations of NM-induced 
GIT health effects have gained significant 
momentum over the last decade. There has also 
been a change in emphasis from descriptive toxi-
cological analyses of what happens to those 
explaining the biological mechanisms behind the 
observations [79, 80]. There are various cell lines 
available for such studies but the most common 
and best known are the Caco-2 enterocytes 
derived from human intestinal carcinoma. These 
form an adherent monolayer with many features 
typical of GI tract physiology and morphology 
including the microvilli brush border, polarisa-
tion, tight junctions and the expression of meta-
bolic enzymes [66, 94]. Caco-2 cells are often 
grown and differentiated in a Transwell® on a 
porous membrane insert which allows for the 
basolateral chamber to be sampled for signs of 
translocated NMs previously layered upon the 

Caco-2 apical surface. Changes caused by NMs 
to an alternative cell line seeded in the basolateral 
chamber can also be analysed [29].

While such monocultures are an easier option 
to allow for the generation of more physiologi-
cally relevant toxicological and uptake data, co-
cultures of various cell types (more histologically 
accurate model systems) are now being used in 
nanotoxicological studies. The differentiated 
Caco-2 monolayer has been successfully com-
bined with mucus secreting HT29 goblet-like 
cells to produce a model system that combines 
the enterocyte monolayer with an adhesive mucus 
barrier [94]. Recently it was proposed that a seed-
ing proportion between the two cell types of 9:1 
(Caco-2:HT29) showed the best simulation of the 
GIT epithelia based on tight junction characteris-
tics (as determined by transepithelial electrical 
resistance), histological analysis and gene expres-
sion [82]. Furthermore, a triple culture model has 
been developed to incorporate the M-cell into the 
model. As such an example, in European funded 
project PATROLS [84], a triple cell model has 
been established and validated with differentiated 
Caco-2 and HT29 cells co-cultured in the apical 
side Transwell® filter inserts with Raji B lym-
phocytes in the basolateral compartment stimu-
lating the differentiation of Caco-2 cells into 
M-cells (Fig. 11.1). The data provided from this 
model provided evidence of the importance of 

Fig. 11.1  Scanning electron microscopy of (a) differentiated Caco-2 cells and (b) Triple cell culture intestinal model 
with highlighted M cells and mucins (unpublished data)
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the mucus layer and M cells in governing the 
uptake and immune modulation following NM 
exposure (manuscript in preparation and standard 
operating protocols in development as part of the 
deliverables for the PATROLS project).

Other in vitro nanotoxicological consider-
ations have involved the development of various 
non-cellular fluid models mimic the physical, 
chemical, enzymic and microbial characteristics 
of the GIT that show some promise for the evalu-
ation of NM bio accessibility, stability, dissolu-
tion and aggregation [79, 80]. These models have 
been designed to mimic different physiological 
micro-environments sections within of the GIT 
i.e. the lumen of the stomach, the lumen of the 
large intestine, and the epithelial barrier such as 
the mucus layer. Artificial membrane systems 
have also allowed the analysis of the effect of pH 
on passive epithelial translocation of substances 
[66]. However, all these models require further 
adaption and standardisation. Finally as an addi-
tional consideration, recent in vitro data has sug-
gested that simulation of the digestion processes 
for NMs may add value to physiologically rele-
vant NM toxicological data [12, 22].

The combination of experimental data from in 
vivo, ex vivo and in vitro systems with complex 
computational algorithms is driving the develop-
ment of in silico high-throughput models for pri-
mary analysis of chemical dissolution and 
bioavailability. Evidence suggests that they can 
predict drug bioavailability as accurately as in 
vivo rat, in vitro cell culture and artificial mem-
brane models [68]. The usefulness of in silico 
model nanotoxicology with data gathered from 
such projects as PATROLS is being used to 
inform the algorithms [66].

The recent progress in microfabrication tech-
niques and microfluidics have allowed the manu-
facture of the so-called gut-on-a-chip: an 
experimental system that more closely resembles 
the three-dimensional physiological environment 
of the GIT lumen. The optically transparent and 
gas permeable chip contains two chambers sepa-
rated by a porous and flexible membrane: one 
representing the GI lumen seeded with epithelial 
cells; and the other a blood vessel seeded with 
vascular endothelial cells. The chip can be inte-

grated with analytic sensors to allow synchro-
nous monitoring of events at a cellular or tissue 
level [4]. The chamber representing the GI lumen 
is coated with an extracellular matrix on which 
cells can attach to mimic the three-dimensional 
structure of the mucosa. In a recent study, Caco-2 
cells were seeded on a collagen scaffold which 
were exposed mechanical forces to simulate peri-
stalsis and induced to differentiate into a range of 
gut epithelial cells such as goblet cells, enteroen-
docrine cells and Paneth cells [55]. This model 
system can also be used to investigate the gut 
microbiota and the role it plays within the GIT 
and its impact on human health [56]. Despite the 
great potential with the gut-on-a-chip models, 
concerns have been raised with regards to the 
physical interferences of NMs in such systems as 
well as the limitations in the toxicological end-
points that can be measured with the available 
technologies. Additionally, these models are cur-
rently extremely expensive which for the most 
part makes them unattainable for academic 
research.

The models described so far have many appro-
priate applications and have each helped to 
advance the understanding of the interactions 
between micro/nanomaterials with the 
GIT. However, inevitably there are limitations in 
these models as with all in vitro test systems. The 
physiological conditions within the GIT lumen, 
which many of these model systems struggle to 
replicate, can have a profound influence on the 
properties of NMs, for example salt content and 
pH can influence agglomeration and charge and 
thereby alter their rate of translocation across the 
epithelia [27, 66]. The close relationship between 
human health and gut microbiota would suggest 
that the interaction of NMs with up to 1000 bac-
terial species resident in the GIT needs closer 
consideration but this is often overlooked [28]. 
The movement and digestion of substances 
within the GIT is a dynamic process that takes 
place over a complex three-dimensional land-
scape which is impossible to recapitulate with the 
two-dimensional cell culture models [4].

From the scrutiny of the literature, in the 
majority of nanotoxicological investigations 
relating to GIT the toxicity was assessed via bio-
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chemistry, without any corresponding clinical 
findings making it difficult to determine the rele-
vance and extent of these findings. Of great 
importance, the assessment of uptake across a 
range of NMs indicates that the translocation 
from the GIT to secondary organs is very small 
(≤ % of the administered dose). As an addition, 
in recent years there is growing body of literature 
suggesting that there is very translocation of 
NMs in a healthy gut (this data generated pre-
dominately in rodent models). From the available 
data, it appears that NM adsorption in the GIT 
decreases with increasing size of the material. 
Therefore, in all reality NM agglomeration might 
affect the bio-availability of the original NM 
[71]. To summarise, despite great advancements 
in the field in particular with regards to more 
physiologically relevant in vitro test systems it is 
still very difficult to determine the relevance of 
NM-induced adverse effects in the GIT and fol-
lowing oral exposure.

11.4	 �Hepatic Nanotoxicology 
and In Vitro Models 
of the Liver

The liver is the bodies’ principal and most effec-
tive detoxification centre [58, 81]. The organ is 
highly structured and organised and composed of 
its main cell population of hepatocytes as well as 
numerous non-parenchymal cell populations 
including the Kupffer cells (KCs – resident mac-
rophages), hepatic stellate cells and sinusoidal 
endothelial cells [33, 46, 53]. As touched upon 
above, in addition to accidental and consumer 
exposure to NMs, the advancements in the field 
of nanomedicines will result in intentional intra-
venous administration of materials into the 
bloodstream and the resulting subsequent accu-
mulation in the liver [8, 51]. Very importantly in 
hepatic nanotoxicology is the fact that the KCs 
and sinusoidal endothelial cells line the liver 
sinusoids (natural fenestrations in the organ 
which allow quick contact of xenobiotics with 
hepatic cell populations). These openings allow 
for continuous cell contact with gut-originated 
antigens and could include materials reaching the 

organ from the blood via the portal vein. Due to 
the location of the KCs and endothelial cells in 
the sinusoids these cells might in all reality act as 
a barrier to the non-soluble NMs, preventing 
them from physically coming into contact with 
the hepatocytes. Moreover, the location of KCs in 
the sinusoids is one the reasons for these macro-
phages controlling the hepatic immune response 
following a particulate challenge (demonstrated 
in vitro (comparisons made between 3D primary 
human liver MT composed of hepatocytes only 
or co-cultures of hepatocytes and KCs) [53] and 
in vivo (mice with depleted KC cell population) 
[46]). KCs are one of the most important hepatic 
cells in the modulation and governance of hepatic 
immunity as well as being heavily involved in the 
initiation and progression of disease in the organ 
[13, 46, 99, 108]. In a healthy liver, KCs are piv-
otal in the maintenance of immune tolerance with 
the cells residing in a semi-activates state due to 
constant low-level exposure to gut-derived. 
However, in disease and or under stress, these 
macrophages can fully activate and differentiate 
into M1-like or M2 phenotypes [11]. For all these 
reasons, it is highly beneficial that KCs are incor-
porated in all next generation in vitro hepatic 
models intended for hazard assessment of NMs 
(an example of few such test systems and studies 
are reproduced from a review by [54] and high-
lighted below). The inclusion of KCs in in vitro 
test systems is even more valuable if the models 
are designed to be used as a replacement for ani-
mal testing [52, 53].

The use of in vitro hepatocyte only test sys-
tems has been extremely useful over the last 
30 years. Historically, hepatocytes were regarded 
as the most important cell population in the liver 
for drugs and chemical toxicity screening. This is 
explicable as drugs and chemical are predomi-
nately metabolised and it is often the metabolic 
intermediates that are hepatotoxic. However, 
since low solubility NMs are not metabolised, but 
rather interact and are internalised by KCs [1, 
97], the use of hepatocyte only mono-cultures is 
questionable for particle hepatic toxicity screen-
ing. It is important to state that the field of hepatic 
toxicology as a whole is recognising the impor-
tance of the inclusion of KCs in test systems with 
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more and more drug induced liver injury (DILI) 
screening being conducted in more physiologi-
cally relevant systems.

In a unique and novel collection of in vitro 
studies, a 3D primary human liver spheroid 
model composed of primary human hepatocytes, 
KCs and hepatic endothelial cells (Fig.  11.2) 
were exposed via either a single or repeated mul-
tiple exposure (up to 13 exposures every other 
day) regimes to a wide selection of NMs includ-
ing Ag, ZnO, MWCNT, TiO2, and CeO2 for up to 
3 weeks. These experiments also benefited from 
recovery periods of up to 2 weeks. The data dem-
onstrated that very low dose repeated exposures 
more than sufficient for a comprehensive toxico-
logical profiling of NMs with adverse effects 
being more profound for the Ag and ZnO NMs 
(cytotoxicity, inflammation, liver function and 
oxidative stress). Unsurprisingly as stated above 
the authors showed that the KCs are crucial in 
dictating the overall NM-mediated hepatic toxic-
ity. Finally, exposure to low solubility NM-treated 
showed a clear penetration of materials into the 
core of the microtissue [47, 52, 53].

In another important in vitro study, a co-
culture model of hepatocytes and KCs were uti-
lised for a comparative analysis of the toxicity of 
29 metal oxide NMs (i.e. cobalt oxide, CuO, 
Fe3O4, antimony oxide, TiO2, tungsten trioxide, 

gadolinium oxide and ZnO). In this study, KUP5 
(immortalized mice KCs) and Hepa-1-6 cells 
(mice hepatocyte cell line) were exposed to the 
NMs for 24 hr. at a concentrations of up to 50 μg/
ml. The authors showed differences in the toxic-
ity of different metals with the transition-metal 
oxides inducing caspases 3 and 7 activity. 
Moreover, the exposure to the rare-earth oxide 
NMs resulted in lysosomal damage, NLRP3 
inflammasome activation, caspase 1 activation, 
IL-1β secretion and pyroptosis in KCs [72]. As a 
final example in a 2014 study, buffalo rat hepato-
cytes and primary rat KC were exposed to a 
90 nm SiO2 NM for 24 hr. (up to 1000 μg/ml). 
The data showed a concentration dependant 
decrease in cell viability and increased mitochon-
drial damage accompanied with a secretion of 
TNF-α and nitric oxide [104].

The potential for NMs to translocate to sec-
ondary organs via different routes of exposure is 
very real, with the liver demonstrated to accumu-
late a large proportion of the total translocated 
dose [2, 3, 67]. Therefore, it is essential that the 
impact of NM exposure to normal liver function 
and health was comprehensively investigated. 
Despite the impressive research carried out on 
the topic there are still major knowledge gaps 
(some of which are discussed below) that require 
attention to allow for meaningful progress and a 

FIG. 11.2  Histological and immunological staining of 
3D primary human liver spheroid model compromising of 
primary human hepatocytes, KCs and hepatic endothelial 

cells (a) HE staining (b) CD68 staining – KCs (unpub-
lished data)
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better understanding of “real” hazard of NMs to 
the liver.

It is generally acknowledged that it is not 
always possible to make direct or meaningful 
comparisons between in vitro and in vivo hepatic 
toxicological responses. One of the key reasons 
for the lack of comparability between in vitro and 
in vivo is that biological responses are rarely like 
for like which can is partially attributable to the 
use of traditional mono-cellular in vitro test sys-
tems as a representative of a whole organ [54]. As 
an example, cytotoxicity measurements in vitro 
in a hepatocyte cell line will never compare to 
AST/ALT in vivo alterations (this is even more 
apparent for NMs as compared to drugs or chem-
icals). Unique for the liver and fundamentally 
important, is the requirement for consideration 
and understanding that currently in vitro models 
cannot emulate the liver’s unparalleled and 
incredible regeneration capability. The livers’ 
ability to regenerate is essential in damage/dis-
ease recovery in everyday life. Since acute liver 
failure is not possible for NMs it is extremely 
important that the organs ability to regenerate 
recovery is considered in future in vitro/in vivo 
NM hazard assessment strategies. Based on the 
advancements in hepatic nanotoxicology and 
data generated, it is reasonable to speculate that 
for the majority of materials reaching the organ, 
any meaningful NM-mediated adverse effects in 
the liver observed at acute time points will be 
quickly reversed (i.e. [50, 105]), and real hazard 
would only occur after long-term exposure in the 
general population. As an extension to this and as 
an important consideration, in vitro acute cyto-
toxicity assessment alone are in all reality not 
that meaningful for hazard assessment of NMs in 
the liver, as this end-point has little to no in vivo 
relevance. Therefore, it is important to identify 
and investigate organ specific sub-lethal toxico-
logical end-points that are might prove more 
valuable in predicating “real” NM related 
hazard.

A comprehensive review of the literature [54] 
clearly indicates that the route of exposure is key 
in the bio-accumulation of material within the 
organ and subsequent severity of adverse effects 

observed in the liver. Unsurprisingly, IV expo-
sure results in the most significant quantities of 
administered NMs reaching the organ (over 80% 
of injected dose at 24 hr. after injection i.e. [65]). 
This rapid accumulation in the liver is not sur-
prising as there is no barrier for materials enter-
ing the bloodstream. The liver is at the forefront 
of filtering blood, hence the rapid and direct 
transport of the full dose to the liver sinusoids. As 
mentioned previously, it is also abundantly clear 
that NMs can translocate to extra-pulmonary 
organs following inhalation and oral exposure 
(i.e. [98, 106]). The extent of uptake of insoluble 
NMs is material and size dependant but believed 
to be in the region of ~1–5% of the total dose 
(summarised in [48]) and can be detected in the 
liver as early as 24 hr. post exposure (i.e. [34, 87, 
101]). Generally speaking, few studies have 
looked at the long-term bio-distribution and tox-
icity of NMs, however in extra-pulmonary 
organs. However, interestingly and crucially, data 
has demonstrated that low solubility materials 
accumulated predominately in the KCs for up to 
one year post initial exposure [59, 96]. These 
experiments clearly indicates that the long-term 
effects of NM exposure in the liver are very 
important and cannot be ignored for bio persis-
tent NMs.

Importantly, a few selected in vivo studies 
have indicated that pre-existing liver disease is 
vital not only in the augmentation of acute NM 
associated damage (manifested as pathological 
and biochemical alterations to the norm) and per-
haps more importantly in impeding the organ’s 
ability to regenerate after the NM challenge [24, 
50]. With ever increasing global body mass index 
it is now estimated that 40–45% of global adult 
population might suffer from a wide array of 
undiagnosed sub-clinical liver injury (in most 
cases steatosis). Therefore, it is imperative that 
liver disease is considered for future hazard 
assessment strategies for all xenobiotics includ-
ing NMs. Finally, from the scrutinization of the 
published data (reviewed in [54]), it is clear that 
there are almost no (with the exception of [39]) 
epidemiological studies that have investigated 
the potential adverse effects of NMs on the 
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human liver. Therefore, despite thousands of in 
vitro and in vivo publications on the subject we 
are still not that well informed on how NMs actu-
ally affect the human liver over the course of a 
life-time.

11.5	 �Concluding Remarks

In order to carry out an informed, evidence-based 
risk assessment, a comprehensive apprehension 
of all aspects of NM risk is needed and one very 
important component to achieving this is the 
design and validation of physiologically relevant 
in vitro test systems. In addition, for a critical risk 
assessment information on levels of NM expo-
sure, route of exposure, bio-persistence in the 
organism and inherent toxicity and physicochem-
ical properties of the material being tested is 
required. It is important to acknowledge that the 
field of nanotoxicology is no longer in its infancy. 
Therefore, the utilisation of physiologically rele-
vant test systems are the only option to advance 
the field of nanotoxicology beyond the initial 
screening and dose finding experiments. The 
selection of cost effective and easy experiments 
may no longer be all that useful for hazard assess-
ment purposes, and experiments must be designed 
to try to mimic “real” in vivo exposure scenario 
and biological responses. That being said a full 
understanding of the limitations of test system is 
key – even the “best” in vitro test system will not 
be suitable for everything. It is absolutely essen-
tial that there is a clear effort in the development 
and validation of standardized operating proto-
cols for more consistent assessment of 
NM-induced toxicity to strengthen legislation 
and just as importantly to keep up with the rapid 
pace of the research in this area. Ideally, these 
protocols should include the use of reference 
materials that could allow interlaboratory com-
parisons. Finally, even though toxicological anal-
ysis in individual organs of interest is extremely 
important, for NMs the coexistence of toxic 
effects in all major organs indicates that the toxi-
cological profiling of NMs might be required on 
an organism level.
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Abstract

Nanotechnology is often praised as the future 
technology that will revolutionize the world as 
we know it, because nanomaterials (NMs) 
offer numerous practical applications for a 
wide range of fields such as medicine, cosmet-
ics, food preservation, paintings, and industry. 
Produced by nanotechnology, NMs are in the 
front line of this innovative applied science, 
while nanoparticles (NPs) refer to materials 
existing in the natural world and measuring 
1–100 nanometers in at least one dimension. 
The recent surge in the number of endeavors 
to utilize NMs makes it imperative to identify 
hazards and risk factors involved as we have 
yet to know harmful effects of this uncharted 
territory on the environment and public health. 
While researchers generally choose to carry 
out in vitro experiments in an effort to assess 
toxicity of NMs, in vivo approaches seem to 
yield better evidence that is more relevant to 

risk assessment. In that context, Drosophila 
melanogaster stands out as the most dynamic 
model organism for biological experiments, 
since 75% of the genes responsible for human 
diseases are known to have homologs in D. 
melanogaster, which facilitates research into 
various pathologies. This book chapter aims to 
present the full picture of studies on separate 
NMs that employed in vivo approaches (toxic-
ity, genotoxicity, internalization, cell uptake, 
tissue distribution, etc.) using D. melanogas-
ter, attempting to offer an in-depth analysis of 
risks involved in exposure to NMs, as well as 
many advantages of other animal models used 
by nanogenotoxicology studies.
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12.1	 �Background

Nanotechnology is a novel field of applied science 
that has been thriving with huge strides as it affords 
us ways to manipulate and fine-tune existing mat-
ter at extremely small scale. It encompasses every 
technology and science operating on the nanoscale, 
along with recently discovered scientific princi-
ples and properties during research involving such 
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small scales [188]. Nanoparticles (NPs) are com-
monly described as ultrafine or submicron parti-
cles that measure less than 100 nm in at least one 
dimension. Common examples of nanoparticles 
are silver, gold, nickel, and copper nanowires, 
nanorods, along with silica, metal oxides, carbon 
nanotubes, and nanocrystals. Bulk materials often 
display specific physical properties no matter what 
their size and dimension would measure, whereas 
at the nanoscale many of such properties are 
dependent on size and shape of the particle. Thus, 
nanomaterials may show significant variations not 
only in their chemical or physical qualities but also 
in their surface-to-volume ratio. This phenomenon 
is particularly more evident in metal oxide NPs 
that are characterized by large surface area, and 
this feature plays a pivotal role in their extraordi-
nary physicochemical properties [82]. Owing to 
the unprecedented characteristics of such particles, 
nanotechnology is now called “the next big thing” 
[81], since it offers numerous practical applica-
tions across a range of fields such as medicine, 
electronics, cosmetics, agriculture, and food pres-
ervation. It was estimated that the amount of global 
nanomaterial production would reach 21,713 tons 
by 2020, while nanotech products generated a rev-
enue totaling $731 billion [123]. For this reason, 
the increasing presence of NMs at an accelerating 
rate demands meticulous research into their poten-
tial toxicity and genotoxicity, as well as identifica-
tion of their interactions with biological systems 
[7, 87, 106].

We can now engineer NMs to render certain 
functions and qualities such as enhanced conduc-
tivity and strength or to create particles with high 
surface-area-to-volume ratio [175, 179]. 
However, these new qualities could lead to higher 
biological and chemical reactivity, which is likely 
to magnify the toxicity of NMs. When it comes to 
the toxicity of NPs, several key factors like par-
ticle shape and size, surface area coating are 
known to regulate their cytotoxicity [124]. To 
illustrate, smaller particles, as compared to large 
ones, have been found to exert higher toxicity to 
living cells [80]. It could therefore be argued that 
such increased toxicity might be associated with 
greater surface-to-volume ratio of NPs. Another 
concern is fiber-like NMs, whose length, shape, 
purity, and chemical composition may further 

their toxic effects, as indicated by the WHO stan-
dards related to toxic potency of asbestos fiber 
exposure [120]. We can cultivate an in-depth 
understanding of NP-living cell interaction only 
by exploring and assessing the factors influenc-
ing biocompatibility and toxicity of NPs. 
Meanwhile, there are several reports suggesting 
that nanowires (NWs) might have toxic potency 
comparable to that of asbestos, and their crystal 
structure and greater aspect ratio may facilitate 
such toxicity [69]. Hence, research into engi-
neered NMs over the past decades has focused on 
detecting the impact of exposure to these materi-
als on living organisms [190]. One of the general 
mechanisms underlying toxicity, oxidative stress 
has been found to play a crucial role in NM cyto-
toxicity and genotoxicity [106]. Since DNA dam-
age has been demonstrated to play a role in the 
initial steps of genetic mutations and cancer 
development, we may suggest that particles with 
a potential damaging effect on DNA might be 
involved in carcinogenesis [102]. In fact, research 
has revealed toxic potency of NMs on living cells 
through generation of reactive oxygen species 
(ROS) and DNA damage [109, 126, 145, 209].

Given the increased availability of NMs across 
the globe, it seems imperative to conduct full-scale 
and detailed investigation of nanomaterial toxicity 
and genotoxicity to humans and animals. Indeed, 
scientists from diverse fields have recently been 
looking into toxicity of NMs using in vitro and in 
vivo experiments. In vitro testing, though it may 
yield some valuable data, often fails to demon-
strate what actually happens within a whole living 
organism, as it usually involves a prescreening 
method that utilizes various cell types and culture 
conditions [113]. On the other hand, factors like 
high costs and ethical concerns over the use of ver-
tebrates in experiments have been severely limit-
ing conventional in vivo testing. For that reason, 
researchers and international associations encour-
age to carry out toxicological studies with much 
simpler experimental models such as roundworms 
[41, 42, 56, 93, 132], zebrafish [61, 89], and a spe-
cies of fruit fly known as Drosophila melanogas-
ter [7]. Among these models, D. melanogaster 
appears to be the most dynamic and practical 
model organism in testing potential genotoxicity 
and cytotoxicity of NMs [62–64].
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12.2	 �Drosophila in Exploring 
Potential Hazards 
of Nanomaterials

D. melanogaster has been gaining substantial 
attention from a wide range of fields of research, 
such as physiology, biology, genetics, microbial 
pathogenesis, and ecology. This species has 
afforded us invaluable insight into our physiol-
ogy. As of today, six Nobel prizes have been 
awarded to scientists who made use of D. mela-
nogaster in their studies as a testing model. Given 
that it is a most frequently tested species during 
the past years by biologists, geneticists, and toxi-
cologists, D. melanogaster may well be the best-
known eukaryotic organism across the globe.

The recent surge in the interest in using D. 
melanogaster as a model and its integration into 
various fields have not simply occurred by 
chance; the species owes this attention to its 
advantages over mammalian models, as it fea-
tures a rapid life cycle [146], large offspring pro-
duction per generation, substantially lower 
culturing costs, high fertility and fecundity [192], 
and its simple genetics featuring four pairs of 
chromosomes, which enable analysis of several 
generations within relatively short periods of 
time. Indeed, the culturing of D. melanogaster is 
so simple and easy that several space missions 
have bred and housed them on the space shuttle 
in an attempt to investigate the effects of zero 
gravity. Despite its relatively simpler nervous 
system, D. melanogaster exhibits complex motor 
behaviors, and can even be trained through fear 
conditioning to test memory and learning [14]. 
DNA sequence of the entire human genome was 
first mapped in 2003, after which comparative 
genetic research showed that humans share a 
large portion of their genes with many other ani-
mals, including D. melanogaster. Such analyses 
calculated that around 60% of Drosophila 
genome is identical to human genome, and about 
75% of genetic material responsible for diseases 
in humans, including diabetes, autism, and can-
cer, has a functional homolog in fruit flies [122]. 
It can be used as an ideal model in the studies 
investigating underlying mechanisms of aging, 
immunity, neurodegenerative disorders, and oxi-

dative stress [30], Alzheimer’s disease [137], and 
spinocerebellar ataxia [111].

D. melanogaster also shares a range of basic 
biological mechanisms and molecular pathways 
with mammalians [149, 208], and this makes it 
a dynamic testing model for neurotoxicity 
screening [169], as well as pharmacological and 
genotoxicity research [149]. Most importantly, 
using D. melanogaster allows academic 
researchers to bypass today’s desperately famil-
iar ethical issues regarding the use of verte-
brates, or relatively large mammals, in animal 
experiments [97]. The advantages of this spe-
cies in toxicity and genotoxicity studies could 
be summarized as follows:

•	 It has a remarkable fecundity and reproductive 
capacity. Under ideal conditions, a female 
fruit fly can produce 615 offspring on average 
throughout her life [51].

•	 Culturing and housing procedures require lit-
tle care, space, and readily available inexpen-
sive equipment.

•	 Anesthetizing can be done through simple and 
cheap material such as ether, carbon dioxide 
or through cooling.

•	 Drosophila has a rapid and short life cycle 
(9–10 d at 25 °C) (Fig. 12.1).

•	 It has 4 pairs of chromosomes, which contrib-
ute greatly to our understanding of heredity.

•	 D. melanogaster males do not show meiotic 
recombination, such as crossing over, which is 
a trait that facilitates genotoxicity research.

•	 Like humans, they are classified as eukary-
otes, with a well-established DNA arrange-
ment that can be used as a genetic model for 
higher eukaryotes.

•	 Abundant knowledge exists regarding the 
techniques employed for transforming 
Drosophila cell lines.

•	 Extensive literature affords huge amounts of 
data on D. melanogaster life cycle consisting of 
embryogenesis, larval, pupal, and adult stages.

•	 Gynandromorphs, or sexual mosaics with 
both male and female tissues, can be easily 
produced, which provide additional tools to 
investigate developmental processes and 
genetic mutations.
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The above-mentioned advantages have motivated 
researchers to employ D. melanogaster as a go-to 
model in assessing toxicity of NMs. The first 
study to examine the impacts of exposure to NMs 
on D. melanogaster was performed by Strawn 
et al. [193], and after that study a large amount of 
research has used this species as an experimental 
organism to assess the cytotoxicity, genotoxicity, 
internalization, generation of reactive oxygen 
species (ROS), morphological deformations, and 
changes in gene expression occurring upon expo-
sure to various NMs.

D. melanogaster has been employed in tox-
icity research so frequently that a new research 
field known as ‘drosophotoxicology’ has 
recently emerged [169], and it utilizes several 
methodological approaches on D. melanogas-
ter [48]. In vivo toxicity assays designed to test 
nanoparticle exposure in D. melanogaster 

include mode of delivery to the organism and 
certain endpoints to detect toxic effects. Thus, 
mode of delivery plays a particularly important 
role in exposing Drosophila cells or organ sys-
tems to NPs, and such modes include embry-
onic exposure by means of maternal feeding, 
direct injection into embryos, and direct incu-
bation of embryos. Adult flies are easily 
exposed to various NP concentrations through 
ingestion, direct injection, and aerosol in test 
settings. Acute or chronic toxicity caused by 
nanoparticles can then be assessed by task-
specific assays to characterize survival, fertil-
ity, DNA damage, neurological health, and 
morphological defects [12, 62, 66, 170, 200]. 
The interest in employing this model in NM 
toxicity studies is growing every year, as shown 
in Fig. 12.2, while the total number of studies is 
shown in Fig. 12.3.

Fig. 12.1  The life cycle of fruit flies is characterized by 
four key stages: embryo, larva, pupa, and adult. The eggs 
hatch to give first-instar larvae after 6 to 8 hours, which 

grow into second and third instar larvae. On around the 
fifth day, the larvae become pupae. In the final stage, the 
adult fruit fly emerges on the ninth or tenth day
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Fig. 12.2  The bar chart illustrates the annual number of research articles featuring Drosophila as testing model to 
explore the effects of nanomaterials. It covers a time interval from the first Drosophila study (2005) to October 2020
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12.3	 �Research on Gold 
Nanoparticles

Gold is a precious metal used for minting coins, 
making jewelry, and in several arts and crafts 
throughout human history. It remains solid under 
standard conditions and is among the least reac-
tive elements. The larger gold particles are inert 
and solid and they appear yellow, whereas gold 
nanoparticles (AuNPs) are different in both 
appearance and reactivity, as AuNPs appear as a 
red compound once dispersed in water. In recent 
years, AuNPs have been attracting a great deal of 
interest thanks to their chemical stability, conve-
nience for synthesis, along with excellent optical 
qualities [13].

In medical science, AuNPs have traditionally 
been used for treating rheumatoid arthritis, and 
are an integral part of certain medical applica-
tions. They also exhibit strong electric fields in 
places close to their surface area, which consider-
ably improves the absorption and scattering of 
electromagnetic radiation, so these particles have 
been employed in light-based cancer therapy. 
However, we have limited evidence on their 
intracellular activity – further research is needed 
to detect any potential toxicity [20, 49, 79].

Potential harmful impact of AuNPs on 
Drosophila was first explored by Pompa et  al. 
[161], who observed that they caused a signifi-
cant reduction in fertility and life span. They also 
examined several other biological and develop-
mental aspects of D. melanogaster, reporting 
serious impacts on reproductive capacity, DNA 
damage, and apoptotic/necrotic events. Their 
study showed that genotoxicity from exposure to 
AuNPs was associated with increased ROS pro-
duction and p53 protein. Another study by 
Vecchio et al. [203] examined toxicity of AuNPs 
in D. melanogaster and found significant geno-
toxicity, implying a disturbing long-term effect 
after exposure to AuNPs, since they observed 
phenotypic alterations in the subsequent genera-
tions. Furthermore, they tested potential toxic 
effects of AuNPs in different sizes and a broad 
dose range [204]. Their results showed that con-
centration of AuNPs played a key role in deter-
mining toxicity, whereas surface area was not a 

critical parameter. They observed some detri-
mental effects including shorter life span, lower 
fertility, and damage to DNA.  Concentration-
dependent toxicity of AuNPs was evidenced by 
the overexpression of stress genes (hsp70 and 
hsp83), DNA damage (p53), and apoptotic 
(Dronc) biomarkers, all of which suggested that 
the toxicity of AuNPs could be associated with 
ROS induction [204].

Besides, AuNPs have been tested to investi-
gate their toxic potency on living organism’s 
metabolism. For example, Wang et  al. [208] 
reported that exposing D. melanogaster larvae to 
AuNPs caused accumulation in key metabolic 
tissues. Even if the increase in lipid levels leads 
to non-cellular stress responses, PI3K/Akt/
mTOR signaling pathway and fatty acid metabo-
lism were observed to increase. Their study 
revealed a new function of AuNPs in animal 
metabolism, suggesting novel therapeutic uses in 
the fight against metabolic disorders. The impact 
of AuNPs on D. melanogaster embryos were 
examined through direct microtransfer of NMs to 
embryos at predicted environmental concentra-
tions [205]. These authors found that AuNPs 
smaller than 150 nm in diameter showed statisti-
cally admissible effects on the viability of D. 
melanogaster embryo, with reduced overall mor-
tality. More recently, the potential genotoxic 
effects of 30  nm AuNPs were evaluated in the 
somatic mutation and recombination test 
(SMART), indicating that such exposure induced 
no mutagenic or recombinogenic activity [22]. 
From the foregoing discussion, we can gather 
that despite the promising future of AuNPs in 
medical and biological applications, its exposure 
may potentially induce harmful effects, thus pre-
cautions should be taken before and during the 
use of nanoscale gold particles.

12.4	 �Research on Silver 
Nanoparticles

With the development of nanotechnology, silver 
nanoparticles (AgNPs) have for some time been 
included in the ingredient lists of several prod-
ucts besides bulk and microparticle forms of sil-
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ver. AgNPs possess outstanding electrical, 
optical, thermal properties, and promising anti-
microbial activity [71, 108, 114]. Silver NPs are 
commonly utilized in products designed for ther-
apeutic purposes, particularly for the treatment of 
burns [39], thanks to their remarkable antimicro-
bial activity [139]. This widespread use also 
raised some concerns over their potential side 
effects, so an appreciable amount of research has 
been performed to assess the extent of their toxic-
ity. Research into toxicity of AgNPs shows that 
ionic silver (Ag+) leakage and silver oxidation are 
what causes AgNPs to be toxic [147]. Such toxic-
ity has been associated with the induced 
ROS. The roles of endocrine disruption mecha-
nisms and ion release have not been explained 
completely [129].

D. melanogaster has been used as a model to 
demonstrate the extent of cytotoxic, genotoxic 
effects, physiological, developmental and fertil-
ity alterations and induction of oxidative stress 
caused by AgNPs [2, 18, 21, 40, 66, 83, 85, 88, 
107, 148, 158, 162, 163, 198, 199, 205]. 
Furthermore, Phatak et  al. [157] carried out a 
study on D. melanogaster where they compared 
nano and micro silver particles to explore the 
influence of particle size in pigmentation. Their 
results showed that both nano and micro silver 
particles mediated leucism, or partial loss of pig-
mentation, confirmed by the absence of PO activ-
ity, lower melanin and tyrosine values. Another 
study conducted by Ong et al. [146] looked into 
the toxicity induced by different concentrations 
of AgNPs on spermatogenesis in D. melanogas-
ter. They reported that exposure to AgNPs 
reduced the fly’s viability and caused develop-
mental delays at certain doses. Upon exposure to 
AgNPs, the testes showed a marked increase in 
levels of ROS and prematurely developed GSC 
differentiation, suggesting that AgNP exposure 
could ultimately lead to a decline in the number 
of GSC.

On the other side, Raj et al. [165] examined 
dose-dependent effects of AgNPs by ingestion in 
adult flies for short and long periods. They found 
significantly affected egg laying capability and 
growth of ovaries. Furthermore, dietary exposure 
to AgNPs in the larval stage was reported to pro-

duce strong effects on decreased longevity, sur-
vival, and egg laying capability. Another study 
published by Raj et  al. [166] in the same year 
reported that dietary exposure to AgNPs during 
the early larval phase caused behavioral abnor-
malities. Higher doses of AgNPs caused signifi-
cant changes in metabolic activity of adult flies 
such as carbohydrate, lipid, and protein levels. 
Based on the increased production of ROS in lar-
val tissues, they concluded that exposure to high 
amounts of AgNPs was detrimental and raised 
concerns over the use of AgNPs in products for 
personal or home use. The potential acute and 
chronic toxicity of AgNPs was tested in D. mela-
nogaster through the analysis of parameters 
including fecundity, hatchability, viability, larva 
to adult development, and pigmentation upon 
exposure to AgNPs at different concentrations, 
and no acute and chronic toxicity was observed 
in the first generation of D. melanogaster, with 
all the flies completing their full developmental 
cycle [197]. On the other hand, Mao et al. [128] 
explored possible adverse effects of dietary 
AgNPs on D. melanogaster, observing that lethal 
amounts of dietary AgNPs caused delays in 
development of flies and significant mortality in 
young adult flies. Contrarily, exposure to sub-
lethal doses caused reductions in the adult lifes-
pan and affected the fly’s tolerance to oxidative 
stress. Notably, dietary exposure to AgNPs 
induced a diverse range of stress responses, such 
as DNA damage, apoptosis, and autophagy. The 
genotoxic effects of AgNPs have recently been 
studied in specific larval cells of D. melanogaster 
playing crucial roles in immune response and 
development. The controlled study showed that 
AgNPs hampered the metamorphosis and 
reduced the number of pupae and young adults in 
a dose-dependent manner, as compared to con-
trols. Each concentration of AgNPs (25, 50, 100, 
200, and 300 mg/L) suppressed the conversion of 
pupae into adult flies, with an enormous decrease 
at doses of 100  mg/L and above [27]. On the 
other side, Meng et al. [131] explored the possi-
ble underlying mechanisms for the toxicity of 
AgNPs using SDS-PAGE and mass spectrometry 
analysis, revealing that the expression levels of 
proteins such as ATP kinase, heat shock protein, 
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and glucose metabolism related enzymes 
increased with higher concentrations of AgNPs, 
which in turn reduced the survival rate of D. 
melanogaster and promoted apoptosis, providing 
a theoretical basis for toxic mechanism of AgNPs. 
Finally, by exposing larvae it was demonstrated 
that AgNPs had the capacity to pass through the 
intestinal barrier and induce DNA damage by 
oxidative stress in hemocytes [11].

12.5	 �Research on Iron Oxide 
Nanoparticles

Iron oxide NPs (FeONPs) are markedly biocom-
patible and biodegradable, inducing little or no 
toxicity. Accordingly, these particles are 
employed in iron supplements for anemia, and 
also in biomedical procedures such as drug deliv-
ery, vascular imaging, gene therapy, and cleaning 
up the environment [84, 116, 215]. Research into 
their possible toxicity or genotoxicity has shown 
that particle size, surface charge, morphology, 
and coating could regulate the extent of their 
impact [17]. In the past decade, several in vivo 
studies investigated the toxicity of FeONPs on D. 
melanogaster [46, 205]. In their study, Vega-
Alvarez et al. [205] directly introduced FeONPs 
into the embryonic cells via microinjection and 
observed substantial increase in cell mortality, 
confirming the lethality of FeONPs during the 
embryonic stage. Furthermore, Chen et  al. [46] 
concluded that exposure to high doses of magne-
tite NPs could cause a reduction in survival and 
fecundity among young female flies.

Contrarily, a more recent study involving the 
in vivo toxicity assessment of FeNPs at varying 
doses in D. melanogaster, reported that there 
was no statistical difference in viability and 
reproductive ability between the controls and 
exposed flies. Their wing-spot assay showed 
lack of toxicity at the tested doses, and analyses 
confirmed that this remained intact in the 
exposed larvae, hence the lack of toxicity of 
FeNPs. Thus, they concluded that FeNPs was 
neither genotoxic nor mutagenic at the defined 
concentrations [154]. Furthermore, dietary 
FeONPs administration suggested to delay aging 

and mitigate neurodegeneration in D. melano-
gaster. Thus, the experiments carried out by 
Zhang et  al. [217] demonstrated that FeONPs 
had high biocompatibility with D. melanogaster, 
intracellular FeONPs levels protecting cells 
from H2O2 induced oxidative stress and apopto-
sis. More significantly, dietary FeONPs were 
found to reduce ROS in adult flies, enhancing 
their climbing ability, and prolonging their life 
span. Furthermore, their results suggested that 
FeONPs could display catalase-like activity, 
reducing intracellular oxidative stress, protect-
ing against neurodegeneration, and delaying the 
aging process [217]. Regarding the potential 
genotoxicity of Fe2O3NPs, the study of Kaygisiz 
and Cigerci [105] demonstrated the lack of geno-
toxicity in fruit flies through the use of SMART 
assay. Finally, a recent study has looked into the 
capability of FeONPs to cross the blood-brain 
barrier and localize in the brain by exposing D. 
melanogaster to super-paramagnetic FeONPs. 
Upon examination of the brains of third-instar 
larvae, they detected particles in the optic lobes 
of larval brains, which confirmed that these par-
ticles passed through the blood-brain barrier. 
However, they reported that there was no appar-
ent systemic toxicity impairing viability in the 
exposed flies [213]. More recently, low toxic 
effects of Fe3O4NPs (uncoated, and citric acid-
coated) in D. melanogaster have been reported 
[133]

12.6	 �Research on Titanium 
Dioxide Nanoparticles

Since the FDA granted approval for their use in 
foods, drugs, and cosmetics [52], titanium diox-
ide (TiO2) has been commonly utilized across a 
range of sectors. TiO2 nanoparticles exhibit pho-
tocatalytic and anticorrosive properties, and 
excellent stability, thus are regarded as reliable 
versatile material [167]. These NPs could be 
found in consumer products, pharmaceuticals, 
paints, and medical substances. TiO2NP exposure 
has been reported to trigger inflammatory 
responses, oxidative stress, and damage to DNA 
[44, 45, 94, 119, 189].

E. Demir et al.



283

TiO2 is utilized to provide brightness and 
white opacity in several products, such as tooth-
paste, inks, plastics, paints, and it represents 
around 70 percent of pigment production across 
the globe [43]. Nanoparticle forms of TiO2 are 
now employed in cosmetic products combined 
with zinc oxide (ZnO) particles to afford more 
protection from UV radiation. However, in its 
recent report, the International Agency for 
Research on Cancer (IARC) classified the raw 
powder form of TiO2 as a Group 2B carcinogen, 
stating that it is “possibly carcinogenic to humans 
by means of inhalation” [95]. Furthermore, sev-
eral studies suggest that nanoparticles of TiO2 
have the capacity to cause greater toxicity than 
that of microparticles [103, 180, 196, 212].

Possible detrimental effects of TiO2NPs have 
been tested in vivo on D. melanogaster. For 
instance, Drosophila larvae were exposed to 
varying doses of TiO2NPs with no serious impact 
on survival rate or healthy development [163], 
but they observed notable changes in gene 
expression levels of SOD activity. Such findings 
seem to contradict those indicating that exposure 
to 50 nm TiO2NPs caused considerable progeny 
loss in D. melanogaster, corresponding to a 
marked decline in productivity [158]. Besides, it 
has recently been reported that larval exposure to 
TiO2NPs induced no reduction in survival but 
caused prolonged pupal stage. Although TiO2NPs 
were translocated into Drosophila larvae, this 
presence was not observed in adult flies follow-
ing metamorphosis course [100]. Another study 
reported cytotoxic effects of TiO2NPs (<25 nm) 
in mid-gut and imaginal disc tissues of Drosophila 
larvae [35]. Using a new method of microinjec-
tion during the embryo stage, Vega-Alvarez et al. 
[205] detected that environmentally applicable 
amounts of TiO2NPs induced marked changes 
during embryonic development. Exposing 
Drosophila larvae to TiO2NPs measuring 2.3 nm 
during all developmental stages, did not induce 
mutagenic effects when the wing-spot assay was 
used [67]. Relatively comparable results obtained 
through wing-spot assay were also reported by 
Carmona et  al. [35]. Examination of primary 
DNA damage in hemocytes revealed significant 
genotoxic effects. Such results appear to be asso-

ciated with certain characteristics of nanoparticle 
forms, because no genotoxic response has been 
observed after exposure to the bulk forms of TiO2 
[35]. Similarly, Reis et  al. [171] evaluated the 
genotoxic effects of titanium dioxide nanocrys-
tals (TiO2NCs) through the wing-spot test observ-
ing that only the smallest particles might induce 
mutagenic effects, while larger particles (only 
2.8 nm larger) caused no DNA damage.

The toxicity of TiO2NPs was examined by 
exposing D. melanogaster to nanoparticles via 
oral route, life cycle, their survivability, and 
behavior upon mechanical stimulus. Results indi-
cate that TiO2NPs exposure increases ROS gen-
eration, which could modify multiple signaling 
pathways, altering the developmental and behav-
ioral patterns of the fly [174]. Another dietary 
exposure experiment involving E171, an inactive 
food ingredient containing TiO2NPs nanoparti-
cles, using the equivalent to the estimated daily 
human consumption dose, was carried out for 20 
generations. Substantial changes were noted in 
healthy developmental and reproductive pro-
cesses, lower fecundity, higher genotoxicity, 
aberrant morphology and phenotypes. These 
findings appear to be particularly alarming, 
because children, as compared to adults, often 
consume greater amounts of E171 on a daily 
basis [101]. Food additives containing sugar, sur-
factants, sodium chloride, as well as metal oxide 
nanoparticles have been associated with increased 
prevalence of diseases related to increased intes-
tinal barrier permeability. Recent research into 
the impact of food additives on gut barrier has 
been performed on D. melanogaster to investi-
gate the mechanisms underlying the role of diet 
in gut function and permeability. In this context, 
it has been reported that TiO2NPs in food addi-
tives had insignificant effects on survival and 
intestinal permeability in D. melanogaster [156]. 
Another study investigated whether TiO2NPs 
could damage intestinal function, epithelial tis-
sues, metabolic homeostasis, observing that TiO2 
ingestion caused a reduction in size, and glucose 
content, thus suggesting that TiO2NPs altered 
glucose transport through the intestinal epithe-
lium and ingestion of TiO2NPs may lead to cer-
tain physiological consequences [172]. Regarding 
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the potential genotoxicity of TiO2NPs it has been 
found to increase significantly the frequency of 
somatic recombination in the wing-spot SMART 
assay [141], as well as in the eye-spot SMART 
assay, but negative in the comet assay using neu-
roblasts [178]. The genotoxic evaluation (comet 
assay) of TiO2NPs in different shapes (i.e. nanow-
ires, nanorods, and nanospheres) in hemocytes 
from D. melanogaster larvae, indicate that ROS 
and DNA damage occurred at the highest con-
centration tested (10 mM) [62]. Finally, a recent 
study has examined the impact of a constant 
exposure to low concentrations of TiO2NPs, simi-
lar to normal human dietary consumption. The 
study reported that although TiO2NPs induced 
certain changes in the wing morphology, these 
changes fall within the normal allowed wing vari-
ation [57].

12.7	 �Research on Zinc Oxide 
Nanoparticles

Zinc is an essential element to regulate a range 
of biological functions, including cell growth, 
gene expression, and immunity [181, 202]. 
ZnONPs display high tissue compatibility [219], 
manufacturability, and producibility [207], so 
they are employed in a wide range of applica-
tions, including biomedical imaging [91], drug 
delivery in chemotherapy [136], and immuno-
therapy for cancer [3]. However, ZnONPs may 
also lead to some detrimental biological 
responses, since they dissolve once they are 
internalized by cells under certain physical con-
ditions (a pH value below 6.7 at normal body 
temperature) [75].

Like other engineered NMs, ZnONPs are 
often employed in various commercial products, 
including paints, antibacterial agents, coating 
solutions, and textiles [55, 118, 138]. Whether 
exposure to ZnONPs causes cellular responses 
through direct impact of such particles [140] or 
through the release of Zn2+ ions [33] is not certain 
yet. There is research that suggests ZnONPs 
could be causing damage to biomolecules due to 
elevated ROS [182], which might also hinder 

several vital mechanisms for the integrity of 
DNA [68]. Other factors like particle shape and 
size have been suggested to play some role in 
their interaction with living tissue [177]. Surface 
coating can also be influencing bioreactivity of 
nanoparticles, or their interactions with cells, 
through adsorbed proteins on the nanoparticle 
surface, a process known as corona formation.

In their study, Siddique et al. [185] used D. 
melanogaster to assess the potential toxicity of 
graphene ZnO nanocomposites (GZnONCs), 
and found a dose-dependent rise in the number 
of apoptotic cells, genotoxic effects, and in the 
levels of oxidative stress. These findings seem 
to contradict a relatively recent study that 
reported no apparent toxicity or oxidative stress, 
nor any significant changes in the frequency of 
mutant clones or DNA breaks [4]. A paper by 
Siddique et  al. [186] found that Cu-doped 
ZnONPs have no toxicity, because climbing 
ability and activity patterns of flies were 
observed to remain normal. Furthermore, 
Carmona et  al. [36] reported no genotoxicity 
after exposure to amorphous ZnO and ZnONPs, 
but both amorphous compounds were found to 
induce oxidative stress and DNA damage in the 
comet assay, as measured by the malondialde-
hyde levels. In the study of Ng et al. [142] the 
toxicological profile of ZnONPs was deter-
mined evaluating the uptake, cytotoxicity, gene 
expression profiling, generation of ROS, and 
genotoxicity caused by exposure to ZnONPs. 
The obtained results indicate a decline in egg-
to-adult viability. In addition to this decline in 
viability, exposure to ZnONPs brought about 
notable delay in normal development of flies. 
Chronic exposure to ZnONPs (<50  nm) was 
reported to cause distinctive phenotypic 
changes, such as deformed segmented thorax 
and single or deformed wings, and such changes 
were transferred from one generation to the next 
[15]. In an attempt to determine the toxicity pro-
files of ZnONPs, a dramatic increase in ROS 
levels were observed [143], while homologous 
recombination was the primary mechanism to 
give rise to loss of heterozygosity in fly somatic 
cells [34].
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12.8	 �Research on Quantum Dots

Quantum dots (QDs) are engineered nanoscale 
crystals with a capacity to transport electrons. 
These semiconductor nanoparticles can emit 
light of various colors under ultraviolet light, so 
they have been used in applications such as solar 
cells and fluorescent biological labels. They pos-
sess promising photochemical properties useful 
in diagnostic imaging methods, electronics, and 
biosensors [218]. Quantum dots are character-
ized by extremely small size (1–10 nm) and an 
internal core surrounded by one or two shell lay-
ers [98]. Potential health risks of exposure to 
quantum dots are brought about by their shape 
and chemical nature, as they often incorporate 
high-risk heavy metals like cadmium (Cd), mer-
cury (Hg), lead (Pb), or arsenic (As) [201]. So 
far, several in vivo studies have examined the 
potential effects of QDs on D. melanogaster. For 
instance, Posgai et al. [162] devised a new system 
for exposing flies to QDs through inhalation that 
effectively aerosolized QDs at varying sizes. 
They successfully delivered red fluorescent 
CdSe/ZnS NPs to the respiratory system of 
Drosophila and visualized the particles in the 
fly’s tracheal system by means of fluorescent 
microscopy.

Several strategies like utilization of biocom-
patible coatings were proposed to minimize 
QD-induced toxicity. The role of coatings as a 
possible mediator of toxicity has been examined 
on D. melanogaster. Galeone et  al. [77] com-
pared the impact of several surface coatings on 
diminishing leaking of metal ions from CdSe-
based QDs, which include mercaptoundecanoic 
acid, polyethylene glycol coating, polymer coat-
ing with polymaleic anhydride octadecene. 
However, all such coatings failed to prevent sur-
vival distress caused by CdSe-based QDs. 
Interestingly, the decline observed in the life span 
of D. melanogaster was depending on the type of 
coating. We should underscore that the toxicity 
induced by Cd-based QD exposure was associ-
ated with the release of Cd2+ [194] or increased 
ROS generation [50, 76]. Likewise, in the study 
of Galeone et  al. [77] the authors detected that 
coating-related ROS generation was linked to 

time-dependent degradation observed in all QDs, 
with significant release of Cd2+ ions, which could 
account for the reduced longevity of flies exposed 
to ODs.

In their study, Brunetti et  al. [32] detected 
expression of genes Hsp70, Hsp 83, p53, and 
Dredd in D. melanogaster after exposure to 100 
and 500 pM InP-QDs or Cd-QDs, along with 
necrosis and induction of apoptosis. Cd-QDs 
were found to cause changes in expression of all 
analyzed genes, besides greater apoptotic rate. 
Such results suggest that D. melanogaster is 
prone to spot subtle effects. Another study 
employed D. melanogaster to test potential 
effects of CdSe QDs on biodegradation [5]. The 
researchers detected potential release of Cd2+ 
from QDs by comparing it to a free source of Cd 
ions (CdCl2). CdSe QDs were found to pass 
through the intestinal barrier of Drosophila lar-
vae, interacting with hemocytes, reaching the 
hemolymph, and causing serious genotoxic 
effects. Besides elevated levels of ROS, they 
observed significant disruption in Hsp, antioxi-
dant and p53 genes and QD-induced biodegrada-
tion. Despite certain detrimental effects of CdSe 
QDs, such instances were still considered milder 
than those caused by CdCl2. The described stud-
ies highlight the limitations of QD composition 
relevant to toxicity. It has been suggested that 
cytotoxicity and genotoxicity of QDs depend on 
their surface chemistry in different systems. 
Despite the association of genotoxicity with oxi-
dative stress, this can partially explain the cyto-
toxicity and genotoxicity induced by QDs, 
therefore other mechanisms of action that have 
yet to be found must be in operation [127].

12.9	 �Research on Silica 
Nanoparticles

Silicon (Si), one of the most commonly found 
elements in the world, has ushered in what is 
known as the Silicon Age. With its high chemical 
affinity to oxygen, it has several oxide forms 
including silicate (SiO4) and silica, or silicon 
dioxide, (SiO2). Silicates naturally occur in a 
large number of minerals that comprise about 
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90% of the Earth’s crust. Silicon is often used in 
electronic components of daily life like comput-
ers and smartphones, whereas its oxide forms are 
often utilized in biomedical applications. Silica 
nanoparticles (SiNPs) exhibit a wide range of 
unique properties such as modifiable surface and 
inert chemical composition and are favorable 
materials, due to their thermal stability and low 
production costs, that can be modified to create 
porous carriers for targeted drug delivery [25]. 
They are also extensively employed in cosmetics, 
foods, drugs, and chemical-mechanical pla-
narization [115]. Furthermore, SiNPs offer great 
promise in gene therapy applications, as contrast 
agents for diagnostic imaging, and hyperthermia 
to improve the efficacy of cancer treatment [24, 
28, 155].

As for in vivo toxicity of SiNPs, a number of 
studies have used D. melanogaster to determine 
whether SiO2NP exposure carries toxic or geno-
toxic risks [26, 68, 150]. In the study by Barandeh 
et al. [26] authors tested SiO2NPs on D. melano-
gaster and reported the exposure caused no 
significant impact on neuronal cell bodies and 
axonal projections. However, when the larvae 
were exposed to SiO2NPs, a significant uptake 
was observed in the midgut cells of larvae. 
Subsequently, internalization of SiO2NPs led to a 
significant elevation of oxidative stress levels. In 
another study, exposure to SiO2NPs was also 
found to significantly increase expression of 
hsp70 and hsp22 genes, along with membrane 
destabilization, caspase activation, and potential 
loss of mitochondrial membrane [150]. Such 
seemingly conflicting findings might be explained 
by the use of different types of SiO2NPs, and also 
by the experimental exposure adopted. In order 
to explore the potential role of particle size in 
toxicity and genotoxicity, Demir et  al. [68] uti-
lized four different sizes (6, 15, 30, and 55 nm) of 
SiO2NPs. When third-instar D. melanogaster lar-
vae were exposed to all sizes of SiO2NPs, no sig-
nificant changes occurred in the frequency of 
mutant clones. All tested SiO2NPs, particularly at 
high doses, caused a significant increase in pri-
mary DNA damage. The complementation of the 
comet assay with formamidopyrimidine DNA 
glycosylase (FPG) and endonuclease III (EndoIII) 

enzymes demonstrated that such primary DNA 
damage was, to a large extent, linked to oxidative 
damage to DNA. Higher levels of DNA damage 
were observed upon exposure to larger SiO2NPs 
(55  nm), which highlights the importance of 
including different sizes of particles when it 
comes to testing the potential effects of NMs. 
Finally, a more recent study conducted by Sapre 
et al. [176] used adult D. melanogaster to investi-
gate pH-responsive cargo release from the widely 
used mesoporous silica nanoparticles (MSNPs) 
coated with pH-sensitive polydopamine (PDA) 
and polyethylene glycol (PEG) polymers. The 
researchers found that both types of MSNPs rup-
tured around the acidic midgut of the flies. This 
study suggests that the Drosophila gut can be uti-
lized to test pH-responsive biocompatible 
materials.

12.10	 �Research on Copper 
Nanoparticles

Copper is regarded as an essential element for 
human health as we need it for many biological 
functions and plays a crucial role in cellular pro-
cesses like signal transduction and neuronal 
activity [73]. Copper-based NPs (CuNPs) have 
recently been attracting attention with their great 
promise in biomedical and industrial applica-
tions. The increased presence of copper oxide 
NPs (CuONPs) in the environment resulting from 
their widespread use in consumer products has 
raised concerns over their possible adverse risks 
to humans [173]. As in other NPs, the debate over 
the main causative factors underlying CuONP-
mediated risks still prevails, since we still have 
inadequate evidence to reach a conclusion about 
the underlying mechanisms of their toxicity. 
Several studies have looked into the toxicity of 
CuONPs using D. melanogaster as a testing 
model. One study reported that CuONPs could 
penetrate into midgut cells and subsequently 
localize in internal hemolymph, reducing larval 
growth, decreasing viability, and delaying egg 
hatching at higher doses [8]. Exposure to low 
doses of graphene copper nanocomposites 
(GCuNCs) had previously yielded similar out-
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comes with no considerable toxic effects after 
exposures for 24 and 48 hours. However, analysis 
of several parameters such as hsp70 expression, 
β-galactosidase activity, oxidative stress, total 
protein, and apoptotic rate and DNA damage at 
higher doses of GCuNCs revealed serious haz-
ardous impacts [184]. Conversely, exposure to 
CuNPs failed to cause any adverse effects during 
developmental stages of D. melanogaster [85]. 
Carmona et  al. [37] reported that exposure to 
CuONPs caused DNA strand breaks, along with 
higher frequency of somatic mutations and 
recombination events, partially explaining oxida-
tive stress generation. These genotoxic effects are 
close to the threshold, and the deviation of such 
values might explain the lack of impact reported 
by Alaraby et al. [8], where CuONPs showed no 
genotoxic potential, probably thanks to their 
inability to elevate generation of ROS. Detrimental 
genotoxic effects of CuONPs were observed only 
at high doses (10  mM), whereas significant 
down-regulation of Hsp70 and ROS induction in 
the hemocytes of third-instar larvae were detected 
at all doses.

CuONPs have also been proposed as promis-
ing antitumor agents. A study by Alaraby et  al. 
[9] tested whether CuONPs could induce anti-
genotoxic effects by using D. melanogaster as an 
experimental model. They used wing-spot assay 
and comet assay as biomarkers of genotoxicity. 
The impact of CuONP exposure was compared 
with that of copper sulfate (CS) exposure. 
CuONPs and CS failed to reduce the genotoxic 
effects of EMS exposure, however they managed 
to decrease the effects induced by potassium 
dichromate, diminishing the frequency of mutant 
twin-spots resulting from mitotic recombination. 
Similar qualitative anti-genotoxic effects were 
observed in both Cu compounds [9]. Possible 
mechanisms underlying CuONP-induced toxic-
ity were also investigated by Baeg et  al. [23]. 
Thus, oral administration of CuONPs was found 
to accumulate throughout the body, causing a 
decrease in egg-to-adult survival and a develop-
mental delay. CuONPs were also detected inside 
the intestinal epithelial cells and lumen, while a 
dramatic increase in apoptosis and reactive oxy-
gen species was observed in the gut. Authors 

found that inhibition of the transcription factor 
Nrf2 further enhanced the toxicity, suggesting 
that CuONPs disrupt the gut homeostasis and 
that oxidative stress serves as one of the primary 
causes of CuONP-induced toxicity in Drosophila. 
Lastly, Carmona et  al. [38] used the wing-spot 
assay to compare the genotoxic activity of CuNPs 
and nickel NPs to those obtained with their mic-
roparticle (MPs) forms. Their results showed that 
both CuNPs and CuMPs failed to induce an 
increase in the frequency of mutant spots forma-
tion in the wings of the adults, suggesting a lack 
of genotoxicity in somatic cells of D. melanogas-
ter. However, NiNPs at the highest dose caused a 
significant increase in small single spots and total 
mutant spots. It was concluded that the genotox-
icity of NPs could be related to their nanoscale 
size, because no genotoxic effects were observed 
in their microparticles and ions, supporting the 
view that the nanoparticulate form of copper is 
responsible for most of the observed harmful 
effects.

12.11	 �Research on Aluminum 
Oxide Nanoparticles

Aluminum (Al) is the most abundant metal in the 
world, as it makes up approximately 8% of the 
Earth’s crust, and the third most common ele-
ment after oxygen and silicon. Al is one of the 
key engineering materials of our time thanks to 
its unique qualities such as lightness, durability, 
and functionality. However, there have been seri-
ous concerns over aluminum-induced toxicity, 
and the fibrous form of aluminum oxide (Al2O3) 
is currently listed as toxic under the Toxics 
Release Inventory of Environmental Protection 
Agency [16]. With the development of nanotech-
nology, the nanoparticle form of Al2O3 offers a 
wide range of applications that might cause 
exposure to humans, thus calling for urgent 
insight into its biological interactions. In a recent 
study, the risks of chronic exposure to Al2O3NPs 
via ingestion, throughout their lifespan, were 
investigated by screening the progeny flies for 
behavioral and phenotypic abnormalities. 
Chronic exposure to Al2O3NPs resulted in the 
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loss of appendages, absence of halter, deformi-
ties like malformed or shortened legs, wing blis-
ters, and segmented thorax, as well as renal 
failure. These NPs could cause severe health 
effects such as birth deformities and kidney fail-
ure in humans [16]. Research carried out with 
Al2O3NPs often report a lower toxic and geno-
toxic potential compared with other metal NPs 
[168], which seems to be concordant with the 
genotoxicity results obtained by Demir et  al. 
[67], who found no significant changes in fre-
quency of mutant spots on the wings of flies, 
suggesting that Al2O3NPs induced no genotoxic 
responses in D. melanogaster. However, they 
observed some negative effects when they tested 
a micrometer-sized Al2O3 form. On the other 
hand, some researchers observed significantly 
decreased spontaneous rhythmic activity in the 
antennal lobe of D. melanogaster brains after 
15  min of application of AlNPs, indicating a 
neurotoxic manifestation [92].

12.12	 �Research on Graphene Oxide 
Nanoparticles

As its low-cost production has become recently 
possible, graphene is considered a new wonder 
material that is now available for a wide range of 
applications. Graphene oxide (GO) has attracted 
attention thanks to its unique properties and 
potential medical applications; however, its long-
term effects on organisms remain to be identified. 
To that end, researchers have been conducting 
studies to discover possible effects of GONPs 
using model organisms [47]. One of these studies 
evaluated in vivo toxicity of GONPs in D. mela-
nogaster after oral administration, finding that 
these NPs can induce developmental delay and 
reduce adult hatching, and that the toxicity of GO 
could be associated with production of oxidative 
stress. Their longevity assay results suggested 
that GONPs caused little adverse effects in the 
longevity of flies [220]. Another study examined 
the effects of various concentrations of dietary 
GO nanosheets on the development of D. mela-
nogaster. They found that the exposure led to sig-
nificant changes in the crawling speed and trailing 

path during the larval stage of development, as 
well as generation of oxygen radicals within the 
larval hemolymph, DNA damage within the gut 
cell, and defective phototaxis and geotaxis behav-
ior in adult flies. Besides, phenotypic defects 
were observed in the wing, eye, and thorax bris-
tles, and mouth parts [164]. 3D nanocomposites 
produced from two-dimensional GO nanoplate-
lets and oxide materials have been reported to 
exhibit improved mechanical and biological 
properties, with favorable cell viability when 
tested in D. melanogaster [110]. Another recent 
study compared the in vivo toxicity of GONPs 
and ZnONPs using different assays such as mor-
tality rate, MTT assay, larval crawling and climb-
ing assay, and total protein content analysis. 
GONPs were found to induce less cytotoxicity, 
and as for neurotoxicity, ZnONPs affected the 
neuromuscular coordination the most, whereas 
GONPs were found to induce less serious effects 
[191].

12.13	 �Research on Carbon 
Nanotubes

Carbon nanotubes (CNTs) are cylinders consist-
ing of single-walled (SWCNT) or multi-walled 
(MWCNT) graphene layers with diameters mea-
sured in nanometers and lengths in micrometers 
[96]. They have remarkable physical, chemical, 
electrical, and mechanical properties, thermal 
and chemical stability, and excellent semi-
conductive quality [70]. CNTs are widely used in 
a range of industrial applications such as elec-
tronics, aerospace, construction, drug delivery 
and gene therapy [19, 29, 90, 216].

Several studies have evaluated potential risks 
of CNT exposure in Drosophila (both SWCNTs 
and MWCNTs) but only two studies have dealt 
with their potential genotoxicity so far. In the first 
study, the larvae were exposed to SWCNTs, and 
their biodistribution in the different larval com-
partments was examined. No serious effects on 
larval viability suggested that the amount of 
CNTs deposited in different compartments was 
too low to produce detectable effects [112]. 
MWCNTs failed to adhere strongly and to reduce 

E. Demir et al.



289

locomotor function or survival [117]. The lack of 
toxic effects by SWCNT was also observed in 
another study, where no effects on larval viability 
and growth were observed [159]. A different 
exposure approach has also been used where 
CNTs were not delivered through food media but 
injected into Drosophila embryos. Such condi-
tions of exposure to MWCNTs had no observable 
effects on cell motility, tissue and organ forma-
tion, cell communication, phagocytosis or 
embryos’ general viability [121]. On the other 
hand, different results have been reported after 
the use of this exposure approach, where both 
SWCNTs and MWCNTs produced significant 
mortality, but SWCNTs caused equivalent effects 
at lower doses, demonstrating higher toxic effects 
[205]. Overall, these toxicity results in Drosophila 
appear to support the general view that SWCNTs 
tend to pose higher risk than do MWCNTs [99].

As for in vivo genotoxic effects of CNTs, two 
studies have carried out wing spot assays on 
Drosophila, detecting both somatic mutation and 
recombination events. These studies reported 
negative results for MWCNTs supporting the 
view that MWCNTs induced no genotoxicity, 
either in fly strains with high metabolic efficiency 
[125] or standard strains of the fly [59]. Lastly, a 
recent study examined the toxicity of candle soot 
derived CNTs through an in vivo assay using D. 
melanogaster and found no toxic effects [151].

12.14	 �Research on Other 
Nanoparticles

On top of the above-mentioned research, a few 
studies employed D. melanogaster to identify 
potential effects of other nanoparticles. For 
instance, a wide range of doses of cobalt-based 
NPs (CoNPs) was found to induce no significant 
effect on the frequency of mutant clones in 
72-hour-old D. melanogaster larvae. The geno-
toxic impacts of CoNPs were higher than those 
caused by cobalt chloride particles, suggesting 
that Co ions do not pose a major health risk after 
exposure to CoNPs [200]. The genotoxicity of 
CoNPs has also been investigated through comet 
assay in hemocytes and the wing-spot SMART 

assay to explore mutant effects on the wings [72]. 
This study reported that high concentrations (1 
and 10 mM) of CoNPs induced genotoxic effects 
on flies. Recently, detrimental effects of CoNPs 
on Drosophila, including toxicity, internaliza-
tion, intracellular oxidative stress, gene mutation, 
and DNA damage have been reported [12].

Both nano and micro sized particles of zirco-
nium (Zr) are often utilized in biosensors, cancer 
therapy, and implants. ZrNPs have been claimed 
to have no apparent toxic effects but they are 
known for their great antioxidant potential. The 
antioxidant effects of ZrNPs were reported to be 
more pronounced than those observed in mic-
roparticles [104]. As for their genotoxic risk, the 
lack of significant alterations in the frequency of 
mutant spots in the wing-spot assay indicates that 
neither ZrO2 nanoparticles nor microparticles 
induced genotoxicity in D. melanogaster [67]. 
Another study explored potential effects of oral 
administration of various doses of ZrO2NPs (10 
to 12  nm) on D. melanogaster physiology and 
behavior. Authors reported that ZrO2NPs depos-
ited in the gut in and generated ROS only at doses 
of 2.5 and 5.0 mg/L. The ROS toxicity altered the 
larval gut structure, and affected the developmen-
tal process by distressing the number of pupae 
and causing phenotypic changes in sensory 
organs [134].

More recently, in vivo toxicity of novel com-
posites combining hexagonal boron nitride 
(h-BN) and ZrO2NPs has been examined in D. 
melanogaster. Results indicate that the compos-
ite synthesized by 10  wt%  h-BN  +  90  wt% 
ZrO2NPs caused less cytotoxicity, while the com-
posite combining 90  wt%  h-BN  +  10  wt% 
ZrO2NPs induced higher toxicity as confirmed by 
disrupted organ development as well as internal 
damage to the gut, particularly at the lower doses 
[78]. The first in vivo research to provide evi-
dence on the genotoxic and antigeno-toxic 
potency of boron nitride nanotubes was carried 
out by Demir and Marcos [65], where they 
explored toxicity of boron nitride nanotubes 
(BNNTs) with considerable changes in genetic 
material involved in antioxidant defense (CAT 
and SOD) and integrity of the intestinal barrier 
(Duox, Hml, Muc68D, and PPO2). They also 

12  Drosophila as a Suitable In Vivo Model in the Safety Assessment of Nanomaterials



290

detected that BNNTs caused significant reduc-
tion in intracellular levels of ROS and genotoxic-
ity of potassium dichromate. Such effects can be 
explained by the material’s antioxidant proper-
ties, further encouraging the view that BNNTs 
may offer a substantial pharmacological promise 
thanks to their antioxidant capacity.

The toxic and genotoxic effects of nickel (Ni)-
based nanoparticles have been recently evalu-
ated. Using the wing SMART assay it was 
observed that all tested concentrations of NiONPs 
were genotoxic in the standard cross although 
only the highest concentration (21 mg/mL) was 
genotoxic in the high bioactivation cross. Somatic 
recombination was the preferential mechanism 
inducing genotoxicity in D. melanogaster [60]. 
In addition, a systematic study of NiO2 nanowires 
(NWs) and nanospheres (NSs) was carried out to 
examine the mechanisms of degradation, 
internalization, and interaction with various bio-
logical targets. Distinct shape of NWs has been 
observed to undergo a series of changes upon 
oral administration until they reach the intestinal 
lumen, where their diameter shows a significant 
reduction. Besides, NiO2NPs induced DNA dam-
age and molecular changes at the gene expression 
level, as well as a notable rise in oxidative stress. 
Regardless of their form, Ni compounds have 
been found to induce no toxic or mutagenic 
effects [10].

The testing of cerium oxide nanoparticles 
(CeO2NPs) in Drosophila showed that its expo-
sure increased longevity in female flies by 
18 days and maximum life span by 19 days, along 
with greater activity in adult female flies [53]. 
Furthermore, no significant toxic and genotoxic 
effect of CeO2NPs or Ce-sulfate was observed 
after exposure to doses up to 10 mM in the wing-
spot assay [6]. The effect of the surface charge 
has also been evaluated in CeO2NPs administered 
to D. melanogaster through dietary intake. 
Positively charged NPs had no effect on the 
development of the third instar larvae, whereas 
negatively charged ones caused a delayed growth 
by around 7 days. TEM images of the larvae gut 
revealed shrinkage of positively charged, but 
negatively charged ones showed no changes in 
size. Such biodegradability can be the reason 

underlying the delayed larval growth. Authors 
concluded that positively charged CeO2NPs 
could be used as drug delivery carriers while neg-
atively charged CeO2NPs might prove detrimen-
tal to living organisms [153]. A last study into the 
toxicity of CeO2NPs on wild-type third instar lar-
vae and adult males revealed that dietary admin-
istration caused no developmental or behavioral 
defects regardless of dose. Furthermore, no sig-
nificant alterations were observed in key bio-
chemical parameters like generation of ROS, 
carbohydrate and protein levels, superoxide dis-
mutase activity, and acetylcholinesterase activity, 
suggesting that CeO2 NPs may offer good anti-
oxidant promise and can be used as effective drug 
carriers [195].

Gallium phosphide (GaP) nanowires (NWs) 
have been tested for their in vivo detrimental 
effects [1]. Exposing GaPNWs to Drosophila lar-
vae or adults via food medium was reported to 
cause no NW residence in fly tissues, eliciting no 
significant changes in gene expression, nor any 
impact on somatic mutation rate or life span of 
flies. It could be suggested the intestinal tract of 
Drosophila was to some extent insensitive to 
exposure to NWs.

Hydroxyapatite nanoparticles (HApNPs) have 
also been investigated in Drosophila evaluating 
the impact of oral intake on growth, develop-
ment, and behavior. Results indicated that expo-
sure to HApNPs at lower concentrations (5 mg/L) 
induced more oxidative stress as compared to the 
highest concentration (80 mg/L), which reflected 
greater ROS production and cell damage within 
the larval gut. Furthermore, the studies report that 
HApNPs interfere with phosphorus and calcium 
absorption pathways. Findings suggest that 
HApNPs can cause damaging effects to the bod-
ies of fruit flies depending on the intensity of 
exposure [152]. Contrarily to these results, 
HApNPs administered via the oral route, reported 
no signs of behavioral changes or any signs of 
toxicity at both lowest and highest doses [58].

Among the carbon structures, in addition to 
the already cited graphene and nanotubes, stand 
up the fullerenes. Although fullerenes have been 
widely studied, only two papers to evaluate its 
detrimental effects on Drosophila have been pub-
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lished. The first study examined three different 
fullerenols (C-60, C-70, and C120) evaluating 
their effects on lifespan or in behavior abnormali-
ties. The results showed that exposure to such 
materials did not result in any type of effect on 
the tested biomarkers [31]. The second study 
evaluated the effects of buckminsterfullerene 
(C60) at three levels: DNA, tissue, and organism. 
Although the exposure activated the mus209 
gene in the salivary glands of larvae, as a poten-
tial indicator of induced DNA damage, no effects 
were observed on cell and organism levels. 
Authors suggested the potential activation of the 
repair systems or elimination of disrupted cells to 
explain the lack of harmful effects [214].

From other nanomaterials, only one report per 
case has been found. A study looking into the use 
of chitosan NPs in the field of agriculture to 
transport agrochemicals observed that at the 
higher concentration (100  μg/mL) chitosan 
nanoparticles affect survivability, climbing abil-
ity, and larval crawling [183]. Wood-based cellu-
lose nanofibrils (CNFs) has also be considered as 
a possible drug-delivery alternative The toxicity 
and biocompatibility of CNFs were tested by a 
series of experiments in D. melanogaster, mea-
suring larval crawling, thermal sensitivity, larval 
light preference, and climbing behavior. Although 
certain abnormalities in larval development and 
behavior were observed, no cytotoxic effect of 
CNFs could be confirmed by the gut staining and 
level of ROS. Overall, CNFs were found to have 
no significant cytotoxic effects [135]. Lignin 
nanoparticles are another example of proposed 
nanocarriers. Their potential cytotoxic and geno-
toxic impact was evaluated in D. melanogaster 
observing a significant increase in neuronal 
defects, but no effects in nuclei fragmentation 
and gut cell damage [187]. Lastly, the potential 
genotoxic effects of calcium molybdenum NPs 
have been evaluated in Drosophila. Exposing lar-
vae to these NPs does not produce toxic effects as 
measured by the relative survival rates. In addi-
tion, no genotoxic effects were observed as mea-
sured by the wing-spot assay [144].

12.15	 �Discussion and General 
Conclusion

It is clear from the foregoing review that D. mela-
nogaster can be employed as an ideal testing 
model in exploring the potential toxicity of NMs. 
As mentioned before, the advantages of using 
this species of fruit fly include easy and low-cost 
culturing, as well as mounting evidence on 
Drosophila accumulated over the years. A nega-
tive factor that needs to be taken into consider-
ation seems to be the phylogenetic differences 
existing between fruit flies and humans in terms 
of interpolation of effects, which poses a risk to 
extrapolating relevant data on flies to the human 
body. However, many studies have used D. mela-
nogaster as a model to study various human dis-
eases [74, 130, 160, 206]. D. melanogaster allows 
effective in vivo testing of exposure to a wide 
range of nanomaterials at different levels to 
explore their effects on behavior, locomotion, 
and physiology. Besides, D. melanogaster can 
serve as a dynamic sensitive biomonitor to detect 
ions shedding from NPs with the outcome of 
their physical interactions with living organisms. 
Some nanoparticles are known to release ions 
according to the different matrix types [86]. 
Drosophila flies are usually exposed to NMs in 
testing settings via food medium, which is a com-
plex matrix that might involve release of ions 
from nanoparticles. In order to prevent misinter-
pretation of study data, researchers are recom-
mended to combine nanomaterials with their 
relevant ionic forms during testing [4].

D. melanogaster may prove a most valuable 
model to satisfy modern nano-toxicity research’s 
demands as it offers optimized pathway-specific 
screening, accelerates testing of samples at cel-
lular or molecular levels, while allowing rapid 
detection of genes playing a role in interactions 
with nanomaterials. In addition, D. melanogaster 
is also an ideal candidate for high throughput 
screening, because the fly’s short generation time 
allows processing of thousands of flies for screen-
ing. Drosophila’s capacity to reflect true interac-
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tions between environment and DNA can give us 
valuable insight into the mechanisms of toxicity 
in humans. Such prospects led to Collins et  al. 
[54] to propose a novel approach where D. mela-
nogaster could bring about a paradigm shift in 
toxicology research. While some argue that tox-
icity experiments with alternative testing models 
such as zebrafish can mimic vertebrate response, 
D. melanogaster stands out as a superior model, 
as it allows researchers to process a large number 
of specimens, to identify genes regulating certain 
pathways at significantly lower costs, giving easy 
access to important data about key parameters, 
such as population, survival, longevity, mortality, 
as well as mutagenic and recombinogenic activ-
ity of nanomaterials [12, 62–64, 210, 211]. Many 
studies have attempted to explore the effects of 

NMs on in vivo models by examining survival 
rates, autophagy, oxidative stress, fecundity, and 
genotoxicity, and such models have so far pro-
vided invaluable data for research into toxic 
potential of nanomaterials (Fig. 12.4).

In conclusion, D. melanogaster has become 
an ideal testing model in research involving 
assessment of risks from exposure to nanoparti-
cles and toxicological classification. We hope 
that the newly established research field ‘droso-
photoxicology’ will help further our knowledge 
about potential effects of NPs on humans and 
other organisms. Our ongoing collaboration with 
Drosophila fruit fly is certain to decipher the 
underlying mechanisms of seemingly compli-
cated biological and ecological processes associ-
ated with exposure to nanoparticles.

Fig. 12.4  The figure illustrates the testing of nanotoxic-
ity and nanogenotoxicity through in vivo models, which 
are exposed to different types of nanomaterials by inges-

tion, skin contact, or inhalation, leading to a series of 
short-term and long-term effects

E. Demir et al.
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Abstract

Iron oxide nanoparticles (ION), with unique 
magnetic properties, have attracted huge 
scientific attention for a wide variety of 
uses, mostly in the biomedical field, due to 
their high biocompatibility, ability to cross 
biological membranes, appropriate surface 
architecture and easy conjugation with tar-
geting ligands. Their current applications 
include diagnostic imaging, cell labelling, 

site-directed drug delivery and anticancer 
hyperthermia therapy. The ION surface 
may be modified by coating with different 
materials, aiming to stabilize the nanopar-
ticles in different environments, to allow 
biomolecule binding favouring surface 
attachments with several molecules, and to 
prolong the recognition time by the immune 
system. Although the potential benefits of 
ION are considerable, and more and more 
ION are being manufactured to meet the 
demands of the rapidly proliferating field 
of nanomedicine, there is an urgent need to 
define their toxicological profile in order to 
avoid any potential health risks associated 
with their exposure and to reach optimal 
benefits of their use. The purpose of this 
chapter is to de-scribe the current knowl-
edge on the ION toxicological features, 
addressing their structure and physico-
chemical characteristics, main exposure 
pathways and toxicokinetic aspects, inter-
action with cells, and their toxic effects, 
with special attention to those at the cellu-
lar and molecular level.
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13.1	 �Introduction

Iron is one of the most abundant of all metals, 
comprising nearly 5.6% of the earth crust and 
nearly all of the earth core [198]. Metallic iron is 
rarely found on the earth surface because it tends 
to oxidize. Iron forms compounds mainly in the 
+2 and  +  3 oxidation states. Traditionally, iron 
(II) compounds are called ferrous and iron (III) 
compounds ferric. There are also iron oxides 
with six different crystal structures composed of 
ferrous or ferric iron centres and oxygen: hema-
tite (α-Fe2O3), magnetite (Fe3O4), maghemite 
(γ-Fe2O3), β-Fe2O3, ε-Fe2O3 and wüstite (FeO) 
[22, 179].

Iron is essential for the functioning of many 
biochemical processes, including electron trans-
fer reactions, gene regulation, binding and trans-
port of oxygen, and regulation of cell growth and 
differentiation [98, 238, 320]. Thus, iron plays an 
important role in biology, forming complexes 
with molecular oxygen in haemoglobin and myo-
globin; iron compounds are common oxygen 
transport proteins in vertebrates [12, 81, 98, 214].

Iron is both an essential nutrient and a poten-
tial toxicant to cells; it requires a highly sophisti-
cated and complex set of regulatory approaches 
to meet the demands of cells as well as prevent 
excessive accumulation [81, 137]. Iron is also the 

metal present at the active site of many important 
redox enzymes dealing with cellular respiration, 
oxidation, and reduction in plants and animals 
[226]. Its ability to both donate and accept elec-
trons also means that it can be harmful when 
present at high enough concentrations. When not 
bound to functional proteins, free iron can par-
ticipate in the Fenton reaction that leads to the 
production of ‘free radicals’, unwanted by-
products of the reaction between free iron and 
hydrogen peroxide [98]. This, in turn, can lead to 
the detrimental oxidation of molecules, including 
DNA, lipids and carbohydrates, which causes 
damage to cells and tissues [81, 98].

In the last decades, scientists have shown 
noteworthy interest in the properties of magnetic 
materials such iron, cobalt, or nickel oxides in the 
nanometer scale. The unique physical and chemi-
cal characteristics of these magnetic 
nanomaterials have enabled a wide range of new 
applications [111]. Among all of them, iron oxide 
nanoparticles (ION) offer significant promise due 
to their chemical stability, easy production, sur-
face tunability, cost-effectiveness and biocom-
patibility [25, 369]. This is demonstrated by the 
growing number of scientific works found in the 
literature in the last two decades addressing the 
design, study and applications of ION in a variety 
of fields (Fig. 13.1).

Fig. 13.1  Number of scientific published papers on ION up to the end of 2019 (Source: PubMed). Search term: “iron 
oxide nanoparticles”
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Magnetic properties of nanoparticles depend 
strongly on their size, surface and shape, in addi-
tion to their intrinsic magnetic characteristics 
[281]. Particularly, ION can exhibit a unique 
form of magnetism called superparamagnetism. 
This property is size-dependent and generally 
arises when the size of nanoparticles is as low as 
10–20  nm. On application of an external mag-
netic field, superparamagnetic particles magne-
tized up to their saturation magnetization, and on 
removal of the magnetic field, they no longer 
exhibit any residual magnetic interaction [318]. 
In comparison with other nanomaterials, super-
paramagnetism makes ferromagnets useful for 
clinical diagnostic and therapeutic applications 
(theranostics), since they can be addressed to the 
target sites by controlling/switching an external 
magnetic field [111]. Moreover, their intrinsic 
biocompatibility, their high colloidal stability, 
and their unique biochemical and catalytic prop-
erties make ION, by far, the most commonly 
employed nanoparticles for biomedical applica-
tions [7, 35, 105, 252].

Given their biocompatibility and useful physi-
cochemical properties, the design, manufacture, 
and nanotechnological development of ION has 
comprised diverse industrial sectors.

According to the report carried out by RIVM 
(National Institute for Public Health and the 
Environment of Netherlands) [332] the global 
market for ION (mainly ferric oxide nanoparti-
cles and ferrofluids) was about €20–40 million, 
which corresponds roughly to 100 tonnes of 
nanomaterials used in consumer products, 
employed for example in automotive industry, 
electronic components, cosmetics, or other 
emerging applications as in medicine. In another 
report by Grand View Research, Inc. [109], the 
global magnetite nanoparticles market size was 
world valued at USD 58.4 million in 2019, and is 
expected to reach USD 87.4 million by 2025, 
growing at a compound annual growth rate 
(CAGR) of 10.1% from 2019 to 2025. Their 
increased demand in industrial applications such 
as biomedical, electronics, energy, and wastewa-
ter treatment (ranked by production importance 
per application in USD millions) is expected to 
notably boost the market. Specifically, uses 

nanomagnetite-based consumer products in the 
healthcare technology industry are expected to 
accumulate the highest growth rate in the market, 
exceeding 1000 tonnes of production in the cor-
responding period.

ION are widely utilized in energy field (in 
photovoltaic film coatings, fuel production and 
consumption, fuel cells and batteries, thermo-
electric materials, and prototype solar panels); in 
defence and aerospace (as nanocomposites, 
nanocoatings, sensors and electronics, fuel addi-
tives and energy devices); in automotive field (as 
additives in catalysts and lubricants, nanocoat-
ings, fuel cells, and composite fillers); and in 
electronics (for high-density information storage 
media, nanoscale memory, and other electronic 
and optical devices) [10]. Also, ION can be found 
being part of building materials (coatings, nano-
composites, nanoscale sensors, and additives to 
concrete, brick, tile, etc.), and durable pigments 
(coatings, paints, and coloured concretes) [204]. 
Furthermore, they are employed in environmen-
tal remediation and waste water treatment (per-
meable reactive barriers, membrane filtration, 
adsorption), and pollution prevention (pollutant 
sensors  – detection and monitoring) [347], as 
well as in agriculture ION-based fertilizers 
(decreasing dose requirement as compared to 
chemical fertilizers) [267], and as a food additive 
or pigment, and in food packing composites [40, 
317].

However, the most promising uses of ION are 
in the nanomedicine field. Nanomedicine is an 
emerging field that combines nanotechnology 
with pharmaceutical and biomedical sciences, 
with the goal of developing drugs and imaging 
agents with higher efficacy and improved safety 
and toxicological profiles [37]. One of the main 
biomedical applications of ION consists of using 
them like a proficient contrast agent in magnetic 
resonance imaging (MRI), as potential substitute 
for the commonly used contrast agent gadolin-
ium [164, 290]. To this aim, ultrasmall superpara-
magnetic coated ION (inorganic core/hydrophilic 
shell) with particles size smaller than 50 nm are 
used, since they exhibit low long-term toxicity 
[63, 201, 329]. In this sense, the US Food and 
Drug Administration (FDA) approved several 
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drug formulations for clinical diagnostic, namely 
ferumoxtran [Combidex® (USA), Sinerem® 
(EU)] for labeling of cancer cells in contrast-
enhanced MRI [289]; and ferucarbotran/ferrixan 
[Resovist® (USA, EU)], and ferumoxides 
[Feridex I.V.® (USA), Endorem® (EU)] as cell 
labeling agents and MRI contrast media [63]. 
The magnetic and biocompatible properties of 
ION make them also a mighty therapeutic and/or 
diagnostic tool for advanced magnetically-guided 
drug delivery systems [313], since they can be 
guided toward targeted locations in vivo using an 
external magnetic field to remotely control the 
distribution of drug molecules in their site of 
action [76]. Besides, surface of ION can be func-
tionalized, conditioning the drug release to dif-
ferent stimulus, for example, temperature, redox 
state or pH [218, 313].

Other interesting biomedical applications of 
ION include the magnetic fluid hyperthermia, in 
what ION are exposed to an alternating external 
magnetic field that triggers particle vibration and 
local heating, leading to cell death in tumour ther-
apy [76, 345]. NanoTherm™ is a colloidal sus-
pension of aminosilane-coated ION, approved in 
2010 by the European Medicines Agency (EMA) 
for local tissue hyperthermia therapy of recurrent 
glioblastoma, and in 2018 by the USA FDA, for 
clinical testing in humans to treat prostate cancer 
[37, 289]. Also, ION are being used in imaging-
based diagnostic protocols for magnetically acti-
vated cell sorting, a standard separation method 
for isolating certain cell populations from biologi-
cal suspensions (e.g., quantification of shifts in 
monocyte subtype distribution in inflammatory 
atherosclerosis in humans) [63]. Another thera-
peutic application is for the clinical treatment of 
anaemia in chronic kidney disease patients, with 
the FDA-approved carbohydrate-coated super-
paramagnetic ION ferumoxytol [(Feraheme® 
(USA), Rienso® (EU)] [76, 203, 289]. And they 
can be also used for monitoring the in vivo fate of 
implanted or injected stem cells, offering novel 
approaches to fight diseases like cancer, neurode-
generative and musculoskeletal disorders, or 
immunological pathologies [92, 210].

Gene therapy, cell imaging and tissue regen-
eration are among the most challenging biomedi-

cal applications of ION [182]. Indeed, ION can 
be applied in tissue engineering and regenerative 
medicine, to visualize scaffold materials or 
implants, to get information on positioning, 
proper functionality, or degradation over time 
[63, 305], and in gene delivery and gene therapy 
[182, 193].

More specifically, in the last decade, ION have 
shown to be highly useful for a variety of applica-
tions in the central nervous system (CNS), mainly 
related to imaging, diagnosis, and drug delivery 
in neurooncological processes, and in neurode-
generative, neurovascular or neuroinflammatory 
diseases, since ION can surpass the blood-brain 
barrier (BBB) [103, 178, 263, 291, 353].

For all these clinical applications, ION are 
introduced into the human body, primarily intra-
venously, because it is the most efficient way to 
reach target tissues or organs through the blood-
stream. However, in fewer cases, ION can also be 
administered by intragastric, intraperitoneal, sub-
cutaneous, intratumoral, intrapulmonary, or oral 
(low doses) routes [193]. For this reason, the 
intensive study of the possible impact on human 
health and the toxicological profile of these novel 
ION has a pivotal importance.

ION generally consists of an iron oxide crys-
talline core and a coating derived from inorganic, 
organic or polymeric compounds [76]. Due to 
their low toxicity, superparamagnetic properties, 
and catalytic and biochemical properties, magne-
tite, maghemite or hematite, are by far the most 
frequent crystalline iron oxide structures used to 
be part of the ION core for industrial and bio-
medical applications. However, their critical 
properties are very different [7].

Magnetite and maghemite are well-known 
and promising candidates, due to their proved 
biocompatibility [182]. Both ION show a single 
crystalline structure and are made of a magnetic 
domain. Consequently, they show superpara-
magnetic behaviour and only keep the magnetic 
moment up in the presence of an external mag-
netic field. When magnetic field disappear, these 
ION immediately turn to their non-magnetic 
states [10]. Magnetite (Fe3O4) contains Fe2+ and 
Fe3+ ions in a 1:2 ratio. This is a significant mat-
ter, as Fe2+ triggers the Fenton reaction resulting 
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in reactive oxygen species (ROS) production in 
the cells [71]. Magnetite reveals strong magne-
tism when compared to other transition metal 
oxides; diameter required for Fe3O4 crystals to 
show superparamagnetism is 50  nm or less 
(core/coating) [210]. Maghemite (γ-Fe2O3) and 
hematite (α-Fe2O3) contain Fe3+ ions and, 
despite the fact that in bulk they have different 
magnetic properties, they both turn superpara-
magnetic after forming sufficiently small crys-
tals [76]. Hematite (α-Fe2O3) is widely used in 
catalysts, gas sensors, and like pigment com-
pound due to its high corrosion resistance and 
cost effectiveness. Furthermore, it is also com-
monly used as a starting material for the synthe-
sis of magnetite and maghemite [210]. The 
major factors that greatly affect behaviour, tox-
icity and biocompatibility of these ION include, 
mostly, the nature of the magnetic core, the 
methods of synthesis and crystallization, and 
the final size, shape, and coating composition 
[10].

At the present, there are a huge number of 
studies in the literature reporting several efficient 
synthesis methods to manufacture shape con-
trolled, stable, biocompatible, and monodis-
persed ION [10, 58, 203]. About 90% of the ION 

synthesis approaches adopted are by chemical 
methods, i.e., co-precipitation, hydrothermal 
synthesis, microemulsion, thermal and electro-
chemical decomposition, and sonochemical syn-
thesis. In addition, ION can also be produced by 
physical methods (8%), such as gas-phase depo-
sition, aerosol, or laser induced pyrolysis, and by 
biological techniques (2%), i.e., protein, bacte-
rial, fungi, or plant mediated [63, 111]. The sur-
face of ION is, either during or after synthetization, 
commonly modified with a biocompatible coat-
ing. This is done to stabilize them in biological 
media, to prevent particles from agglomeration 
and oxidation, to improve their cellular uptake 
efficiency and biocompatibility, and/or to attach 
functional molecules required for specifically 
desired medical applications [10, 63] (Fig. 13.2). 
Technically speaking, superparamagnetic iron 
oxide nanoparticles with a particle size greater 
than 50  nm (core/coating) are called SPION, 
while those ultra-small superparamagnetic 
nanoparticles with sizes lower than 50  nm are 
classified as USPION [84]. However, in the 
literature, the term ION is often used interchange-
ably to refer to both. Therefore, the term ION will 
be used throughout this chapter for the two types 
of magnetic nanoparticles.

Fig. 13.2  Schematic illustration of core-shell structure of 
superparamagnetic iron oxide nanoparticles (ION), show-
ing the main iron polymorphic structures employed on 
core composition – IRON Core; the most common shell 

molecules used for coating  – Shell/Coating; and some 
potential anchor ligands to tailor the ION surface for spe-
cific functions required by the target biomedical 
application – Functionalization
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13.2	 �Surface Modification of Iron 
Oxide Nanoparticles

Chemically, the bare iron or ION experience two 
major problems in the biological and physiologi-
cal environment, namely rapid agglomeration 
(intrinsic instability over long periods of time) 
and easy oxidation (especially magnetite), due to 
their large surface area, chemical reactivity, and 
high surface energy, which can result in loss of 
colloidal stability and magnetism [371]. Thus, it 
is important to keep the stability of magnetic ION 
by developing some effective protection strate-
gies and providing proper surface coatings (or 
graftings) with organic molecules, polymers, sur-
factants, biomolecules, or inorganic layers such 
as metal, metal sulphide, metal oxide, or non-
metal elementary substances [290]. The suitable 
modification of the ION surface can improve 
their physicochemical properties, to make them 
more stable in physiological media and biocom-
patible [8, 10]. In addition, it offers the possibil-
ity of a specific subsequent functionalization 
depending on the biomedical application they 
have been designed for, allowing a propitious 
anchor surface between ION and functional bio-
molecules like antibodies, drugs, proteins, hor-
mones or nucleic acids [371]. The choice of 
coating is mainly determined by the desired 
application concerning functionalization, stabil-
ity or size, since every material has advantages 
and drawbacks [335].

Moreover, naked nanoparticles introduced 
into the body can be easily trapped by the immune 
system as foreign materials, which means that 
they cannot reach their desired target [262]. In 
addition to surface coatings, functionalization of 
the ION surface by incorporating highly specific 
targeting agents and other functional ligands, 
such as fluorophores, antibodies and permeation 
enhancers, can allow monitoring and probing 
biological, physical and mechanical changes on a 
molecular scale, which can greatly contribute to 
improve the applicability and efficacy of these 
nanoparticles [292]. For this purpose, ION are 
required to be magnetically targeted to a tissue/
organ in order to benefit a therapeutic or diagnos-
tic application. Moreover, in a study using a 

number of cell lines, cellular uptake efficiency of 
ION was demonstrated to be dependent on sur-
face coating of the nanoparticles, irrespective of 
the cell line used [370]. Hence, a strategy to 
adjust the cellular uptake efficiency and precision 
of ION is to modify their surface coating.

Some widespread examples of different mate-
rials used to coat the surface of ION and mini-
mize undesirable effects include: natural (such as 
dextran, alginate, chitosan, starch, pullulan, etc.) 
or synthetic (such as polyethylene glycol [PEG], 
polyacrylic acid, polyvinyl pyrrolidone [PVP], 
polyvinyl alcohol [PVA], polydopamine, 
polylactic-co-glycolic acid [PLGA], etc.) poly-
mers; fatty acids (such as oleic acid, stearic acid 
and lauric acid); amino acids (such as phenyl ala-
nine, tyrosine, arginine, lysine and cysteine); 
metals (such as gold, platinum, palladium, car-
bon, gadolinium and silver); metal oxides (such 
as silica and TiO2); and many biological mole-
cules (such as polypeptides, albumin, casein, 
antibodies, biotin, etc.) (reviewed in Dadfar et al. 
[63]). Together with this primary coating, target-
ing efficiency of ION can be further improved by 
employing conjugation biomarkers on their sur-
face such as peptides, antibodies or small mole-
cules [216]. Thus, ION coating has frequently 
been modified with fluorescent dyes for imaging 
[45, 300], targeting molecules [3, 152], drugs or 
nucleic acids [278, 339, 369].

However, although this primary coating gen-
erally improves ION properties and increases 
their biocompatibility, it can also modify their 
toxicological behaviour (reviewed in Valdiglesias 
et  al. [311]). The use of ION in biomedical 
research is becoming more and more significant, 
leading to the rapid development of new types of 
coatings, and therefore of ION. This high diversi-
fication of designed ION makes the control of 
certain characteristics – such as, chemical com-
position of coating, final hydrodynamic size of 
the core/shell structure, or presence/type of func-
tionalization elements  – extremely important, 
since they are directly related to the potential 
mechanisms of action and toxicokinetic profile of 
ION [180, 371]. Consequently, an increasing 
number of toxicological studies have been car-
ried out for a wide variety of ION, cell types, 
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experimental conditions, etc. However, it is not 
clear yet whether their use is in general safe, or 
they should be used with caution.

13.2.1	 �Polymeric Coating

Among all potential materials, polymers, both 
natural and synthetic, are likely the most popular 
coating substances, due to their widespread 
applications in various research areas including 
nanomedicine [76]. Polymeric nanoparticles 
attracted the interest of the scientific community 
because of their structural versatility. Indeed, 
they can be easily modified with functional 
groups, such as terminal amine or carboxyl moi-
eties, for further conjugation with bioactive mol-
ecules, to anchor ligands at the nanoparticle 
surface [210, 290]. This allows, for example, to 
set multifunctional ION up to load different 
active substances, to deliver their cargo to the tar-
geted site, and to respond to specific external or 
physiological stimuli [182]. Although this poly-
meric coating can significantly increase the ION 
overall size, it can also improve the colloidal sta-
bility of the ferrofluid by adjusting the surface 
charges, which may also modify the toxicoki-
netic behaviour of the particles, since it may 
influence their absorption, tissue distribution, and 
excretion [34, 210, 321].

To date, the most commonly used polymers 
for surface modification of biomedical ION 
include natural substances like dextran (for in 
vivo cancer drug carriers or MRI contrast agents) 
and chitosan (for hyperthermia and tissue engi-
neering) [80, 100, 229, 251, 304], and synthetic 
molecules like PEG (as MRI contrast agents for 
in vivo cancer imaging, and biosensors), PVA 
(for in vivo imaging, drug delivery, and biosens-
ing) [126, 210, 212, 260], polyethylene imine 
(for cell separation, gene/drug delivery vehicle, 
and hyperthermia treatment) due to its high cel-
lular uptake [75, 341], PVP (for targeted killing 
of breast cancer cells, and MRI contrast agents), 
and polyacrylic acids (in anticancer drug delivery 
systems) [371], among others. For MRI applica-
tions, ION are generally coated with PEG, or 
dextran and modified chitosan, due to the long 

circulation time of these systems. Some trials 
also spread gold and gadolinium ions on their 
surface to enhance the contrasting potential [76].

Dextran is a polysaccharide known for its 
excellent biocompatibility, good water solubility, 
bioactivity, biodegradability, and low cytotoxic-
ity [76]. It is one of the mostly used natural poly-
mers for ION coating, a low cost and simple 
addition substance, with effects on the ION phys-
icochemical properties (such as size, stability, 
crystallinity, and magnetism) [339]. Due to its 
general biosafety, dextran-coated ION are rising 
candidates for biomedical applications [210]. 
Some authors suggested that dextran-coated ION 
were cytotoxic at concentrations higher than 
50  μg/ml [282]; however, others have clearly 
shown that dextran-coated ION are non-toxic 
even at concentrations of 400 μg/ml [307]. These 
discrepancies found may be due to the lack of 
stability of the dextran shell, its degradation dur-
ing the cell membrane interactions or by lyso-
somal digestion, or also the composition and size 
of the polymer and the method employed to 
attach it to the particle surface. Therefore, it is 
important to carefully monitor the influence of 
the surface modifications on ION toxicity [76, 
180, 218].

PEG is another frequently-used water-soluble 
synthetic polymer, known for its good compati-
bility as it carries no potentially toxic groups, 
favourable chemical properties, and solubility in 
physiological conditions [168, 356]. Hydroxyl 
groups at their chain ends, allow the attachment 
of antibodies and other agents to ION surface 
[339, 369]. PEG was also recognized to improve 
circulation half-life time of nanoparticles – due 
to its hydrophilic surfaces and steric repulsion of 
PEG chains – and to reduce the cellular uptake of 
ION; this makes PEG-coated ION very useful as 
MRI contrast agents, for in vivo cancer imaging, 
and as biosensors [210, 371]. The in vitro and in 
vivo experiments carried out by Liu et al. [168] 
indicated that PEG-coated ION show no cytotox-
icity and high resistance to phagocytosis by RAW 
264.7 macrophages in vitro, as well as low uptake 
by liver and spleen in vivo at a relatively low dose 
of ION, due to a shielding effect of the dense 
PEG coating and their net neutral surface. 
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Similarly, Lee et  al. [161] observed that 
PEGylated ION uptake by macrophage cells was 
significantly lower in comparison to that of the 
popular contrast agent, Feridex I.V., suggesting a 
higher half-life circulation in plasma, due to their 
high stability and their resistance to uptake by the 
reticular endothelial system as well. Moreover, it 
is also reported that PEG coating of magnetite 
nanoparticles can prevent the reduction of cyto-
chrome C [371].

13.2.2	 �Inorganic Coating: Nonmetal 
Oxides

Silica is among the most common and widely 
employed agents for surface modification of 
ION, largely used for bioimaging and biosensing 
purposes [11, 203]. Silica coating has several 
advantages: it is very stable at wide range of pH 
and easily dispersible in solution, prevents 
nanoparticle agglomeration, is inert and biocom-
patible without affecting magnetism [163], is 
simply to attach to several active ligands (fluoro-
phores, dyes, quantum dots, drugs, etc.), improves 
the ION suspension stability [210], and shows 
low cytotoxic effects [87, 142, 218]. Silica pos-
sesses a well-defined and easily tuneable surface 
chemistry, which can be modified with different 
functionalities and linked to different biomole-
cules, allowing an accurate control of the ION 
interaction with biological structures [13, 218]. 
Thus, it has demonstrated good biocompatibility, 
hydrophilicity and stability [371]. Malvindi et al. 
[191] studied the toxicity in A549 and HeLa cell 
lines exposed to bare and silica-coated ION 
(magnetite). They observed that naked ION 
exhibit higher toxicity due to their stronger in situ 
degradation. Later on, Uribe Madrid et al. [308] 
reported that different mesoporous silica-coated 
nanoparticles (Fe3O4@mSiO2) show excellent 
drug release yield, making this core-shell struc-
ture ideal for in vivo targeted drug delivery. 
Mesoporous particles made of silicon or silica, 
characterized by pore sizes ranging from 2 to 
50  nm, are excellent options in pharmaceutical 
nanotechnology. The mesoporous structure 
allows the control of drug loading and the control 

of release kinetics, enhancing drug therapeutic 
efficacy and reducing toxicity [182]. Besides, 
their biodegradability can be controlled by modi-
fying a few physicochemical parameters, which 
enables tailoring these materials for specific bio-
medical applications and preventing their long-
term bioaccumulation [218].

ION surface modification with silica often 
serves multiple purposes [13, 286]. On one hand, 
it stabilizes ION in a slightly alkaline pH or high 
salt concentration environment. For example, 
silica isoelectric point is close to pH 2, indicating 
that at pH  >  2 the surface will be negatively 
charged and functionalized with Si–O– groups, 
avoiding ION agglomeration in biological fluids 
[197, 339]. On the other hand, coating the 
nanoparticle surface with monolayers, such as 
silica shell or silica mesoporous structures, 
allows the application of core materials that 
would be toxic otherwise [218, 257].

13.2.3	 �Organic Coating: Fatty Acids

For in vivo purposes, nanoparticles are required 
to be biocompatible, stable in biological media, 
and uniform in size to maintain the suitable mag-
netic properties [8]. Lipophilic substances such 
as oleic acid, have gained raising interest for 
researchers to design lipophilic ION with prom-
ising behaviour in non- or weakly polar biologi-
cal environments [36, 306]. Oleic acid is a 
monounsaturated fatty acid, widely used as a sur-
factant agent, and often as a coating substance in 
the synthesis of highly uniform and monodis-
persed ION, decreasing interactions between par-
ticles and stabilizing them in organic solvents 
[258, 274]. Additionally, oleic acid can form a 
dense protective hydrophobic bilayer that binds 
firmly (through the carboxylic acid) to the ION 
surface; it can increase ION biocompatibility 
without affecting too much the magnetic proper-
ties [287, 306]. However, the poor water dispers-
ibility of these nanoparticles may sometimes 
compromise their effectiveness at specific hydro-
philic conditions. For this reason, hydrophobic 
ION can be transferred to the aqueous phase, by 
simply modifying the oxidation process of oleic 
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acid-capped ION, to improve the reaction effi-
ciency and their water dispersibility for particular 
biomedical applications [46].

So far, many research groups have reported 
the high degree of monodispersity [185, 274, 
360], excellent biocompatibility [291, 371], low 
toxicity [87–90, 142, 181, 309], high colloidal 
stability and hydrophobicity [36, 222] of differ-
ent types of oleic acid-coated ION. Specifically, 
hydrophobicity and non-polar properties of oleic 
acid capping, make these ION particularly suit-
able for applications focused on neurological dis-
orders (for drug delivery therapy or hyperthermia), 
since oleic acid coating improves ION capacity 
to cross the BBB and reach the brain [70, 139, 
291, 339].

13.3	 �Physicochemical 
Characteristics of Iron Oxide 
Nanoparticles

The biocompatibility, biodegradability and toxi-
cological profile of every engineered ION are in 
tight relation to their physicochemical features, 
including particle size, surface properties, shape 
and chemical structure, since these characteris-
tics determine the way and mechanism nanopar-
ticles interact with biological structures [344], 
the magnetic properties, and all the pharmacoki-
netic parameters, including uptake or absorption, 
distribution, metabolism, and excretion. As pre-
viously mentioned, ION have a huge future pro-
spective for industrial and biomedical 
applications, mainly linked to their novel physi-
cal and chemical properties [211]. ION interac-
tions with the complex microenvironment of 
physiological fluids will be determined by: (1) 
the nanoparticle physical properties, including 
core composition, crystallinity, surface coating, 
shape, and size; (2) the chemical characteristics, 
such as surface chemistry, surface charge, surface 
coating chemistry, reactivity, solubility, etc.; and 
(3) the ION biological identity, related to the 
interplay ION surface-surrounding environment, 
which triggers the formation of a “corona” com-
posed by different biomolecules, so changes in 
the agglomeration/aggregation state, nanoparti-

cle size, cellular uptake, and retention time in 
body fluids may occur [206, 259, 294].

The potential effects of ION on the environ-
ment or their impact on the biological response of 
living organisms have raised great concern in the 
scientific community [236]. However, it is highly 
difficult to correlate the biological response 
observed (overall potential toxicity) with their 
intricate physicochemical characteristics. Hence, 
an exhaustive physicochemical characterization 
is crucial for a proper interpretation of the poten-
tial ION toxic effects [240].

Among all physicochemical characteristics 
that make nanoparticles of the same bulk material 
different from one another, the nanometric size is 
one of the most significant. The particle size in 
the nanoscale modifies availability in the biologi-
cal environment, since mobility and potential 
transport through cell membranes is increased 
with decreasing size, offering the possibility of 
crossing various biological barriers within the 
body (e.g., the BBB) [9]. Besides, reduction in 
nanoparticle size is accompanied by an increase 
in surface area and, therefore, in surface reactiv-
ity, which can lead to an increased grade of bio-
logical interaction. This may be one of the 
reasons why ION are generally considered more 
toxic than larger particles of the same material 
[96]. Also, decrease in particle size can be the 
basis for changes in other parameters such as 
crystalline structure, optical and electrical prop-
erties, or oxidation state, entailing a significant 
part of the altered toxicological behaviour. For 
example, for soluble nanoparticles, where the 
ions themselves can be toxic (e.g., Fe2+/Fe3+), 
increased toxicity may result from an increase in 
particle dissolution with decreasing size and 
increasing specific surface area [236]. Therefore, 
size can be a good indicator of the possible toxic 
effect of ION, since it determines the different 
mode of action of the particles, it is responsible 
for changes in other physicochemical character-
istics and, consequently, influences toxicity, per-
sistence and bioavailability. Theoretically, 
particle size is likely to contribute to cytotoxicity, 
since smaller nanoparticles have a greater spe-
cific surface area and, therefore, a greater capac-
ity for interaction with cellular organelles or 
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molecules such as proteins, carbohydrates, 
nucleic acids and fatty acids [236]. Moreover, the 
smaller size likely enhances the ability to cross 
membranes, enter the cell, and cause cellular 
damage [125]. Indeed, several works on ION 
size-dependent distribution showed that nanopar-
ticles with sizes smaller than 10–20  nm have 
wider distribution levels in the organism. Also, 
these studies concluded that large sized ION 
were cleared sooner as compared to smaller ones 
[9].

Besides size, shape has a significant role in 
nanoparticle behaviour, since it also affects their 
chemical reactivity, mechanical, optical, and 
electric properties, as well as is reported to affect 
their cellular uptake and pharmacokinetics, 
which ultimately impact the biological effect or 
the desired biomedical application [9, 44]. There 
are many different shapes and structures of nano-
materials based on their morphological charac-
teristics (sphericity or aspect ratio), including 
cubic, prism, spherical, oval, helical, tube, 
needle-shaped, platelet, etc. [57, 254]. 
Nanomaterial shape may have effects on the 
deposition kinetics and cellular uptake mecha-
nisms [1, 157]. Generally, spherical ION with a 
low aspect ratio (length-width), have shown 
shorter blood circulation times over their one-
dimensional counterparts, e.g., nanowires, nano-
tubes or nanorods; this seems to be due to their 
slower uptake by macrophages by phagocytosis 
[16]. However, it was demonstrated that the 
higher the aspect ratio, the more toxic the particle 
is [44, 254]. Historically, research on nanomate-
rials for biomedical applications has focused on 
the spherical-shaped ones, such as quantum dots, 
and magnetic nanoparticles [94]. Particularly, 
ION usually present spherical shapes, which 
involve a significant increase of their cellular 
uptake efficiency with regard to rod- or tube-
shaped particles of similar size [316, 344]. 
Although not as important as in the case of size, 
particle shape can also present a distribution 
based on the dispersion state of the system, and 
the interactions with the different molecules of 
the surrounding environment, that can contribute 
to the behaviour and biological responses of ION 
[211, 254].

There are a number of techniques to measure 
particle net size, size distribution, hydrodynamic 
size, zeta potential, or shape. Some examples 
include laser diffraction, dynamic light scatter-
ing, differential mobility analysis, impaction 
methods, electron microscopy, time of flight 
techniques, and surface area measurements. 
Microscopy is one of the most mighty methods, 
and often used exclusively to provide informa-
tion regarding size, shape, morphology, and state 
of agglomeration/aggregation of nanoparticles 
[243].

Surface characteristics such as hydrophobic-
ity, surface charge, and charge distribution also 
have a significant influence on the fate and behav-
iour of ION in the body [299, 344]. The state of 
dispersion of nanoparticle systems is another 
important factor derived from surface properties 
which refers to the comparison between the rela-
tive number of single particles and agglomerates/
aggregates in a suspending medium [242]. These 
nanoparticle agglomerates/aggregates can be 
established by mild attractive forces (e.g., Van 
der Waals and hydrophobic interactions) or by 
binding of surrounding molecules in the medium 
(e.g., proteins, polysaccharides, etc.) [211, 243]. 
The smaller the nanoparticle, the stronger the 
forces between particles. Therefore, the state of 
agglomeration/aggregation could set up a wide 
distribution of different shapes and sizes, which 
can also profoundly affect the dynamics and 
properties of nanoparticles and thus the resulting 
potential hazards [195, 277].

Despite the fact that most metallic nanoparti-
cles are poorly soluble and persistent, their solu-
bility can be increased in some biological fluids 
or culture media, affecting their cellular uptake, 
subcellular location and toxic effects as well [1, 
157]. Particularly, dissolved and undissolved 
ION have been observed to modify cellular 
uptake pathways and induce different cytotoxic 
effects as a function of their ability to release 
toxic ions [230, 340]. Under aqueous conditions, 
dissolved ION are known to show a higher release 
of ions and to induce higher cytotoxicity and 
apoptosis in mammalian cells than the non-
dissolved counterparts, which triggers an 
increased ROS production and oxidative stress 
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[215, 224, 340]. Furthermore, as we have seen 
previously, surface characteristics of ION, along 
with their size and shape, are the key properties 
that determine their internalization into cells 
[344].

As mentioned above, high circulation time of 
ION in the body is necessary to reach the specific 
target in some biomedical applications. The 
absorption of various biomolecules like plasma 
proteins to the hydrophobic surface of ION can 
trigger the immune response cascade, immune 
cell stimulation, phagocytic internalization and 
clearance of ION, decreasing their circulation 
time in the organism [72, 79, 219, 244]. Hence, 
the lower the recognition of ION by the reticulo-
endothelial system, and therefore by the immune 
system, the greater the probability of ION inter-
nalization by the target cells. That is why most of 
the current research is aimed at modifying the 
hydrophobic surface of ION with different hydro-
philic coatings to increase steric repulsive inter-
actions with plasma proteins, and therefore, to 
increase the half-life of specific nanocarriers in 
the blood circulation [172].

Surface chemistry consists of a wide variety 
of properties that lead the way ION interact with 
biomolecules and biological systems through 
their chemical composition. In presence of sur-
face modification, results obtained on surface 
chemical composition analysis reflect the effec-
tiveness of coating to avoid nanoparticle core dis-
solution [48]. There are extensively used methods 
for characterizing nanoparticle surface chemistry 
(e.g., X-ray photoelectron spectroscopy [XPS], 
electron spectroscopy, and secondary ion mass 
spectroscopy), as well as to correlate the surface 
properties with the final physiological effects 
[248]. Among all ION surface chemical charac-
teristics, surface charge is an extremely impor-
tant factor, since it influences the particle 
dispersion, the adsorption of ions and biomole-
cules to the nanoparticle nucleus (corona forma-
tion), and the induction of biological effects [23, 
48, 242]. The estimation of the surface charge 
(assessed by the dynamic light scattering method) 
is carried out by measuring the zeta potential. 
The zeta potential is a function between the sur-
face charge of the particle, and the nature and 

composition of the surrounding medium where it 
is scattered [361]. It is a measure of the total elec-
trical potential – ions and nanoparticles – in solu-
tion, and thus is affected by changes in pH or 
ionic strength. Zeta potential measurements 
range from 0 to ±60 mV. High values (> ± 30 mV) 
suggest greater stability due to increased electro-
static repulsion, while low values (<± 30  mV) 
indicate a trend of the particles to agglomerate 
and precipitate [299]. Particle surface charge 
may affect their cellular uptake as well as how 
the particles interact with organelles and biomol-
ecules. Consequently, particle surface charge 
influences cytotoxicity [73]. The toxicity of 
nanoparticles increased with an increase in sur-
face charge. This suggests that the higher 
nanoparticle surface charge, the greater electro-
static interactions with the cell and, thus, the 
greater endocytic uptake [125]. Several studies 
have reported that similarly sized ION with dif-
ferent surface charge were show different toxic 
effects [333].

In conclusion, the varied ION physicochemi-
cal properties will define their biocompatibility, 
biodistribution after their entry the body, behav-
iour, the type of cellular interactions, and their 
effects [254]. Thus, the exhaustive and in-depth 
characterization of the ION physicochemical 
properties (particle size and size distribution, 
agglomeration/aggregation state, shape, crystal-
line structure, chemical composition, surface 
area, surface chemistry and surface charge) plays 
a key role to understand their possible toxic 
effects observed in cells [344, 349].

13.4	 �Iron ion Release

As previously mentioned, iron is an essential 
trace element that stably interconvert between its 
most common oxidative forms, ferrous (Fe2+) and 
ferric (Fe3+), through reduction-oxidation reac-
tions [12]. Iron is indispensable for most life 
forms and constitutes a wide number of proteins 
that carry out many metabolic and physiological 
functions, including formation of heme group of 
haemoglobin and myoglobin; formation of iron-
sulphur clusters in proteins like cytochromes, fer-
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rodoxins, reductases and dehydrogenases as 
mediator in redox and electron transfer reactions; 
in mitochondrial oxidative phosphorylation; 
DNA synthesis; or energy production [81, 137]. 
However, free iron (ionic form) is problematic 
for biological systems since it is largely insoluble 
and toxic, due to its capacity to trigger the Fenton 
reaction, where transition metal ion (ferrous iron, 
Fe2+) reacts with hydrogen peroxide (H2O2) to 
yield hydroxyl radical (•HO) and ferric iron, Fe3+; 
and Haber-Weiss reaction, where oxidized metal 
ions (ferric iron, Fe3+) and H2O2 or superoxide 
radical ( •O2

− ) react to produce •HO [206, 230]. 
Once lysosomal specific proteins degrade surface 
coatings, the ION core is rapidly degraded in the 
highly acidic lysosome medium, and the free iron 
(in Fe2+ and Fe3+ form) is released from the endo-
cytic compartment to cytoplasm, mediated by 
iron storage or transporter proteins, such as trans-
ferrin, DMT1, ferritin, ferroportin, and hemosid-
erin [81, 262]. Iron is then accumulated into a 
labile iron pool, process tightly regulated to 
maintain iron homeostasis, since an excess of this 
metal can be very toxic for cells [12, 98, 166]. In 
aqueous media, especially in complex solutions 
of neutral pH, Fe2+ (highly unstable and reactive) 
is spontaneously oxidized by molecular oxygen 
to Fe3+. At pH  7.0, the maximum solubility of 
Fe3+ is very low (≈10−19 M), while the solubility 
of Fe2+ is much higher (≈10−2 M). On the other 
hand, the free Fe2+and Fe3+ ions in the cytoplasm 
are capable of catalysing reactions producing 
harmful free radicals as mentioned above [64]. 
To maintain iron homeostasis and to avoid the 
potential toxic effect of free iron ions, organisms 
have been forced to bind Fe3+ to specific proteins 
(e.g., ferritin, transferrin) that hold their stable 
form but, simultaneously, keep small quantities 
of redox-active Fe2+ available for biological pro-
cesses [353]. This is convenient considering that 
the intracellular ferrous ion is more accessible 
and a little more toxic [81, 215]. As iron readily 
shuttles between the reduced ferrous and the oxi-
dized ferric forms, disruption of the cellular 
redox equilibrium requires only catalytic amounts 
of the metal [320]. Therefore, overload of intra-
cellular free iron ions derived from ION degrada-
tion, leads to excessive ROS production, which 

has been shown to induce cytotoxic effects 
through different mechanisms such as: (i) lipid 
peroxidation, that induce cellular membrane dys-
function or mitochondrial impairment; (ii) oxida-
tion of key proteins involved in cell cycle or DNA 
repair processes; or (iii) other cellular effects, 
i.e., mitochondrial membrane depolarization, 
actin cytoskeleton dysfunction, altered cell pro-
liferation or cell death induction. On the other 
hand, genotoxic effects included oxidative DNA 
damage, impairment of DNA repair systems, or 
changes in gene transcription.

Exposure to ION concentrations around 100–
200  μg/ml and over causes, in general, dose-
dependent increases in intracellular iron in a 
variety of cells [97, 102, 209, 217, 256, 353], 
with the consequent increased amount of ROS, 
and the resulting cytotoxicity through oxidative 
stress generation [282]. Exposure to high ION 
concentrations can also overwhelm antioxidant 
systems and results in enhanced cytotoxicity/
genotoxicity and inflammation [64, 103, 319]. 
Therefore, the normal body capacity to manage 
iron should be taken into account when consider-
ing administration of high or frequently repeated 
doses of ION [155, 254].

Certain physicochemical properties of ION, 
such as the iron oxidation state, size, surface 
charge, or surface coating, are the key factors that 
determine the ability of ION to generate oxida-
tive stress through the production of ROS and, 
therefore, to influence the intracellular availabil-
ity of iron and its cellular toxic effects [224]. The 
oxidation state of the iron (Fe2+ or Fe3+) compos-
ing the ION nucleus is an important factor that 
determines their toxicity by ROS generation 
[184, 215, 230]. Several recent studies have 
shown that maghemite nanoparticles (with lower 
Fe2+/Fe3+ ratio) induce increased cytotoxicity 
than magnetite nanoparticles (with higher Fe2+/
Fe3+ ratio) (reviewed in Yarjanli et  al. [353]). 
However, dextran-coated maghemite showed sig-
nificant genotoxicity correlated with cellular 
uptake, compared with dextran-coated magnetite, 
showing that Fe3+ ions are more genotoxic than 
Fe2+ ions [282]. In fact, magnetite (major poten-
tial to undergo oxidation) has been shown to 
cause higher levels of oxidative DNA damage 
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than maghemite in the human lung epithelial 
cells (A549), without showing a significant 
decrease in cell viability [131]. As already men-
tioned, the size of ION may affect their cellular 
uptake and the iron-mediated cytotoxicity as 
well. After ION internalization, small nanoparti-
cles degrade sooner since they present more reac-
tive surface area than the larger ones, therefore 
inducing higher amount of ROS [127, 356]. 
Surface coating and chemistry also take impor-
tant part in the persistence and degradation rate 
of ION, i.e., in the stability of nanoparticle core 
and its capacity to release free iron ions (either 
Fe2+ or Fe3+). In this regard, Yu et al. [356] dem-
onstrated that bare ION significantly increased 
ROS and cellular death, but dextran- or PEG-
coating reduced ROS formation, blocked their 
redundant interaction with ION surface hindering 
ion release from the core and, hence, decreased 
cytotoxicity. In the same way, ION with various 
surface modifications and different sizes induced 
slight, but significant, differences in the amount 
of accumulated intracellular ROS and, conse-
quently, in observed cytotoxic and genotoxic 
effects [112].

In addition to the physicochemical properties 
and the nanoparticle exposure conditions (dosage 
and duration), it has been found that the manage-
ment and effects of ION degradation are closely 
related to the cell type involved, since their 
uptake and metabolic rate differ [101, 102, 256]. 
There are conflicting data related to the effects of 
iron coming from ION in different cells. Thus, 
Imam et al. [127] observed a viability reduction 
of the dopaminergic neurons by oxidative stress 
in the striatum of rats after in vivo ION exposure, 
while Zhang et al. [368] conversely reported that 
daily intake of 200  μg/ml magnetite decreased 
cytotoxic effects of ROS in Drosophila 
Parkinson’s disease model cells, showing neuro-
protective effects. On the other hand, oxidative 
stress induced by ION degradation has been 
shown to have especially significant effects in 
those organs with high mitochondrial activity, 
such as the heart or liver, making these cell types 
more sensitive to iron-mediated toxicity [81]. In 
fact, under pathological conditions (such as can-
cer, atherosclerosis, hypertension, or arthritis) 

iron may effectively be released from ferritin 
leading to increased oxidative damage and caus-
ing cellular toxicity [312].

Particularly, iron overloading within the brain 
can be more dangerous than in other tissues. 
Accordingly, Imam et  al. [127] reported that 
ION, by producing ROS, caused damage to the 
membrane of rat’s brain endothelial cells, due to 
slower nanoparticle uptake by these cells or by 
destroying cellular membranes during crossing 
BBB.  Iron is essential for many metabolic pro-
cesses of the CNS and for proper function of neu-
rons [353]. Nevertheless, excess of iron can be 
toxic to the brain. Most of the intracellular iron 
pool is composed of inactive Fe3+ bound to ferri-
tin to annul the high toxicity associated with free 
iron [120, 343], but there is always a small redox-
active amount of Fe2+ ions that normal metabo-
lism needs [118, 119, 353]. In this regard, an 
efficient ION uptake and metabolism of extracel-
lular iron (slowly released from ION), as well as 
strong up-regulation of ferritin expression, may 
contribute to the high resistance of cells like 
astrocytes [117], even neurons, to acute iron-
mediated toxicity in the brain. This is likely due 
to slower transfer of internalized nanoparticles to 
the lysosomes, where major iron ion release 
occurs [235]. Hence, lysosome storage likely 
contributes to high cell resistance to iron toxicity, 
and is especially relevant in the nervous tissue, 
since even the prolonged presence of large 
amounts of accumulated ION does not harm 
these cells [206]. For these reasons, all mecha-
nisms involving transportation and homeostasis 
of iron in the CNS must be strongly regulated to 
prevent excess iron and its toxic effects as seen in 
neurodegenerative diseases [328, 330].

13.5	 �Exposure and Kinetics

The growing commercialization of nanomaterials 
in the last years, and particularly the successful 
application of ION in medicine and clinics, has 
significantly increased the potential human expo-
sure to these materials. For this reason, carrying 
out complete and systematic toxicological analy-
ses is of paramount importance, since the poten-
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tial negative effects of ION are directly related to 
their effective dose, duration of exposure, or their 
persistence in the body [39, 355].

Accidental or intentional exposure routes to 
nanomaterials may include inhalation [91, 149, 
156, 264], ingestion [317, 324], or dermal uptake 
[175, 207]. In addition, for medical purposes, 
parenteral, systemic or local administration must 
be considered [53, 143] (Fig. 13.3). Examples for 
unintentional exposures to ION include emis-
sions from anthropogenic sources into air (power 
plants, incineration, internal combustion engines, 
occupational settings), water and soil (house-
holds, effluents from manufacturing sites) or con-
sumer goods (textiles, cosmetics). Intentional 
exposures occur also from biomedical applica-
tions, food additives, etc. [67, 149, 213]. End-
product users, occupationally exposed subjects, 
medical patients and the general public may be at 
risk of adverse effects due to the direct contact 
with the organism [44, 125, 194]. The presence 
of nanoparticles in many consumer products such 
as drugs, skin care products, cosmetics, food 
additives, etc., cause both intentional and acci-
dental exposures. In fact, it has been estimated 
that in developed countries, approximately 1012–
1014 nanoparticles/day are ingested per person 
[186].

Depending on the desired biomedical applica-
tion, ION are administered primarily through 
intravenous injection, and to a lesser extent by 
oral or respiratory pathways [16]. Thus, intrave-
nous administration of ION is the most suitable 
approach for their use as image contrast agent in 
MRI, computed tomography (CT), positron 
emission tomography (PET), or surface plasmon 
resonance (SPR); for targeted drug/gene delivery 
systems; or for magnetic hyperthermia therapy 
[53]. The blood half-life values of different ION 
(1–24 h in humans) is highly dependent on the 
dosage and properties of the ION (i.e., size, 
shape, surface properties, etc.), the characteris-
tics of the individual exposed, and the exposure 
medium [16]. In this case, the first consideration 
to take into account for the desired application is 
that, in blood, ION will come into contact with 
plasma proteins that will probably lead to the for-
mation of protein corona, which may change the 
pharmacological properties of the nanoparticles. 
The pharmacokinetics of ION involves aspects of 
the rate and extent of their absorption, distribu-
tion, metabolism, and excretion (ADME pro-
cesses) in the body [53].

Due to their small size and tendency to remain 
airborne for long time periods, the most common 
accidental route of nanoparticles exposure is via 

Fig. 13.3  Schematic of human body showing the main routes of exposure, the biodistribution and potential target 
organs, and the cellular internalization of ION
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inhalation from combustion-derived particles, 
atmospheric airborne nanoparticles, occupational 
settings, or during production, processing, and 
handling of iron containing products. Therefore, 
the main absorption pathway of ION is the respi-
ratory system [27, 149]. ION size determines 
where they will be deposited along the respira-
tory tract. Nanoparticles smaller than 55  nm in 
diameter have higher penetration potential than 
NP with sizes of 200 nm or more. Approximately 
50% of the inhaled ION (≤20 nm) are deposited 
in the alveolar region of lungs, where they are 
absorbed through the epithelium and enter the 
vascular or lymphatic system. Another portion of 
the inhaled ION (biggest particles) are trapped by 
mucocilliary epithelium of the bronchi where 
they are cleared (phagocytosis), or they go up 
into the trachea, where they are finally swallowed 
and translocated to the gastrointestinal tract 
[149].

Once ION circulate in blood and lymph, they 
can accumulate in the cells of the bone marrow or 
lymph nodes, or reach different organs such as 
the liver, the heart, or the brain, among others 
[39]. There is also evidence of absorption of ION 
via the olfactory nerve following inhalation expo-
sure; particles may then enter the brain without 
crossing the BBB [99, 134, 322]. Once the ION 
have been introduced into the body, they are rap-
idly detected by macrophages distributed in the 
tissues, which engulf them by phagocytosis for 
their metabolization and degradation. Therefore, 
there must be a balance between the absorption 
and distribution of nanoparticles necessary to 
carry out their functions in the established target 
organ, and their active clearance by the immune 
system [16]. For this reason, it is extremely 
important to know the ADME properties of ION 
used in biomedical applications, since they allow 
to establish optimal designs in terms of function-
ality, as well as to minimize the possible derived 
undesirable side effects [315].

Regardless the route of absorption, distribu-
tion of nanoparticles in the body is strongly 
dependent on characteristics like chemical com-
position, size, shape, surface coating or surface 
charge [116]. ION size gives them the ability to 
easily access the blood capillaries; they can even 

cross different biological barriers, from where 
they can be internalized by cells through several 
mechanisms and interact with cellular molecules 
and organelles [16]. ION-based products are a 
powerful non-invasive tool in biomedical imag-
ing, clinical diagnosis, and therapy. The success-
ful delivery of drugs is limited and being 
challenged by these biological barriers including 
the gastrointestinal tract, brain, skin, lungs, and 
immune system, among others. Phagocytic 
sequestration by the macrophages limits ION 
localization at the target site, leading to non-
specific internalization by healthy tissues [54]. 
There are several studies addressing the biodistri-
bution of oral-administered, inhaled, or injected 
ION, showing direct evidence of translocation of 
the administrated nanoparticles across the lung 
epithelial cell, gastrointestinal tract epithelial 
cell, kidney endothelial cell, or blood–testis bar-
riers, accumulating in the corresponding organs 
with mainly low toxic effects [108]. Besides, Di 
Bona et al. [69] informed that intra-peritoneally 
injected ION can easily cross the placental bar-
rier in pregnant mice and increase the risk of foe-
tal death due to excessive accumulation of the 
ION in the foetal liver.

Specifically, due to the general world popula-
tion aging, CNS pathologies such as neurodegen-
erative diseases are increasingly becoming a 
relevant medical, economic, and social issue. 
Current pharmacological treatments are mainly 
based on systemic delivery of diagnostic/thera-
peutic drugs into the CNS, and their effectiveness 
is seriously limited due to the presence of the 
most restrictive biological barrier, the 
BBB. Hence, treatment of this disorders remains 
a daunting challenge due to the limited access 
across this barrier [15]. ION provide multifunc-
tional abilities for solving these biomedical and 
pharmacological issues, along with their con-
firmed ability to cross the BBB [205, 291]. The 
improvement of effective drug delivery by mag-
netic driving of ION is considered one of the 
most ambitious and versatile systems for inacces-
sible regions like the brain, being able to provide 
protection to therapeutic agents while efficiently 
delivering them into the target areas [263]. These 
abilities have been strongly exploited in recent 
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years in the diagnosis and therapy of diseases that 
affect the CNS, since some ION (e.g., oleic acid- 
or PVA-coated) showed a great ability to cross 
the BBB and a low neurotoxicity [76], opening 
up a new non-invasive way of treating, for 
instance, difficult-to-approach brain tumours 
such as glioblastoma [189].

13.5.1	 �Blood-Brain Barrier (BBB)

Although translocation of nanoparticles to the 
brain is possible and well-studied in the literature 
under different experimental conditions [52, 196, 
225, 276, 354], the relevance for real-life situa-
tions is far from clear. Therefore, evaluation of 
the potential toxic effects of ION on cells from 
neural origin is required, as specific mechanisms 
and pathways through which nanoparticles may 
exert their toxic effects remain largely unknown. 
The brain is probably the best protected organ in 
the human body. The epithelial cells of choroid 
plexus (CP), situated in the four ventricles of the 
brain, form an important barrier between the 
blood and the cerebrospinal fluid (CSF), called 
BBB [342]. The BBB is a dynamic but solid neu-
roprotective shield in the cerebral microvascular 
system. It plays a pivotal role in maintaining 
CNS homeostasis by regulating the CSF secre-
tion, signalling, selective passive exchange of 
essential metabolites  – such as glucose, water 
and amino acids  – between the blood and the 
brain, and protects the neural tissue from neuro-
toxic external and internal chemicals as well as 
pathogens [205, 342]. Several complex interac-
tions between different nervous cell types – such 
as the endothelial cells, neurons, astrocytes, peri-
cytes, microglia, and the extracellular matrix of 
the brain  – are important contributors to the 
structure and function of the [32]. Endothelial 
cells together shape a highly dense cellular net-
work with tight junctions that restrict CNS entry 
of xenobiotics and therapeutics from the blood-
stream [171]. Besides, astrocytes and pericytes 
surround the endothelial cells of the BBB provid-
ing biochemical support to those cells [220]. 
Important proteins for the barrier function include 
tight junction proteins, numerous transporters 

and enzymes [151]. The BBB exhibits a high 
transendothelial electrical resistance, along with 
a low rate of transcytosis and greatly restricted 
paracellular permeability [62]. Although tight 
junction protein complexes are principal contrib-
utors to physical barrier properties, they are 
highly dynamic structures, where expression 
and/or localization of individual constituent pro-
teins can be modified in response to pathophysi-
ological stressors [171].

Among all nervous cells, astrocytes are par-
ticularly interesting since they are the most plen-
tiful cell type in the CNS.  Astrocytes are 
strategically dispensed between the blood vessels 
and neurons, and in deep contact with the brain 
capillary endothelial cells through their end-feet, 
being one of the first cellular type that interact 
with ION after internalization [102, 349]. Their 
functions include regulation of neurotransmitter 
delivery, homeostasis of ions, pH and water, bal-
ancing the extracellular potassium concentration, 
excretion of growth factors, and metabolic sup-
port to neurons, among other homeostasis main-
taining functions in the brain [228, 342]. During 
the past two decades, astrocytes emerged also as 
increasingly important regulators of neuronal 
functions including the generation of new nerve 
cells and structural as well as functional synapse 
remodelling. Moreover, they interact with neu-
rons and modulate their signal transmission [65, 
123]. Besides, they seem to play a key role in the 
aetiology of neurodegenerative disorders and, 
consequently, have been proposed as new targets 
for the diagnosis and treatment of important neu-
ropathologies such as Alzheimer’s disease, amy-
otrophic lateral sclerosis, and Parkinson’s 
disease.

Pericytes are important contributors to the 
structure and function of the neurovascular unit 
as well, being actively involved in both CNS 
homeostasis and pathology of neurological disor-
ders, including Alzheimer’s disease, multiple 
sclerosis, or spinal cord injury, among others. 
These cells are found encased within the base-
ment membrane. They are basic for maintaining 
the BBB integrity, and promoting neuroinflam-
mation and neurorepair. Some roles of pericytes 
include: acting as immune system promoters 
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with their ability to clear up cellular debris, trans-
migration of immune cells through BBB, boost-
ing the activities of CNS glia, regulating tight 
junction formation and endothelial transcytosis, 
or contributing to maturation of oligodendro-
cytes. Inversely, they can propagate neuroinflam-
mation and promote injury, impairing regenerative 
processes [32].

On the other hand, neurons are the core con-
stituent of the brain and are crucial for the main-
tenance of its function. In general, neurons have 
the specific function to transmit electrochemical 
signals, and can differ according to their mor-
phology, location, function (motor, sensory), or 
effect (excitatory, inhibitory) [359]. Neuronal 
alterations, such as loss of structure or function, 
are considered to play a key role in the aetiology 
of certain neurodegenerative diseases as well 
[337].

Due to their special physicochemical proper-
ties, such as small size and large surface area, 
ION can cross the BBB and accumulate within 
the brain, and may cause neurotoxicity after 
reaching the nervous system [173, 176, 333]. 
Once ION have crossed the BBB, they can inter-
act with neurons, astrocytes and microglial cells, 
which can induce or trigger a succession of dis-
ruptions in the neurological system (oxidative 
stress, DNA and/or mitochondrial damage, and 
inflammation), thus increasing the potential risks 
of neurotoxicity [49, 62]. Neurotoxicity of ION 
has raised special concern in the last decade 
because their uses in the diagnosis, monitoring 
and treatment of CNS disorders may be a promis-
ing, although unexplored via for new therapies 
for neurodegenerative diseases [135].

The raising concern about the effects on 
human brain cells derived from ION exposure 
makes in vitro studies crucial to initially evaluate 
their potential risk for the CNS cells, from neu-
rons to glial cells [77, 200]. Nevertheless, nowa-
days the studies collected in the literature 
addressing their possible toxic effects in the CNS 
are still scarce and, in many cases, contradictory 
[41]. The use of primary human cell culture mod-
els, although more representative, is limited, as 
differentiated nervous cells are difficult to obtain, 
have a limited proliferating capacity in culture, 

and present ethical constraints. The use of 
standardized cell line stocks have the advantages 
of the proliferative potential of an immortal can-
cer cell line and its high efficiency in culture, 
combined with ability to be differentiated to cells 
that can then be used in functional assays [333].

13.6	 �Cellular Uptake

The actual entry of nanoparticles into the cells 
should be verified prior to toxicity evaluation. 
The extent of cellular toxicity of any nanoparticle 
depends on its cellular internalization efficiency. 
The compatibility of ION relies on their interac-
tion with healthy cells, in such a way that ION 
will accelerate or retard the growth phase of the 
cells under living conditions [239]. As it is repre-
sented in Fig. 13.4, nanoparticles may be incor-
porated by cells mainly via passive diffusion, or 
actively by clathrin-mediated endocytosis, 
caveolae-mediated endocytosis, phagocytosis, or 
micropinocytosis [167]. After nanoparticles pass 
through the cell membrane by active absorption, 
they are generally encapsulated in intracellular 
vesicles/early endosomes, and then are located in 
the early or late lysosomes as the vesicles mature 
[167]. Sometimes, they might be endocytosed 
upon pinocytosis. Alternatively, they may also be 
transported through the cytosol to the endoplas-
mic reticulum via caveosomes, or by means of 
transcytotic processes. Besides active uptake, 
smaller nanoparticles may also cross the plasma 
membrane by passive diffusion [208]. From the 
cytosol they may then gain access to subcellular 
compartments or organelles, e.g., nucleus and 
mitochondria [348].

Cellular uptake of ION, speed and the endo-
cytic mechanisms associated, are highly depen-
dent on the nanoparticle size, surface coating, 
charge, shape, or other factors like cell type, cell 
surface status, differentiation state, external 
forces, protein or lipidic binding (corona), tem-
perature, and biological medium [48, 51]. All 
these physicochemical interactions, kinetics, and 
thermodynamic exchanges that occur between 
nanoparticle surface and the biological environ-
ment (for example binding to proteins, mem-
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branes, phospholipids, endocytic vesicles, 
organelles, DNA, and biological fluids) lead to 
the formation of a corona, a dynamic interface 
which significantly influences the fate and behav-
iour of the ION in the body [48, 129]. The effi-
cient cell uptake of ION in different tissues makes 
them especially appropriate tools for theranostic 
applications such as MRI, induced magnetic 
hyperthermia, or drug delivery systems, but it 
also predisposes target organs (for example, the 
CNS) to its possible adverse outcomes.

Almost every type of nanoparticle has a spe-
cific mechanism of entry into the cell, as a result 
of its specific physicochemical properties, the 
adsorption of serum proteins on the surface, the 
cell type involved, etc. [6, 48]. To date, there is no 
standardized and validated method for evaluating 
the internalization of ION, since the choice of a 
certain method depends mainly on the parameter 
to be measured, the analytical devices available 
and their limitations, the type of ION employed, 
and the biological milieu where it is analysed. 

Therefore, although it is not possible to recom-
mend a specific technique for all cases, it is nec-
essary to consider the limitations of the selected 
system to correctly interpret the results obtained 
[51]. As evidenced by studies found in the litera-
ture, physicochemical properties of nanoparti-
cles, such as size, shape, core composition, and 
surface coating and/or functionalization, play a 
key role in the way they interact with cells, 
including internalization, intracellular fate, and 
induction of cellular response, questions that may 
also require different analytical methods [73].

A commonly used method for studying ION 
cellular uptake and its presence within cells is to 
directly quantify intracellular iron using the fer-
rozine method. By means of this technique, it 
has been shown that the cellular uptake of posi-
tively charged ION was increased as compared 
to the anionic ones, and absorption was even 
40-fold higher than for neutrally charged ION 
[51]. Other analytical techniques for ION uptake 
quantification are diverse and may include spec-

Fig. 13.4  Schematic representation of possible mecha-
nisms by which nanoparticles may enter the cell and cel-
lular compartments. From left to right, nanoparticles may 

be taken up by cells by passive diffusion, clathrin-
mediated endocytosis, caveolin-mediated endocytosis, 
phagocytosis, or micropinocytosis
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troscopic and imaging methods. For instance, 
inductively coupled plasma (ICP)-based spec-
troscopic techniques, including optical emission 
spectrometry (ICP-OES) or mass spectrometry 
(ICP-MS), can provide elemental composition 
quantification [73]. Also, high resolution ana-
lytical methods widely used for nanoparticle 
uptake assessment, which can provide an ade-
quate quantification of absolute nanoparticle 
number into the cell, include electron micros-
copy (EM) techniques [e.g., transmission 
(TEM), scanning (SEM), or focused ion beam 
(FIB-SEM)]. An EM micrograph provides the 
signal of electron dense nanoparticles and the 
biological context which requires interpretation 
prior to quantification [51]. Therefore, com-
puter-assisted counting is often not an option. 
With increased human intervention in the inter-
pretation, observer expectancy effects may 
affect the accuracy [73].

On the other hand, fluorescence-based quanti-
tative techniques are highly sensitive methods. 
They require an intrinsic fluorescence signal 
from the ION or artificial fluorescence tags, 
allowing ION detection and quantification by 
fluorescence spectroscopy, fluorescence imaging 
techniques, or flow cytometry [73]. Among them, 
one of the most sensitive and rapid methods to 
determine cellular uptake of nanoparticles, is 
flow cytometry (FCM) [51], and fluorescence 
detection is not necessary. In FCM, individual-
ized cells pass through a flow-cell where a laser 
irradiate them; then a detection unit collects the 
signals emitted by each cell in the appropriate 
detectors. Forward scatter (FSC) light is used to 
determine cell size or volume, while side scatter 
(SSC) is a measure of complexity [268]. 
Integration of all FSC and SSC signals analysed 
allows to interpret whether the cells contain 
nanoparticles (Fig.  13.5). In the FCM analysis, 

Fig. 13.5  Flow cytometry analysis of cellular nanoparti-
cle uptake. (a) light scattering by a cell in the absence of 
nanoparticles, (b) nanoparticles adhere to the cell surface, 
leading to an increase in forward scatter (FSC) and side 
scatter (SSC), (c) nanoparticle internalization by the cell, 

leading to an increase in SSC but not in FSC, (d) FSC/
SSC dot plot from flow cytometry analysis of cells not 
exposed to ION, (e) FSC/SSC dot plot from flow cytom-
etry analysis showing a high proportion of cells with inter-
nalized nanoparticles (R2)
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ION which are only adhered to the cellular mem-
brane but are unable to internalized, lead to an 
increase in both FSC and SSC; while ION uptake 
by the cells leads to an increase in SSC but not in 
FSC.  Signal integration increases sensitivity as 
compared with fluorescence imaging methods, 
but it is not possible to establish the relative loca-
tion of the nanoparticles in the cell [295].

13.7	 �Toxic Effects of Iron Oxide 
Nanoparticles

Nanotoxicity is not only about evaluating the 
safety of exposure to nanoparticles for the health 
and the environment. There are many other 
factors that must be considered in an experimen-
tal design to achieve valuable and reproducible 
data, regarding to instrumentation, analytics and 
measuring the response of complex biological 
matrices to nanoparticles [285]. Due to the high 
variability in ION design and their physicochem-
ical properties, they have become exciting tools 
for many biomedical applications. This increased 
handling of ION makes it essential to study their 
potential adverse consequences to cells. 
Moreover, toxicity evaluation is a critical point in 
the development of nanoformulations and, there-
fore, draws considerable attention [93, 122]. The 
biomedical use of ION (e.g., for drug delivery) 
requires to find a balance between optimal bene-

fits of ION application and their potential toxic 
effect [83, 302]. Although information about the 
toxicity of ION continues to increase, a knowl-
edge gap exists due to the lack of a complete toxi-
cological profile of these promising nanoparticles 
for safe use [97] (Fig. 13.6). In general, ION are 
the most preferable nanomaterials in medical sci-
ences, due to their excellent physiochemical 
properties and features of minimal toxicity, 
mostly based on negative results obtained in 
cytotoxicity studies [190, 223]. However, these 
results are not always comparable or validated 
(different dose range, different cell lines, variable 
culture conditions, method/protocol, tissue sus-
ceptibility), and they do not ensure that a slight 
cytotoxicity may not entail additional risks from 
ION exposure [309]. For in vivo uses, ION must 
not be toxic to the cells at doses suitable for mag-
netic targeting or other biomedical applications. 
Previous studies described excellent biocompati-
bility and biodegradability of ION, together with 
low or no toxicity when doses remain below 
100 μg/ml [159]. However, physiological signifi-
cance of the doses tested in vitro need to be care-
fully considered, since several in vivo studies 
revealed that ION, both naked and differently 
coated, may induce adverse effects through dif-
ferent mechanisms, even at low concentrations 
(reviewed in Revia and Zhang [252]). For 
instance, the dose range of ION (ferucarbotran, 
Resovist®) required for clinical MRI (0.2–0.8 mg 

Fig. 13.6  Literature review on ION studies evaluating dif-
ferent cytotoxicity outcomes up to the end of 2019. MTT: 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide assay; LDH lactate dehydrogenase assay, MMP 
mitochondrial membrane potential. (Source: PubMed)

N. Fernández-Bertólez et al.



323

Fe/kg body weight) [250] is roughly equivalent 
to a range of ION concentrations between 2.5 and 
10  μg/ml, which correspond to low concentra-
tions commonly evaluated in most in vitro studies 
reviewed in this chapter. Moreover, standards to 
determine the toxicity of nanoparticles must be 
clearly defined [124], and it has been suggested 
that terms like “biocompatibility” should be 
reappraised [282]. Several studies carried out so 
far indicate that ION exposure can induce differ-
ent harmful cellular effects that include: 
decreased mitochondrial activity, actin cytoskel-
eton modulation, ROS-mediated increase of oxi-
dative stress, inflammation, disturbance in iron 
homeostasis, alteration of signalling pathways 
activation, cell cycle regulation impairment, indi-
rect and direct DNA damage, and dysregulation 
of gene expression profiles of living systems 
[190, 224, 309].

13.7.1	 �Cytotoxicity

Cell membrane, a bilayer of phospholipids, phys-
ical delimits and isolates the cell from the extra-
cellular environment, and its integrity determines 
cell viability. Additionally, membranes separate 
different intracellular functional compartments 
(i.e., mitochondria, reticular endothelial system, 
lysosomes, nucleus, etc.). Membrane permeabil-
ity facilitates the selective exchange of mole-
cules, ions or nanoparticles between cells and/or 
intracellular organelles [314]. Model lipid bilay-
ers are commonly used in nanotoxicology to 
investigate the nanoparticle interactions with bio-
logical membranes [160]. Membrane stability or 
metabolic activity can be affected by nanoparti-
cles either directly (i.e., physical damage) or 
indirectly (e.g., by oxidation) which can lead to 
cell death. One could say that the generation of 
ROS may indeed be one of the main causes of 
ION-related cytotoxicity [224], so physicochem-
ical properties of nanoparticles seem to play a 
key role as inductor of changes in membrane 
morphology and stability [82]. ROS can damage 
cell and/or organelle membrane. Membrane dys-
function facilitates the release of Ca2+ and cyto-
chrome c from mitochondria, inducing apoptosis. 

The damage of organelle membrane allows iron 
release, coming from lysosomes and 
mitochondria, and it accumulates in the cytosol, 
leading to iron-mediated cytotoxicity [93]. The 
selective permeability of membranes and their 
transport mechanisms enable, on one hand, to 
control cellular homeostasis but, on the other 
hand, it makes them a vulnerable objective for 
the possible damage caused by ION.  Surface 
properties of nanoparticles (e.g., charge, surface 
coating and morphology) notably influence the 
way ION interact with membranes and thus the 
uptake efficiency and the final fate of ION within 
the cells [309]. For example, positively charged 
nanoparticles increased interactions with primar-
ily negatively charged biological surfaces and 
molecules; or anisotropic morphology or rod-
shaped nanoparticles were shown to be taken up 
less efficiently, but once internalized, they exhibit 
significant cellular effects [285]. Nanoparticle 
size plays also a significant role, since it affects 
the surface pressure and the adhesion forces 
[227]. Generally, decreasing the particle size 
increases the amount of cellular uptake and con-
sequently the associated cytotoxicity [285]. 
Research has shown that different nanomaterials 
(between 1 and 22  nm diameter), can damage 
membranes by various processes leading to a 
compromise of membrane integrity and stability, 
as well as to the formation of nanosized holes, 
which bring about loss of cellular viability [104, 
255].

Once ION enter the cell, they can potentially 
cause leakage of cellular components or block-
age of cell membranes, leading to adverse cell 
proliferation, viability and metabolic alterations, 
and it might also affect nuclear activities [190].

Most in vitro studies evaluating cytotoxicity 
were performed on different cell lines exposed to 
ION in a wide diversity of experimental condi-
tions. Commonly used toxicological assays for 
evaluating cytotoxicity include: cell viability 
tests such as the 3-[4,5-dimethylthiazol-2-yl]-2,5 
diphenyl tetrazolium bromide (MTT) assay based 
on mitochondrial functionality; the lactate dehy-
drogenase (LDH) assay, indicative of cell mem-
brane integrity; cytoskeleton alterations testing; 
oxidative stress evaluation (quantification of total 
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ROS and superoxide anion production); mito-
chondrial membrane potential (MMP) assay, or 
cellular oxygen consumption assessment to test 
mitochondrial impairment; spectrophotometric 
iron ion release quantification; cell death induc-
tion (apoptosis and necrosis); FCM analysis of 
cell cycle alterations, etc. [223, 224] (Fig. 13.7).

Currently, ION with both magnetite and 
maghemite cores have already been approved for 
clinical use as MRI contrast agents [8, 37, 63]. 

After reviewing the available literature, some 
contradictions have been found in a large number 
of studies regarding the cytotoxic effects of ION, 
since interpretation of outcomes and drawing 
conclusions strongly depend on surface proper-
ties of ION and experimental conditions, such as 
ION dosage tested, exposure time and/or cell 
type evaluated [154, 206]. For example, a study 
using the MTT assay showed that biotinylated 
ultra-small superparamagnetic ION (5  mg/ml) 

Fig. 13.7  Schematic diagram describing the main ION-
mediated cellular toxic effects. (a) Cells take ION up 
mainly by endocytic processes, although passive diffusion 
of ultrasmall nanoparticles through cell membrane may 
occur. Once inside the cell, ION may lead to different cel-
lular toxic effects, including (b) lysosomal damage/dys-
function, high nanoparticle degradation, and iron ion 
release in the acidic lysosomal environment; however, 
free ION in the cytoplasm can also produce low quantities 
of iron ions, (c) impaired mitochondrial function leading 
to cell death by apoptosis, (d) cell membrane disruption 
(leading to cell death by necrosis) and release of cellular 

components, (e) cytoskeleton alteration, and (f) DNA 
damage and cell cycle arrest. Accumulation of high 
amounts of ION and iron ions in the cytoplasm can pro-
duce (g) direct damage that leads (in fewer cases) to cell 
death by autophagy or ferroptosis, but also indirectly 
through generation of ROS, catalysing Fenton reactions 
mainly in mitochondria. Increased ROS levels would lead 
to protein denaturation, lipid peroxidation, enzyme deple-
tion/inactivation, altered gene and protein expression, 
genetic damage, or iron imbalance, among others, and 
might eventually result in cell death. ION iron oxide 
nanoparticles, ROS reactive oxygen species
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induced higher concentration-dependent cytotox-
icity in mouse brain cells (GL261) than bare ION 
[249]. Other authors observed that J774 murine 
cells exposed for 3 h to 25–200 μg/ml of Tween 
80-coated ION did not present any toxic effect, 
but their viability (by MTT) was drastically 
reduced (55–65%) after 6 h of exposure to 300–
500 μg/ml of nanoparticles [209]. Also, cell via-
bility of glial and breast cancer cells was found to 
be reduced after exposure to 100  μg/ml of 
uncoated Fe3O4 nanoparticles [14]. MCF7 cells 
exposed for 24  h to 0.1–1  mg/ml of γ-Fe2O3 
nanoparticles coated with bis(p-sulfonatophenyl)
phenylphosphine)-methoxy polyethylene glycol-
thiol (mPEG) showed higher viability than cells 
exposed to bare γ-Fe2O3 nanoparticles [303], and 
the viability of CHO-K1 cells exposed for 72 h to 
differently sized (50 and 100  nm) PEG-coated 
ION was found to be higher than the one observed 
with aminated-coated ION treatment (1–1000 μg 
Fe/ml) [114].

Other works reported moderate or slight time- 
and concentration-dependent decreases in viabil-
ity of L-929 fibroblast after 100–400  mM 
PVA-coated ION exposure [187]; of human alve-
olar epithelial A549 cells treated with 40 μg/cm2 
maghemite but not for magnetite nanoparticles 
[132]; or of Vero cells after exposure to concen-
trations greater than 2500  μg/ml of Fe2O3 and 
Fe3O4 during 24 h [296]. However, in most cases 
ION exposure did not lead to any significant 
cytotoxicity, e.g., 0.5–50 μg/ml silica-coated ION 
for human monocyte-derived primary macro-
phages, in terms of mitochondrial disfunction or 
cell death induction [155]; or in terms of cell 
viability (by MTT) for exposure up to 400 μg/ml 
of PEG-coated ION for human mammary cells 
[366]; up to 6  μM of Fe3O4 nanoparticles for 
HepG2 cells [24]; or positively and negatively 
charged ION coated with aminosilane for bEnd.3 
nervous cells at concentrations up to 200 μg/ml 
[293]. In addition, no toxic effects were observed 
in L-929 mouse fibroblasts treated with doses 
between 400 and 1600 mM of ION coated with 
poly(ethylene glycol)-co-fumarate [188], and 
exposed to 0.1–2 mg/ml of ION coated with acry-
pol [272], with chitosan [273] or with oleic acid 
[221].

Han et al. [112] suggested that ION concen-
tration influences cytotoxicity more strongly than 
any nanoparticle physicochemical property like 
size or surface coating, since they observed a 
dose-dependent reduction in L-929 fibroblasts 
viability (by water-soluble tetrazolium salt pro-
liferation assay, WST-8) after exposure to 100–
1000 ppm of different size and surface-modified 
ION.  However, other authors have found evi-
dence of the contrary; therefore, the impact of 
size and surface coating agents on the overall tox-
icity of ION, whether through their intrinsic cyto-
toxicity or through their synergetic or antagonistic 
activity with nanoparticles, must be carefully 
considered [1, 115, 122, 146, 209, 253]. For 
example, Zhang et al. [364] observed dose-, time- 
and cell type-dependent cytotoxic effects in ION 
coated (3–100  μM) with six of the 11 agents 
tested in human epidermal keratinocyte cells 
(HaCaT) and pulmonary fibroblast cells (CRL-
1490); whereas cationic substances (ammonium/
amino compounds) with long aliphatic chains 
were especially cytotoxic, the neutral and anionic 
coating agents (sulphur, phosphorous or carbox-
ylic compounds) showed little or no toxicity 
under the tested conditions. In the same way, 
Magdolenova et al. [181] observed that increas-
ing doses (30–75 μg/cm2 ≈  144–360 μg/ml) of 
oleate-coated magnetite ION induced significant 
cytotoxicity (trypan blue exclusion assay) in 
human lymphoblastoid TK6 cells (ruling out 
intrinsic toxicity of sodium oleate), while bare 
magnetite ION were not cytotoxic. Furthermore, 
a comparative study in human cervical cancer 
cells (HeLa) and immortalized human retinal 
pigment epithelial cells (RPE) exposed to 
uncoated Fe3O4 nanoparticles indicated that, 
while high concentrations of bare ION (0.40 mg/
ml) decreased viability in both cells (measuring 
intracellular enzymatic activity with calcein-
acetyoxymethyl assay and membrane disruption 
with ethidium homodimer-1), cytotoxicity 
observed at low concentrations (≤0.20  mg/ml) 
was cell-type dependent [165]. Investigations 
aimed at using 1.5–50 μg/ml ION-labelled stem 
cells in regenerative therapies reported no or low 
cytotoxicity for these nanoparticles [280, 352, 
358]. In addition, no significant cytotoxic effects 
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were found in viability and proliferation of stem 
cells incubated with 1–100 μg Fe/ml of MRI con-
trast agent ferucarbotran (Resovist®), clinically 
approved carboxydextran-coated ION [33, 350], 
or in neural stem cells treated with 0.01–0.2 mg/
ml poly(L-lysine)-coated Fe2O3 ION, compared 
with the commercially available dextran-coated 
ION (nanomag®-D-SPIO) [241]. However, 
numerous studies have shown that ION can actu-
ally trigger multiple effects that would compro-
mise the cellular homeostasis (reviewed in Patil 
et al. [223] and Valdiglesias et al. [310]). Several 
reports have evaluated cytotoxicity caused by 
bare and differently coated ION (maghemite and 
magnetite) exposure, linking this effect to mito-
chondrial dysfunction due to membrane physical 
damage or membrane depolarization [31, 56, 
128, 132, 141, 261, 279]; to dose- and time-
dependent ROS production [31, 97, 114, 121, 
141, 162, 209, 269, 279, 356]; or to inactivation 
of antioxidant enzymatic systems, glutathione 
depletion, and oxidative stress generation [4, 26, 
78, 89, 97, 125, 169, 326, 363]. Other forms of 
cytotoxicity reported after ION exposure include 
cell cycle alterations [20, 158, 231, 334], cyto-
skeleton alterations [61, 335, 336], disruption of 
mitochondrial membrane potential [78, 140, 261, 
279], plasmatic membrane impairment [245, 
327], apoptosis/necrosis [5, 28, 145], autophagy 
[74, 265, 275], and decreases in cell integrity or 
viability [18, 59].

13.7.1.1	 �Cell Cycle
As a consequence of much of the cellular damage 
previously described in different cells exposed to 
ION, an adaptation of cellular responses can 
occur, such as the activation of signalling path-
ways that regulate cell growth, proliferation and 
survival (mainly phosphatidylinositol 3-kinase 
(PI3K)/AKT pathway, and mitogen-activated 
protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) pathway) [47], leading to 
an alteration of cell cycle progression [223]. The 
type and phase of cell cycle arrest seem to be 
dose-dependent: the higher ION concentration 
(≈40 μg/ml), the greater induced cellular dam-
age, which leads to arrests in both S and G2/M 
phases, while low concentrations (≤20 μg/ml) of 

nanoparticles generally lead to a G0/G1 phase 
arrest [136]. Particularly, 60  μg/ml 
dimercaptosuccinic acid modified ION (DMSA- 
Fe3O4) induced G2/M phase cell cycle arrest and 
apoptosis in human RPMI-8226 cells, indicative 
of the presence of hardly repairable DNA dam-
age [50]. The same was observed in human colon 
HT29 cells treated with concentrations between 
0.2 and 0.4 μM of ION conjugated with doxoru-
bicin [20], in leukaemia cells exposed to 100 μg/
ml amino-functionalized ION [174], and in rat 
pheochromocytoma cell line (PC12) treated with 
25–200  μg/ml magnetite nanoparticles [334]. 
Similarly, dose- and time-dependent S phase 
arrest was found in cell cycle FCM analysis of 
human A172 glial cells exposed to 5–100 μg/ml 
oleic acid-coated and silica-coated magnetite 
[87, 90]; pronounced amount of cells in G0/G1 
peak was obtained in A549 lung cells treated with 
80–320  μg/ml magnetite [147], and in human 
mesenchymal stem cells exposed to 50 and 
200 μg/ml Fe3O4 nanoparticles [231], both asso-
ciated with a significant increase of cells in sub-
G1 phase as well. Moreover, dose- and 
time-dependent cell cycle arrest and apoptosis-
mediated cell death was reported by Tan et  al. 
[297] in human colorectal cancer (HT-29) cell 
line treated with phytic acid-chitosan-iron oxide 
nanocomposite (22.5, 45, and 90 μg/ml), and by 
Královec et al. [150] in human HK-2 renal cells 
exposed to Fe3O4 coated with silica (25 and 
100 μg/ml). However, high doses (≥100 μg/ml) 
of oleic acid-coated ION caused dose-dependent 
increase in G0/G1 phase and decrease in G2/M 
phase of SH-SY5Y neuronal cells only after 24 h 
of exposure [88]. Just slight alterations, at high 
doses (200 μg/ml) and long exposure time (24 h), 
were found in SH-SY5Y cells exposed to silica-
coated ION [142], and at the highest dose tested 
(400  mM) of PVA-coated ION in mouse fibro-
blast cells [187]. Besides, no cell cycle alteration 
was observed at any condition tested after expo-
sure of lung epithelial cells to 5 and 10 μg/ml 
uncoated maghemite nanoparticles [158], of 
human peripheral blood lymphocytes exposed up 
to 100  μg/ml of PAA-coated ION [60], or of 
L929 fibroblast cells to moderate concentrations, 
i.e., 200 mM, of PVA-ION [187].
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13.7.1.2	 �Cell Death
Different types of cell death, including apoptosis, 
necrosis and autophagy, were also found to be 
caused by ION [202]. Previous studies have 
reported ION-induced time- and concentration- 
dependent apoptosis (25–500 μg/ml), for exam-
ple, in murine macrophage cells [209]. The 
treatment with targeted gold-ION (3.0 × 109 par-
ticles/ml) produced time-dependent autophagy 
and apoptosis of human HCC827 lung cancer 
cells [247]. Similarly, 24 h exposure to magnetite 
nanoparticles (1 to 20  μg/ml) caused a dose-
dependent cell death by apoptosis, with corre-
sponding increased levels of DNA fragmentation, 
in rat lung epithelial cells [246]. Cell death by 
apoptosis was also observed in human fibroblasts 
[28] and in hepatic HepG2 cells [5], after expo-
sure to 0.05 mg/ml of bare and dextran-coated, 
and 100  μg/ml of cobalt ION respectively. 
Synergistic effect of non-toxic quantities of che-
motherapeutic agents combined with 60  μg/ml 
dimercaptosuccinic acid-coated ION (DMSA-
Fe3O4) have been found to induce apoptotic and 
necrotic processes in multiple myeloma RPMI-
8226 cells [50]. Moreover, long-term (24–72 h) 
exposure to 10  μg/ml maghemite nanoparticles 
promoted dose-dependent oxidative stress and 
necrosis in human endothelial cells [113], and 
both apoptosis and necrosis in myocardial cells 
after recurrent exposure of mice to 50  mg/kg 
Fe2O3 nanoparticles [192]. Besides, necrosis was 
reported in human embryonic kidney cells and in 
mouse macrophage cells treated both with doses 
above 50 μg/ml of graphitic carbon-coated ION 
[145], and Fe2O3 nanoparticles [162], 
respectively.

Autophagy was reported in breast cancer cells 
[367], in osteosarcoma cells [74], in human A549 
lung cells [141], and in human blood cells [275] 
treated with Fe3O4 nanoparticles doses from 
100 μg/ml or higher. The results obtained in some 
studies suggest that the induction of cell death by 
autophagy after exposure to ION could precede 
apoptosis [219], which would subsequently occur 
as a consequence of an excessive intracellular 
accumulation of nanoparticles [74].

Knowledge on the kinetics of ION degrada-
tion has been essential in the frame of recent 

discovery of an iron-dependent cell death mecha-
nism termed ferroptosis [42, 98]. The iron-
catalysed ROS production through the Fenton 
reaction, and consequent oxidative stress genera-
tion, may play a key role in this iron-induced cell 
death [81, 254]. Therefore, ferroptosis as a novel 
and different form of ROS-mediated programmed 
cellular death, might be involved in metabolism 
and redox signalling, but also in diverse patho-
logical conditions, such as neurodegeneration, 
immunity, ischemia injury, and cancer [98]. For 
instance, after injected mice 5 mg/kg of gadolin-
ium oxide-magnetite hybrid nanoparticles evalu-
ated for brain tumour therapy, they were found 
able to cross the BBB and release Fe2+ and Fe3+ 
from the magnetite after endocytosis, that can 
directly accelerate Fenton reaction, leading to 
death of cancer cells by ferroptosis [271].

13.7.2	 �Genotoxicity

Several in vitro research works assessed the toxic 
effect on genetic material derived from ION 
exposure [71, 149, 311]. Upon internalization, 
ION can induce genotoxicity directly, through 
their binding to DNA structure or whole chromo-
somes, or indirectly, through the generation of 
ROS and/or the release of iron ions from their 
surface to the cytoplasm, inducing oxidative 
damage and DNA breaks [97]. Moreover, indi-
rect primary genotoxicity can be the consequence 
of interactions between ION and proteins 
involved in the cell cycle progression, DNA 
repair, replication and correct chromosome seg-
regation [107, 285]. Some of the ION genotoxic 
effects reported in different cell systems included 
DNA strand breaks, both single and/or double 
[30, 103, 115, 142, 150, 181, 319], and 
micronuclei (MN) induction [283] (Fig.  13.8). 
The most commonly used methods for evaluating 
genetic damage are the single-cell gel electro-
phoresis (SCGE) or comet assay (which detects 
single- and double-strand breaks, alkali-labile 
sites, crosslinks and incomplete excision repair 
sites) [133]; the cytokinesis block micronucleus 
(CBMN) assay [86] and the MN test by FCM 
(frequency of micronucleated cells) [21, 43]; the 
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H2AX phosphorylation assay (which detects 
double-strand breaks) evaluated either by FCM 
or by immunochemistry [183], the chromosomal 
aberration test (for structural chromosomal 
abnormalities) [170], and the bacterial reverse 
mutation test or Ames test (for mutagenic poten-
tial) [106].

For example, in two studies using 20–200 μg/
ml of naked or differently coated (D-mannose or 
poly-L-lysine) ION, dose-dependent induction of 
DNA breaks (analysed by the comet assay) was 
reported in murine neural stem cells, regardless 
of surface coating [241]. Also, 10–100 μg/ml of 
uncoated maghemite induced DNA damage and 
chromosomal aberrations in human lymphocytes 
in a dose dependent manner [245]. In agreement 
with these studies, Cicha et al. [55] found a sig-
nificant increase of phosphorylated H2AX levels 

in human primary tubular epithelial cells treated 
with 0.1 μg/ml lauric acid-coated ION function-
alized with mitoxantrone. Moreover, some other 
studies reported significant genotoxic outcomes 
(comet assay) induced by 200–1000  ppm of 
(3-aminopropyl) trimethoxysilane (APTMS)-, 
tetraethyl orthosilicate (TEOS)-APTMS, or 
citrate-coated magnetite nanoparticles in murine 
L-929 fibroblast cells [112]; by 25–100 μg/ml of 
polygonal shaped nanomagnetite in both lung 
epithelial A549 and skin epithelial A431 cells 
[4]; and by 10 and 50 μg/cm2 of αFe2O3 (hema-
tite) nanoparticles in IMR-90 lung fibroblasts and 
BEAS-2B bronchial epithelial cells as well [29]. 
Similarly, significantly increased DNA damage 
and MN frequency were found in A549 alveolar 
cells exposed to doses above 50  μg/cm2 of 
uncoated Fe3O4 nanoparticles [146], and in doses 

Fig. 13.8  Reported ION-induced genotoxic effects. ION 
may cause DNA damage through (a) direct interaction 
with the DNA structure, or (b) by triggering the oxidative 
radical generation that in turn have the potential to indi-
rectly cause DNA damage, mainly through base oxidation 

(mostly 8-hydroxydeoxyguanosine). Consequently, ION 
exposure may induce (c) either clastogenic or aneugenic 
effects such as single-strand breaks, double-strand breaks, 
DNA adducts, gene mutations, chromosome aberrations, 
or micronuclei formation
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between 5 and 10 μg/ml of dextran-ION exposed 
human hepatoma (HepG2) cells [266]. Raises in 
primary and oxidative DNA damage, measured 
by comet and enzyme-modified comet assays, 
were obtained in human lymphoblastoid TK6 
cells and primary human leukocytes exposed to 
concentrations above 140 and 56 μg/ml respec-
tively of oleate-coated nanomagnetite [181], and 
also in liver and kidney tissues after exposing 
mice to 20 and 40 mg/kg magnetite nanoparticles 
[351]. Fe3O4 nanoparticles (0.1–0.4 mM), regard-
less of the different coatings, were able to induce 
significantly increased levels of DNA breakage 
in A549 cells but not oxidative damage [199]. 
Dextran-coated γFe2O3 nanoparticles (4–100 μg/
ml) were observed to induce dose-dependent 
increases in MN frequency of human MCL5 lym-
phoblastoid cells [283]. CuFe2O3 nanoparticles 
only at the highest concentration tested (100 μg/
ml), also caused an increase in MN rate in HepG2 
cells [2].

Opposite to these findings, studies showing 
negative results for ION genotoxicity are more 
frequent. Magdolenova et al. [181] demonstrated 
absence of negative effects on the DNA of human 
lymphoblastoid TK6 cells treated with doses up 
to 135  μg/ml of uncoated nanomagnetite, and 
Paolini et  al. [217] reported no genotoxicity or 
carcinogenicity on mouse fibroblast Balb/c-3 T3 
cells exposed 7 weeks to doses up to 300 μg/ml 
of rhamnose-coated magnetite nanoparticles. 
Similarly, no significant chromosome aberrations 
were described in human T-lymphocytes after 
treatment with up to 100  μg/ml of polyacrylic 
acid-coated and uncoated nanomagnetite [60]. 
Some other works showed negative genotoxicity 
results (i.e. no induction of primary DNA dam-
age and/or no increase in MN frequency) in many 
cell types exposed to different ION [19, 110, 131, 
132, 283, 284, 362]. Two independent studies 
also evaluated the in vivo mutagenic potential of 
ION in animals [up to 3000 μmol Fe/kg of AMI-
25 ION, 150-fold the dose proposed for MRI of 
the liver [331], and very high-dose levels 
(17.9  mg Fe/kg/day), more than 150-fold the 
human dose of ferumoxtran-10 [38]] by means of 
the Ames test, obtaining negative results as well.

Due to the relatively recent development of 
nanotechnology, in vivo and epidemiological 
studies on potential genotoxic effects of ION are 
scarce nowadays. The existing information on 
ION-mediated genetic damage is largely based 
on in vitro studies with (human) cell lines [237]. 
The results obtained in genotoxicity in vitro stud-
ies are usually not easy to extrapolate to in vivo 
conditions, since their limited and specific exper-
imental conditions, tend to overestimate the 
effects that occur in vivo. However, they are use-
ful for screening purposes and mechanistic stud-
ies [57]. Although in vivo genotoxicity studies 
are pricey, time-consuming and involve ethical 
issues and complex methods (for example, toxi-
cokinetics assessment), they have the advantage 
over in vitro tests of giving a more realistic esti-
mation of the nanoparticle effect in the body 
[107]. Although there are few in vivo studies in 
the literature on the genotoxic effects of ION, 
those available provide important information on 
their biological applicability and on their poten-
tial in vivo genotoxicity. Specifically, Yang et al. 
[351] exposed Kunming mice to Fe3O4 nanopar-
ticles (5–40  mg/kg/day) through intraperitoneal 
injection, in order to determine the safe dose 
range for medical use. Results showed that ION 
are easily able to cross the intestinal barrier and, 
although they mainly accumulate in kidneys, 
liver, spleen, heart and bone marrow, exposure 
did not cause genotoxicity in leucocytes (anal-
ysed by the comet assay), chromosomal aberra-
tions in bone marrow cells, or MN in any of the 
cell types mentioned. Several studies evaluating 
the MN frequency in bone marrow cells from 
mice in vivo exposed to ION also showed contra-
dictory results; while some authors obtained pos-
itive results for doses about 1.6 × 1016 particle/ml 
(≈ 5 × 1017 particles/kg) [95, 257], other reported 
no genotoxic effects for doses up to 2.3  ×  1017 
particles/ml (≈ 5 g ION/kg) [38, 85, 336].

Hence, given the general lack of consistence 
in the available results from in vitro and in vivo 
studies on ION genotoxicity, even at similar 
doses, additional research is necessary to define 
the specific mechanisms and conditions underly-
ing their effects on the genetic material.
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13.7.3	 �Neurotoxicity

In recent years, ION are awakening special inter-
est, due to their ability to cross the BBB and thus 
access the nervous tissue [291]. For this reason, 
they have been proposed as solid candidates for a 
wide variety of biomedical applications in the 
CNS, such as the study, diagnosis and treatment 
of various neurological disorders, for example, 
brain cancer, Parkinson’s, Alzheimer’s, and 
Huntington’s disease, multiple sclerosis, amyo-
trophic lateral sclerosis, epilepsy and ischemic 
stroke [205, 263, 298]. Once ION bypassed the 
BBB, nanoparticles can interact with neurons and 
glial cells and induce or trigger a series of disrup-
tions (inflammation, oxidative stress, DNA and/
or mitochondrial damage and cell death), thereby 
increasing the potential risks of neurotoxicity 
[49]. The main pathways ION can use to access 
the nervous system are by oral [130, 284, 357], 
pulmonar [156, 270, 323], intravenous [62, 148, 
263, 301, 365], and intraperitoneal [53, 143] 
administration. In addition to the systemic path-
ways, ION can directly translocate to the brain 
through olfactory nerves after intranasal instilla-
tion [325, 338, 343]. ION administered as a con-
trast or therapeutic agent (intravenously or 
intraperitoneally), can be magnetically targeted 
to the specific site of action, leading to improved 
absorption of the agent into the target nerve tis-
sue. This means an improvement in the treatment 
efficacy with the minimum dose and, therefore, 
to the reduction of ION possible adverse effects 
on CNS [135, 291]. Therefore, the accessibility 
that makes ION especially useful for the afore-
mentioned medical purposes, also poses a poten-
tial risk to the wellbeing and safety of the nervous 
system. Consequently, in animal in vivo studies, 
issues such as the exposure effects on nervous tis-
sue physiology or behaviour are key parameters 
to pay particular attention to [333]. Recent stud-
ies reported that neurotoxicity of ION is dose-
dependent, due in part to the release of iron ions, 
leading to the generation of ROS and increased 
oxidative stress. Given the high vulnerability of 
the CNS to oxidative stress, imbalance of iron 
homeostasis in the brain often leads to brain neu-
rodegeneration, and this is precisely the main 

mechanism known for ION toxicity induction 
[353].

To date, most studies on the potential neuro-
toxicity induced by ION, both naked and differ-
ently coated, have been carried out mainly in 
nerve cells of animal origin, e.g., mouse c17.2 
neural progenitor cells [288], chick cortical neu-
rons [253], primary rat cerebellar granule neu-
rons [233], primary cultured brain microglial 
cells [177, 235], primary and secondary rat astro-
cytes [232], rat oligodendroglial OLN-93 cells 
[234], and PC12 rat cells [68, 334, 338]. Although 
to a lesser extent, human cells have been also 
tested for that aim, i.e., SH-SY5Y neuroblastoma 
cells [88, 127, 142], brain-derived endothelial 
cells [138, 139], and A172 astrocytes [87, 90].

Hence, despite the considerable amount of 
studies addressing the in vitro neurotoxicity of 
ION in animal cells, there is scarce research on 
the potential risk of human nerve cell exposure to 
these nanoparticles. For instance, in a compre-
hensive in vitro comparative study using human 
SH-SY5Y neurons and A172 astrocytes exposed 
to magnetite nanoparticles coated with silica and 
oleic acid (doses from 10–200 μg/ml for neurons, 
and 5–100  μg/ml for astrocytes), Fernández-
Bertólez and colleagues demonstrated that the 
silica-coated ION showed less cytotoxicity (in 
terms of viability, membrane integrity, cell cycle 
alterations and cell death induction), and slightly 
lower genotoxic effects (mainly primary DNA 
damage assessed by comet assay) than the oleic 
acid-coated counterpart, unrelated to double-
strand breaks or chromosomal alterations (by 
MN test). None of the observed toxic effects of 
oleic acid-coated ION was related to the release 
of iron ions from the nanoparticle surface. 
Therefore, silica-coated ION appear to be more 
biocompatible than oleic acid-coated ones for the 
nervous system cell lines evaluated. Furthermore, 
although astrocytes were shown to be more sensi-
tive than neurons to the ION-induced toxic 
effects, regardless of surface coating, there were 
no alterations in their DNA repair capacity in the 
presence of any of the nanoparticles (analysed by 
DNA repair competence assay) [59, 87, 88, 90, 
142]. In addition, it was shown that exposure to 
these ION generated dose-dependent intracellu-
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lar ROS production, which consequently led to a 
parallel induction of oxidative DNA damage 
(measured by enzyme-modified comet assay) in 
both cell types [89]. Another recent study showed 
that short and long-term exposure of D384 astro-
cytes (≥25  μg/ml after 4  h and 1  μg/ml after 
48  h), and SH-SY5Y neurons (10  μg/ml after 
48 h only) to Fe3O4 nanoparticles affects cellular 
proliferation and generates cytotoxicity, lower in 
the later cell type. A dose- and time-dependent 
accumulation of ION in D384 astrocytes affected 
mitochondrial function but not membrane integ-
rity [56]. Similarly, Imam et  al. [127] reported 
that exposure of SH-SY5Y human neuroblas-
toma cells to differently sized Fe2O3 nanoparti-
cles (2.5–40  μg/ml) caused cell-proliferation 
inhibition, a significant reduction of mitochon-
drial activity, and a dose-dependent increase in 
ROS. Confirming these results, the study carried 
out by Askri et al. [17] with the same ION and 
cell type observed that the differently sized 
maghemites (12.5–200 μg/ml) induced size- and 
concentration-dependent uptake, detachment and 
cell morphological changes (determined by cyto-
skeletal affectation), and decreased cell viability. 
Doses higher than 50 μg/ml of Fe2O3 nanoparti-
cles also produced slight genotoxic damage (ana-
lysed by modified comet assay) without 
increasing ROS generation.

On the other hand, the amount of in vivo stud-
ies on potential neurotoxicity of these nanoparti-
cles is quite restricted. In the review performed 
by D’Agata et al. [62], the authors observed that 
the in vivo exposure of different types of nerve 
cells – human, mice and rats – to uncoated and 
differently coated maghemite or magnetite 
nanoparticles (dose range tested between 17 and 
140 μg/ml), did not produce relevant toxic effects, 
maintaining a high or invariable viability, normal 
mitochondrial activity, reduced cell death, unal-
tered BBB permeability, and absence of brain 
immune response. Most in vivo studies on ION 
neurotoxicity employed rats as experimental 
model. For instance, Kumari et al. [153] observed 
irritation and dullness in Wistar rats after 28 days 
of 30–1000 mg Fe/kg oral daily administration of 
ION (maghemite). Besides, ION exposure could 
affect synaptic transmission and nerve conduction 

in exposed animals, since a significant dose-
dependent inhibition of total ATPases in the 
brain, and acetylcholinesterase in brain and in red 
blood cells, was obtained. Also, Wu et al. [336] 
detected a regional distribution of magnetite in 
the brain of rats intranasally instilled with 
1.25–5  g Fe/kg for 7  days, with a significant 
induced oxidative damage in striatum but not in 
hippocampus, despite the presence of nanoparti-
cles in both regions resulted particularly high. 
Similarly, different physiological responses, 
including signs of polypnea, exophthalmos and 
mydriasis were observed in Sprague-Dawley rats 
after intravenous treatment of 2.6–13 mg ION/kg 
(ferumoxtran-10), although no psychotropic, 
neurovegetative, or neurobehavioral effects were 
detected [38]. However, in the same animals 
exposed by intraneural injection (sciatic nerve) to 
maghemite and magnetite nanoparticles with dif-
ferent coatings (10–35 mg ION/ml ≈ 0.5–15 mM 
Fe injected), neural inflammation and apoptosis, 
infiltration of immune cells and a neural antioxi-
dant response were observed [144]. The nano-
composite for drug delivery of oleic acid-coated 
magnetite functionalized with the anticancer 
drug daunorubicin (about 15  mg Fe3O4/kg 
injected), can reduce the neurotoxicity of this 
drug in the brain of rats in vivo, suggesting their 
possible application to reduce side effects of can-
cer therapies [346].

Agreeing with these studies in rats, neurotox-
icity of ION has been also reported in mice and 
fish. Intranasal administration of 300–1200 mg/
kg of maghemite nanoparticles induced microg-
lial proliferation, cytokine production, 
T-lymphocyte activation and recruitment, and 
pathological alterations in the olfactory bulb, hip-
pocampus and striatum of mice brain [325]. 
Moreover, mice treated by intragastric adminis-
tration of 600  mg/kg of Fe3O4 nanoparticles 
showed less activity and a slight loss of appetite 
[324]. In zebrafish, intraperitoneal administration 
of 200 mg/kg of magnetite nanoparticles coated 
with dextran caused ION accumulation in the 
brain, leading to apoptosis-mediated cell death 
and acetylcholinesterase inhibition in this tissue. 
Although no alterations in inflammation-related 
gene expression were observed, increased levels 
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of Fe3+ iron and enhanced mRNA levels of cas-
pase 8, caspase 9 and transcriptional factor 
AP-1 in the brain of exposed animals were also 
detected [66].

13.8	 �Conclusions and Future 
Perspectives

Among all nanomaterials, ION are particularly 
interesting mainly in the biomedical field, due to 
their special physicochemical characteristics, 
their apparent biocompatibility, and because they 
exhibit a unique form of magnetism called super-
paramagnetism. The most promising applications 
of ION are as a contrast agent in MRI, in targeted 
drug delivery, gene therapy, cell labelling, tissue 
repair, and for hyperthermic treatment of 
tumours. Specifically, in recent years, ION have 
been shown as powerful tools for the diagnosis 
and treatment of neurodegenerative diseases or 
neoplastic processes of the CNS, due to their 
ability to cross the BBB, thus being able to access 
the nervous tissue. Although translocation of 
ION to the brain has been studied under different 
experimental conditions, it is not yet clear 
whether they are generally safe or should be used 
with caution.

ION are generally composed of an iron core 
with different polymorphic structures, among 
which magnetite, maghemite and hematite stand 
out. A common problem associated with ION is 
their intrinsic instability over long periods of 
time, as they tend to agglomerate, are highly 
chemically reactive, and are easily oxidized, gen-
erally resulting in a loss of magnetism and dis-
persibility. To minimize these effects, the surface 
of the ION can be modified by coating them with 
different materials, to stabilize them in physio-
logical media, increase their biocompatibility, 
modify their cellular uptake efficiency, and 
enhance their properties in the desired biomedi-
cal application, although it can also alter their 
toxicological behaviour. In addition, the great 
potential of ION is mainly due to their particular 
physical and chemical properties, which show a 
complex dependence and interrelation of several 
factors, such as size, shape, core structure, surface 

composition and charge, absence/presence of 
coating substances, and chemical stability (e.g., 
solubility and agglomeration/aggregation). These 
properties of nanoparticles play a crucial role in 
the induction of biological effects, as they deter-
mine their dispersion state and also influence the 
adsorption of ions and biomolecules onto their 
surface (biomolecular corona), which can change 
the way cells interact with ION.

The growing commercialization of ION-
containing products in the last years, and particu-
larly their successful application in medicine and 
clinics, has significantly increased the potential 
human exposure to these materials. To ensure the 
safety of the diagnostic or therapeutic use of 
ION, they must not be toxic to cells at concentra-
tions suitable for magnetic orientation or other 
biomedical applications. Although most of 
reports in the literature demonstrate that a range 
of ION mainly show low toxicity at doses over 
100 μg/ml or higher, it has been shown in several 
in vitro and in vivo studies that ION, naked or 
coated with different substances, can induce 
adverse effects, even at low doses, such as 
decreased cell viability, cytoskeletal alterations, 
iron ion release, induction of oxidative stress or 
mitochondrial dysfunction, among others. 
Furthermore, their possible effect on other differ-
ent cellular functions, on genetic material, or on 
DNA repair capacity, cannot be ruled out either, 
since to date they have been hardly addressed in 
human cells. The lack of complete and standard-
ized toxicological evaluations makes the inter-
pretation of the results obtained so far difficult, 
especially in the case of neurotoxicity. This is 
due, at least in part, to the fact that the available 
results on the toxic effects induced by ION are 
contradictory, and they are not always compara-
ble as they are influenced by a number of factors, 
including the ION type, their physicochemical 
properties, the cell type analysed, or the experi-
mental conditions tested (mainly dose and time). 
Therefore, it is mandatory to evaluate the poten-
tial toxic effects that ION can cause in the human 
cellular systems.

In summary, this chapter provides a compre-
hensive review of the toxicological features of 
ION, addressing their structure and physico-
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chemical characteristics, influence of coating, 
main exposure pathways and toxicokinetic 
aspects, interaction with cells, and their toxic 
effects, with special attention to those at the cel-
lular and molecular level. Nanotoxicological 
evaluation of ION is essential to increase the 
knowledge about their impact on human health, 
to fully understand their mechanisms of action, 
and to guarantee their safe use with an adequate 
benefit/cost ratio. The information obtained in 
this evaluation will help to define the safety mar-
gins and the conditions of use of these nanomate-
rials to avoid or minimize risks, especially those 
related to their exponentially growing applica-
tions in the biomedical field.
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Abstract

For safety assessment of nanomaterials 
(NMs), in vitro genotoxicity data based on 
well-designed experiments is required. Metal-
based NMs are amongst the most used in con-
sumer products. In this chapter, we report 
results for three metal-based NMs, titanium 
dioxide (NM-100), cerium dioxide (NM-212) 
and silver (NM-302) in V79 cells, using a set 
of in vitro genotoxicity assays covering differ-
ent endpoints: the medium-throughput comet 
assay and its modified version (with the 
enzyme formamidopyrimidine DNA glyco-
sylase, Fpg), measuring DNA strand beaks 

(SBs) and oxidized purines, respectively; the 
micronucleus (MN) assay, assessing chromo-
somal damage; and the Hprt gene mutation 
test. The results generated by this test battery 
showed that all NMs displayed genotoxic 
potential. NM-100 induced DNA breaks, 
DNA oxidation damage and point mutations 
but not chromosome instability. NM-212 
increased the level of DNA oxidation damage, 
point mutations and increased the MN fre-
quency at the highest concentration tested. 
NM-302 was moderately cytotoxic and 
induced gene mutations, but not DNA or chro-
mosome damage. In conclusion, the presented 
in vitro genotoxicity testing strategy allowed 
the identification of genotoxic effects caused 
by three different metal-based NMs, raising 
concern as to their impact on human health. 
The results support the use of this in vitro test 
battery for the genotoxicity assessment of 
NMs, reducing the use of more expensive, 
time-consuming and ethically demanding in 
vivo assays, in compliance with the 3 R’s.
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14.1	 �Introduction

14.1.1	� Genotoxicity Assessment 
of Nanomaterials

The technology based on manufactured nanoma-
terials (NMs) has been highlighted as a key 
enabling technology, due to its potential to 
improve many products and processes [1]. With 
the growing number, diversity, and complexity of 
NMs entering the market, there is a great demand 
for rapid and reliable ways of testing NMs safety, 
preferably using in vitro approaches, to avoid the 
ethical dilemmas associated with animal experi-
mentation [2, 3].

Despite the number of studies about NM tox-
icity, uncertainties persist concerning their 
impact on human health [4]. Available data do 
not yet allow for general and consistent conclu-
sions concerning their safety evaluation. Indeed, 
NMs continue to present unique challenges in 
this field related to their physicochemical prop-
erties, e.g., small size  and large surface area, 
which determine their behavior in biological 
systems and, consequently, their potential toxic-
ity [5]. Data comparison among toxicological 
studies are also challenged by the use of diverse 
cell lines, bioassays and dose metrics that affect 
their results [6].

Concerning genotoxicity assessment, NMs 
may induce DNA damage by different mecha-
nisms leading to various types of genetic altera-
tions. Therefore, a battery of in vitro tests covering 
different genotoxic mechanisms is best suited to 
establish the genotoxic potential of NMs [5, 7]. 
Currently recommended approaches for assessing 
in vitro genotoxicity of NMs, particularly in a 
regulatory context, consist of a test battery with in 
vitro mammalian assays that detect endpoints rel-
evant for carcinogenicity: gene mutations, chro-
mosome breakage (clastogenicity) and 
chromosome loss leading to aneuploidy [5, 7].

The testing strategy for NMs should include 
(a) at least one in vitro mammalian mutagenicity 
assay, such as the mouse lymphoma (L5178Y) 
thymidine kinase (TK) assay (MLA) (OECD TG 
490) or the hypoxanthine guanine phosphoribosyl 
transferase (Hprt) gene mutation test (HPRT test, 
OECD TG 476); and (b) a chromosomal damage 
assay, such as the in vitro chromosome aberration 
assay (OECD TG 473) or the in vitro micronu-
cleus (MN) assay (OECD TG 487) [5] Additional 
tests can be considered, such as the in vitro comet 
assay, a DNA strand break assay, especially in the 
context of assessment of oxidative damaging 
effects, even though an Organisation for Economic 
Co-operation and Development (OECD) guide-
line is still lacking [5, 8].

In nanotoxicology, gene mutation assays are 
the recommended choice over the Ames test. The 
latter is considered not suitable due to the size of 
bacteria (comparable with NMs themselves) and 
the fact that the bacterial wall limits significantly 
the uptake of nanoparticles, because it lacks mam-
malian mechanisms of endocytosis, pinocytosis, 
and phagocytosis [3, 5, 9–11]. The HPRT muta-
tion test in V79 cells has been successfully applied 
to study different NMs, including metal-based 
NMs such as titanium dioxide (TiO2) [10,  12–14] 
and silver (Ag) [15, 16], carbon based NMs [17–
20], silica NMs [21] or Nickel oxide NMs [22]. 
The in vitro cytokinesis-block MN assay has dem-
onstrated an overall sensitivity for NM genotoxic-
ity testing. A nanospecific requirement is that the 
cytochalasin B (CB) (that inhibits cytokinesis, ren-
dering cells that have divided once in culture as 
binucleated) is added 6–24 h after NM exposure 
because it hinders cellular uptake of NMs [3, 5, 
23]. The comet assay can be performed in a 
medium-throughput version with 12 minigels per 
slide, greatly increasing the testing capacity and 
allowing the simultaneous study of multiple NMs 
at different concentrations [24]. This reduces not 
only the effects of inter-experimental variation, but 
also time and costs of the experiments, while also 
generating large and valuable data sets [24]. The 
minigel approach was successfully used in previ-
ous studies with metal NMs, such as TiO2, Ag NMs 
(different sizes and surface properties), cerium 
oxide (CeO2), zinc oxide and iron oxide NMs [15, 
16, 24–26].
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14.1.2	� Metal-Based Nanomaterials: 
Applications

Metal and metal oxide NMs, such as Ag and 
TiO2, are amongst the most frequently used in 
multiple industrial and biomedical products [27], 
while other metal oxide NMs, such as CeO2, are 
now starting to emerge [28].

TiO2, the most used NM, has been extensively 
used in paints, food (e.g., in additive E171), cos-
metic products (including sunscreens), electron-
ics, water treatment and biomedical applications 
[27, 29–32]. Silver NMs are popular as consumer 
product additives mainly due to their well-docu-
mented antimicrobial properties [27, 33], and are 
widely used in biomedicine, cosmetics, environ-
mental remediation, textiles, food, feed and food 
packaging materials [29, 30, 31, 34–37], among 
others. CeO2 NMs or nanoceria, have been used 
as catalysts in the petroleum refining industry, as 
additives to promote combustion of diesel fuels, 
as electrolytes in oxide fuel cells, and to a lesser 
extent in environmental, and agricultural domains 
[28, 38–40]. They have also been considered of 
interest for biomedical applications due to their 
unique redox properties and thus for their poten-
tial protection of cells and tissues against oxida-
tive damage [38–41].

In recognition of their economic signifi-
cance, the OECD assigned multiple metal-
based NMs, including TiO2 (e.g., NM-100), Ag 
and CeO2 (e.g., NM-212) a high priority for 
toxicological testing, within the frame of the 
Working Party on Manufactured NMs (WPMN) 
safety testing of a representative set of NMs 
[42–45]. These NMs were also included, 
through the years, in the list of the Community 
rolling action plan (CoRAP), from the European 
Chemicals Agency (ECHA), within the REACH 
framework, to be evaluated based on concerns 
with respect to substances’ carcinogenic or 
mutagenic potential and widespread use [46– 
48]. These facts highlight both the relevance of 
metal-based NMs for industrial applications 
and the importance of rapidly clarifying their 
potential hazards.

14.1.3	� Metal-Based Nanomaterials: 
Genotoxicity 
and Carcinogenicity

TiO2 has been classified as possibly carcinogenic 
to humans (IARC, group 2B) [49] based on ani-
mal studies (inhalation exposure), and as poten-
tial occupational carcinogens [50]. TiO2 NMs 
were also considered as suspect human carcino-
gens (category 2) via inhalation, by the Risk 
Assessment Committee of the ECHA, in the 
frame of Classification and Labelling Harmonized 
Report [51]. Very recently, The European Food 
Safety Authority (EFSA) has updated its safety 
assessment of the food additive titanium dioxide, 
E171, concluding that E171 can no longer be 
considered as safe when used as a food additive 
in view of the potential genotoxic effects (EFSA 
Panel on Food Additives and Flavourings, [52]). 
Moreover, many studies reported TiO2 NMs as 
cyto- and genotoxic, although results remain 
inconsistent, as Charles et al. [51] recently sum-
marized based on a review of TiO2 NMs in vitro 
studies from 2010 to 2016 [51]. For example, 
using the comet assay approximately 63% of the 
studies presented positive results, while by using 
the MN assay only 35% showed positive results, 
and only two of the five studies showed positive 
results with the chromosomal aberration assay 
[51]. With regard to gene mutation assessment, 
particularly using the HPRT mutation test in V79 
cells, TiO2 NMs yielded both positive [12, 13] 
and negative [10] findings. Also, TiO2 induced 
Hprt gene mutations in human lymphoblastoid 
(WL2-NS) cells [14], but not in Chinese hamster 
ovary (CHO-K1) cells [53].

Similarly, nanoceria in vitro toxicological pro-
files differed among studies possibly due to their 
characterized pre-oxidant or antioxidant proper-
ties [38, 54, 55]. For example, CeO2 NMs were 
shown to induce DNA damage [24, 56, 57], oxi-
dative damage and apoptosis [58] in A549 cells, a 
human epithelial alveolar cell line. In contrast, 
other studies reported no genotoxicity in the 
same cell line [4, 54]. CeO2 NMs were found to 
be non-genotoxic even displaying antioxidant 
and antigenotoxic properties in normal human 
epithelial lung cell line (BEAS-2B) [54, 59, 60], 
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although the induction of DNA damage has also 
been described [57].

According to a recent review, exposure to Ag 
NMs led to overall positive results for genotoxic-
ity, using different assays, mainly in vitro assays 
[61]. Indeed, Ag NMs were able to induce signifi-
cant increases in micronuclei [62–69], chromo-
somal aberrations [70], DNA damage (as assessed 
by the comet assay) [15, 16, 24, 54, 62, 69–74] 
and gene mutation frequencies in mammalian 
cells [15, 16, 64, 73, 75]. Nevertheless, no geno-
toxic effects were also observed using the MN 
and chromosomal aberration assays [72, 74].

In view of the current in vitro genotoxicity 
testing recommendations and to contribute to a 
comprehensive knowledge basis on the toxico-
logical effects of metal-based NMs, the present 
chapter presents original data on the genotoxic-
ity of three benchmark metal-based NMs. Two 
metal oxides – titanium dioxide (NM-100) and 
cerium dioxide (NM-212) – and a rod shape sil-
ver NM (NM-302) were tested using a panel of 
in vitro genotoxicity assays, namely, the Hprt 
gene mutation test, the micronucleus and the 
comet assays, in the chinese hamster lung (V79) 
fibroblasts.

In vitro tests were performed in the same cell 
line (V79 Cells), to allow for better comparabil-
ity of the outcomes of the three assays, thus 
reducing bias. This is one of the validated and 
recommended cell lines to establish the mutant 
frequency (MF) in the endogenous Hprt gene 
[76] and to perform the in vitro MN test [77]. 
Characterization of NMs in the batch dispersions 
and exposure media was also performed as a 
complement of the characterization of their pri-
mary physicochemical properties already pub-
lished elsewhere [75, 78, 79].

Overall, the results showed that NM-100 is 
able to induce DNA breaks, DNA oxidation dam-
age (formamidopyrimidine DNA glycosylase  – 
or Fpg-modified comet assay) and point mutations 
but does not cause chromosome instability in 
Chinese hamster lung (V79) cells. NM-212 
showed an increase in DNA oxidation damage, 
induction of Hprt gene mutations and of the MN 
frequency at the highest concentration tested. 
NM-302 was moderately cytotoxic and was able 

to induce gene mutations, while it failed to pro-
duce DNA or chromosome damage.

14.2	� Nanomaterials 
and Experimental Strategy

14.2.1	� Nanomaterial Properties 
and Dispersion for Biological 
Assays

Titanium dioxide (NM-100) and cerium dioxide 
(NM-212) were obtained from the Joint Research 
Centre Repository (JRC, Ispra, Italy) and silver 
(NM-302) from Fraunhofer Institute (Munich, 
Germany). All the NMs were prepared under 
Good Laboratory Practices (GLP) to use also in 
regulatory purposes, and their primary character-
istics have been reported [75, 78, 79, 80]. The 
physicochemical characteristics of these NMs are 
summarized in Table 14.1.

The standardized Nanogenotox dispersion 
protocol was used to disperse NM-100 and 
NM-212 by sonication, at a concentration of a 
2.56 mg/mL stock dispersion [81]. Nano silver 
(NM-302) was stabilized in dispersant solution 
(91.4% of the total volume of NM dispersion); 
thus 1  mL of the NM solution was diluted in 
32.6 mL of 2% bovine serum albumin (BSA) to 
reach a stock concentration of 2.56  mg/mL; 
6  mL of this solution was dispersed by 
sonication.

Hydrodynamic particle size-distributions of 
the stock dispersions and their dilutions in the 
cell exposure media were determined by dynamic 
light scattering (DLS; Malvern Nano ZS, Malvern 
Inc., UK), as described previously [4]. Each size 
spectrum obtained was the average of 10 indi-
vidual DLS measurements conducted using auto-
matic optimization of analytical conditions and 
data treatment by general purpose size-analysis. 
The batch dispersions and their dilutions in the 
exposure media (3, 32 and 240  μg/mL, corre-
sponding to low, middle, and high exposure con-
centrations) were analysed 10–30  min after 
sonication and, in the case of the dilutions, also 
24 h after incubation at 37 °C, 5% CO2 to mimic 
the in vitro tests. The polydispersity index (PDI) 
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Table 14.1  Key intrinsic physicochemical characteristics of the tested nanomaterials

Material 
code

Core 
material

Crystalline 
phase

Product 
Type Morphology

Specific surface 
area (m2/g, 
BET)

Average size 
(nm, TEM) Coating

NM-100a TiO2 Anatase Powder Spherical or 
ellipsoidal

9 110 ± 57 –

NM-212b CeO2 Cerite Powder Cubic 
cerionite

27.2 33.3 Alkali metals 
(Ca, Na) and 
Zn

NM -302c Ag Metallic Dispersion Nanorod/
nanowires

– 50 × 3000 Tween 20/
PEG

Physicochemical characteristics of NM-100, NM-102 and NM-302 obtained from a[78], b [79] and c [75], respectively; 
TEM Transmission electron microscopy, BET Brunauer-Emmett-Teller

and hydrodynamic size (Zav, nm) for each NM 
were expressed as the mean of 10 consecutive 
measurements.

14.2.2	� Experimental Strategy

V79 Male Chinese hamster lung fibroblast cells 
were purchased from the European Collection of 
Cell Culture (ECACC; Catalogue Number 
86041102). Cells were cultured in Dulbecco’s 
minimal essential medium (DMEM) D6046 
(Sigma, Steinheim, Germany), supplemented 
with 10% (V/V) heat-inactivated fetal bovine 
serum (FBS), 1% (V/V) 100 U/mL penicillin and 
100  μg/mL streptomycin and 
200  mM  L-glutamine (Sigma) in a humidified 
atmosphere (5% CO2 at 37 °C).

Since preliminary data indicated that none of 
the NMs under study was strongly cytotoxic, the 
highest concentration of each NM selected for 
the in vitro assays was limited by its dispersibil-
ity, i.e. the maximum concentration that could be 
homogeneously dispersed in BSA-water 
(2.56 mg/mL) and by the highest percentage of 
the stock dispersion (10%) that could be added to 
the cultures without interference with the normal 
cell proliferation capacity, leading to a range of 
concentrations below 75  μg/cm2. Immediately 
after sonication, the resulting stock was serially 
diluted to achieve a logarithmic range of concen-
trations (1, 3, 10, 30 and 75 μg/cm2), before add-
ing it to the cells already seeded in different 
plates, according to the different assays, as 
described below. At the exposure time, cell 

medium was replaced by the treatment medium 
and incubated at 37 °C and 5% CO2. The experi-
mental procedure for each assay is detailed 
below.

14.2.2.1	� Alkaline Comet Assay 
and Fpg-Modified Comet 
Assay

A medium-throughput version of the comet 
assay, using 12 mini-gels placed on a standard 
microscopic slide, was used to test simultane-
ously five concentrations of three NMs in a single 
experiment, as previously described [24]. V79 
cells were exposed to the NMs for 24 h, at con-
centrations ranging from 1 to 75  μg/cm2, and 
embedded on slides (2 drops per concentration, 
12 drops per slide). After lysis and electrophore-
sis, slides were examined under a fluorescence 
microscope (Leica DMI 6000 B), for comet scor-
ing using the image analysis Comet Assay IV 
software (Perspective Instruments). As a measure 
of DNA strand breaks (SBs), the median of the % 
DNA in tail (50 comets per gel), and the mean 
from 2 independent experiments was calculated. 
In parallel, a modified version of the comet assay 
was used for DNA base oxidation detection, as 
previously described [24], with the addition of a 
post-lysis step of incubation with Fpg (kindly 
provided by Professor Andrew Collins, 
Department of Nutrition, University of Oslo, 
Norway). The Fpg converts oxidized purines into 
SBs that become detectable by the comet assay 
[24]. DNA oxidation lesions (net Fpg-sensitive 
sites) were calculated as the difference in % DNA 
in tail between samples with Fpg incubation and 
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samples without incubation. Positive controls 
were included, consisting of cultures exposed to 
hydrogen peroxide (Sigma) (100 μM, 5 min, on 
ice) for DNA breaks.

14.2.2.2	� In Vitro Micronucleus Test
The cytokinesis-blocked MN assay (CBMN) was 
carried out according to the general principles of 
the OECD Test guideline No. 487 [77], and as 
previously described [82], with minor modifica-
tions. V79 cells cultured in 12-well plates for 
24 h at 37 °C and 5% CO2 were exposed to the 
dispersed NMs diluted in culture medium 
(1–75 μg/cm2) for 24 h. Cytochalasin B (6 μg/
mL) was then added to each culture where the 
NMs also remained for more 24  h. Cells were 
then harvested with a hypotonic shock (0.1  M 
KCL), followed by fixation (3:1 methanol:acetic 
acid) and immediately spread onto microscope 
slides and stained with 4% (v/v) Giemsa. A neg-
ative control, consisting of culture medium with 
BSA-water in the concentration found in the 
highest dose of the NM dispersant and the posi-
tive control Mitomycin C (MMC, 0.01 μg/mL), 
were included in all experiments. For each treat-
ment condition, two replicate cultures were 
used; from each culture, at least two slides were 
prepared, coded and blind-scored under a bright 
field microscope. The analysis of micronuclei in 
2000 binucleate cells per treatment condition 
was performed and the proportions of mono-, bi- 
and multinucleate cells were determined in a 
total of 2000 cells (500 per slide, 1000 per cul-
ture). The cytokinesis-blocked proliferation 
index (CBPI) and the replication Index (RI) were 
calculated [77].

14.2.2.3	� Hprt Gene Mutation Test
The Hprt gene mutation test was carried out 
according to OECD guideline 476 [76], as 
described elsewhere [10], with minor modifica-
tions. Briefly, V79 cells were cultured in 100 mm 
Petri dishes (3 × 105 cells per dish) and incubated 
at 37 °C, for 24 h. Cells were exposed to the NMs 
for 24 h, at concentrations from 1 to 75 μg/cm2; 
untreated cells were used as negative control and 

cells treated for 30  min with 0.1  mM methyl 
methanesulfonate (MMS; Sigma), served as the 
positive control. After exposure, the medium was 
removed and the cells were washed, detached, 
and re-suspended in fresh medium. The cells 
were then seeded in 100  mm petri dishes and 
maintained in exponential growth. Duplicate 
samples were taken for analysis of mutant fre-
quencies at 7 and 9  days after treatment, by 
detaching and subculturing in 100 mm diameter 
Petri dishes (3 × 105 cells/Petri dish, 3 dishes per 
sample) and grown in selective medium contain-
ing 6-thioguanine (Sigma) at 5 μg/mL for 10 days 
to form colonies. Then, mutant (6-thioguanine-
resistant) colonies were fixed, stained with 1% 
methylene blue (Sigma), and counted manually 
(only colonies with at least 50 cells were 
counted).

The frequency of surviving cells was assessed 
using the plating efficiency (PE) assay immedi-
ately after exposure (PE0) and for each of the two 
harvests (7- and 9-day, PE7 and PE9, respec-
tively). Briefly, treated and untreated cells were 
seeded in 6-well plates at 50 cells per well and 
incubated for 6 days at 37 °C to form colonies. 
After staining with 1% methylene blue (Sigma), 
the number of colonies was counted manually 
[10]. Absolute PE was calculated for each mutant 
harvest as the ratio between the number of colo-
nies and the number of inoculated cells; relative 
PE (%) was calculated as the ratio between the 
number of colonies in exposed and in control cul-
tures, multiplied by 100. The MF was expressed 
as the ratio between the number of Hprt mutants 
and the number of clonable cells, as determined 
by the PE at each harvest point.

14.2.3	� Statistical Analysis

The statistical analyses of the results were per-
formed using SPSS Statistics 19 (IBM). The 
results of the comet assay were analysed using 
the One-Way ANOVA test, if normality of the 
results was confirmed, or the non-parametric 
Kruskal-Wallis test, if that was not the case. 

N. Vital et al.



357

Fisher’s exact test was applied to compare the 
frequency of micronucleated cells between 
NM-treated and vehicle-treated cultures. CBPI 
and RI data were analyzed using the Kruskal-
Wallis test. The existence of a dose-response 
relationship either for the cytotoxicity, frequency 
of micronucleated cells, CBPI or % DNA in tail 
was explored by regression analysis. Differences 
with p  <  0.05 were considered statistically 
significant.

14.3	� Results and Discussion

Due to significant increase of NMs in commer-
cial applications and presence in multiple con-
sumer products, NMs are being extensively 
investigated for their safety [7]. Since a main 
concern with NMs exposure is their genotoxic 
potential, the study of mechanisms potentially 
leading to genotoxicity is crucial [7]. This calls 
for the adoption of well-designed in vitro testing 
strategies suitable for NMs, addressing different 
genotoxicity endpoints relevant for hazard assess-
ment and regulatory purposes [10, 15, 83]. 
Special attention needs to be given to the mecha-
nisms of toxicity and the use of representative 
reference materials to allow to correlate toxic 
effect of the NMs with specific physicochemical 
properties [15].

In the present chapter we present the evalua-
tion of cytotoxic and genotoxic effects of three 
benchmark metal-based NMs: titanium dioxide 
(NM-100), cerium dioxide (NM-212) and silver 
(NM-302), using the recommended in vitro 
approach for NM genotoxicity testing [5, 7, 11, 
84] concomitantly with the analysis of their sec-
ondary properties within cells. A unique feature 
of this study is the fact that we performed all the 
genotoxicity testing methods in the same cellular 
model, using the same concentration range 
(0–75 μg/cm2) prepared from the same stock dis-
persion of each NM, and using the same exposure 
duration (24 h).

14.3.1	� Characterization of the NMs 
in Stock Dispersions 
and in Exposure Media

The NMs used are considered as reference NMs 
and have been extensively characterized in many 
different EU projects, such as the Nanogenotox 
and NANoREG projects. To gather sound geno-
toxicity data, it is necessary to ensure that 
nanoparticles are well dispersed and for that we 
used the dispersion protocol generated in the 
frame of Nanogenotox [81]. The monodispersity 
of the tested NMs was analyzed by DLS, in both 
NM stock dispersions and culture medium. The 
size distribution of the batch dispersions demon-
strated that a homogeneous dispersion was 
achieved for all the tested NMs (Table  14.2). 
NM-100 produced the finest dispersion followed 
by NM-212. The coarsest dispersion was 
achieved for NM-302, which is consistent with 
its presentation as nanowires (Table  14.2). In 
fact, NM-302 also presented higher hydrody-
namic size in comparison to the other NMs, cor-
responding to a bimodal size distribution with a 
primary peak at 818.7 nm and a secondary peak 
at 5319 nm. Due to the morphological nature of 
this NM, there is not a good understanding of 
what the size-spectra in DLS analyses represent.

The DLS spectra data obtained after the dilu-
tion of the NMs in cell culture media shortly after 
sonication or after 24  h incubation (37  °C, 5% 
CO2) is presented in Table 14.3. Dilution of stock 
dispersions of NM-100 and NM-212  in culture 
medium gave a slight increase in Zav, compared 
with the respective stock dispersions. Although 

Table 14.2  DLS measurements of mean polydispersity 
index (PDI) and mean size (Zav) of the batch dispersions 
of nanomaterials in aqueous solution

Nanomaterial
PDI 
(mean ± SD) Zav, nm (mean ± SD)

Dispersion 
medium

0.24 ± 0.01 4.56 ± 0.13

NM-100 0.17 ± 0.02 241.76 ± 7.98
NM-212 0.19 ± 0.08 311.41 ± 49.14
NM-302 0.82 ± 0.16 1446.00 ± 204.19

SD standard deviation
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Table 14.3  DLS measurements of polydispersity index (PDI) and mean size (Zav) after NMs dilution in V79 cell cul-
ture medium, analyzed shortly after dilution or after 24 h incubation, to mimic cells exposure

Concentration 
(μg/mL)

0 h 24 h
PDI Zav, nm PDI Zav, nm
(mean ± SD) (mean ± SD) (mean ± SD) (mean ± SD)

NM-100 3 0.39 ± 0.10 256.69 ± 12.93 0.37 ± 0.06 218.00 ± 18.29
32 0.25 ± 0.05 379.64 ± 59.30 0.22 ± 0.01 260.60 ± 2.77

240 0.22 ± 0.02 341.32 ± 13.25 0.13 ± 0.02 242.90 ± 1.76
NM-212 3 0.71 ± 0.16 125.49 ± 23.71 0.30 ± 0.030 169.37 ± 19.43

32 0.23 ± 0.02 288.17 ± 10.39 0.23 ± 0.01 241.59 ± 23.53
240 0.17 ± 0.02 293.18 ± 18.71 0.18 ± 0.04 258.03 ± 14.05

NM-302 3 0.55 ± 0.21 492.42 ± 490.15 0.21 ± 0.01 165.89 ± 0.95
32 0.73 ± 0.06 837.30 ± 245.07 0.23 ± 0.01 156.00 ± 0.84

240 0.58 ± 0.06 714.30 ± 175.53 0.34 ± 0.03 107.10 ± 1.46

their mean hydrodynamic size was increased, a 
substantial number of smaller size particles were 
still detectable in dispersion, irrespectively of the 
concentrations analysed. In the case of NM-302, 
decreases in the size of the NM as well as in the 
PDI values were observed after dilution in cell 
medium. Following incubation for 24 h at 37 °C, 
5% CO2 to mimic cell exposure conditions, size 
distributions appeared to follow a tendency for 
lower Z in comparison to the measurements 
shortly after dispersion, and this may reflect the 
sedimentation of the largest agglomerates, as also 
observed in the cell culture plates.

14.3.2	� Genotoxicity of TiO2 
Nanomaterial (NM-100)

The in vitro cyto- and genotoxicity of TiO2 NMs 
have been intensively studied in recent years due 
to their wide applications and their possible car-
cinogenicity, as reviewed elsewhere [51, 85–87]. 
However, the results remain inconsistent [51, 
86], either due to different cell types, physical 
properties of the particles, exposure doses, or 
incubation conditions, making conclusions con-
cerning their genotoxicity unclear [13, 51].

In our study the cytotoxicity of a TiO2 NM 
was measured in V79 cells by determining repli-
cative indices – RI and CBPI in the context of the 
CBMN  assay and the PE measured after expo-
sure, within the HPRT test (Fig. 14.1b, c). The RI 
or CBPI results did not show cytotoxic effects, 

whereas the PE results evidenced a cytotoxic 
effect at the lowest (1 μg/cm2) and the highest 
(75 μg/cm2) NM-100 concentrations. This latter 
result agrees with previous findings where V79 
cell viability significantly decreased after 24 and 
48 h exposure to 5 to 100 μg/mL of anatase TiO2 
NMs [12]. Reduced V79 cell viability assessed 
with the MTT assay was also observed after 6 
and 24 h exposure to 25–100 μg/mL [13], which 
was corroborated also after 24 and 48 h exposure 
to 100 μg/mL of anatase (<25 nm) and anatase/
rutile (P25, >25 nm) TiO2 [88]. After 72 h expo-
sure to anatase/rutile TiO2 NMs, V79 cell viabil-
ity was reduced at the highest concentration 
tested (52  μg/cm2) [89]. In contrast, no differ-
ences were observed in cells exposed to 3, 30 and 
75  μg/cm2 concentration of anatase/rutile TiO2 
NM-105 (15–60  nm) compared with controls 
using the PE assay [10]. El Yamani et  al. [24], 
found no toxicity in A549 cells exposed to 
NM-100 (concentration range of 0.1–75 μg/cm2) 
for 3 h and 24 h, as assessed by the alamarBlue® 
assay; likewise, no long-term effect was found 
with the colony forming efficiency (CFE) assay 
following 9–12 days of exposure. Nevertheless, it 
is worth noting that a decrease in CFE was 
observed for cells exposed to the lowest concen-
tration tested [24]. Similarly, no cytotoxic effect 
was observed either in the same cell line exposed 
to a similar NM-100 dose range [4, 54] or in 
BEAS-2B cells [25, 54].

Concerning genotoxicity, NM-100 (Fig. 14.1a) 
induced significant increase in DNA damage 
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Fig. 14.1  Results obtained in V79 cells exposed for 
24  hours to NM-100 using (a) the comet assay with 
(SBs + Fpg) and without (SBs) enzyme treatment; (b) the 
cytokinesis-block micronucleus assay, expressed as 
micronucleated binucleated cells (MNBNC) per 1000 
binucleated cells (bars, primary axis) and replication 
index (RI; line, secondary axis); (c) the relative plating 
efficiency (PE %) as a measurement of cytotoxicity; and 

(d) the HPRT test to measure the mutation frequency, MF 
(x10−6), expressed as the mean  ±  standard deviation 
(M ± SD) of two independent harvests from one experi-
ment. Data are expressed as the M ± SD. P values indicate 
statistically significant differences from unexposed cells 
or between SBs and SBs + Fpg; *p < 0.05; **p < 0.01, 
***p < 0.001. SB strand breaks

detected by the conventional comet assay 
(p = 0.0005, One-way Anova test) and the Fpg-
modified-comet assay (p = 0.0053). In both cases, 
the two highest concentrations presented values 
of % DNA in tail that are significantly higher 
than those of the negative control (p  <  0.005, 
Tukey HSD, Post-HOCs test). However, no dose-
response relationship was identified using regres-
sion analysis. Furthermore, cells exposed to the 
two highest NM concentrations signifi-
cantly raised the level of DNA damage measured 
by the Fpg-modified comet assay compared to 
the level obtained by the conventional comet 
assay (p < 0.005, Student’s t-test), indicating the 
formation of DNA oxidation lesions. In contrast, 
NM-100 did not affect significantly the frequency 
of micronucleated cells (Fig.  14.1b). No data 
could be obtained for the highest concentration 

of NM-100 tested (75  μg/cm2) due to large 
amount of NMs on top of cells, interfering with 
scoring.

With respect to Hprt mutations (Fig. 14.1d), 
an increase of the MF relative to control was 
observed for all concentrations tested, reaching 
more than a two-fold increase at concentrations 
1, 3 and 10 μg/cm2 (2.8, 2.7 and 2.3-fold increase, 
respectively) and a threefold increase at the high-
est concentration tested. However, no 
concentration-response relationship was 
detected. In agreement with our findings, Chen 
et  al. [12] reported a concentration-dependent 
increase in the Hprt MF after 2  h treatment of 
V79 cells with 20 μg/mL and 100 μg/mL of TiO2 
NMs (75  nm, anatase); the top concentration 
induced a 2.5-fold increase in the MF [12]. 
Additionally, an increased % Tail DNA was 
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observed at that concentration, after 24 h expo-
sure [12]. Likewise, exposure of V79 cells to 
smaller sized anatase TiO2 NM (<25 nm) for 6 h 
led to a significant concentration-dependent 
increase in the level of DNA damage (25, 50, 
100 μg/mL, comet assay), and in MF (50, 100 μg/
mL, HPRT test), 2.98-fold higher in treated than 
in control cells, further indicating genotoxicity in 
V79 cells, after anatase TiO2 exposure [13]. With 
respect to anatase/rutile TiO2 NMs (NM-105), 
negative results were reported following 24  h 
exposure of V79–4 cells to 3, 15 and 75 μg/cm2 
using the HPRT test. The authors used two differ-
ent dispersion procedures to address the state of 
agglomeration [10]. Also in V79 cells, DNA 
damage was observed with the comet assay after 
exposure to 10 and 100  μg/mL of anatase 
(<25 nm) and anatase/rutile (P25, >25 nm) TiO2, 
for 24 h [88], while after 72 h exposure to ana-
tase/rutile, no significant increase in MN fre-
quency was observed in concentrations up to 
250 μg/mL [89], in agreement with our findings. 
Using NM-100 in A549 and TK6 cells, El Yamani 
et  al. [24] observed a concentration-dependent 
increase in DNA damage and DNA oxidation 
damage after 3 and 24 h exposure. Induction of 
DNA damage but not DNA oxidation damage 
was observed after 24  h exposure of A549 and 
BEAS-2B cells to NM-100, with a less pro-
nounced effect in the latter ones [54]. Moreover, 
NM-100 showed to be slightly more genotoxic 
than NM-101 [54]. Another study reported a 
weak but positive induction of DNA damage fol-
lowing 24 h (but not 3 h) exposure to different 
TiO2 NMs (NM-100, NM-101, both anatase, and 
NM-103, rutile) in BEAS-2B cells and NM-100 
was the most genotoxic NM.  In addition, 
increased DNA oxidation was observed for one 
or two concentrations of NM-100 and NM-103 
(3 h exposure) and NM-101 (24 h exposure) [25]. 
In contrast with the mainly positive results of the 
comet assay, negative results have been reported 
for NM-100, when using the MN assay [25, 63]. 
For example, NM-100 was found to be the most 
genotoxic TiO2 NM compared to NM-101, 
NM-102 and NM-103, after A549 cells exposure 
(3  h and 24  h) to 1–100 μg/cm2, by the comet 
assay (and Fpg-modified version), while no effect 

was observed with the MN assay [4]. Likewise, 
exposure of TK6 cells to anatase/rutile NM105 
(21 nm) for 28 h or 48 h (3, 15 and 75 μg/cm2) 
failed to increase the frequency of micronucle-
ated cells [90]. The HPRT test has also been used 
either alone or concomitantly with the in vitro 
MN assay and/or the comet assay to determine 
genotoxicity of smaller anatase TiO2 NMs in cul-
tured human lymphoblastoid cells (WL2-NS 
cells) [14] and in Chinese hamster ovary cells 
(CHO-K1) [53]. In the study of Wang et al. [14] 
TiO2 NMs induced approximately a 2.5-fold 
increase in the frequency of micronucleated 
binucleate cells (130 μg/mL, after 6 h exposure), 
a three-fold increase in the % DNA in tail (65 μg/
mL, after 24 h exposure), and an approximately 
2.5-fold increase in the Hprt gene MF (130 μg/
mL, after 24 h exposure) [14]. It is worth noting 
that cytotoxicity was observed at the highest con-
centration of 130  μg/mL, after 6, 24 and 48  h 
exposure [14]. In contrast, Wang et  al. [53], 
reported negative results after exposure to lower 
concentrations (up to 40 μg/mL) of anatase TiO2 
NMs (<25 nm), in a long-term (60 days) expo-
sure experiment, using both the comet and the 
HPRT assays in CHO-K1 cells [53]. Both acute 
(2 days) and chronic (60 days) exposures signifi-
cantly increased the production of reactive oxy-
gen species (ROS), but CHO-K1 cells appeared 
to adapt to the chronic exposure to TiO2 NMs and 
detoxify the excess of ROS, possibly through up-
regulation of super oxide dismutase (SOD), in 
addition to reducing particle uptake [53].

Overall, the comet assay has been the most 
commonly used assay to analyze genotoxicity of 
TiO2 NMs due to its high sensitivity, simplicity, 
and speed [51, 86]. Conflicting results reported 
in the literature have been related either to cell 
type or exposure duration or to NM properties, 
such as crystallinity and particle size, as reported 
in a recent meta-analysis. Normal cells seem to 
be more sensitive to the genotoxicity induced by 
TiO2 NMs than transformed cells [86]. In fact, 
both in our study and in the reviewed literature, 
overall positive cyto- and genotoxicity results 
were reported in V79 cells, while more conflict-
ing results were observed with other cell lines, 
namely cancer cells, such as A549 cells. 
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Moreover, the meta-analysis results indicated 
that TiO2 NMs were generally not able to induce 
MN formation, except when particles size was 
lower than 21  nm [86], which agrees with our 
findings. Interestingly, in the few studies pre-
senting positive results for MN, low concentra-
tions (≤ 150 μg/mL) could induce MN formation, 
whereas longer exposures (> 24 h) and high con-
centrations (> 150 μg/mL) of TiO2 NMs tended 
to decrease the MN frequency [86], a trend that 
was also observed in or study after 24 h expo-
sure. Moreover, MN formation was influenced 
by size, coating, duration, and concentration of 
TiO2 NMs [86]. Based on our research, and the 
overall findings of the literature, we conclude 
that the comet assay and Hprt gene mutation 
assay might be more sensitive than the in vitro 
MN assa,y for genotoxicity assessment of TiO2 
NMs [12, 13, 86].

14.3.3	� Genotoxicity of CeO2 
Nanomaterial (NM-212)

Among the three NM tested, cerium dioxide has 
been the least studied regarding is toxicity, prob-
ably due to its more recent use in commercial and 
industrial applications. Thus, in vitro toxicity 
results are still scarce and no study was found 
addressing the cyto- or genotoxicity of CeO2 
NMs in V79 cells.

Concerning NM-212 cytotoxicity, a more than 
30% decrease in PE (Fig.  14.2c) was observed 
with a single low dose (3 μg/cm2), while no cyto-
toxicity was detected by the analyses of replica-
tive and proliferation indices – RI and CBPI – from 
the CBMN assay (Fig.  14.2b). Therefore, our 
results did not show a clear toxic effect of this 
NM, which is in line with other studies stating no 
toxic effects for CeO2 NMs [54, 59, 63]. El 

Fig. 14.2  Results obtained in V79 cells exposed for 24 h 
to NM-212 using (a) the comet assay with (SBs + Fpg) and 
without (SBs) enzyme treatment; (b) the cytokinesis-block 
MN assay, expressed as micronucleated binucleated cells 
(MNBNC) per 1000 binucleated cells (bars, primary axis) 
and replication index (RI; line, secondary axis); (c) the 
relative plating efficiency (PE %) as a measurement of 

cytotoxicity; and (d) the HPRT test to measure the muta-
tion frequency, MF (x10–6), expressed as the mean ± stan-
dard deviation (M ± SD) of two independent harvests from 
one experiment. Data are expressed as the means ± SD. P 
values indicate statistically significant differences from 
unexposed cells, or between SBs and SBs + Fpg; *p < 0.05; 
**p < 0.01, ***p < 0.001; SB strand breaks
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Yamani et  al. [24] reported that A549 cells 
exposed to NM-212 (0.01–75  μg/cm2), did not 
evidence toxicity using the alamar Blue® (3  h 
and 24  h exposure), and the CFE assays 
(9–12 days exposure), although a slight decrease 
in colony forming ability was observed for a low 
(0.3 μg/cm2) concentration treatment [24]. Using 
similar assays and the same cell line, decreased 
cell survival (but no concentration-response) was 
observed (CFE assay) after 7  days exposure to 
high NM-212 concentrations (75 and 100  μg/
cm2) although no toxicity was detected after 24 h 
exposure (MTT assay) [4]. Other negative reports 
were also found using cell proliferation assess-
ment in BEAS-2B and A549 cells after 24 h and 
48 h exposure to the same NM [54, 63].

In contrast, some reports showed toxic effects 
mediated by ROS [58, 91–93], which are also 
controversial given that this NM is able to scav-
enge ROS thereby displaying antioxidant proper-
ties [55]. As an example, Mittal and Pandey [58] 
showed that A549 cells exposure to a smaller 
CeO2 (<25  nm, cuboidal) for 24  h and 48  h 
resulted in concentration- and time- dependent 
cytotoxicity at a concentration range of 
25–100  μg/mL, after NM internalization. This 
was accompanied by ROS generation and a 
decrease in cellular antioxidant status followed 
by apoptotic cell death [58].

Regarding the genotoxic effects of CeO2 NM 
in V79 cells, NM-212 treatment (24  h) did not 
induce any significant increase in the level of 
DNA damage over the negative control, as mea-
sured with the comet assay (Fig. 14.2a). However, 
a 1.8-fold increase in the level of DNA oxidation 
lesions (Fpg-sensitive sites) was found following 
exposure to 30 μg/cm2 of CeO2, which was not 
observed by the conventional comet assay. 
Notably, the results of the Fpg-modified comet 
assay were significantly increased over those of 
the conventional assay (p  <  0.005, Student’s 
t-test) for all concentrations tested, suggesting 
induction of DNA oxidation lesions. Additionally, 
our results from the CBMN assay showed an 
equivocal genotoxic effect following 48 h expo-
sure to NM-212, since it induced a significant 
increase of micronucleated cells at the highest 
concentration tested (p = 0.043; Mann-Whitney 

test; Fig. 14.2b), with no concentration-dependent 
increase. Contradictory results have been 
reported concerning the DNA damage-inducing 
capacity of CeO2 NMs. A concentration-
dependent increase in DNA oxidation damage 
(Fpg-comet assay) was observed in TK6 (0.42–
42 μg/mL) and in A549 cells (30 and 75 μg/cm2), 
after 3 h exposure to NM-212 [24]. Still, in TK6 
cells, the increase in Fpg-sensitive sites was not 
maintained over the whole range of concentra-
tions after 24 h, where DNA oxidation damage 
was reduced compared to 3  h exposure to the 
lowest concentrations (0.42–4.2  μg/mL). DNA 
damage (with the conventional comet assay) was 
observed only for the highest concentration tested 
[24]. Interestingly, in A549 an approximately 
two-fold increase in DNA oxidation damage (30 
and 75 μg/cm2) was found after 24 h compared to 
3  h exposure [24]. In another study with A549 
cells, increased DNA damage was observed after 
6  h exposure to 25–100  μg/mL CeO2 NM 
(8–20 nm), in the standard and the Fpg-modified 
comet assays, the effect being more pronounced 
with the modified assay [58]. A positive effect 
was also reported after 24 h exposure to a 16–22 
nm-sized CeO2 NM (0.5–500 μg/mL), with the 
conventional comet assay [56]. In contrast, no 
genotoxicity was found following A549 cells 
exposure (3 h and 24 h) to NM-212, using a simi-
lar concentration range (1–100  μg/cm2) as 
assessed by the standard and Fpg-modified comet 
assays [4]. Interestingly, an antioxidant and anti-
genotoxic effect was observed following 24  h 
exposure to 15–160 μg/mL of the same NM [54]. 
In another human epithelial lung cell line 
(BEAS-2B cells), NM-212 was found to be non-
genotoxic (García-Rodríguez et  al., [54, 63]), 
while smaller CeO2 (<25 nm) displayed antioxi-
dant and antigenotoxic properties [59, 60]. 
Another commercial CeO2 NM with a smaller 
size and a higher specific surface area (size: 
8 nm; specific surface area: 61 m2/g) induced sig-
nificant levels of DNA damage in A549 and 
BEAS-2B cells [57].

Very few studies on CeO2 NMs have used the 
MN frequency as a biomarker of genotoxicity. 
Negative results have been reported in A549 cells 
exposed for 48  h to NM-212 using the CBMN 
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assay [4], and the flow cytometric MN assay in 
BEAS-2B cells [63]. In primary human dermal 
fibroblasts, the CBMN assay, in association with 
immunofluorescence staining of centromere pro-
tein A in micronuclei, demonstrated the geno-
toxic effect of a smaller (7 nm) CeO2 NM by a 
clastogenic mechanism while a micro-sized 
(320 nm) CeO2 material was not genotoxic [94]. 
Oxidative stress induction has also been observed 
through the measurement of catalase activity, 
lipid peroxidation and glutathione status. This is 
consistent with the implication of free radical-
related mechanisms underlying the CeO2 
NM-induced clastogenic effect, possibly modu-
lated by inhibition of cellular hydrogen peroxide 
release [94]. Studies using other cell types also 
yielded conflicting results. CeO2 (< 25 nm) was 
shown to induce genotoxicity either by the comet 
or the MN assay in human neuroblastoma cells 
following 24 h exposure to 100–200 μg/mL [92]. 
A positive comet assay result was also obtained 
in skin melanoma cells after 24 h and 48 h expo-
sure to 20–80 μg/mL [95], whereas in human lens 
epithelial (HLE-B3) cells, exposed to 5 and 
10 μg/mL of CeO2 NMs (~6 nm) during 24 h, no 
DNA damage was observed [96]. In another 
study transient DNA lesions (10  μg/mL) were 
observed following 24  h exposure of untrans-
formed human fibroblasts to CeO2 NM, as 
assessed with the comet assay [91].

Concerning the mutagenicity of NM-212, 
results of the HPRT mutation test (Fig.  14.2d) 
showed a non-significant concentration-
dependent increase in MF up to 10 μg/cm2 (3.2-
fold increase). Notably, exposure to the highest 
concentration of this NM resulted in a significant 
5-fold increase in the MF (higher that the 
observed for the positive control). To the best of 
our knowledge no other study has reported results 
for NM-212 using the HPRT test. Importantly, 
sub-chronic inhalation exposure to different low 
doses of CeO2 NM did not induce genotoxicity in 
the rat hematopoietic system at the DNA, gene or 
chromosome levels [97].

Overall, although some authors have reported 
in vitro cyto- and genotoxic effects of CeO2 NMs, 
mainly using the comet assay, conflicting results 
are found in the literature, and therefore there is 

no general agreement about these effects [38, 
55]. Again, we cannot exclude the variability of 
exposure conditions, e.g., cell culture medium 
with or without serum, as having an influence on 
the secondary physicochemical properties of the 
NMs that impacts on their toxicity. The conflict-
ing results may be attributed also to the different 
CeO2 NM primary properties, e.g., size, shape, 
surface area or coating, among others [55, 91, 
93]. NM-212 has a cubic fluorite structure and 
the XPS results indicated that its surface is com-
posed mainly of oxygen, O2−, and cerium, which 
may be present as Ce4+ (93.1%) and Ce3+ (6.9%) 
[79]. In a recent study, rod-like and octahedron-
like CeO2 NMs inhibited DNA damage by scav-
enging OH, but cube-like nano- CeO2 did not 
eliminate OH in HepG2 cells, suggesting that 
cubical CeO2 NMs are the most toxic ones [93]. 
An additional factor in the variability of the  
in vitro toxicological profiles of CeO2 NMs can 
be possibly related to their prooxidant versus 
antioxidant properties [38, 54, 55]. Because of its 
multiple antioxidant enzyme-like activities, 
including superoxide dismutase (SOD), catalase, 
peroxidase-like activities, and hydroxyl radical 
and nitric oxide radical scavenging properties, 
CeO2 NMs are expected to scavenge almost all 
types of ROS [55]. The pH of the medium may 
influence the scavenging capacity of CeO2 NMs, 
causing differences in the type of free radicals 
removed by the NM [91]. On the other hand, the 
genotoxic effect of CeO2 NMs is thought to be 
due to the presence of ROS and DNA oxidation 
damage [58, 94]. It has been postulated that the 
valence state of cerium influences whether CeO2 
NMs produce ROS or act as antioxidant, since 
the cerium atom in the CeO2 molecule can transi-
tion between Ce3+ and Ce4+, thus varying the 
number of oxygen atoms it can bind to [39, 55, 
98]. This dual mechanism of action has been pro-
posed to be associated with cell characteristics, 
with prooxidant effects emerging in tumoral cells 
[63]. However, no prooxidant effects were 
observed, regardless of the conditions/cells used, 
in a recent study using a wide set of cell lines and 
different culture conditions [60]. More studies 
are needed to confirm the data presented here, 
using a battery of genotoxicity assays associated 
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with new approach methods to reach firm conclu-
sions about the genotoxicity of these NMs.

14.3.4	� Genotoxicity of Ag 
Nanomaterial (NM-302)

There has been a great increase in the applica-
tion of silver NMs as antimicrobial agents in 
multiple end products as well as in biomedicine, 
Ag nowadays being one of the most popular 
NMs [27, 33, 34, 99]. Ag NM potential toxicity 
has been extensively studied and both cyto- and 
genotoxicity, have been reported [15, 16, 24, 54, 
62–66, 70, 72, 73, 74]. Nevertheless, additional 
data are still required to assess its carcinogenic 
potential [99].

Concerning the toxicity assessment, after 
exposure of V79 cells for 24  h to NM-302, a 

more than 30% decrease in PE (Fig. 14.3c) was 
observed at the lowest and highest concentrations 
(1 and 75 μg/cm2) tested in the PE assay. Still, no 
alterations were noted in replication indices – RI 
and CBPI – from the CBMN assay (48 h expo-
sure), for all tested concentrations (Fig.  14.3b). 
Concerning genotoxicity, in our study NM-302 
did not cause significant increases in DNA dam-
age or oxidation damage comparatively to the 
negative control (Fig. 14.3a). However, treatment 
of cells with NM-302 at 3 μg/cm2 produced a sig-
nificant increase in the level of DNA oxidation 
lesions over the basal level (without Fpg) 
(P = 0.044, Student’s t-test), suggesting the for-
mation of oxidised bases. No effect on micronu-
cleated cells formation was observed after 
NM-302 exposure (48 h), with the CBMN assay.

Contrasting results are found in the literature 
concerning Ag NM cyto- and genotoxicity, which 

Fig. 14.3  Results obtained in V79 cells exposed for 24 h 
to NM-302 using (a) the comet assay with (SBs + Fpg) 
and without (SBs) enzyme treatment; (b) the cytokinesis-
block micronucleus assay, expressed as micronucleated 
binucleated cells (MNBNC) in 1000 binucleated cells 
(bars, primary axis) and replication index (RI; line, sec-
ondary axis); (c) the plating efficiency (PE %) as a mea-

surement of cytotoxicity; and (d) the HPRT test to 
measure the mutation frequency, MF (x10−6), expressed 
as the mean ± standard deviation (M ± SD) of two inde-
pendent harvests from one experiment. Data are expressed 
as the means ± SD. P values indicate statistically signifi-
cant differences from unexposed cells, or between SBs 
and SBs + Fpg; *p < 0.05. SB strand breaks
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are probably related to the different physico-
chemical properties of Ag NMs, namely size, 
shape, charge and surface coating. The negative 
findings presented in this study may be related to 
the size of NMs, as smaller Ag NMs were found 
to be more cytotoxic, genotoxic and stronger 
inducers of ROS production compared to larger 
Ag NMs [15, 71, 100, 101]. In different cell lines 
(A549, HepG2 and HT-29), after exposure to dif-
ferent Ag NM sizes (20 and 200  nm), a size-
related genotoxic effect was observed with the 
comet assay, but not with the MN assay [72]. 
Also in A549 cells, the genotoxicity assessment 
of Ag NMs differing in size (with the same shape, 
charge and chemical composition, including the 
stabilizing coating) showed strong cytotoxic and 
genotoxic effects for the 50  nm but not for the 
200  nm NM; the latter, however, showed the 
strongest mutagenic potential [15]. In agreement 
with that observation, the highest DNA tail inten-
sity values were found in CHO-K1 and CHO-
XRS5 cells exposed to 2.5 μg/mL of 10 nm Ag 
NMs compared with 100 nm Ag NMs, although 
an opposite effect was reported using the CBMN 
assay [102]. Interestingly, low concentrations 
(<5 μg/mL) of 20 nm PVP-coated Ag NMs were 
more cytotoxic than 10 nm PVP-coated Ag NMs, 
while at higher doses (>50  μg/mL), the latter 
exhibited higher toxicity and induced severe 
DNA damage in A549 cells, as measured with the 
comet assay; cell cycle arrest at G2 phase and 
late-stage apoptosis were also observed [69]. 
Shape has also been shown to have a significant 
impact on Ag NM cyto- and genotoxicity. The 
silver NMs used in this study were shaped as 
long nanowires/nanorods (5–10 μm), which has 
been proposed to be a naturally toxic shape, i.e., 
more toxic than the analogous materials in par-
ticulate and non-fibrous forms. More precisely, in 
the respiratory tract inhaled biopersistent fibers 
may have the ability to travel through the airways 
and deposit inside the lungs, puncturing the tis-
sue and producing chronic effects such as inflam-
mation and fibrosis [103]. Limited information is 
currently available on the genotoxicity of silver 
nanorods/wires. Comparatively, exposure to Ag 
NM-300 K (spherical) was found to induce sig-
nificant cytotoxicity and DNA damage in both 

A549 and BEAS-2B, although DNA oxidation 
damage was detected only in A549 cells [54]. 
Increased MN formation without a clear direct 
concentration-effect relationship was observed in 
BEAS-2B cells [63]. In line with these findings, 
another study showed NM-300 K cytotoxicity in 
A549 cells and an induction of DNA damage in 
A549 or TK6 cells, independently of the expo-
sure time (3 or 24 h), mainly due to DNA oxida-
tion damage, as measured with the Fpg-comet 
assay [24].

The organic coating surrounding the silver 
particles may also be of importance to the cyto- 
and genotoxic effects, as previously stated, 
because it may interfere with the particles’ 
agglomeration/aggregation status and, conse-
quently, with their toxicity [71, 104]. Since the 
NM-302 is encapsulated by an organic polymer, 
it is unclear whether a protein corona was formed 
or not, and if it interfered with the results. Another 
aspect that could potentially cause toxicity is the 
liquid dispersant solution used to solubilize the 
nanoparticles (polyvinyl-pyrrolidone, acrylic/
acrylate copolymer and polycarboxylate ether); 
however, V79 cells exposed to several concentra-
tions of this dispersant solution were tested 
alongside the NM replicates, and neither cell 
viability nor DNA stability was affected (data not 
shown). In V79 cells, the cytotoxic effect of Ag 
NMs as measured by the PE assay was influenced 
by different charge and surface composition 
(negative: Ag Citrate and Ag sodium dodecyl sul-
fate (SDS); neutral: Ag Disperbyk-192® and Ag 
Tween 80®; positive: Ag Chitosan and Ag BYK-
9076® [16]. Additionally, in TK6 cells, the 
impact of Ag NMs on the level of strand breaks 
and cryostasis was found to be both charge- and 
surface coating-dependent, with positively 
charged Ag NMs being the most cytostatic and 
genotoxic, although slight but significant 
increases in DNA breaks were found also in cells 
exposed to citrate-coated Ag [16]. For the latter, 
negative findings were reported using the comet 
assay on BEAS-2B cells exposed to citrate-
coated Ag NMs of different primary particle sizes 
(10, 40 and 75  nm) as well as to 10  nm PVP-
coated and 50  nm uncoated Ag NMs, for 4  h 
exposure [71]. In contrast, in BEAS-2B cells 
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exposed to different concentrations (2.5–240 μg/
mL) of PVP-stabilized Ag NMs (42.5  ±  14.5 
nm), DNA damage and intracellular ROS induc-
tion were observed using the comet assay (≥ 
60.8 μg/mL), for treatments lasting 4 and 24 h, 
while no induction of MN or hromosome aberra-
tions was observed [74]. Nevertheless, other 
studies using PVP-coated Ag NMs reported a 
positive CBMN assay in TK6 cells [68].

Finally, this study showed that all NM-302 
concentrations, except the lowest one (1 μg/cm2) 
induced at least a 2-fold increase in the Hprt MF, 
when compared to the negative control 
(Fig.  14.3d); a 3-fold increase was observed at 
concentrations of 3 and 75 μg/cm2, suggesting a 
mutagenic effect of this NM.  Our findings are 
aligned with results from previous studies per-
formed in V79 cells. PVP-stabilized quasi-
spherical Ag NMs (50 nm, 80 nm and 200 nm) 
induced size- dependent mutations in the Hprt 
gene of V79–4 cells after exposure to 0.21, 1.1, 
5.3 and 15.9 μg/cm2 [15]. As seen in our study, an 
increase of Hprt MF followed by a concentra-
tion–dependent decrease was observed, irrespec-
tive of the NM size. Particularly for the Ag NM 
200  nm, a MF decrease was observed between 
1.1 μg/cm2 and 5.3 μg/cm2, while in our study the 
number of mutants decreased in the intermediate 
doses (between 3 and 30 μg/cm2). The authors 
suggested that this might have been due to larger 
genetic alterations being induced by higher NM 
concentrations that consequently reduced the 
viability of the mutant cells, resulting in an over-
all lower MF.  These authors also showed that 
small (8 nm; spherical shape) Ag NMs with dif-
ferent charges and surface compositions (six dif-
ferent capping agents) induced gene mutations in 
V79–4 cells [16], but  no reverse-concentration 
response was observed, attributed possibly to dif-
ferences in the investigated materials. In the first 
study [15], PVP was applied to prevent protein 
binding to the surface of Ag NMs, their agglom-
eration and Ag  dissolution; thus Ag NMs kept 
their primary shape and size during all exposure 
times in contrast to Ag NMs tested in the later 
study [16]. Also, the concentration-range differed 
in the two experiments (0.6–2.56 μg/cm2 for the 
latter), way below the concentration at which the 

MF started to decrease in the first study. 
Therefore, different ranges of tested concentra-
tions can also explain other biological responses 
[16]. The capacity of two types of Ag NMs 
(spherical NM-300 and fibrous nanorods/wires 
NM- 302) to induce thymidine kinase (Tk+/−) 
mutations in L5178Y mouse lymphoma cells 
(MLA TK) and transformed foci in Bhas 42 cells 
(CTA) was also investigated [75]. Spherical 
NM-300 showed neither mutagenic nor carcino-
genic potential, contrasting with silver nanorods/
wires (NM-302), that showed a significantly 
increase in the number of both gene mutations 
and transformed foci compared with the control 
cells, suggesting that fibrous shape underlies the 
mutagenic and carcinogenic potential of nanosil-
ver [75]. Interestingly, in the MLA TK assay, 
NM-302 silver nanorods/wires induced a signifi-
cant increase in MF (small colonies) at all but the 
lowest concentration tested. An increase in large 
colonies was observed at 1 and 3  μg/cm3, fol-
lowed by a decrease at higher doses, increasing 
again at the 100 μg/cm3 dose, i.e., displaying a 
trend similar to the one observed in our study. 
This was also observed for the NM-302  in the 
CTA, where a concentration-dependent increase 
in the number of transformed Bhas 42 cells was 
observed up to the 1 μg/cm2 concentration, fol-
lowed by a decrease observed at 3 μg/cm2 and 
10 μg/cm2 [75]. Also using the MLA TK assay, 
cells exposure to all six types of Ag NMs (PVP- 
or citrate-coated 20-, 50-,and 100-nm) and ionic 
silver at concentration ranges of 1–60 μg/mL and 
0.4–0.65 μg/mL, respectively, led to mutagenic-
ity influenced by size and coating, with the small-
est citrate-coated Ag NM (20  nm) displaying 
higher mutagenic potency, only lower than the 
ionic Ag that displayed the highest mutagenic 
potency (and cytotoxicity) [64]. The same group 
previously detected concentration-dependent 
cytotoxicity and mutagenicity produced by 5 nm 
uncoated Ag NMs using the MLA TK assay, at 
doses of 3–6 μg/mL [73]. Overall, a substantial 
number of studies have addressed the genotoxic-
ity and mutagenicity of Ag NMs. Inconsistent 
results have been reported, and this is not surpris-
ing given the diversity of Ag NMs existent, with 
diverging physicochemical properties, including 
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surface modifications. Based on our study and 
comparing with the findings of the above-
mentioned studies, a possible mutagenic effect of 
Ag NM-302 is suggested, particularly at low 
concentration-ranges. Further experiments to 
explore low concentrations for induction of 
potential mutagenicity (around 0.1 and 5.3  μg/
cm2) would be of interest.

14.3.5	� Comparing Results Between 
Comet, Micronucleus 
and HPRT Assays

In this chapter we report data on three benchmark 
metal-based NMs obtained in three different 
genotoxicity assays: the comet assay (and its 
Fpg-modified version), the CBMN assay and the 
HPRT mutation test. An overview of the results 
obtained is presented in Table 14.4. Negative and 
positive historical values for the V79 cells were 
available for the HPRT test; the positive control 
(MMS; 0.1  mM, 30  min), induced 38.1  ±  5.23 
(x10−6) MF, corresponding to a significantly four-
fold increase compared with the negative control, 
while the negative control (9.59 ± 0.19x10−6) is 
in the range of historical values [10, 15, 16, 20]. 
No historical values were available for V79 cells 
either for the comet assay or for CBMN. For the 
comet assay, the positive control (H2O2) induced 
statistically significant DNA damage compared 
with the control (77.51  ±  8.02, without Fpg; 
81.63 ± 6.55, with Fpg; 7.24 ± 15.62 net Fpg). 
For the CBMN assay, the positive control (MMC, 
0.1  μg/mL) induced 267 MNBNC/1000 BNC 
and a RI = 58.1%, being significantly increased 

compared to the negative control (p  =  0.043; 
Mann-Whitney test). Nevertheless, for the sake 
of comparability within this study, criteria for a 
positive/negative result were established based 
on current recommendations [105].

As can be seen, some differences between the 
outcomes obtained  for each NM were noted 
using this battery of tests. Such differences have 
been frequently described in the literature [4, 82, 
90, 106] and can be due to distinct endpoints 
measured by each of the tests, reflecting differ-
ences in the mechanisms underlying the geno-
toxic effects, or may be related to different assay 
sensitivities [4, 90, 106, 107]. Our results demon-
strate discrepancies particularly between the 
comet and MN assays results. No DNA damage 
was detected following exposure of cells to 
NM-212 or NM-302, whereas exposure to 
NM-100 induced DNA damage at the highest 
concentrations tested (30 and 75 μg/cm2). On the 
other hand, the MN assay result was negative for 
both NM-100 and NM-302, but the frequency of 
micronucleated cells was increased following 
exposure to the highest dose of NM-212. The 
comet assay identifies a broad spectrum of tran-
sient primary DNA lesions, namely single- and 
double-strand DNA breaks, alkali-labile lesions 
that are converted to strand breaks under alkaline 
conditions, or breaks associated with incomplete 
excision repair sites. Such primary lesions usu-
ally arise soon after exposure to genotoxic agents 
and may be easily repaired by the cellular’ DNA 
repair machinery, or otherwise result in gene or 
chromosome alterations. On the other hand, 
micronuclei reflect persistent chromosome alter-
ations. Indeed, larger DNA lesions that survive at 

Table 14.4  Outcomes of the toxicological testing of the NMs in this study

NM Comet Fpg-Comet CBMN HPRT test PE CBPI/RI
NM-100 + + − + (+) −
NM-212 − (+) (+) (+) (+) −
NM-302 − − − (+) + −

+, POSITIVE - No significant concentration-dependent effect for  the endpoint analysed, ≥ 2 concentrations causing 
a  significant  effect over control; (+), EQUIVOCAL  - No significant concentration-dependent effect, 1 concentra-
tion causing a significant effect; −, NEGATIVE - none of the criteria for a positive result are met according to [105]. 
CBPI cytokinesis-blocked proliferation index, RI replication Index, CBMN cytokinesis-block micronucleus assay
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least one mitotic cycle reflect irreversibly unre-
paired chromosomal damage, corresponding to 
clastogenic (chromosomal fragmentation) or 
aneugenic (changes in chromosome copy num-
ber) events. In a review of 38 studies in which 
both the comet and CBMN assays have been 
used following exposure to 66 NMs, a good over-
all consistency between assays was found (69%) 
[107]. However, a higher inconsistency was 
observed for TiO2 NMs, given that 19 out of 22 
TiO2 NM analyzed induced DNA strand break-
age (86%), only 7 (32%) displayed positive MN 
results and 9 (41%) showed consistent results 
between both assays [107]. Moreover, a recent 
review of TiO2 NM in vitro genotoxic studies 
from 2010 to 2016, demonstrated that approxi-
mately 63% of the studies using the comet 
assay  presented positive results, while only 
35% using the MN assay showed positive results 
[51]. Also, according to Elespuru et al. [5], most 
of the studies on metal-based NMs, such as Ag, 
CeO2, and to a lesser extent TiO2 NMs, tended to 
yield positive results using either the Fpg method 
or the standard method [5].

The differences observed between assays are 
thought be related to different sensitivities, mea-
surement of different endpoints, variation in 
experimental conditions and different secondary 
properties of TiO2 in the tested media [107]. For 
example, concerning Ag, both consistent and 
inconsistent results between assays found in the 
literature are, as already discussed, strongly 
influenced by the size, shape and coating, which 
might lead to different cyto- and genotoxic out-
comes. Larger Ag NMs (200 nm) were found to 
be the most mutagenic, while small particles 
(50 nm) were the most cytotoxic and genotoxic 
[15, 75]. In the case of TiO2, different states and 
sizes of agglomeration resulted in different geno-
toxicity responses, using the comet assay in 3 dif-
ferent cell lines, with larger agglomerates of 
dispersed TiO2 inducing DNA damage in all cell 
lines, as opposed to no effect on genotoxicity 
with agglomerates smaller than 200 nm [84].

Also, the type and the repair capacities of the 
cells used, the stage of cell cycle, and the dura-
tion between exposure and analysis will contrib-
ute to the differences in sensitivity between the 

MN and comet assays [108]. For TiO2 NMs, crys-
tallinity, particle size, cell line and exposure 
duration are thought to be the main variables 
influencing data obtained with the comet assay, 
while MN formation could be influenced by size, 
coating, exposure duration, and TiO2 NM con-
centration [86]. Since we used the same cell line 
and exposure conditions in both assays, except 
for the exposure duration (24  h, for the comet 
assay; 48 h, for the MN assay), the differences 
observed between the assays are more likely to 
be attributable to their mechanism of action or 
exposure duration. Thus, these two methods pro-
vide complementary information allowing a 
broader interpretation of the biological effects of 
NMs. It is worth noting that NM overload can 
occur at higher NM doses, leading to erroneous 
data interpretation and therefore the dose-range 
should be carefully selected. For example, in the 
MN assay, a decreased number of MNBC cells 
was observed with the increasing concentration 
of TiO2 NM-100, which might have been related 
to a physical interference of the NMs with the 
cell scoring for MN, as previously reported by 
others [106, 109]. As cytochalasin B was added 
to cells 24 h after the NM exposure, it is unlikely 
that interference with NM uptake occurred. This 
interference has been associated with negative 
results with this assay in other studies [3, 51, 68, 
110, 111].

There were only a few studies applying both 
the HPRT mutation test and the comet and/or MN 
tests for the metal-based NMs analyzed here, and 
overall consistency between assays was observed 
[12–16, 53]. Concerning TiO2 NMs, increased 
MF and % Tail DNA after 6 h [13] and 24 h expo-
sure [12] were observed in V79 cells. Also, 
increased MN frequecy, DNA damage level and 
Hprt gene MF were observed in WL2-NS cells 
[14], while following a long-term (60 days) expo-
sure using both comet assay and HPRT test in 
CHO-K1 cells, no effects were observed [53]. 
Concerning Ag NMs, PVP-stabilized quasi-
spherical Ag NMs (50  nm, 80  nm, 200  nm) 
induced strand breaks, DNA oxidation, inflam-
mation and gene mutation but different cell lines 
were used for the different endpoints (the HPRT 
test was applied in V79 cells, while the other end-
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points were assessed in A549 cells) [15]. In fact, 
the MF decreased with increasing doses, while a 
dose-dependent increase in DNA damage was 
observed [15]. Also, different Ag NMs caused 
DNA damage and gene mutation, in TK6 and 
V79 cells, respectively [16].

Overall, our results with the HPRT test showed 
an increase in MF for the NMs tested, particularly 
for the lowest concentrations (although no con-
centration-response was observed) suggesting 
that the metal-based NMs studied can be muta-
genic to cells exposed to low  concentrations. 
Additionally, the increase in MF observed for the 
lowest concentrations was always followed by a 
decrease and then by an increase at the highest 
dose. During the HPRT experiments we observed 
for all NMs that the NMs could not effectively be 
washed off the cells, particularly at the highest 
dose; thus, the true exposure period may have 
been longer than that initially anticipated, possi-
bly leading to higher levels of damage than 
expected at the highest concentration. This issue 
was previously reported when performing the 
HPRT test (OECD 476) for different NMs [3].

14.4	� Conclusions

In conclusion, differential genotoxicity potential 
for the tested metal-based NMs was observed in 
V79 cells. The results obtained generally agreed 
with previous results and confirm the importance 
of investigating the toxic potential of each NM 
individually, instead of assuming a common 
mechanism and similar genotoxic effects for a 
set of similar NMs, such as metallic NMs. The 
use of a medium throughput version of the comet 
assay to measure DNA damage and, particularly, 
the use of the enzyme Fpg allowed the detection 
of oxidative damage to DNA, and at the same 
time increased assay robustness while reducing 
experimental variability and time. Our prelimi-
nary results point to the Hprt gene mutation 
assay together with the Fpg comet assay, as 
being more sensitive to identify genotoxic effects 
of metal- based NMs, particularly in the case of 
TiO2, as already reported [12, 13, 87]. In fact, the 

results of the HPRT test, although equivocal 
(since no dose response could be established), 
contrast with the overall negative results 
observed, particularly, for the MN assay. 
Particularly for NM-100 or NM-302, the impor-
tance of using different assays was made clear, 
which highlights the importance of assessing 
different endpoints to study the genotoxicity of 
NMs, since no single genotoxic assay has the 
capacity to evaluate every type of DNA damage 
inducible by a NM, namely, strand breaks, aneu-
genic, clastogenic and mutagenic effects [24].

Our study corroborates the usefulness of a 
mammalian gene mutation assay (such as the 
HPRT test) as a concurrent method to assess the 
risk of metal and metal oxide NMs. Mammalian 
gene mutation test and MN assay are required for 
safety evaluation, by ECHA, under REACH 
[112, 113] and by other regulatory entities such 
as EFSA or Scientific Committee on Consumer 
Safety (SCCS) for safety evaluation of NMs in 
food and cosmetics, respectively [9, 114]. 
Additionally, in the recently proposed amend-
ment (in consultation) to specific extracts of 
Appendix R7–1 and R7–2 of ECHA guidance, 
the standard and Fpg comet assay for detection of 
strand breaks and DNA oxidation lesions was 
suggested for in vivo studies [115], being also 
recommended as an in vitro indicator test for cos-
metics [114].

Our results support the use of this test battery 
as a first stage in the in vitro screening of NMs, 
provided that standardized protocols exist, 
including for NM preparation, and that the physi-
cochemical characteristics of the NMs are 
considered.

Acknowledgments  We thank Iren Elisabeth Sturtzel for 
her excellent help with experiments. Authors also thank 
Professor Andrew Collins for language corrections.

This research was co-funded by the EC FP7 
NANoREG (Grant Agreement NMP4-LA-2013–310584), 
the EC QualityNano Research Infrastructure project 
(Grant Agreement No: INFRA-2010-262163), through 
the QualityNano Transnational Access fellowships 
[NILU-TAF-410 and NILU-TAF-403] attributed to 
N. Vital and M. J. Silva and by the Portuguese Foundation 
for Science and Technology through ToxOmics 
(UIDB/00009/2020; UIDP/00009/2020). N. Vital work is 

14  Hazard Assessment of Benchmark Metal-Based Nanomaterials Through a Set of In Vitro…



370

also supported by the Portuguese Foundation for Science 
and Technology PhD Scholarship 2020.07168.BD.

References

	 1.	Bettencourt A, Gonçalves LM, Gramacho AC, Vieira 
A, Rolo D, Martins C et al (2020) Analysis of the 
characteristics and cytotoxicity of titanium dioxide 
nanomaterials following simulated in vitro diges-
tion. Nano 10(8):1516. https://doi.org/10.3390/
nano10081516

	 2.	Collins AR, Annangi B, Rubio L, Marcos R, 
Dorn M, Merker C et al (2017) High through-
put toxicity screening and intracellular detec-
tion of nanomaterials. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol 9(1):e1413. https://doi.
org/10.1002/wnan.1413

	 3.	Doak SH, Manshian B, Jenkins GJS, Singh N (2012) 
In vitro genotoxicity testing strategy for nanomate-
rials and the adaptation of current OECD guide-
lines. Mutat Res Genet Toxicol Environ Mutagen 
745(1–2):104–111. https://doi.org/10.1016/j.
mrgentox.2011.09.013

	 4.	Louro H, Saruga A, Santos J, Pinhão M, Silva MJ 
(2019) Biological impact of metal nanomateri-
als in relation to their physicochemical character-
istics. Toxicol In Vitro 56:172–183. https://doi.
org/10.1016/j.tiv.2019.01.018

	 5.	Elespuru R, Pfuhler S, Aardema MJ, Chen T, Doak 
SH, Doherty A et al (2018) Genotoxicity assessment 
of nanomaterials: recommendations on best prac-
tices, assays, and methods. Toxicol Sci 164(2):391–
416. https://doi.org/10.1093/toxsci/kfy100

	 6.	Louro H, Bettencourt A, Gonçalves LM, Almeida 
A, Silva MJ (2015) Role of nanogenotoxicology 
studies in safety evaluation of NMs. In: Thomas S, 
Grohens Y, Ninan N (eds) Nanotechnology applica-
tions for tissue engineering, vol. 1, issue 1. William. 
Andrew Publishing/Elsevier, pp 263–297. https://
doi.org/10.1016/B978-0-323-32889-0.00016-9

	 7	Kohl Y, Rundén-Pran E, Mariussen E, Hesler M, 
El Yamani N, Longhin EM, Dusinska M (2020) 
Genotoxicity of nanomaterials: advanced in vitro 
models and high throughput methods for human 
hazard assessment – a review. Nano 10(10):1911. 
https://doi.org/10.3390/nano10101911

	 8.	Huk A, Collins AR, El Yamani N, Porredon C, 
Azqueta A, De Lapuente J, Dusinska M (2015b) 
Critical factors to be considered when testing nano-
materials for genotoxicity with the comet assay. 
Mutagenesis 30(1):85–88. https://doi.org/10.1093/
mutage/geu077

	 9.	EFSA Scientific Committee, Hardy A, Benford D, 
Halldorsson T, Jeger MJ, Knutsen HK, More S et al 
(2018) Guidance on risk assessment of the applica-
tion of nanoscience and nanotechnologies in the food 
and feed chain: part 1, human and animal health. 

EFSA J 16(7):e5327. https://doi.org/10.2903/j.
efsa.2018.5327

	 10.	Kazimirova A, El Yamani N, Rubio L, García-
Rodríguez A, Barancokova M, Marcos R, Dusinska 
M (2020) Effects of titanium dioxide nanopar-
ticles on the Hprt gene mutations in V79 hamster 
cells. Nano 10(3):465. https://doi.org/10.3390/
nano10030465

	 11.	Magdolenova Z, Collins A, Kumar A, Dhawan 
A, Stone V, Dusinska M (2014) Mechanisms of 
genotoxicity. A review of in vitro and in vivo stud-
ies with engineered nanoparticles. Nanotoxicology 
8(3):233–278. https://doi.org/10.3109/17435390.20
13.773464

	 12.	Chen Z, Wang Y, Ba T, Li Y, Pu J, Chen T et al 
(2014a) Genotoxic evaluation of titanium diox-
ide nanoparticles in vivo and in vitro. Toxicol 
Lett 226(3):314–319. https://doi.org/10.1016/j.
toxlet.2014.02.020

	 13.	Jain AK, Senapati VA, Singh D, Dubey K, Maurya 
R, Pandey AK (2017) Impact of anatase titanium 
dioxide nanoparticles on mutagenic and genotoxic 
response in Chinese hamster lung fibroblast cells 
(V-79): the role of cellular uptake. Food Chem 
Toxicol 105:127–139. https://doi.org/10.1016/j.
fct.2017.04.005

	 14.	Wang JJ, Sanderson BJS, Wang H (2007) Cyto- and 
genotoxicity of ultrafine TiO2 particles in cultured 
human lymphoblastoid cells. Mutat Res Genet 
Toxicol Environ Mutagen 628(2):99–106. https://
doi.org/10.1016/j.mrgentox.2006.12.003

	 15.	Huk A, Izak-Nau E, Reidy B, Boyles M, Duschl A, 
Lynch I, Dušinska M (2014) Is the toxic potential of 
nanosilver dependent on its size? Part Fibre Toxicol 
11:65. https://doi.org/10.1186/s12989-014-0065-1

	 16.	Huk A, Izak-Nau E, El Yamani N, Uggerud H, 
Vadset M, Zasonska B et al (2015a) Impact of 
nanosilver on various DNA lesions and HPRT gene 
mutations – effects of charge and surface coating. 
Part Fibre Toxicol 12:25. https://doi.org/10.1186/
s12989-015-0100-x

	 17.	Asakura M, Sasaki T, Sugiyama T, Takaya M, Koda 
S, Nagano K et al (2010) Genotoxicity and cyto-
toxicity of multi-wall carbon nanotubes in cultured 
Chinese hamster lung cells in comparison with 
chrysotile a fibers. J Occup Health 52(3):155–166. 
https://doi.org/10.1539/joh.L9150

	 18.	Manshian BB, Jenkins GJS, Williams PM, Wright 
C, Barron AR, Brown AP et al (2013) Single-walled 
carbon nanotubes: differential genotoxic poten-
tial associated with physico-chemical properties. 
Nanotoxicology 7(2):144–156. https://doi.org/10.31
09/17435390.2011.647928

	 19.	Mrakovcic M, Meindl C, Leitinger G, Roblegg E, 
Fröhlich E (2015) Carboxylated short single-walled 
carbon nanotubes but not plain and multi-walled short 
carbon nanotubes show in vitro genotoxicity. Toxicol 
Sci 144(1):114–127. https://doi.org/10.1093/toxsci/
kfu260

N. Vital et al.

10.3390/nano10081516
10.3390/nano10081516
10.1002/wnan.1413
10.1002/wnan.1413
10.1016/j.mrgentox.2011.09.013
10.1016/j.mrgentox.2011.09.013
10.1016/j.tiv.2019.01.018
10.1016/j.tiv.2019.01.018
10.1093/toxsci/kfy100
10.1016/B978-0-323-32889-0.00016-9
10.1016/B978-0-323-32889-0.00016-9
10.3390/nano10101911
10.1093/mutage/geu077
10.1093/mutage/geu077
10.2903/j.efsa.2018.5327
10.2903/j.efsa.2018.5327
10.3390/nano10030465
10.3390/nano10030465
10.3109/17435390.2013.773464
10.3109/17435390.2013.773464
10.1016/j.toxlet.2014.02.020
10.1016/j.toxlet.2014.02.020
10.1016/j.fct.2017.04.005
10.1016/j.fct.2017.04.005
10.1016/j.mrgentox.2006.12.003
10.1016/j.mrgentox.2006.12.003
10.1186/s12989-014-0065-1
10.1186/s12989-015-0100-x
10.1186/s12989-015-0100-x
10.1539/joh.L9150
10.3109/17435390.2011.647928
10.3109/17435390.2011.647928
10.1093/toxsci/kfu260
10.1093/toxsci/kfu260


371

	 20.	Rubio L, El Yamani N, Kazimirova A, Dusinska 
M, Marcos R (2016a) Multi-walled carbon nano-
tubes (NM401) induce ROS-mediated HPRT 
mutations in Chinese hamster lung fibroblasts. 
Environ Res 146:185–190. https://doi.org/10.1016/j.
envres.2016.01.004

	 21.	Guichard Y, Fontana C, Chavinier E, Terzetti F, 
Gaté L, Binet S, Darne C (2016) Cytotoxic and 
genotoxic evaluation of different synthetic amor-
phous silica nanomaterials in the V79 cell line. 
Toxicol Ind Health 32(9):1639–1650. https://doi.
org/10.1177/0748233715572562

	 22.	Åkerlund E, Cappellini F, Di Bucchianico S, Islam 
S, Skoglund S, Derr R et al (2018) Genotoxic and 
mutagenic properties of Ni and NiO nanoparticles 
investigated by comet assay, γ-H2AX staining, Hprt 
mutation assay and ToxTracker reporter cell lines. 
Environ Mol Mutagen 59(3):211–222. https://doi.
org/10.1002/em.22163

	 23.	Doak SH, Griffiths SM, Manshian B, Singh N, 
Williams PM, Brown AP, Jenkins GJS (2009) 
Confounding experimental considerations in 
nanogenotoxicology. Mutagenesis 24(4):285–293. 
https://doi.org/10.1093/mutage/gep010

	 24.	El Yamani N, Collins AR, Rundén-Pran E, 
Fjellsbø LM, Shaposhnikov S, Zienolddiny S, 
Dusinska M (2017) In vitro genotoxicity testing 
of four reference metal nanomaterials, titanium 
dioxide, zinc oxide, cerium oxide and silver: 
towards reliable hazard assessment. Mutagenesis 
32(1):117–126. https://doi.org/10.1093/mutage/
gew060

	 25.	Di Bucchianico S, Cappellini F, Le Bihanic F, Zhang 
Y, Dreij K, Karlsson HL (2017) Genotoxicity of 
TiO2 nanoparticles assessed by mini-gel comet 
assay and micronucleus scoring with flow cytom-
etry. Mutagenesis 32(1):127–137. https://doi.
org/10.1093/mutage/gew030

	 26.	Harris G, Palosaari T, Magdolenova Z, Mennecozzi 
M, Gineste JM, Saavedra L et al (2015) Iron oxide 
nanoparticle toxicity testing using high-throughput 
analysis and high-content imaging. Nanotoxicology 
9(S1):87–94. https://doi.org/10.3109/17435390.201
3.816797

	 27.	Vance ME, Kuiken T, Vejerano EP, McGinnis SP, 
Hochella MF, Hull DR (2015) Nanotechnology  
in the real world: redeveloping the nanomate-
rial consumer products inventory. Beilstein 
J Nanotechnol 6:1769–1780. https://doi.org/ 
10.3762/bjnano.6.181

	 28.	Younis A, Chu D, Li S (2016) Cerium oxide nano-
structures and their applications. In: Farrukh MA 
(ed) Functionalized nanomaterials (intechopen). 
https://doi.org/10.5772/65937

	 29.	Fytianos G, Rahdar A, Kyzas GZ (2020) 
Nanomaterials in cosmetics: recent updates. Nano 
10(5):979. https://doi.org/10.3390/nano10050979

	 30.	He X, Deng H, Hwang HM (2019) The current 
application of nanotechnology in food and agri-
culture. J Food Drug Anal 27(1):1–21. https://doi.
org/10.1016/j.jfda.2018.12.002

	 31.	Peters RJB, Bouwmeester H, Gottardo S, Amenta V, 
Arena M, Brandhoff P et al (2016) Nanomaterials 
for products and application in agriculture, feed and 
food. Trends Food Sci Technol 54:155–164. https://
doi.org/10.1016/j.tifs.2016.06.008

	 32.	Ziental D, Czarczynska-Goslinska B, Mlynarczyk 
DT, Glowacka-Sobotta A, Stanisz B, Goslinski T, 
Sobotta L (2020) Titanium dioxide nanoparticles: 
prospects and applications in medicine. Nano 
10(2):387. https://doi.org/10.3390/nano10020387

	 33.	Nowack B, Krug HF, Height M (2011) 120 years 
of nanosilver history: implications for policy mak-
ers. Environ Sci Technol 45:1177–1183. https://doi.
org/10.1021/es103316q

	 34.	Calderón-Jiménez B, Johnson ME, Montoro 
Bustos AR, Murphy KE, Winchester MR, Baudrit 
JRV (2017) Silver nanoparticles: technological 
advances, societal impacts, and metrological chal-
lenges. Front Chem 5:1–26. https://doi.org/10.3389/
fchem.2017.00006

	 35.	Khin MM, Nair AS, Babu VJ, Murugan R, 
Ramakrishna S (2012) A review on nanomateri-
als for environmental remediation. Energy Environ 
Sci 5(8):8075–8109. https://doi.org/10.1039/
c2ee21818f

	 36.	Lee SH, Jun BH (2019) Silver nanoparticles: 
synthesis and application for nanomedicine. Int 
J Mol Sci 20(4):865. https://doi.org/10.3390/
ijms20040865

	 37.	Saleem H, Zaidi SJ (2020) Sustainable use of nano-
materials in textiles and their environmental impact. 
Materials 13(22):2134. https://doi.org/10.3390/
ma13225134

	 38.	De Souza TAJ, Rocha TL, Franchi LP (2018) 
Detection of DNA damage induced by cerium diox-
ide nanoparticles: from models to molecular mecha-
nism activated. In Saquib Q, Faisal M, Al-Khedhairy 
A, Alatar A (eds) Cellular and molecular toxicology 
of nanoparticles. Advances in experimental medi-
cine and biology, 1048, pp 215–226. https://doi.
org/10.1007/978-3-319-72041-8_13

	 39.	Reed K, Cormack A, Kulkarni A, Mayton M, 
Sayle D, Klaessig F, Stadler B (2014) Exploring 
the properties and applications of nanoceria: is 
there still plenty of room at the bottom? Environ 
Sci Nano 1(5):390–405. https://doi.org/10.1039/
c4en00079j

	 40.	Singh K, Nayak V, Sarkar T, Singh RP (2020) Cerium 
oxide nanoparticles: properties, biosynthesis and 
biomedical application. RSC Adv 10(45):27194–
27214. https://doi.org/10.1039/d0ra04736h

	 41.	Dhall A, Self W (2018) Cerium oxide nanoparticles: 
a brief review of their synthesis methods and bio-
medical applications. Antioxidants 7(8):97. https://
doi.org/10.3390/antiox7080097

	 42.	OECD (2010) OECD series on the safety of manu-
factured nanomaterials, No 27. List of manufac-
tured nanomaterials and list of endpoints for phase 
one of the sponsorship programme for the testing 
of manufactured nanomaterials: revision. ENV/JM/
MONO(2010)46, OECD Publishing, Paris

14  Hazard Assessment of Benchmark Metal-Based Nanomaterials Through a Set of In Vitro…

10.1016/j.envres.2016.01.004
10.1016/j.envres.2016.01.004
10.1177/0748233715572562
10.1177/0748233715572562
10.1002/em.22163
10.1002/em.22163
10.1093/mutage/gep010
10.1093/mutage/gew060
10.1093/mutage/gew060
10.1093/mutage/gew030
10.1093/mutage/gew030
10.3109/17435390.2013.816797
10.3109/17435390.2013.816797
10.3762/bjnano.6.181
10.3762/bjnano.6.181
10.5772/65937
10.3390/nano10050979
10.1016/j.jfda.2018.12.002
10.1016/j.jfda.2018.12.002
10.1016/j.tifs.2016.06.008
10.1016/j.tifs.2016.06.008
10.3390/nano10020387
10.1021/es103316q
10.1021/es103316q
10.3389/fchem.2017.00006
10.3389/fchem.2017.00006
10.1039/c2ee21818f
10.1039/c2ee21818f
10.3390/ijms20040865
10.3390/ijms20040865
10.3390/ma13225134
10.3390/ma13225134
10.1007/978-3-319-72041-8_13
10.1007/978-3-319-72041-8_13
10.1039/c4en00079j
10.1039/c4en00079j
10.1039/d0ra04736h
10.3390/antiox7080097
10.3390/antiox7080097


372

	 43.	OECD (2015) OECD Series on the Safety of 
Manufactured Nanomaterials, No. 45. Dossier on 
cerium oxide. ENV/JM/MONO(2015)8, OECD 
Publishing, Paris

	 44.	OECD (2016a) Titanium dioxide: summary of 
the dossier. In: Series on the safety of manufac-
tured nanomaterials. No. 73 ENV/JM/MONO, 
25 OECD Environment, Health and Safety 
Publications, vol. 73

	 45.	OECD (2017a) OECD series on the safety of manu-
factured nanomaterials, No. 83. silver nanoparticles: 
summary of the dossier. ENV/JM/MONO(2017)31. 
OECD Publishing, Paris

	 46.	ECHA (2014) Community rolling action plan 
(CoRAP) update covering years 2014, 2015 
and 2016. Retrieved from https://echa.europa.
eu/documents/10162/13628/corap_list_2014- 
2016_en.pdf

	 47.	ECHA (2018) Community rolling action plan update 
covering years 2016, 2017 and 2018. Retrieved from 
https://echa.europa.eu/documents/10162/13628/
corap_update_20172019_en.pdf/6a394595-a4e5-
0e10-ec66-eabdc55ce7f6

	 48.	ECHA (2021a) Community rolling action plan 
(CoRAP) update covering the years 2021, 
2022 and 2023. Retrieved from https://echa.
europa.eu/documents/10162/9801478/corap_
update_2021-2023_en.pdf/fdb46fb0-21a2-1ab7-3ce2- 
74dbe509a60f

	 49.	 IARC (2010) IARC Monographs on the evalua-
tion of carcinogenic risks to humans: carbon black, 
titanium dioxide, and talc. Vol. 93, Lyon, France. 
https://doi.org/10.1136/jcp.48.7.691-a

	 50.	Dankovic DA, Kuempel ED (2011) Occupational 
exposure to titanium dioxide National Institute 
for Occupational Safety and Health (ed.). NIOSH 
Current Intelligence Bulletin, 63. https://stacks.cdc.
gov/view/cdc/5922

	 51.	Charles S, Jomini S, Fessard V, Bigorgne-Vizade 
E, Rousselle C, Michel C (2018) Assessment of 
the in vitro genotoxicity of TiO2 nanoparticles in a 
regulatory context. Nanotoxicology 12(4):357–374. 
https://doi.org/10.1080/17435390.2018.1451567

	 52.	EFSA Panel on Food Additives and Flavourings, 
Younes M, Aquilina G, Castle L, Engel K-H, Fowler 
P et al (2021) Scientific opinion on the safety assess-
ment of titanium dioxide (E171) as a food addi-
tive. EFSA J 19(5):e6585. https://doi.org/10.2903/j.
efsa.2021.6585

	 53.	Wang S, Hunter LA, Arslan Z, Wilkerson MG, 
Wickliffe JK (2011) Chronic exposure to nanosized, 
anatase titanium dioxide is not cyto- or genotoxic to 
Chinese hamster ovary cells. Environ Mol Mutagen 
52(8):614–622. https://doi.org/10.1002/em.20660

	 54.	García-Rodríguez A, Rubio L, Vila L, Xamena N, 
Velázquez A, Marcos R, Hernández A (2019a) The 
comet assay as a tool to detect the genotoxic poten-
tial of nanomaterials. Nano 9(10):1385. https://doi.
org/10.3390/nano9101385

	 55.	Xu C, Qu X (2014) Cerium oxide nanoparticle: a 
remarkably versatile rare earth nanomaterial for 
biological applications. NPG Asia Materials 6:e90. 
https://doi.org/10.1038/am.2013.88

	 56.	De Marzi L, Monaco A, De Lapuente J, Ramos D, 
Borras M, Gioacchino D et al (2013) Cytotoxicity 
and genotoxicity of ceria nanoparticles on different 
cell lines in vitro. Int J Mol Sci 14(2):3065–3077. 
https://doi.org/10.3390/ijms14023065

	 57.	Frieke Kuper C, Gröllers-Mulderij M, 
Maarschalkerweerd T, Meulendijks NMM, Reus 
A, van Acker F et al (2015) Toxicity assessment of 
aggregated/agglomerated cerium oxide nanoparti-
cles in an in vitro 3D airway model: the influence of 
mucociliary clearance. Toxicol In Vitro 29(2):389–
397. https://doi.org/10.1016/j.tiv.2014.10.017

	 58.	Mittal S, Pandey AK (2014) Cerium oxide nanopar-
ticles induced toxicity in human lung cells: role 
of ROS mediated DNA damage and apopto-
sis. Biomed Res Int 2014:891934. https://doi.
org/10.1155/2014/891934

	 59.	Rubio L, Annangi B, Vila L, Hernández A, Marcos 
R (2016b) Antioxidant and anti-genotoxic properties 
of cerium oxide nanoparticles in a pulmonary-like 
cell system. Arch Toxicol 90(2):269–278. https://
doi.org/10.1007/s00204-015-1468-y

	 60.	Rubio L, Marcos R, Hernández A (2018) Nanoceria 
acts as antioxidant in tumoral and transformed 
cells. Chem Biol Interact 291:7–15. https://doi.
org/10.1016/j.cbi.2018.06.002

	 61.	Rodriguez-Garraus A, Azqueta A, Vettorazzi A, de 
Cerain AL (2020) Genotoxicity of silver nanopar-
ticles. Nano 10(2):251. https://doi.org/10.3390/
nano10020251

	 62.	Butler KS, Peeler DJ, Casey BJ, Dair BJ, Elespuru 
RK (2015) Silver nanoparticles: correlating 
nanoparticle size and cellular uptake with geno-
toxicity. Mutagenesis 30(4):577–591. https://doi.
org/10.1093/mutage/gev020

	 63.	García-Rodríguez A, Kazantseva L, Vila L, Rubio L, 
Velázquez A, Ramírez MJ et al (2019b) Micronuclei 
detection by flow cytometry as a high-throughput 
approach for the genotoxicity testing of nanoma-
terials. Nano 9(12):1677. https://doi.org/10.3390/
nano9121677

	 64.	Guo X, Li Y, Yan J, Ingle T, Jones MY, Mei N et 
al (2016) Size- and coating-dependent cytotoxic-
ity and genotoxicity of silver nanoparticles evalu-
ated using in vitro standard assays. Nanotoxicology 
10(9):1373–1384. https://doi.org/10.1080/17435390
.2016.1214764

	 65.	Jiang X, Foldbjerg R, Miclaus T, Wang L, Singh R, 
Hayashi Y et al (2013) Multi-platform genotoxicity 
analysis of silver nanoparticles in the model cell line 
CHO-K1. Toxicol Lett 222(1):55–63. https://doi.
org/10.1016/j.toxlet.2013.07.011

	 66.	Kim HR, Kim MJ, Lee SY, Oh SM, Chung KH 
(2011) Genotoxic effects of silver nanoparticles 
stimulated by oxidative stress in human normal 

N. Vital et al.

https://echa.europa.eu/documents/10162/13628/corap_list_2014-2016_en.pdf
https://echa.europa.eu/documents/10162/13628/corap_list_2014-2016_en.pdf
https://echa.europa.eu/documents/10162/13628/corap_list_2014-2016_en.pdf
https://echa.europa.eu/documents/10162/13628/corap_update_20172019_en.pdf/6a394595-a4e5-0e10-ec66-eabdc55ce7f6
https://echa.europa.eu/documents/10162/13628/corap_update_20172019_en.pdf/6a394595-a4e5-0e10-ec66-eabdc55ce7f6
https://echa.europa.eu/documents/10162/13628/corap_update_20172019_en.pdf/6a394595-a4e5-0e10-ec66-eabdc55ce7f6
https://echa.europa.eu/documents/10162/9801478/corap_update_2021-2023_en.pdf/fdb46fb0-21a2-1ab7-3ce2-74dbe509a60f
https://echa.europa.eu/documents/10162/9801478/corap_update_2021-2023_en.pdf/fdb46fb0-21a2-1ab7-3ce2-74dbe509a60f
https://echa.europa.eu/documents/10162/9801478/corap_update_2021-2023_en.pdf/fdb46fb0-21a2-1ab7-3ce2-74dbe509a60f
https://echa.europa.eu/documents/10162/9801478/corap_update_2021-2023_en.pdf/fdb46fb0-21a2-1ab7-3ce2-74dbe509a60f
10.1136/jcp.48.7.691-a
https://stacks.cdc.gov/view/cdc/5922
https://stacks.cdc.gov/view/cdc/5922
10.1080/17435390.2018.1451567
10.2903/j.efsa.2021.6585
10.2903/j.efsa.2021.6585
10.1002/em.20660
10.3390/nano9101385
10.3390/nano9101385
10.1038/am.2013.88
10.3390/ijms14023065
10.1016/j.tiv.2014.10.017
10.1155/2014/891934
10.1155/2014/891934
10.1007/s00204-015-1468-y
10.1007/s00204-015-1468-y
10.1016/j.cbi.2018.06.002
10.1016/j.cbi.2018.06.002
10.3390/nano10020251
10.3390/nano10020251
10.1093/mutage/gev020
10.1093/mutage/gev020
10.3390/nano9121677
10.3390/nano9121677
10.1080/17435390.2016.1214764
10.1080/17435390.2016.1214764
10.1016/j.toxlet.2013.07.011
10.1016/j.toxlet.2013.07.011


373

bronchial epithelial (BEAS-2B) cells. Mutat Res 
Genet Toxicol Environ Mutagen 726(2):129–135. 
https://doi.org/10.1016/j.mrgentox.2011.08.008

	 67.	Li Y, Chen DH, Yan J, Chen Y, Mittelstaedt RA, 
Zhang Y, Biris AS et al (2012) Genotoxicity of sil-
ver nanoparticles evaluated using the Ames test 
and in vitro micronucleus assay. Mutat Res Genet 
Toxicol Environ Mutagen 745(1–2):4–10. https://
doi.org/10.1016/j.mrgentox.2011.11.010

	 68.	Li Y, Doak SH, Yan J, Chen DH, Zhou M, 
Mittelstaedt RA et al (2017) Factors affecting the 
in vitro micronucleus assay for evaluation of nano-
materials. Mutagenesis 32(1):151–159. https://doi.
org/10.1093/mutage/gew040

	 69.	Rosário F, Hoet P, Nogueira AJA, Santos C, Oliveira 
H (2018) Differential pulmonary in vitro toxicity 
of two small-sized polyvinylpyrrolidone-coated 
silver nanoparticles. J Toxicol Environ Health A 
81(15):675–690. https://doi.org/10.1080/15287394.
2018.1468837

	 70.	Hackenberg S, Scherzed A, Kessler M, Hummel S, 
Technau A, Froelich K et al (2011) Silver nanopar-
ticles: evaluation of DNA damage, toxicity and 
functional impairment in human mesenchymal 
stem cells. Toxicol Lett 201(1):27–33. https://doi.
org/10.1016/j.toxlet.2010.12.001

	 71.	Gliga AR, Skoglund S, Odnevall Wallinder I, Fadeel 
B, Karlsson HL (2014) Size-dependent cytotox-
icity of silver nanoparticles in human lung cells: 
the role of cellular uptake, agglomeration and 
Ag release. Part Fibre Toxicol 11:11. https://doi.
org/10.1186/1743-8977-11-11

	 72.	Kruszewski M, Gradzka I, Bartłomiejczyk T, 
Chwastowska J, Sommer S, Grzelak A et al (2013) 
Oxidative DNA damage corresponds to the long 
term survival of human cells treated with silver 
nanoparticles. Toxicol Lett 219(2):151–159. https://
doi.org/10.1016/j.toxlet.2013.03.006

	 73.	Mei N, Zhang Y, Chen Y, Guo X, Ding W, Ali SF 
et al (2012) Silver nanoparticle-induced mutations 
and oxidative stress in mouse lymphoma cells. 
Environ Mol Mutagen 53(6):409–419. https://doi.
org/10.1002/em.21698

	 74.	Nymark P, Catalán J, Suhonen S, Järventaus H, 
Birkedal R, Clausen PA et al (2013) Genotoxicity of 
polyvinylpyrrolidone-coated silver nanoparticles in 
BEAS 2B cells. Toxicology 313(1):38–48. https://
doi.org/10.1016/j.tox.2012.09.014

	 75.	Gábelová A, El Yamani N, Alonso TI, Buliaková B, 
Srančíková A, Bábelová A et al (2017) Fibrous shape 
underlies the mutagenic and carcinogenic potential 
of nanosilver while surface chemistry affects the 
biosafety of iron oxide nanoparticles. Mutagenesis 
32(1):193–202. https://doi.org/10.1093/mutage/
gew045

	 76.	OECD (2016b) Test No. 476: in vitro mammalian 
cell gene mutation tests using the Hprt and xprt 
genes. OECD guideline for the testing of chemicals, 
Section 4. OECD Publishing, Paris

	 77.	OECD (2016c) Test No. 487: in vitro mammalian 
cell micronucleus test. OECD Guideline for the test-
ing of chemicals, Section 4. OECD Publishing, Paris

	 78.	Rasmussen K, Mast J, De Temmerman P-J, 
Verleysen E, Waegeneers N, Steen F V, … Mech 
A (2014) Titanium dioxide, NM-100, NM-101, 
NM-102, NM-103, NM-104, NM-105: characterisa-
tion and Physico- chemical properties. JRC reposi-
tory: NM-series of representative manufactured 
nanomaterials. Publications Office of the European 
Union, Luxembourg. https://doi.org/10.2788/79554

	 79.	Singh C, Friedrichs S, Ceccone G, Gibson N, 
Alstrup Jensen K, Levin M, … Rasmussen K (2014) 
Cerium Dioxide NM-211, NM-212, NM-213, char-
acterisation and test item preparation. JRC reposi-
tory: NM-series of representative manufactured 
nanomaterials. EUR 26649. Publications Office of 
the European Union, Luxembourg (Luxembourg). 
https://doi.org/10.2788/80203

	 80.	Nanogenotox Partners (2013) Deliverable 6: 
Characterisation of MNs for their clastogenic/aneu-
genic effects or DNA damage potentials and cor-
relation analysis. N.J.  Action 120. Retrieved from 
https://vdocument.in/deliverable-6-characterisation-
of-manufactured-nanogenotox-intratracheal.html

	 81.	Jensen AK, Kembouche Y, Christiansen E, Jacobsen 
NR, Wallin H, Guiot C, Spalla O, Witschger O 
(2011) Towards a method for detecting the potential 
genotoxicity of nanomaterials. Final protocol for 
producing suitable manufactured nanomaterial expo-
sure media Report. The generic NANOGENOTOX 
dispersion protocol Standard Operation Procedure ( 
SOP ) and background documentation. Copenhagen, 
Denmark

	 82.	Louro H, Pinhão M, Santos J, Tavares A, Vital N, 
Silva MJ (2016) Evaluation of the cytotoxic and 
genotoxic effects of benchmark multi-walled car-
bon nanotubes in relation to their physicochemical 
properties. Toxicol Lett 262:123–134. https://doi.
org/10.1016/j.toxlet.2016.09.016

	 83.	Dusinska M, Mariussen E, Rundén-Pran E, 
Hudecova AM, Elje E, Kazimirova A et al (2019) 
In vitro approaches for assessing the genotoxicity 
of nanomaterials. Methods Mol Biol 1894:83–122. 
https://doi.org/10.1007/978-1-4939-8916-4_6

	 84.	Magdolenova Z, Bilaniová D, Pojana G, Fjellsbø 
LM, Hudecova A, Hasplova K et al (2012a) Impact 
of agglomeration and different dispersions of tita-
nium dioxide nanoparticles on the human related 
in vitro cytotoxicity and genotoxicity. J Environ 
Monit 14(2):455–464. https://doi.org/10.1039/
c2em10746e

	 85.	Chen T, Yan J, Li Y (2014b) Genotoxicity of titanium 
dioxide nanoparticles. J Food Drug Anal 22(1):95–
104. https://doi.org/10.1016/j.jfda.2014.01.008

	 86.	Ling C, An H, Li L, Wang J, Lu T, Wang H et al 
(2021) Genotoxicity evaluation of titanium diox-
ide nanoparticles in vitro: a systematic review of 
the literature and meta-analysis. Biol Trace Elem 

14  Hazard Assessment of Benchmark Metal-Based Nanomaterials Through a Set of In Vitro…

10.1016/j.mrgentox.2011.08.008
10.1016/j.mrgentox.2011.11.010
10.1016/j.mrgentox.2011.11.010
10.1093/mutage/gew040
10.1093/mutage/gew040
10.1080/15287394.2018.1468837
10.1080/15287394.2018.1468837
10.1016/j.toxlet.2010.12.001
10.1016/j.toxlet.2010.12.001
10.1186/1743-8977-11-11
10.1186/1743-8977-11-11
10.1016/j.toxlet.2013.03.006
10.1016/j.toxlet.2013.03.006
10.1002/em.21698
10.1002/em.21698
10.1016/j.tox.2012.09.014
10.1016/j.tox.2012.09.014
10.1093/mutage/gew045
10.1093/mutage/gew045
10.2788/79554
10.2788/80203
https://vdocument.in/deliverable-6-characterisation-of-manufactured-nanogenotox-intratracheal.html
https://vdocument.in/deliverable-6-characterisation-of-manufactured-nanogenotox-intratracheal.html
10.1016/j.toxlet.2016.09.016
10.1016/j.toxlet.2016.09.016
10.1007/978-1-4939-8916-4_6
10.1039/c2em10746e
10.1039/c2em10746e
10.1016/j.jfda.2014.01.008


374

Res 199:2057–2076. https://doi.org/10.1007/
s12011-020-02311-8

	 87.	Shi H, Magaye R, Castranova V, Zhao J (2013) 
Titanium dioxide nanoparticles: a review of current 
toxicological data. Part Fibre Toxicol 10:15. https://
doi.org/10.1186/1743-8977-10-15

	 88.	Hamzeh M, Sunahara GI (2013) In vitro cytotoxicity 
and genotoxicity studies of titanium dioxide (TiO2) 
nanoparticles in Chinese hamster lung fibroblast 
cells. Toxicol In Vitro 27(2):864–873. https://doi.
org/10.1016/j.tiv.2012.12.018

	 89.	Roszak J, Stepnik M, Nocuń M, Ferlińska M, 
Smok-Pieniazek A, Grobelny J, Tomaszewska E, 
Wasowicz W, Cieślak M (2013) A strategy for in 
vitro safety testing of nanotitania-modified textile 
products. J Hazard Mater 256–257:67–75. https://
doi.org/10.1016/j.jhazmat.2013.04.022

	 90.	Kazimirova A, Baranokova M, Staruchova M, 
Drlickova M, Volkovova K, Dusinska M (2019) 
Titanium dioxide nanoparticles tested for geno-
toxicity with the comet and micronucleus assays 
in vitro, ex vivo and in vivo. Mutat Res Genet 
Toxicol Environ Mutagen 843:57–65. https://doi.
org/10.1016/j.mrgentox.2019.05.001

	 91.	Franchi LP, Manshian BB, de Souza TAJ, Soenen SJ, 
Matsubara EY, Rosolen JM, Takahashi CS (2015) 
Cyto- and genotoxic effects of metallic nanopar-
ticles in untransformed human fibroblast. Toxicol 
In Vitro 29(7):1319–1331. https://doi.org/10.1016/j.
tiv.2015.05.010

	 92.	Kumari M, Singh SP, Chinde S, Rahman MF, 
Mahboob M, Grover P (2014) Toxicity study of 
cerium oxide nanoparticles in human neuroblas-
toma cells. Int J Toxicol 33(2):86–97. https://doi.
org/10.1177/1091581814522305

	 93.	Wang L, Ai W, Zhai Y, Li H, Zhou K, Chen H (2015) 
Effects of nano-CeO2 with different nanocrystal 
morphologies on cytotoxicity in HepG2 cells. Int 
J Environ Res Public Health 12(9):10806–10819. 
https://doi.org/10.3390/ijerph120910806

	 94.	Benameur L, Auffan M, Cassien M, Liu W, Culcasi 
M, Rahmouni H et al (2015) DNA damage and oxida-
tive stress induced by CeO2 nanoparticles in human 
dermal fibroblasts: evidence of a clastogenic effect 
as a mechanism of genotoxicity. Nanotoxicology 
9(6):696–705. https://doi.org/10.3109/17435390.20
14.968889

	 95.	Ali D, Alarifi S, Alkahtani S, AlKahtane AA, Almalik 
A (2015) Cerium oxide nanoparticles induce oxida-
tive stress and genotoxicity in human skin melanoma 
cells. Cell Biochem Biophys 71(3):1643–1651. 
https://doi.org/10.1007/s12013-014-0386-6

	 96.	Pierscionek BK, Li Y, Yasseen AA, Colhoun LM, 
Schachar RA, Chen W (2010) Nanoceria have 
no genotoxic effect on human lens epithelial 
cells. Nanotechnology 21(3):035102. https://doi.
org/10.1088/0957-4484/21/3/035102

	 97.	Cordelli E, Keller J, Eleuteri P, Villani P, Ma-Hock 
L, Schulz M et al (2017) No genotoxicity in rat 
blood cells upon 3- or 6-month inhalation exposure 

to CeO2 or BaSO4 nanomaterials. Mutagenesis 
32(1):13–22. https://doi.org/10.1093/mutage/
gew005

	 98.	Xia T, Kovochich M, Liong M, Mädler L, Gilbert 
B, Shi H et al (2008) Comparison of the mechanism 
of toxicity of zinc oxide and cerium oxide nanopar-
ticles based on dissolution and oxidative stress 
properties. ACS Nano 2(10):2121–2134. https://doi.
org/10.1021/nn800511k.Comparison

	 99.	Hadrup N, Sharma AK, Loeschner K (2018) 
Toxicity of silver ions, metallic silver, and silver 
nanoparticle materials after in vivo dermal and 
mucosal surface exposure: a review. Regul Toxicol 
Pharmacol 98:257–267. https://doi.org/10.1016/j.
yrtph.2018.08.007

	100.	Foldbjerg R, Dang DA, Autrup H (2011) Cytotoxicity 
and genotoxicity of silver nanoparticles in the human 
lung cancer cell line, A549. Arch Toxicol 85(7):743–
750. https://doi.org/10.1007/s00204-010-0545-5

	101.	Park MVDZ, Neigh AM, Vermeulen JP, de la 
Fonteyne LJ, Verharen HW, Briedé JJ et al (2011) The 
effect of particle size on the cytotoxicity, inflamma-
tion, developmental toxicity and genotoxicity of sil-
ver nanoparticles. Biomaterials 32(36):9810–9817. 
https://doi.org/10.1016/j.biomaterials.2011.08.085

	102.	De Souza TAJ, Franchi LP, Rosa LR, da Veiga 
MAMS, Takahashi CS (2016) Cytotoxicity and 
genotoxicity of silver nanoparticles of different sizes 
in CHO-K1 and CHO-XRS5 cell lines. Mutat Res 
Genet Toxicol Environ Mutagen 795:70–83. https://
doi.org/10.1016/j.mrgentox.2015.11.002

	103.	Riediker M, Zink D, Kreyling W, Oberdörster 
G, Elder A, Graham U et al (2019) Particle toxi-
cology and health – where are we? Part Fibre 
Toxicol 16(1):19. https://doi.org/10.1186/
s12989-019-0302-8

	104.	Lankoff A, Arabski M, Wegierek-Ciuk A, 
Kruszewski M, Lisowska H, Banasik-Nowak A 
et al (2012) Effect of surface modification of sil-
ica nanoparticles on toxicity and cellular uptake 
by human peripheral blood lymphocytes in vitro. 
Nanotoxicology 7(3):235–250. https://doi.org/10.31
09/17435390.2011.649796

	105.	OECD (2017b) OECD series on testing & assess-
ment, No. 238. Overview of the set of OECD genetic 
toxicology test guidelines and updates performed 
in 2014–2015. ENV/JM/MONO(2016)33/REV1. 
OECD Publishing, Paris

	106.	Lindberg HK, Falck GCM, Suhonen S, Vippola 
M, Vanhala E, Catalán J et al (2009) Genotoxicity 
of nanomaterials: DNA damage and micronuclei 
induced by carbon nanotubes and graphite nanofibres 
in human bronchial epithelial cells in vitro. Toxicol 
Lett 186(3):166–173. https://doi.org/10.1016/j.
toxlet.2008.11.019

	107.	Karlsson HL, Di Bucchianico S, Collins AR, 
Dusinska M (2015) Can the comet assay be used 
reliably to detect nanoparticle-Induced genotoxic-
ity? Environ Mol Mutagen 56(2):82–96. https://doi.
org/10.1002/em.21933

N. Vital et al.

10.1007/s12011-020-02311-8
10.1007/s12011-020-02311-8
10.1186/1743-8977-10-15
10.1186/1743-8977-10-15
10.1016/j.tiv.2012.12.018
10.1016/j.tiv.2012.12.018
10.1016/j.jhazmat.2013.04.022
10.1016/j.jhazmat.2013.04.022
10.1016/j.mrgentox.2019.05.001
10.1016/j.mrgentox.2019.05.001
10.1016/j.tiv.2015.05.010
10.1016/j.tiv.2015.05.010
10.1177/1091581814522305
10.1177/1091581814522305
10.3390/ijerph120910806
10.3109/17435390.2014.968889
10.3109/17435390.2014.968889
10.1007/s12013-014-0386-6
10.1088/0957-4484/21/3/035102
10.1088/0957-4484/21/3/035102
10.1093/mutage/gew005
10.1093/mutage/gew005
10.1021/nn800511k.Comparison
10.1021/nn800511k.Comparison
10.1016/j.yrtph.2018.08.007
10.1016/j.yrtph.2018.08.007
10.1007/s00204-010-0545-5
10.1016/j.biomaterials.2011.08.085
10.1016/j.mrgentox.2015.11.002
10.1016/j.mrgentox.2015.11.002
10.1186/s12989-019-0302-8
10.1186/s12989-019-0302-8
10.3109/17435390.2011.649796
10.3109/17435390.2011.649796
10.1016/j.toxlet.2008.11.019
10.1016/j.toxlet.2008.11.019
10.1002/em.21933
10.1002/em.21933


375

	108.	Valentin-Severin I, Le Hegarat L, Lhuguenot JC, Le 
Bon AM, Chagnon MC (2003) Use of HepG2 cell 
line for direct or indirect mutagens screening: com-
parative investigation between comet and micro-
nucleus assays. Mutat Res Genet Toxicol Environ 
Mutagen 536(1–2):79–90. https://doi.org/10.1016/
S1383-5718(03)00031-7

	109.	Jalili P, Gueniche N, Lanceleur R, Burel A, Lavault 
MT, Sieg H et al (2018) Investigation of the in 
vitro genotoxicity of two rutile TiO2 nanomateri-
als in human intestinal and hepatic cells and evalu-
ation of their interference with toxicity assays. 
NanoImpact 11:69–81. https://doi.org/10.1016/j.
impact.2018.02.004

	110.	Gonzalez L, Sanderson BJS, Kirsch-Volders 
M (2011) Adaptations of the in vitro MN assay 
for the genotoxicity assessment of nanomateri-
als. Mutagenesis 26(1):185–191. https://doi.
org/10.1093/mutage/geq088

	111.	Magdolenova Z, Lorenzo Y, Collins A, Dusinska M 
(2012b) Can standard genotoxicity tests be applied 
to nanoparticles? J Toxicol Environ Health A 75(13–
15):800–806. https://doi.org/10.1080/15287394.201
2.690326

	112.	ECHA (2017a) Guidance on information 
requirements and chemical safety assess-
ment. Appendix R7-1 for nanomaterials 
applicable to Chapter R7a Endpoint specific 
guidance. Version 2.0. Retrieved from https:// 
echa.europa.eu/documents/10162/13632/appendix_ 
r7a_nanomaterials_en.pdf

	113.	ECHA (2017b) Guidance on information require-
ments and chemical safety assessment. Chapter R7a 
Endpoint specific guidance. Version 6.0. Retrieved 
from https://echa.europa.eu/documents/10162/13632/
information_requirements_r7a_en.pdf

	114.	SCCS (Scientific Committee on Consumer Safety) 
(2019) Guidance on the safety assessment of 
nanomaterials in cosmetics, 30–31 Oct 2019, 
SCCS/1611/19

	115.	ECHA (2021b) Guidance on information require-
ments and chemical safety assessment. Appendix 
R7-1 for nanomaterials applicable to Chapter 
R7a Endpoint specific guidance. Draft (internal) 
Version 3.0. Retrieved from https://echa.europa.eu/
documents/10162/23047722/appendix_r7a_r7c_
hh_v3_msc_en.pdf/6c3a1586-8e97-2522-189d-
92b61f35dbf3

14  Hazard Assessment of Benchmark Metal-Based Nanomaterials Through a Set of In Vitro…

10.1016/S1383-5718(03)00031-7
10.1016/S1383-5718(03)00031-7
10.1016/j.impact.2018.02.004
10.1016/j.impact.2018.02.004
10.1093/mutage/geq088
10.1093/mutage/geq088
10.1080/15287394.2012.690326
10.1080/15287394.2012.690326
https://echa.europa.eu/documents/10162/13632/appendix_r7a_nanomaterials_en.pdf
https://echa.europa.eu/documents/10162/13632/appendix_r7a_nanomaterials_en.pdf
https://echa.europa.eu/documents/10162/13632/appendix_r7a_nanomaterials_en.pdf
https://echa.europa.eu/documents/10162/13632/information_requirements_r7a_en.pdf
https://echa.europa.eu/documents/10162/13632/information_requirements_r7a_en.pdf
https://echa.europa.eu/documents/10162/23047722/appendix_r7a_r7c_hh_v3_msc_en.pdf/6c3a1586-8e97-2522-189d-92b61f35dbf3
https://echa.europa.eu/documents/10162/23047722/appendix_r7a_r7c_hh_v3_msc_en.pdf/6c3a1586-8e97-2522-189d-92b61f35dbf3
https://echa.europa.eu/documents/10162/23047722/appendix_r7a_r7c_hh_v3_msc_en.pdf/6c3a1586-8e97-2522-189d-92b61f35dbf3
https://echa.europa.eu/documents/10162/23047722/appendix_r7a_r7c_hh_v3_msc_en.pdf/6c3a1586-8e97-2522-189d-92b61f35dbf3


Part III

Towards the Risk Assessment  
and Regulation of Nanomaterials



379© The Author(s) 2022 
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_15

Nanomaterials, a New Challenge 
in the Workplace

Ana Rita Alberto, Cristina Matos, 
Gabriel Carmona-Aparicio, and Muriel Iten

Abstract

Nanomaterials are a nanotechnological prod-
uct of increasing importance given the possi-
bilities they offer to improve quality of life 
and support sustainable development. Safe 
management of nanomaterials is needed to 
ensure that this emerging technology has the 
highest levels of acceptance among different 
interest groups, including workers. This chap-
ter reviews the current state that presents the 
different stages of risk management applied to 
nanomaterials, including standardisation, reg-
ulation, risk assessment and risk control. 
Particularly, the chapter contextualizes the 
development of nanotechnologies at European 
level and analyses the scientific evidence 
available on the risks derived from nanomate-
rials use. Furthermore, it highlights the 
required conditions to encourage the respon-
sible development of nanomaterials, as well as 
reflects on the lack of consensus in terms of 
approaches and frameworks that could facili-
tate standardisation adoption, regulatory 
enforcement and industry intervention con-
cerning nanomaterials.

Keywords

Health and safety · Nanoparticles · Risk 
assessment · Risk management

15.1	 �Introduction

Nanotechnology is presented as one of the great-
est technological revolution of our time [31]. By 
manipulating the materials at scales from 1 to 
100 nanometers, new properties are achieved 
which gives nanotechnology considerable poten-
tial for its development and application in various 
sectors of the industry, including chemistry, phar-
maceuticals, cosmetics and electronics. This is a 
field full of opportunities that can significantly 
enhance human lives by providing improvements 
in medicine, creating new jobs, etc. Continuously 
new fields of application are discovered which 
could also lead to improvement in the environ-
ment, such as air pollution control or wastewater 
treatment.

The application of Nanotechnology and the 
usage of synthetic or artificial nanoparticles, 
however, can pose a risk to health, safety and to 
the environment, as already highlighted by sev-
eral studies found in the literature review (see 
[13, 57, 85]), and thus requiring a close assess-
ment and control in its management. 
Nanomaterials (NMs) can be design or produced 
in a variety of sizes and forms, as well as with a 

A. R. Alberto (*) · C. Matos · G. Carmona-Aparicio  
M. Iten 
ISQ – Instituto de Soldadura e Qualidade, Oeiras, 
Portugal
e-mail: arsoares@isq.pt

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88071-2_15&domain=pdf
https://doi.org/10.1007/978-3-030-88071-2_15
mailto:arsoares@isq.pt


380

variety of surface modifications, or with their 
chemistry being changed too. Changes in these 
parameters may result in different nanoforms.1 
Due to differences in physicochemical parame-
ters, nanoforms constituted by the same sub-
stance might potentially show distinct hazardous 
characteristics [20]. The lack of understanding 
regarding the mechanisms of effects of NMs 
makes necessary the assessment of their hazards 
and risks on a case by case basis [80].

Due to the numerous advantages, in the com-
ing years, a great development of the use of nano-
technologies is expected, which will increase the 
number of workers exposed to nanoparticles 
[24]. Currently, specific regulatory occupational 
exposure assessments (OELs) for NMs have not 
been established by the EU or by any national 
authority and it is expected that it may take a long 
time before OELs have been derived for all 
highly diverse frequently used NMs. This is 
mainly due to the still existing large gaps in 
knowledge on particle toxicology, the high diver-
sity of the newly developed, and used, NMs, the 
uncertainties about their hazardous nature and 
the on-going discussions on the metrics to be 
used for the nano-OELs e.g. mass-based or par-
ticle number based [67].

Therefore, due to the lack of uncertainties that 
still exist yet around of the nanomaterials, their 
management in the workplaces thus becomes a 
challenge for regulators, industry heads and 
occupational safety professionals. A certainty 
that exists is that a safe, integrated and responsi-
ble nanotechnology production and utilization 
strategy is necessary. In this chapter a literature 
review and the identification of challenges link to 
existing risk management framework and appli-
cations to occupational settings is performed, 
from both a technical and practical perspective. 
The aim is to understand whether the current risk 
management approaches are suitable for different 
organisations and whether it could be adapted 
and enhanced to make it more effective if that 
was necessary. This chapter summarises a set of 

1 See the definition of nanoforms in Annex VI on the 
Registration, Evaluation, Authorisation and Restriction of 
Chemicals (REACH) regulation [22].

information regarding the risk management of 
NMs in the workplace, namely, the current appli-
cable legislation, the existing standards, the avail-
able risk management tools and the great 
challenges associated with the lack of nanomate-
rials data and information.

To this end, the chapter has been structured 
into four sections. Section 15.2 addresses the risk 
management standards landscape and the regula-
tory aspects for nanomaterials within the European 
Union (EU). Section 15.3 refers to the risk 
Assessment process and the three phases involved: 
hazard characterization, Exposure Assessment 
and Risk evaluation. Finally, Section 15.4 covers 
the risk treatment based on the hierarchy of con-
trols applied to nanomaterials: elimination and 
substitution; engineering controls; administrative 
controls and personnel protective equipment.

15.2	 �Risk Management 
Frameworks: Advances 
in Standardisation 
and Regulation

Standardisation and regulation on health and 
safety (H&S) management for nanotechnolo-
gies is still on going. Some aspects related to the 
standardisation of nanotechnologies that are 
still under development include aspects such as: 
(1) clear definition of nanotechnology and 
requirements for users, (2) support legal issues 
(e.g. exposure assessment, hazard identification, 
labelling, Safety Data Sheets (SDS/MSDS); (3) 
promote H&S practices within organisations; 
and (4) define criteria for conformity assess-
ment. According to the Scientific Committee on 
Emerging and Newly Identified Health Risks 
(SCENIHR) report [3], the relevance of stan-
dardisation and regulation can be helpful in 
tackling some of the following issues: (1) 
expand traditional standards frameworks to 
include nanomaterials properly; (2) reduce 
knowledge gaps regarding the hazardous prop-
erties of NMs, (3) adapt and recommend H&S 
measurement and methods applied to NMs; (4) 
to better assess risk control effectiveness, and 
(5) safeguarding robustness and consistency 
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across international standardisation bodies and 
users. The following subsections discuss the 
advancement and challenges regarding the stan-
dardisation and regulatory processes of risk 
management involving NMs.

15.2.1	 �Risk Management Standards 
Landscape

Technological developments, such as nanotech-
nologies, have to face different kind of factors 
and influences, internal (organizational) and 
external (from stakeholders), that create uncer-
tainty about whether or not they could achieve 
the objectives for what they were created [50]. 
The effect of these risk could be managed though 
their identification, analysis and evaluation in 
order to satisfy a control criterion. To support 
these processes, different strategies and method-
ology for risk management have been presented 
in international standards. Particularly, the ISO 
31000:2018 standard is the main reference 
regarding how to achieve risk management in a 
systematic way [47]. However, the specifics on 
how to respond to the uncertainties associated 
with nanotechnology, particularly as it is emerg-
ing technologies and which we have little infor-
mation, require greater attention for its 
management [65].

International standards and relevant documen-
tation, such as technical specifications, technical 
reports, and guidance materials, are currently 
being established for nanotechnologies, through 
the technical Committee TC-229 of the 

International Standards Organization (ISO), as 
well as the OECD’s Working Party for 
Manufactured Nanomaterials (WPMN) [49, 77]. 
At the EU level, the H&S standard development 
is led by the European Committee for 
Standardization (CEN), more precisely by the 
technical committee (CEN/TC) 352 on nanotech-
nologies and supported by “CEN/TC 137  – 
Assessment of workplace exposure to chemical 
and biological agents” and “CEN/TC 195 – Air 
filters for general air cleaning”. The role of these 
bodies compasses the understanding of what 
effects nanotechnology might have on health and 
the environment, including standards focused on 
the areas such as vocabulary, classification, nano-
metrology, measurement equipment, testing and 
characterisation, models development; and H&S 
guidelines [11].

Table 15.1 shows the approximate number of 
published standards related to:

	1.	 Nanotechnology concepts and vocabulary 
(e.g. ISO/TR 11360:2010);

	2.	 Nanomaterials characterisation, including 
physico-chemical characterisation (e.g. ISO/
TR 10929:2012; ISO/TR 16196:2016);

	3.	 Hazard identification, including safety and 
toxicity parameters (e.g. ISO/TR 13014:2012);

	4.	 Exposure assessment (e.g. ISO/TR 
18637:2016);

	5.	 Risk management and/or assessment frame-
works (e.g. ISO/TR 12885:2018); and

	6.	 Other aspects such as waste management, 
product labelling and life cycle assessment 
(e.g. ISO/TS 13830:2013).

Table 15.1  Published standards and guidelines on nanotechnologies by international and European standardisation 
and policy development bodies (as for may-2020)

Standardisation body ISO/TC 229 CEN OECD – WPMN Others
Standard category
Concepts and vocabulary 21 13 –
Nanomaterials characterisation 60 10 5
Risk management framework 4 3 7 1 (IEC)
Hazard identification 19 3 9
Exposure assessment 6 13 13
Others (Product C&L / 
lifecycle)

2 7 –

Total (by may/2020) 112 49 34
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The total number of ISO standards published by 
this committee is 112 (May 2020), of which 54% 
have focused on aspects of characterization of the 
NMs. However, many of these published stan-
dards indirectly provide valuable information for 
risk management. For their part, CEN and OECD 
have focused on developing standards that 
directly respond to H&S aspects, mainly expo-
sure assessment. A detailed list of the standards 
included in this analysis can be consult in https://
bit.ly/NMsStandards2020. Current publications 
by OECD WPMN programme are guidance doc-
uments rather than standards. Whilst OECD does 
publish standards and is pioneering in the nano-
technology field, there are no relevant published 
standards on H&S aspects, and it is expected the 
publication of future standards by OECD [44].

Based on the current landscape for H&S stan-
dards for nanotechnologies, the following key 
aspects can be highlighted:

•	 Risk assessment for nanotechnologies: 
Whilst data on hazardous properties and 
monitoring methods is currently under devel-
opment, employers are forced by labour law 
to manage exposure to NMs in an effective 
level. Considering the lack of information 
regarding NMs hazardous and exposure 
routes, risk assessment is a practical approach 
to undertake (e.g. control banding evaluation 
is one way to undertake a risk assessment 
that have been standardised in ISO/TS 
12901–2:2014).

•	 Exposure Standards: This type of specific 
standards covering NMs are still limited, how-
ever they are key in supporting regulation 
development. Furthermore, there is a need to 
create standards to assess NMs when they are 
embedded as part of a matrix or in a nano-
based product.

•	 Verifying conformity with standard prac-
tices: In order to ensure conformity with 
standard practices, measurement of expo-
sures and emissions will be required. If 
potential NMs exposure is identified, the 
continuation of exposure monitoring is rec-
ommended. Nevertheless, this type of stan-
dards are not fully developed yet, since most 

of the available guidelines have been gener-
ated for substances in bulk form.

•	 Development of standards for nanotechnol-
ogy H&S control: Conventional H&S con-
trols (e.g. process insulation or local air 
extraction) can aid in the prevention of NMs 
inhalation exposure; nevertheless, monitoring 
of NMs exposures and emissions is key in 
supporting H&S management.

•	 Material Safety Data Sheets (MSDS) and 
labelling: More progress needs to be done 
with regards to the standardisation to support 
the preparation of MSDS for NMs, namely the 
specific content and guidance about what 
should considered in the different mandatory 
sections of the MSDS. Labelling of NMs for 
their utilisation by workers is also an issue of 
concern. Independently of the size and form 
of chemical substances, current H&S labelling 
standards mandate those particular dangerous 
characteristics to be identified on the labels. 
As a result, any NMs, or products containing 
them, needs to be supplied with the corre-
sponding safety statements, pictograms, and 
warnings. For this reason, hazard information 
availability is important, including precau-
tionary information for NMs of uncertain 
hazards.

•	 Hazard identification: Still development 
needs to be made in provide protocol or guide-
lines for the determination of hazard charac-
teristics (e.g. flammability) and the ability of 
the nano-based products containing nano-
objects to be a hazardous source. These tech-
nical specifications should also provide 
guidelines on the reception, preparation, and 
characterization of samples for testing.

Standardisation is important in helping to pro-
tect the H&S of workers. A range of international 
and sectorial related documents are now being 
developed based on the information gained by 
research on H&S aspects of nanotechnologies. 
The focus of the standard development includes, 
among others, facilitate the design of regulatory 
framework to cover nanotechnologies appropri-
ately, support toxicology research regarding the 
hazardous properties of new NMs, develop risk 
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assessment approaches, and provide guidance on 
effective workplace controls to support 
organisations.

15.2.2	 �Regulatory Aspects 
of Nanomaterials in the EU

In the European Union, nanomaterials are cov-
ered by the same regulatory framework that 
ensures the safe use of all chemicals and mix-
tures, more precisely by REACH and CLP regu-
lations. This means that hazardous properties of 
nanoforms of substances will have to be assessed 
and their safe use needs to be ensured.

Particularly for NMs and to provide a com-
mon basis for regulatory purposes across all areas 
of European Union (EU) policy, the European 
Commission has developed the recommendation 
2011/696/EU, for a definition of the term nano-
material [23]. Since its publication, regulatory 
provisions were adopted in the EU jurisdiction 
which explicitly address nanomaterials and con-
tain regulatory definitions of the term “nanoma-
terial”. The latter were derived from the EC 
definition, adopting it either as a whole or in its 
core parts, for example in the biocidal products 
regulation (EU) n. 528/2010, the medical devices 
regulation (EU) 2017/745, the annexes of the 
chemicals regulation REACH (EC) n° 1907/2006 
which were amended in 2018 [91].

Furthermore, in early 2019, two Science for 
Policy reports were published by the Joint 
Research Centre (JRC) [90, 91].  In one of the 
reports, the European Commission’s science and 
knowledge service aims to provide clarifications 
of the key concepts and terms that are used in the 
EU NM definition, and discusses them in a regu-
latory context. The second report addresses the 
identification of nanomaterials by measurements 
and discusses options and points to consider 
when assessing whether a particulate material is 
a nanomaterial or not according to the definition 
of nanomaterials.

As was mentioned previously, the existent EU 
legislation and so the generic rules set in them, 
independent of the context (environmental, 
worker and consumer protection), applies in the 

same way to nanomaterials, as well as for other 
form of substance, although it does not refer 
explicitly to them. With regard to European 
worker protection legislation, the Framework 
Directive 89/391/EEC, the Chemical Agent 
Directive 98/24/EC, and the Carcinogen and 
Mutagen Directive 2004/37/EC [29] are of par-
ticular relevance whenever NMs are handled dur-
ing work activities.

Regulatory decisions regarding chemical 
substances are commonly based on toxicologi-
cal properties which in the case of nanomateri-
als, due to their new and specific properties, 
may be different when compared to those 
exhibited by the same substances in non-nano 
form. This leads to uncertainties about their 
safety and how to assess their risk properly. The 
regulatory testing of nanomaterials for safety 
relies on the use of standardised test guidelines 
that aim to ensure tests are done uniformly 
across different labs and deliver relevant and 
reliable data [89]. Through European initia-
tives, such as the NANoReg and Prosafe proj-
ects (see [38, 112]), and the work of the OECD 
WPMN, a number of existing Test Guidelines 
have been identified as requiring adaptation to 
be applicable to nanomaterials and also the 
need for new ones. From a regulatory point of 
view, the resolution of these issues becomes 
urgent. Taking the REACH regulation as an 
example, which requires information such as 
physicochemical, toxicological and ecotoxico-
logical properties for the registration of nano-
materials, it has been observed a need for more 
test guidelines so companies can provide 
enough information to demonstrate the safe use 
of their NMs.

Further research with specific relevance for 
regulatory questions is needed, such as the 
enforcement of product labelling for the presence 
of NMs and indicative occupational exposure 
limit values establishment, contributing to reduce 
uncertainties with regards to the safety of NMs 
and for a greater availability of quality data for 
regulatory purpose. To this end, best practices, 
guidelines and assessment practices, and meth-
ods for the safety testing of nanomaterials are 
being developed, which will certainly contribute 
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to the better management of nanomaterials in the 
workplace.

15.3	 �Risk Assessment

Risk assessment is the overall process for the 
estimation of probabilities and expected conse-
quences for identified risks [82]. It includes three 
main stages: hazard characterisation, exposure 
assessment, and risk evaluation. Given the many 
different nanomaterial types, the potential routes 
of exposure, nanomaterial characterization 
issues, limitations in research methodologies, 
such as time-course and dose-response issues, 
and inadequate in vitro methodologies for in vivo 
standardized and guideline toxicity testing, ade-
quate risk assessments methods and tools for 
NMs are still under development [113]. The fol-
lowing subsections present the advancement and 
challenges for the different risk assessment stages 
for occupational settings.

15.3.1	 �Hazard Characterization

According Rasmussen et al. [88], the identifica-
tion and characterization of NMs need more 
information on physicochemical properties and 
test methods, when compared with other chemi-
cals in general. A degree of consensus within the 
scientific community has been reached in recent 
years, with regards to the structure of the consid-
ered properties for the characterization of NMs. 
These parameters has being classified in three 
groups [86]:

•	 Characterization: physical and chemical iden-
tification (e.g. composition, impurities, shape, 
size, size distribution, surface characteristics, 
etc).

•	 Fate: biological and environmental fate based 
on their solubility, hydrophobicity, dispers-
ibility, dustiness, etc.

•	 (Re)activity: their reactivity, effects of their 
physical hazards, biological activity, etc.

In order to ensure a safe workplace with regard 
to the presence of chemical substances, informa-
tion about their characteristics and hazards must 
be available to and understood by workers. 
Normally, information about the hazardous prop-
erties of chemicals agents present in the work-
place can be obtained from material safety data 
sheets (MSDS), labels, European commission 
recommendations, occupational exposure limit 
values and other sources (peer reviewed data, sci-
entific literature, relevant databases such as Pub-
Med or ECHA, information generated by 
renowned institutions such as IARC, WHO, 
HSE, NIOSH, OSHA, ISO, etc.).

MSDSs are the first source of information on 
how to handle a particular product containing 
nanomaterials, but the information provided is 
still non-existent or very limited, specifically in 
terms of their specific hazards and risks, or incor-
rectly refers to “bulk material” properties rather 
than nano [18, 87, 101]. According to article 31 
of the REACH regulation [27], the provision of 
MSDS for nanomaterials is mandatory only for 
those substances and mixtures that are classified 
under the CLP regulation [28] or meet the criteria 
established in Annex XIII of the REACH regula-
tion as being classified as persistent, bioaccumu-
lative and toxic (PBT) or very persistent and very 
bioaccumulative (vPvB substances). 
Nevertheless, it is a common practice by the 
chemical industry to provide a MSDS for non-
classified substances/mixtures as well.

MSDS for NMs can be improved through a 
literature review which includes the latest infor-
mation about the toxicological data, epidemio-
logical studies, measurement techniques, 
occupational exposure values, engineering mea-
sures, and the most current regulatory require-
ments. In doing so, the MSDS could provide the 
best information as possible to the users allow-
ing them to implement the necessary control 
measures to prevent or eliminate the exposure to 
NMs and, consequently, protect the health of 
workers [87].

The European Chemical Agency (ECHA), 
aiming to enhance the safe handling of chemicals 
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(including the nanomaterials) while promoting 
innovation and competitiveness in the EU chemi-
cal sector, introduced a dissemination tool “info-
card” as a ‘first tier’ in disseminating information 
from ECHA’s databases. Among the various 
functionalities of the infocard’s user, the follow-
ing stand out: highlights ECHA’s preferred sub-
stance name and main substance identifiers in 
one location, quickly shows the most prominent 
hazardous and critical properties of a substance, 
easy access to legislative and safe use informa-
tion associated with the substance, presents key 
substance information and permits tracking sub-
stances through the RSS feed. This tool can 
therefore be an important source of information 
when available hazard assessments of a given 
nanomaterial are almost non-existent.

According to Sajid et  al. [95], there is suffi-
cient evidence that nanoparticles induce toxicity 
to higher organisms including human and wild-
life. Jeevanandam et al. [51] concluded that tox-
icity of nanomaterials may depend of factors 
such as dose and time effect, aggregation and 
concentration effect, Particle size effect, particle 
shape effect, surface area effect, crystal structure 
effect, surface functionalization, pre-exposure 
effect. The availability of occupational and epi-
demiological data for chemicals, including nano-
materials, is a key aspect of risk assessment. The 
amount of new chemicals produced and released 
on the market is about a hundred thousand per 
year [101]. However, only a small number of 
them have an established exposure limit values, 
as an example the publication 2018 TLV and 
BEIs from the American Conference of 
Governmental Industrial Hygienists (ACGIH) 
presents around 700 chemicals with TLV-STEL 
or TLV-TWA values (short-term exposure limit 
and time-weighted average, over the 8-hour 
working day). At the nanoworld, only 56 NMs 
have OELs proposed values [101]. Table  15.2 
presents some of the particle control values 
(PCV) for some of nanomaterials. This reference 
values include a range of particle metrics such as 
mass, particle number concentration and could be 
national exposure standards set by regulatory 
authorities, recommended exposure limits, expo-
sure limits proposed by researchers, and Local 

Background Particle Reference Values based 
upon background nanomaterial levels [79]. As it 
can be seen, the suggested values vary enor-
mously, and no consensus exists between the 
authors.

Beyond human toxicity and eco-toxicity, NMs 
impose additional risks. For example, Khan [53] 
refer that one specific potential hazard posed by 
nanoparticles is their capacity to cause fire or 
explosion. This is because nanoparticles are 
almost certain to give a rise to a dust explosion 
hazard and that due to their large specific surface 
area, they may well be spontaneously flammable 
on exposure to air. This is particularly the case 
with metal nanoparticles as they oxidise easily. 
Additionally, Bouillard et al. [7] found that with 
the reduction of particle size, ignition tempera-
ture and minimum ignition energy also reduce. 
This indicates that a higher potential risk of 
inflammation and explosion is achieved when 
using nanopowders. In this regard, it was 
observed that carbon based nanopowders exhibit 
some propensity to explode while metallic 
nanopowders can be very reactive, thus delineat-
ing potential high explosion risks for facilities 
manufacturing such powders. However, the 
impacts of agglomeration on explosion severity 
and sensitivity for nanopowders were not fully 
understood through the study. This is why more 
research needs to be done in order to increase the 
understanding of NMs hazards.

Given the current limited availability of haz-
ard data for most nanomaterials it will be chal-
lenging to establish the toxicological behaviour 
of specific nanomaterials with any degree of cer-
tainty. In most cases it will be necessary to refer 
to information that has been obtained for similar 
materials [41]. In this way, the use of a non-
testing strategies like read-across in the hazard 
assessment of nanomaterials is desirable allow-
ing, in due time and at lower costs, to perform the 
safety assessment of almost all nanomaterials 
[21]. The identification of physicochemical (PC) 
properties affecting the hazard potential of NMs 
is crucial, as it could enable to predict impacts 
from similar NMs and outcomes of similar 
assays, reducing the need for experimental (and 
in particular animal) testing [58, 99]. Furthermore, 
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the scientific community needs to continue devel-
oping test methods that can characterize certain 
behaviours of nanomaterials to support read-
across strategy.

15.3.2	 �Exposure Assessment

Occupational exposure can be defined by the 
direct contact to a potentially harmful chemical, 

Table 15.2  Particle control values of some nanomaterials

Types of nanocarbons Proposed PCV for NMs References
Multiwalled carbon nanotubes 
(MWCNT)

Occupational exposure limit (OEL) air <50 μg/m3 for 8-hour 
TWAa during a 40-hour workweek

[84]

Carbon nanotubes (CNTs) Proposed nanoreference values (NRV) <0.01 fibres/cm3 [109]
Carbon nanotubes (CNTs) Recommended exposure limit (REL) <1.0 μg/m3 for 8-hour TWA 

during a 40-hour workweek
[71] b

Carbon nanofibers (CNFs) Occupational exposure limit (OEL) <0.01 fibres/cm3 [104]
Carbon nanotube group, SWCNT, 
DWCNT, MWCNT

Occupational exposure limit (OEL) <30 μg/m3 for 8-hour TWA 
during a 40-hour workweek

[68]

TiO2 (10–100 nm) Recommended exposure limit (REL) <0.3 mg/m3 for ultrafine 
TiO2 as TWAa concentrations (> to 10 hours/day, during a 
40-hours work week.)

[70]

TiO2 Occupational exposure limit (OEL) <0.3 mg/m3, respirable 
fraction.

[104]

Carbon black [CAS n. ° 
1333-86-4]

ACGIH c: 3 mg/m3 (TWA), for 8-hour workday and a 40-hour 
workweek.

[43]

Carbon black Germany – BeKGS527: 0.2 x nano-GBPd density in g/cm3, TWA 
d, respirable — If no other relevant information is available

[43]

Carbon black Germany – MAKe: 0.3 x GBP density in g/cm3, TWA, respirable, 
4.0, TWA, inhalable

[43]

Carbon black [CAS n. ° 
1333-86-4]

OSHAf: Permissible exposure limits (PELS) 3 mg/m3, 8-hour 
TWA

[43]

Carbon black [CAS n. ° 
1333-86-4]

Recommended exposure limit (REL) 3.5 mg/m3 (without PAHs g; 
when PAHs are present, NIOSH considers carbon black to be a 
potential occupational carcinogen.

[43]
[74]

Carbon black, ultrafine Occupational exposure limit (OEL) 0.12 mg/m3 [55]
Amorphous silicon dioxide Occupational exposure limits (OELs) 0.3 mg/m3, respirable 

fraction, for 8-hour TWA.
[104]

Nanoclays Occupational exposure limits (OELs) 0.3 mg/m3, respirable 
fraction, for 8-hour TWA.

[104]

Low-toxicity dust Occupational exposure limits (OELs) 0.3 mg/m3, respirable 
fraction, 4 mg/m3, inhalable fraction.

[104]

Granular biopersistent particles 
(insoluble nanomaterials)

Benchmark exposure level (BEL): 0.066 x bulk workplace 
exposure limit (WEL) (μg/m3)

[9]

Non biopersistent granular 
nanomaterials (1-100 nm)

Nano reference value (NVR): Applicable occupational exposure 
limits (OEL), workplace exposure limit (WEL) (μg/m3)

[109]

Soluble Benchmark exposure level (BEL): 0.5 × bulk workplace exposure 
limit (WEL)

[9]

Zirconium compounds Occupational exposure limits (OELs): 5 mg/m3 (TWA); 10 mg/m3, 
STh

[1]

aTWA Time weighted average, 8 h unless otherwise specified
bNIOSH National Institute for Occupational Safety and Health
cACGIH American Conference of Governmental Industrial Hygienists
dDust of biopersistent nanomaterials without specific toxicological properties and without fibrous structures (carbon 
black is listed in BeKGS 527)
eMAK Maximum Workplace Concentration, DFG Deutsche Forschungsgemeinschaft
fOccupational Safety and Health Administration (OSHA) Permissible Exposure Limits (PELS)
gPAH Polycyclic aromatic hydrocarbons
hST Short Term Exposure Limit
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physical or biological agent as a result of work. 
Concerning NMs, the primary route of entry to 
the human body are inhalation, however it can 
also occur by skin exposure, and ingestion, where 
the toxicity targets are the respiratory, integu-
mentary, and gastrointestinal systems respec-
tively. While the skin is in generally an effective 
barrier, the lungs and gastrointestinal tract are 
more defenceless [45]. In order to find the agent 
emission, which is defined as the transfer process 
of liberated NMs to the workplace air, usually 
expressed as a flow (particles per unit time or 
area) [56], similarly to other chemical agents, the 
first phase of NMs exposure characterisation, 
consists of two steps: first, a workplace survey, to 
have an evaluation of the processes or operations, 
including the way of how the agents are handled 
and, second, the physical form of NMs. The sec-
ond phase of this exposure characterization is the 
quantitative evaluation, through liberated agent 
monitoring. It aims of obtain insights regarding 
inferences concerning the quantification of the 
occupational exposure, with the purpose of mak-
ing comparisons with OELs. For the NMs, all 
this process should be the same, but the lack of 
data on workplaces studies and OELs to NMs 
makes comprehensive exposure assessment 
difficult.

15.3.2.1	 �Workplaces/Processes
As referred before, the emission potential of an 
agent, in this case NMs, it depends (among other 
issues) on the type of process or handling opera-
tion and its ability to release them in the work-
place. The likelihood of exposure to NMs during 
synthesis, production and manufacturing pro-
cesses is highly dependent upon the type of pro-
cess and the type of equipment involved in the 
process. For example, Dahm et al. [14] conducted 
exposure assessments at six manufacturers and 
users of carbon nanotubes and nanofibers. This 
study showed that the highest exposures occurred 
during dry powder handling tasks including mix-
ing and weighing operations.

In order to ensure the appropriate characteri-
sation of the exposure route, information for 
workplace and process survey should include: (1) 

identification of the source domain (SD) and 
activities related to handling nanomaterials (con-
sidering not just exposures during normal routine 
working but also possible accidental releases and 
maintenance); (2) identification of the physical 
form of the NMs in each stage of the work pro-
cess (dry powder/suspension or liquid/embedded 
or bound in other materials); (3) identification of 
the presence of other processes in the workplace 
that can affect measurements or the measurement 
strategy employed; (4) identification of the pres-
ence or absence of ventilation, heating and air 
conditioning (HVAC) [25]. For the workplace 
exposure four SDs were identified by Schneider 
et al. [97] to describe the different processes: (1) 
During the production phase (synthesis) prior to 
harvesting the bulk material, point source or fugi-
tive emission, e.g. emissions from the reactor, 
leaks through seals and connections, and inciden-
tal releases, can take place (SD1), in these cases, 
discrete nanoparticles and agglomerates will be 
formed; (2) During the manufacturing of prod-
ucts, the handling and transfer of bulk NMs pow-
ders with relatively low energy can release 
nanoparticles, e.g. collection, harvesting, bag-
ging, bag dumping, bag emptying, scooping, 
weighing, dispersion/ compounding in compos-
ites (SD2); (3) During the application of products 
(sprays) or dispersion of intermediates contain-
ing nanoparticles (SD3); (4) fracturing and abra-
sion, or other mechanical release of NMs or 
materials containing NMs, of final products dur-
ing further processing (SD4).

15.3.2.2	 �Physical Form
Exposure level to NMs will depend on their abil-
ity to be released directly from their dusty form 
or from the matrix where there are embedded, as 
well as due to their transformation and degrada-
tions characteristics. Different potential exposure 
scenarios will happen in function of different fac-
tors, linked to the nanoparticle reduced dimen-
sion, such as their final form in the product, dust 
generation (emission and dispersion) potential 
and solubility. The physical form to be consid-
ered is that of the material at the beginning of the 
process at the workstation being evaluated. Four 
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categories of physical forms have been identified 
by NRC [75] according to their increased emis-
sion potential:

	1.	 Physically bound/ encapsulated (usually the 
lowest potential exposure).

	2.	 Solid nanomaterials with nanostructures fixed 
to the material’s surface.

	3.	 In suspension in a liquid.
	4.	 In the form of powder (usualy highest poten-

tial exposure).

Studies on the Potential Exposure to releases in 
the machining of nanocomposites revealed that 
some NMs were often detected (96% of the 
experimental studies). Base matrices were also 
analysed, which shown the presence of matrix 
nanoparticles (92%), and partially embedded 
nanomaterials among matrix particles were often 
detected (76%) [34].

15.3.2.3	 �Quantitative Evaluation 
and Measuring Devices

As referred above, there is not much information 
about exposure assessment to NMs, and so at this 
time, it is not clear which units of measurement 
associated with exposure to nanomaterials are 
more important from the perspective of 
occupational risk prevention. Therefore, the 
release of airborne NMs to the workplace envi-
ronments could be measure with different met-
rics such as mass, number and/or surface area 
concentration. The understanding of the behav-
iour of these nanomaterials, when they escape to 
the workplace, is still very scarce and weak, 
therefore no international consensus exists 
regarding the most appropriate metrics that must 
be applied for NMs environmental monitoring 
[42] and it is important to be aware about the 
workplace activities around when measurements 
are taken like airflows and pressure differentials 
generated by heating, ventilation and air condi-
tioning systems, by air movements generated 
when people walk, or by doors opening and clos-
ing [78]. After the revision of the guideline limit 
values existing in different countries at present, 
the units of measurement applied are based on 
the quantification of nanomaterials present in the 

air in the worker’s breathing zone: (1) mass, 
expressed with μg/m3 or mg/m3; (2) number of 
nanoparticles/cm3.

Studies refer that particle size plays an impor-
tant role in determining the potential adverse 
effects of nanomaterials in the respiratory sys-
tem: by influencing the physical, chemical, and 
biological nature of the material, affecting the 
surface-area dose of deposited particles, and 
enabling the deposited particles to more readily 
translocate to other parts of the body [69]. 
Nevertheless, mass concentration measurements 
can be a good approach when there is a correla-
tion between the surface area of the NMs and 
mass concentration determined or if are available 
toxicity data based on mass dose for a specific 
NM.

Without harmonized guidance for the charac-
terization of exposure, due to the absence of ade-
quate instrumentation, the lack of appropriate 
exposure metrics and the lack of quantified expo-
sure limits, considering that the exposure limits 
that exist are most often a concentration of mass, 
conjunction of qualitative and a quantitative 
assessment must be applied to establish the pos-
sible release of NMs. Due to the interest in know-
ing the mass concentration and number of 
particles and their surface area, the instrumenta-
tion used to characterize the exposure varies and 
is achieved through various sampling instruments 
designed to capture these metrics. These three 
metrics can be converted into each other if we are 
in presence of spherical particles and if the 
parameters related with density and size distribu-
tion are known [78].  Regarding the mentioned 
instruments they fall into two general categories: 
“direct reading” and “time-integrated”. The for-
mer provides “real time” concentration values 
while the latter requires sampling over a period 
of time followed by an analysis to determine 
mass and/or chemical composition [10, 76]. 
Exposure studies involving count concentrations 
around the equipment/processes and for personal 
exposure measurements should chose the direct-
reading combination handled instruments, that 
can afford the metrics, like particle number and 
size distribution (independently on the chemical 
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composition or morphology) based on different 
techniques, such as:

•	 Condensation Particle Counter (CPC) can 
measure particle number concentration but 
not particle size.

•	 Diffusion Charger (DC) measure the fraction 
of airborne particle surface area concentration 
that upon inhalation would deposit in the gas-
exchange region, the number concentration, 
the average particle size or a combination 
thereof (20 nm to above 400 nm).

•	 Scanning Mobility Particle Sizer (SMPS) 
measure particles size distributions down to 
10 nm and concentrations up to 1.000.000 par-
ticles/cm3 [108].

•	 Optical Particle Counter (OPC) assesses real-
time number concentration of particles 
>300 nm in diameter [66].

•	 Electrical low-pressure impactors (ELPI) 
Enables the measurement of real-time particle 
size distribution and concentration in the size 
range of 6 nm–10 μm.

In order to have the NMs identification and the 
elemental composition, “time integrated” meth-
ods and instruments should be used. Sampling 
could be undertaken via open-face sampling, fil-
tration, electrostatic or thermal precipitator, 
size-selective collection by cascade impaction, 
elutriators, personal samplers, surface sampling 
and wiping. Subsequent chemical and electron 
microscopic (EM) analyses (SEM or TEM with 
Energy Dispersive X-Ray Spectroscopy – EDS) 
and or X-ray fluorescence/ inductively coupled 
plasma mass spectrometry (XRF/ICP-MS), 
Atomic Force Microscopy (AFM) and others 
used on chemical laboratories, for elemental 
composition and particle identification [78].

Whenever possible, the measurement strate-
gies should include sampling and laboratory 
analysis and the use of direct reading instruments 
to cover all relevant readings (e.g. particle size 
distribution, particle count and particle surface 
areas). All of these techniques have limitations in 
some way the first ones like lack of information 
on fibres (CPC, DC), the size and weight and 
complexity of operation (SPMS and ELPI) and 

lacking real time data output (samplers and labo-
ratory analysis) [36]. The lack of exposure-
relevant documented evidence and the use of 
not-harmonized collected data methods and strat-
egies are the greater disadvantage of this 
process.

To better understand the exposure assessment, 
several studies were carried out to the character-
ization of nanoparticle release. One key aspect of 
these occupational assessments is the need to dis-
tinguish the background and the specifically pro-
cess NMs release. The main pathways for 
background characterization that are often used 
in exposure studies are:

	(1)	 Far-Field (FF) approach: The background 
measures are taken in a place far from the 
workplace where NMs are produced/handled 
in order to be out of the process influence, 
but in the same facility. If there is a diver-
gence between the background and work-
place concentrations, this implies that the 
NMs process emissions under investigation 
should be further analysed. FF background 
measurements should be taken at the same 
time as workplace measurements.

	(2)	 Near-Field (NF) approach: this is based on 
monitoring before the start of the task in the 
workplace. The NF background is also char-
acterised as a “time series” approach, consid-
ering that the background concentration is 
assessed when the task is not occurring, and 
that any increases in concentration will be 
attributed to releases from the activity involv-
ing NMs [5].

More than 60 exposure characterization to 
NMs studies were done by “the National Institute 
for Occupational Safety and Health” (NIOSH). 
These studies gave NIOSH the needed informa-
tion to improve an already existing technique, the 
“Nanoparticle Emission Assessment Technique” 
(NEAT 1.0), to develop the NEAT 2.0. The latter 
gives greater importance to integrated time, filter 
based sampling with elemental analysis and mor-
phology, around breathing zone and area sam-
ples, rather than particles counters direct readings, 
in order to have a exposure job map [19]. NEAT 
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1.0 was very useful to identify the activities that 
leads to more nanomaterial emissions in labora-
tories or pilot plants but, the use of this technique 
in larger sites do not addresses the potential for 
transient or background emissions arising from 
normal plant operations.

Using NEAT 2.0 a quite complete perception 
on the overall picture of the worker exposure is 
given because it applies: (1) a collection of time-
integrated PBZ (Personal Breathing Zone) air 
samples; (2) additional time-integrated air sam-
ples are collected in the PBZ for identifying task-
specific exposure information during that specific 
task; (3) particle counters are used to supplement 
providing data information on peak emissions, 
plus (4) a collection of real-time integrated back-
ground data over the course of a full sampling 
period to detect background fluctuations.

It would be expensive and time consuming to 
carry out studies with individual exposure mea-
surements for each chemical under every circum-
stance in view of the large variety of possible 
exposure scenarios and the amount of available 
data is still very scarce. When lacking relevant 
regulatory requirements for NMs and real time 
exposure data, more qualitative techniques can be 
implemented to characterize exposure potential. 
The control banding tools can be used to have an 
initial understanding to evaluate exposure to 
NMs in the workplace [97].

15.3.3	 �Risk Evaluation

As highlighted in the previous sections, the H&S 
effects of nanomaterials are currently quite 
unknown (e.g. there is no specific regulation, nor 
are there approved occupational exposure limits). 
However, as a potential risk factor at work, organ-
isations still have the obligation to assess and 
manage NMs, as it is done with any other mate-
rial introduced into the production process, con-
sidering a maximum technical approach. The 
complexity and level of detail required for the 
risk assessment depend on the hazardous sub-
stance in question and the activity being carried 
out; even for more complex situations, the help 
from experts it is recommended [4, 15]. 

Figure 15.1 shows the different level and kind of 
tools that support risk assessment based on the 
evaluation’s aim, as well as the origin, reliability 
and quality of the information used. Exposure 
estimation can be carried out at different levels or 
tiers, starting with a more exploratory, and even 
pure qualitative, level to establish the least 
favourable scenario (Tier 1), and ending up with 
robust quantitative methods based on probabilis-
tic exposure models or detailed site-specific mea-
sures (Tier 3) [78].

In recent years, several tools for assessing 
occupational risk have been developed. Among 
the Tier 1 evaluation models based on qualitative 
or semi-quantitative estimation from environ-
mental concentrations, there are the Control 
Banding models (CB) [40]. Control banding or 
simplified tools are models where risk is assessed 
based on the severity determined through expo-
sure parameters. These methods prioritize action 
on risk control, without investing excessive 
resources in evaluating risk in detail using quan-
titative exposure values. For their part, tier 2 and 
3 models, based on quantitative evaluation, cor-
respond to established measurement strategies 
and methodologies to proceed to obtain suitable 
values and, as far as possible, to compare them 
with the reference limit values [8]. Table  15.3 
provides a summary of the most widely used 
nanospecific tools.

15.3.3.1	 �Control Banding Tools
Control banding (CB) tools calculates the sever-
ity of a task that involves NMs when information 
from several factors based on the physicochemi-
cal properties of the nanomaterial (surface chem-
istry, particle shape and diameter, and solubility), 
toxicological properties of the nanomaterial and 
the “bulk” material (carcinogenicity, toxicity to 
the reproduction, mutagenicity, dermal toxicity 
and ability to produce asthma) [96]. Probability 
levels are also calculated from factors such as 
estimated amount of nanomaterial during the 
task, dustiness or ability to form mists, number of 
workers with similar exposure, frequency and 
duration of the operation. When combining the 
severity and probability scores, a decision matrix 
is obtained that leads to a risk level value [16]. 
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Fig. 15.1  Classification of risk evaluation tools by tiers

Table 15.3  Tiered approach tools for risk evaluation

Level Description Tools examples
Tier 
1–2

Control banding (CB): (1) qualitative & semi-quantitative models. (2) 
based on the precautionary principle. (3) workplace safety only.
Note: There are additional CB tools that use a life-cycle approach that 
involve environmental and consumer aspects (also refer to as risk 
screening tools), however, they are out of the scope of this chapter.

CB Nanotool [115], ANSES 
CB tool [81], Stoffenmanager 
Nano [110]

Tier 
2–3

Occupational exposure: (1) quantitative exposure models. (2) tools 
based on refined information, including hazard assessment and 
physicochemical characterization. (3) additional tools include models 
to assess kinetic for human internal exposure (post-exposure risk 
assessment).

Nanosafer [52], ART [32], 
DART [37], NanoRiskCat [39], 
PBPK “kinetic” [105]

RA high level models: (1) high tier quantitative models. (2) requires 
expertise to apply them. (3) based also in detailed information of 
occupational exposure, hazard assessment and physicochemical 
characterization.

GUIDENano [83]

Hazard assessment: (1) determine health effects based on NMs 
concentrations. (2) types: In vivo (observational) and in vitro (cell) 
protocols. (3) in silico (computational) models. (4) it can also be 
applied at the kinetic level

NanoVALID – in vivo [6], 
EURO-NanoTox – In vitro [94], 
QNAR – In silico [114]

Physicochemical characterisation: (1) protocols to characterise 
different physicochemical properties at each lifecycle stage

NANOREG [38]

Others Decision support tool: (1) evaluation of models results in order to 
recommend courses of action. (2) determine and weigh benefits versus 
risks

LICARA [111], SUN DSS [64]
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Table 15.4 shows a comparison between the dif-
ferent CB tools available for occupational risk 
management:

CB method can provide an alternative risk 
assessment and management process, grouping 
workplaces with similar hazards and/or expo-
sures into similar categories. Due to its relative 
simplicity and ease of application, CB can be an 
alternative/complementary tool to traditional 
occupational risk assessment, especially attrac-
tive for SMEs [63]. However, one of the biggest 
challenges in applying this tool to NMs lies in 
making decisions about assigning the hazard 
and exposure bands. Therefore, the successful 
implementation of this approach in any organ-
isation still requires technicians with proven 
experience and competence in risk management 
and more specifically, in those issues directly 
related to the NMs used in industrial processes. 
Another issue associated to CB is the fact that it 
corresponds to a first screening for risks man-
agement. In the case when a high-risk band is 
selected, it will be required to refine the assess-
ment with tier 2 or higher tier methods and also 
the best the effectiveness of the controls once 
implemented. Additionally, and depending on 
the role an organisation has in the NMs chain 
(development, manufacturing, use or disposal), 
we will need to use additional and more specific 
tools. For example, to fulfil REACH require-
ments, NMs producers will have to undertake a 
specific risk characterisation following the 

guidelines established in the ECHA R-series 
such as Riskofderm or Advanced REACH 
Tool – ART [61].

In general, the risk assessment techniques are 
designed to accomplish similar goals (e.g. hazard 
characterisation, exposure estimation, or risk val-
uation). Their specifications, on the other hand, 
differ significantly (i.e. data requirements, results, 
and scope of application). This makes an integra-
tion of the different tools into a unified frame-
work difficult. Furthermore, risk assessment 
tools have been developed in major research proj-
ects (e.g. H2020), but most of them have not been 
calibrated and/or validated due to scarcity of rel-
evant experimental data.

15.4	 �Risk Treatment

Due to the limited information about the health 
risks associated with occupational exposure to 
NMs, appropriate steps should be taken to mini-
mize the risk of worker exposure through the 
implementation of a risk management program 
[69]. The application of controls aims to make 
sure that occupational exposure is as low as pos-
sible. This exposure should be minimized through 
measures such as excluding the use of certain 
substances, replacing them with less hazardous 
ones or changing the process to a safer one as far 
as reasonably practicable [46]. Risk assessment 
should help to decide the appropriate control, 

Table 15.4  CB tools specific for occupational exposure assessment

Tool Target group Comments
Inputs 
requirements

Number of bands
Hazard Expos. Risk

ANSES CB tool All working 
environments

Scope considers solids, liquids, 
powders and aerosols. It also 
includes a risk control band.

Low 5 4 5

CB Nanotool 
2.0

Laboratory-
scale work

Risk levels include a recommended 
control approach.

High 4 4 4

NanoSafer SMEs It can be used for NMs in powder 
form. Assessment for NMs 
production, products containing 
them, and accidental emissions

Medium 4 5 5

Stoffenmanager 
Nano

All working 
environments

Scope considers insoluble NMs. It 
gives priority to the hazard 
assessment. It provides control 
measure recommendations.

High 5 4 3

A. R. Alberto et al.



393

taking account of necessity, practicability and 
cost. In all cases, selection of controls should as a 
minimum be based on national regulatory 
requirements and supplemented with additional 
controls, as appropriate [103].

Application of the precautionary principle 
does not imply that organizations should not use 
nanomaterials until H&S hazards are fully under-
stood. Precautionary actions should be deter-
mined according to the assessment of possible 
consequences of the nanomaterials used, includ-
ing the consideration of available hazard informa-
tion and the concomitant uncertainties [65]. One 
way to incorporate precautionary principles from 
the design of product is through a sustainable and 
safe-by-design (SSbD) approach. SSbD consists 
on applying safety and sustainability principles 
and strategies on the process and products from 
the earlier stages of design and considering the 
full life cycle [100]. Particularly, the nano-specific 
SSbD approach is a risk management strategy in 
which the principal goal is to try to balance the 
safety of a nano-enable products, over its lifecy-
cle, while achieving commercially viable perfor-
mance and functionality [54]. There has been 
growing research into the knowledge and various 

methods and tools that could support the imple-
mentation of a safe innovation approach, specifi-
cally in the context of nano-enable products from 
the several industrial sector [62]. Some examples 
of recent European research projects focusing on 
SSbD aspects include ProSafe, NanoMile, 
EC4SafeNano, NANoREG and NANoREG II 
[93]. Particularly, the latter presents the most 
comprehensive approach to the safer development 
of nanomaterials. Using the Cooper’s Stage-Gate 
innovation methodology as the basis, their SSbD 
process focuses on three pillars of development 
(safe product, safe production and safe use) and 
three elements of risk assessment  (uncertainty, 
exposure and hazard) [102]. The scope of the 
SSbD is shown in Fig. 15.2.

Furthermore, precautionary actions should 
follow the established hierarchy of controls for 
protecting workers, that are in general, the main 
approaches to risk control of hazardous materials 
in the workplace, focused on prevention of expo-
sure by: (a) elimination of the hazard, (b) substi-
tution of the hazard, (c) engineering control 
techniques, (d) administrative control systems 
and (e) use of personal protective equipment (see 
Fig. 15.3).

Fig. 15.2  Sustainable 
and safe by design 
(SSbD) approach
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In general, it is advisable to adopt a control as 
high in the control hierarchy as is technically and 
economically feasible. However, the decision of 
selecting a specific control should take into con-
sideration the level of control required to provide 
a safe working environment and the efficacy of 
the control measures. These complementary 
approaches should be considered starting with 
the design stage of an industrial process [48]. The 
combination of all these control strategies should 
be a good approach to control the exposures. 
Changing the process to a less releaser of NMs, 
using matrices containing the NMs in order to 
minimize the release of NMs or modifying the 
NMs, for example, using coating to lower the 
hazardous characteristics of the NMs, are some 
of the measures that could be used.

15.4.1	 �Elimination and Substitution

The unique properties of commercial exploita-
tion of nanoparticles are one of the reasons that 
hinder the application of the elimination control. 

The substitution is more applicable in reducing 
potential toxicity, by coating with a less hazard-
ous substance but without changing the proper-
ties [98]. Changing the NMs physical form in 
order to reduce the possibility of inhalation or 
direct contact, like encapsulate or using suspen-
sions (see Sect. 15.3.2.2) can be another way of 
substitution.

15.4.2	 �Engineering Controls

Another level of control that can be used when 
the first ones could not be implemented, or the 
implemented ones were not successful enough is 
the engineering controls. These engineering con-
trols separate workers from the source that 
releases NMs, or capture NMs during their 
manipulation, through technics such as glove 
boxes, or fume hoods, or laminar flow cabinets, 
or custom fabricated enclosures. In general, the 
highest risks for nanomaterials are considered to 
be respiratory exposure, in view of the well-
known lung toxicity of particulates [69]. Control 

Fig. 15.3  Hierarchy of controls applied to Nanomaterials

A. R. Alberto et al.



395

practices for the reduction of inhalable and respi-
rable dust in the workplace are well-known and 
well stablished. The efficiency of these methods 
for nanomaterials has so far been only partially 
evaluated, but these measures seem useful as a 
starting point for the development of preventive 
measures. Some adjustments might be needed to 
prevent potential exposure to nanomaterials [48]. 
When applying the engineering controls, they 
should not interfere with the workers activities 
(passive measures), because in this case, and if 
they were not properly protected from the action 
of workers, the controls can be easily deactivated 
or stopped. The type of engineering control to 
apply depends on the location, duration of the 
task, the amount and characteristics of NMs that 
are manipulated. Without this information, the 
control may not prevent exposure and sometimes 
could increase it [72].

Operations involving easily dispersed dry 
nanomaterials, deserve more attention and more 
stringent controls (such as enclosure) than those 
involving nanomaterials that are suspended in a 
liquid matrix or embedded in a solid. When han-
dled, liquid nanoparticle suspensions usually offer 
less risk of inhalation, but if they are aerosolized 
by sonication or dispersed in some way the likeli-
hood of exposure can increase significantly [35].

Nanomaterials incorporated into bulk solids 
may pose some risk if the solid matrix is cut, 
sawed, drilled, sanded, or handled in any way that 
creates a dust or releases the nanomaterial [17].

For air velocities prevailing in workplaces, 
airborne nanoparticles can be considered as hav-
ing no inertia and behave in a similar way to a gas 
and if not fully enclosed will diffuse rapidly and 
will remain airborne for a long time. Because of 
their high diffusion velocity, these particles will 
readily find leakage paths in systems in which the 
containment is not complete [2].

Most of the engineering controls already used 
to remove micro-scale powders and gases are 
adequate to minimize occupational exposure to 
NMs [73]. In any case, these systems should be 
effective in removing the released NMs taking 
into account the available information about their 
transport and behaviour in the air [69]. Some 
studies showed that that a biological safety cabi-

net was more effective than a custom fume hood 
to control airborne exposures resulting from 
sanding epoxy containing CNTs [12]. In the 
other hand other studies show that the perfor-
mance of an air-curtain hood during nanoparticle 
use was outstanding for the various conditions 
tested and avoids the difficulties found when 
using traditional hoods [106]. To ensure the good 
performance of these systems, maintenance 
should be planned and performed.

At the design stage of engineering controls, 
observance with the requirements proposed by 
the local authorities must be taken into account. 
High-Efficiency Particulate Air (HEPA) filter, 
preferably H14, should be effective in removing 
nanoparticles from the airstream. HEPA filters 
have been recognized as one of the most effective 
filtration media that can be employed as the end-
of-pipe treatment to capture and eliminate trans-
port of nanomaterials (99.97%) [107].

In the precautionary approach, it is desirable to 
avoid any exposure to nanomaterials, and a num-
ber of containment approaches might be consid-
ered [30]. Operations can be performed by 
isolating the materials in separate, ventilated 
rooms equipped with a system that avoids any pos-
sibility of contaminating other workplaces. Other 
examples of isolation are the use of closed-circuit 
processes, use of robotics and equipment enclo-
sure. In certain situations, where the process is too 
polluting, workers can be isolated in a controlled 
atmosphere workstation to operate the entire pro-
cess by remote control. The workers are located in 
booths or rooms where the air quality conditions 
are controlled to protect their H&S [48]. It is worth 
mention that when NMs are released into the 
atmosphere, and as aforementioned, they have the 
potential to cause fire or explosion when subject to 
an ignition source. In this case, only elimination, 
substitution and engineering controls could reduce 
these associated risks.

15.4.3	 �Administrative Controls

Administrative means should not be a substitute 
for the type of controls discussed above but they 
should be implemented as a complementary 
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action to those solutions. When engineering solu-
tions are not completely effective or are too 
expensive, administrative controls become a way 
to mitigate exposure. These solutions include 
changing working methods, minimizing the time 
workers are exposed to NMs, limiting contami-
nated spaces through door control and cleaning 
routines in the workplace.

15.4.4	 �Personnel Protective 
Equipment

Personnel Protective Equipment (PPE) should 
not be the primary control and should be used to 
supplement the other controls, when workers are 
in contact with nanomaterials during activities 
with nanomaterial-exposure potential. In general, 
PPE recommendations for nanoparticle handling 
will be the same as for exposures to other pow-
ders, fine dusts, or aerosols.

PPE must be selected based on many reflex-
ions, such as the toxicological effects of the 
nanoparticle; quantity handled and physical form 
(physically bound/ encapsulated, in suspension 
in a liquid, in the form of powder), other expo-
sure controls in place and PPE performance 
requirements and limitations. PPE is suggested 
for performing maintenance or opening a sealed 
enclosure or when having evidence that any 
residual exposures are under control, operators 
should wear PPE as a precautionary measure. 
The workers should be communicated about the 
decision of use PPE and a training plan where the 
reasons the limitations of that decision and the 
properly way to use, maintain and remove of the 
PPE will be explained. Research is still trying to 
validate methods to determine the efficacy of the 
PPEs as a real barrier to NMs. Inhalation is the 
preferred entry of NMs into the human body, so 
respirators should be employed when workers 
could inhale NMs because of the lack of effective 
engineering controls or during activities with 
higher potential NMs exposure (which is the case 
for maintenance or emergencies). The lack of 

OELs for many types of nanomaterials makes 
specific recommendations difficult.

N95 and P100 like the FFP2 and FFP3 filter 
cartridges are effective at capturing nanoparti-
cles, but studies on the potential for face seal 
leakage (that is, leakage of particles through gaps 
between the respirator and the face) need more 
research addressing this issue [92]. However, the 
European Commission established that the level 
of protection of self-filtering masks against nano-
materials must be at least FFP3 with a nominal 
level of protection of 30 or higher [26].

Whenever exposure occurs during NMS han-
dling tasks that provide skin contact, it is impor-
tant to be aware that certain nanoparticles can 
cause adverse effects on the skin in specific cir-
cumstances, when crossing the skin barrier 
because it is compromised due to cracking or 
peeling. and entering the bloodstream potentially 
causing adverse health effects  - local and sys-
temic [60]. Workers should be informed about 
this ability of NMs to penetrate the skin and be 
stored in the skin’s attachments, more so in dam-
aged or flexed areas [59].

Protective clothing such as working clothes or 
disposable suits must be used and, at the end of 
the tasks, these must be removed and placed in 
specific containers, to avoid contamination of 
other places or workers. Polyethylene fabrics or 
similar are preferable [33].

Single-use gloves like disposable rubber 
gloves (e.g. latex), such as non-sterile medical 
examination gloves, should be used in order to 
avoid the NMs contact with the skin. Some 
chemicals (e.g. cleaning agents) may reduce the 
integrity of these kind of gloves, therefore, spe-
cial care must be taken when handling these 
chemicals in such a way to avoid contact with 
them. Also, after use, these gloves should be 
taken off by pulling them inside out, so as to con-
tain any raw powder or powder condensate that 
may have accumulated on the outside. For the 
same reasons eye protection must be worn in 
these situations (minimum of close-fitting safety 
glasses).
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15.5	 �Conclusion

Due to their diversity of applications, nanotech-
nologies will experience an exponential expan-
sion in the coming years and their uses promise 
great benefits for society. However, this growth 
brings additional exposure (of more workers) to a 
series of products with toxicological properties, 
in many cases unknown. In order to determine 
the benefits of using these advances and the risks 
that this entails, it is necessary to have a deeper 
understanding of these new materials. Many of 
these novel substances and elements could have 
the potential to be harmful for humans’ health 
and the natural environment.

Specifically, in the H&S field and in order to 
adequately protect workers, it is necessary to 
continue the development of methods to assess 
the toxicity and other potentially source of 
hazards, as well as equipment of reasonable 
cost that allows monitoring exposure concen-
trations. Hazard identification of NMs among 
occupationally exposed workers in industries 
is one of the risk assessment, however, there is 
no conclusive data available on the effect of 
NMs in occupational contexts for many of the 
chemicals. The other step exposure assessment 
is based in air measurements that are taken in 
the vicinity of processes or operations using 
nanomaterials, either in companies or research 
laboratories, very little data have been pub-
lished. In addition, no international consensus 
has been reached on any single measurement 
method for characterising occupational expo-
sure. At the time there is no agreement in what 
testing strategies and methods of risk charac-
terisation can be applied for nanomaterials. 
Precaution should be taken in controlling 
exposures when the extent of the hazard is not 
well known, as with many nanomaterials. The 
use of precautionary risk assessment 
approaches seems fairly reasonable especially 
considering the current lack of comprehensive 
and reliable toxicological and/or exposure 
information.

Finally, it is convenient for regulators as well 
as employers to strengthen research in this area 

and put in place processes for risk assessment. 
They also need to make more efforts to facilitate 
the data obtained from exposure assessment at 
different levels (national, EU, international), 
which would make possible to improve toxico-
logical studies and would also help in establish-
ing exposure limits and determining the right 
index for them.
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in the Assessment of Potential 
Toxic Effects
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Abstract

The use of nanoparticles (e.g. titanium dioxide) 
in commercial food products to modify some 
properties, such as brightness and whiteness, 
increased in the last years and is nowadays 
widespread. Despite the inhalation of nanopar-
ticles is already a topic of concern, the potential 
adverse health effects due to ingestion still 

present gaps of knowledge. In fact, gastrointes-
tinal tract is the first interface between the body 
and the external environment and consequently 
could represent a target organ for compounds 
present in food, namely nanoparticles, that 
could exert toxic effects. The in vitro digestion 
models used to simulate the human digestion 
may contribute to fill these gaps. The applica-
bility of the in vitro digestion methods is dis-
cussed concerning its potential use as a tool for 
addressing the toxicity of ingested nanomateri-
als or other food contaminants, mimicking the 
physiological processes.

Keywords

In vitro digestion · Digestion models · 
Ingested nanomaterials · Human digestion 
simulation · Gastrointestinal system

16.1	 �General Introduction

Several challenges are posed nowadays through 
the development of novel foods and their by-
products. The current food production system is 
making efforts to promote shifts to more sustain-
able products, guaranteeing simultaneously the 
food safety and nutritional quality. The inclusion 
of nanomaterials (NMs) in foods is one of these 
challenges. The increased shelf-life, flavor 
release and absorption of nutrients and other bio-
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active components have been referred as some of 
the beneficial effects of the use of NMs in foods 
[48]. As more NMs are being included in food 
production systems, a need to understand the 
potential risks and benefits of their use for con-
sumers’ health is essential. The knowledge of 
NMs’ fate along the gastrointestinal system with 
the use of in vitro digestion models is a major 
contribution for this assessment.

16.2	 �Inclusion of Nanomaterials 
in Foods

According to the Novel Food Regulation (EU) 
2015/2283 and referring to Regulation (EU) 
1169/2011 on the Provision of Food Information 
to Consumers, the term ENM (Engineered 
Nanomaterials) means “any intentionally pro-
duced material that has one or more dimensions 
of the order of 100 nm or less or that is composed 
of discrete functional parts, either internally or at 
the surface, many of which have one or more 
dimensions of the order of 100 nm or less, includ-
ing structures, agglomerates or aggregates, which 
may have a size above the order of 100 nm but 
retain properties that are characteristic of the 
nanoscale” [16, 18, 19].

Dietary intake of ENM can be an important 
pathway of human exposure to nanoparticles 
(NPs) and food additives, as other forms deliber-
ately added in food industry, are considered the 
primary source of ingested exposure. ENM intake 
by food is not yet extensively characterized in 
developed countries; however, it is estimated to 
be considerable, as revealed by a study that 
reported an ingestion uptake estimate of ~1012 
nanoparticles/person per day, consisting mainly 
of titanium dioxide (TiO2), colloidal silica, and 
mixed silicates [7, 47]. The estimation of human 
daily intake of NPs has been a subject of interest 
in the last years. Rompelberg et al. [40] estimated 
the exposure of the Dutch population to TiO2 NP 
through oral intake of several products (food, 
supplements and toothpaste). The median esti-
mates of exposure were 1.90  μg/kg bw/day, 
0.26 μg/kg bw/day and 0.10 μg/kg bw/day for the 

age groups of 2–6 years old, 7–69 years old and 
≥ 70 years old, respectively. Also Yin et al. [55] 
estimated that the mean daily intake of TiO2 par-
ticles (including nanosized particles) from sea-
food and surimi products ranged from 0.02 to 
3.09  μg/kg bw/day, with individuals aged 
20–30  years old showing the highest exposure 
levels.

The progress observed during the last years in 
nanotechnology contributed for the increasing 
interest of its application in the food industry 
[43]. The use of nanotechnologies can be consid-
ered in every phase of food production, including 
the food processing and food preservation. 
Several applications in food industry have been 
reported in various dimensions such as the char-
acteristics of foods (texture, taste, color, strength), 
the food additives encapsulation, the new flavors 
and sensations, the control of aroma release, and 
the stability/shelf-life of products [10]. NPs can 
be organic (lipid and protein NPs), inorganic (sil-
ver, titanium dioxide, or zinc oxide), or including 
carbon-based NPs (carbon nanofibers and carbon 
nanotubes) [12]. NPs can enhance some charac-
teristics of foods such as texture or color and can 
also be incorporated in food packaging. Another 
important contribute to this area is the possibility 
of incorporating nanomaterials (e.g. titanium 
dioxide, silver nanoparticles, carbon nanotubes) 
that allow to mitigate food losses due to different 
microbial infections. [46, 52]. Additionally, the 
development of nanoprobes for detection of 
chemical (mycotoxins, pesticides, antibiotics, 
plasticizers, melamine) and microbiological con-
taminants (food spoilage) are nowadays estab-
lished areas of research as pointed out by [39]. 
Nutraceuticals and functional antimicrobial 
ingredients used as encapsulated play a crucial 
role in the preservation and bioavailability of bio-
active ingredients, food processing and storage, 
and also in the transport through the gastrointes-
tinal tract. Nanoemulsions are used in flavored 
oils, salad dressing, personalized beverages, 
sweeteners, and other processed foods, to create 
lipid-soluble compounds that are bioactive for 
targeted delivery of lutein, β-carotene, vitamins 
A and D, and omega-3-fatty acids [38, 43].
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The progress observed in nanotechnology has 
contributed to the transformation of food science 
and the food industry with increased investment 
and market share. As briefly explained, the broad 
applications of nanotechnology will contribute to 
a new digital improvements namely in the 
domains of food reliability, food safety, and 
shelf-life performance [26, 43]. However, there is 
a consensus regarding the challenges ahead in 
this field. The interactions of nanomaterials with 
the food systems need to be further estimated, 
thus contributing for harmonized actions at a 
global scale in a combined effort of food regula-
tors, authorities, and industry [21, 26, 37, 43].

16.3	 �The Importance of Human 
Digestion for the Toxicity 
Assessment 
of Nanomaterials

Considering that ingestion is a route of human expo-
sure to NMs, it is of utmost importance to assess the 
possible influence of digestion on these particles. 
The physiological response to specific nanomateri-
als in foods is understood in full when framed by the 
human digestive processes in more detail [4].

16.3.1	 �The Fate of Nanomaterials 
During Human Digestion

During digestion, the chemical environments are 
modified within the three main compartments 
(mouth, stomach and intestine) regarding pH, 
enzymes, and inorganic compounds. The transit 
through the gastrointestinal (GI) system may lead 
to several modification in the NP including dis-
solution, agglomeration and deagglomeration; all 
these may affect the intestinal absorption that is 
different if in presence of dissolved ions or 
nanoparticles, and depends on their size, shape 
and physicochemical properties [44].

The first step of digestion happens in the 
mouth and involves the mixture of food with sali-
vary fluid, containing about 99.5% water with 
0.3% of electrolytes and proteins, including amy-

lase [35]. Salivary pH values vary between fasted 
to fed state, from 6.2–7.4 to 7.4–7.6, respectively 
[50]. The transient time in mouth compartment is 
short. Nevertheless, there may be an impact in 
some types of NMs such as silver NPs for which 
the aggregation of 52% of nanoparticles was 
reported [25] and for carbohydrate NPs that may 
be digested by amylase [33].

After bolus formation in the oral phase, it is 
processed in the stomach to a semi-solid chime, 
by action of the gastric juice constituted by 
hydrochloric acid, various electrolytes, enzymes 
(pepsin and gastric lipase), intrinsic factor, 
mucus, and hormones [27]. Stomach pH vary 
during digestion from 1.5 to 2.0 in the fasted state 
to 3.0–7.0 in the fed state. The key gastric proteo-
lytic enzyme (pepsin) and gastric lipase are acti-
vated via acid hydrolysis [42]. The 
physic-chemical properties of gastric environ-
ment, mainly high strong acid conditions and 
high ionic strength, promote modifications in 
NMs. For lipid NPs, the aggregation status is 
modified due to changes in their surface proper-
ties, such as surface charge and steric coating. 
The triglycerides, common components of lipid 
NPs, start to digest when there is enough secre-
tion of gastric lipase in the stomach [54]. Studies 
in gastric fluid showed that TiO2 NPs tended to 
agglomerate in the presence of gastric fluid with 
an effect more apparent and significant in the 
nanoparticle range [24]. Similar findings were 
reported for Ag NPs that in gastric fluid agglom-
erated by forming clusters with proteins [28], a 
process enhanced by the presence of pepsin [3].

The small intestine, where the highest percent-
age of chemical breakdown and absorption occur 
by secretions of the liver, gall bladder, pancreas, 
and intestinal epithelia, receives the gastric chime 
that is neutralized by bicarbonate raising the pH 
from 2 to 6.2. The degradation of food starts in the 
duodenum that receives about 1.2–1.5  L/day of 
pancreatic juice [23]. Simultaneously and gradu-
ally over the course of 3–4 h (depending of the 
meal ingested), the pancreatic juice, composed by 
a mixture of enzymes, proenzymes, protease 
inhibitors, sodium bicarbonate and other electro-
lytes, is secreted. The characteristics of NMs 
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when reaching the intestine encompass the influ-
ence of the different gastrointestinal tract environ-
ments, are determinant for their ability to 
absorption by intestinal epithelium and accord-
ingly to the potential toxicity [33]. Small mole-
cules are mainly absorbed at the small intestine 
passively through diffusion or actively through 
several transporter systems in the gut wall [23]. 
Although NPs suffer a process of agglomeration 
during the gastric phase, in the presence of the 
small intestine environment, characterized by a 
basic pH, presence of bile and pancreatic enzymes, 
the clusters are disintegrated [28]. Similar obser-
vations were reported for Ag NPs that retained 
their original size in intestinal fluid [53].

These findings are of utmost importance since 
it is known that the toxicity of a NM is the out-
come of its intrinsic physicochemical properties 
such as size, shape, surface properties, and chem-
ical composition, that will influence their cellular 
uptake [41]. Regarding the availability in the 
intestine and the absorption of NMs, it is crucial 
to understand properly the definitions of bioavail-
ability and bioaccessibility (Fig.  16.1). 
Bioavailability is defined as the part of ingested 
compound that reaches the systematic circulation 
and is ultimately utilized [51] and oral bioavail-
ability is resultant of three processes including: i) 
bioaccessibility (release of the compound from 
its matrix into digestive juice in the gastrointesti-
nal tract); ii) intestinal transport, across the intes-
tinal epithelium into the vena Portae; and iii) 
metabolism (degradation of the compound in the 
liver and intestine) [51]. Oral bioavailability 
includes bioaccessibility, which is defined as the 
quantity of a compound that is released from its 
matrix in the gastrointestinal tract, becoming 
available for absorption. Digestion is the chemi-
cal disintegration of food particles into absorb-

able molecules and, absorption refers to the 
transport of nutrients, water and electrolytes from 
the lumen of the small intestine into the cell, and 
then into the blood [51].

16.3.2	 �In Vitro Digestion Models

Several gastrointestinal models have been devel-
oped to better understand the effects of human 
digestion of nutrients, contaminants, additives, 
and other food components, as nanomaterials. 
As above mentioned, the gastrointestinal tract is 
a complex system with several physical and bio-
chemical processes (i.e. hormonal response, 
gastric emptying, enzymes and fluids secretion, 
motility) that are dependent on the individual 
physiology and on the food consumed [36]. 
Although studies developed in humans are con-
sidered the “gold standard” for addressing diet 
related issues, in vitro methods have many 
advantages namely being more rapid, less 
expensive, and not presenting ethical constric-
tions. These characteristics make possible the 
analysis of several with a higher degree of stan-
dardization, reproducibility and in controlled 
conditions [9, 35].

These models may differ between each other 
regarding many parameters: the number of com-
partments and number of phases considered, the 
digestion fluids composition, the source of 
enzymes, the ratio between food and enzymes or 
digestive fluids, and the compartment staying 
time. The models may comprise a dynamic varia-
tion of these parameters along the digestion sim-
ulation, a semi-dynamic variation where only 
some parameters change through time, and static 
conditions that are maintained throughout the 
process.

Fig. 16.1  Schematic representation of bioaccessibility and bioavailability concepts
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One of the best-known dynamic models is the 
TNO Gastro-Intestinal Model (TIM), a multi-
compartmental dynamic model from the early 
1990s, that comprises the simulation of human 
digestion in three compartments (stomach, small 
intestine, large intestine). During this, the exposure 
conditions of meals regarding absorption of nutri-
ents and water and secretion of digestive fluids, are 
modified intending to simulate the gastrointestinal 
tract [49]. The system is computer-controlled and 
the different parameters are combined in a proto-
col, thus allowing for reproducibility [49].

Other multi-compartmental models were also 
developed presenting different characteristics. 
The DIDGI® system was developed at INRA, 
focused on the stomach and the small intestine, 
and monitors the disintegration and the kinetics 
of hydrolysis of the food. The Simulator or the 
Human Intestinal Microbial Ecosystem 
(SHIME®), developed at Ghent University, is 
dedicated to the study of the gastrointestinal 
microbial ecology and physiology in healthy 
populational groups (adults, babies, elderlies) 
and also for individuals with specific disease con-
ditions (e.g. Inflammatory Bowel Disease, patho-
gen infection). The Engineered Stomach and 
small INtestinal system (ESIN), developed at 
University of Auvergne (Clermont-Ferrand, 
France), is also dedicated to the simulation of 
human stomach and small intestine environment. 
The gastric compartment is patented and is able 
to reproduce the dynamic gastric emptying of liq-
uids and solids during human digestion. The 
SIMGI® (SIMulator of the GastroIntestinal tract) 
from the Institute of Food Science Research 
CIAL (CSIC-UAM, Madrid, Spain) is also a 
computer-controlled model that simulates the 
human digestion process in the stomach and in 
the small intestine, but is also able to reproduce 
the microbiota responsible for metabolic biocon-
versions in the large intestine [11, 15]. Other 
dynamic models developed so far include mono-
compartmental systems: Dynamic Gastric Model 
(DGM, Institute of Food Research, Norwich, 
UK), Human Gastric Simulator (HGS, University 
of California, Davis, USA) and the Artificial 
Colon (ARCOL, University of Clermont 
Auvergne, Clermont-Ferrand, France) [15].

Recently, with the aim of solving an existing 
gap between static and dynamic digestion models 
in what regards the human GIT physiological 
variations, a standardized semi-dynamic model 
was developed. This model is based on a previous 
static version, but it mimics closely the dynamic 
nature of gastric secretions and emptying. This 
model was foreseen for a broad use, comprising a 
wide range of foods [36].

Despite the innovation presented by dynamic 
and semi-dynamic digestion models, the static 
models are still recognized as simple, easy-to-
use and reproducible [17, 32, 35]. These models 
that consider a constant ratio of food to enzymes 
and electrolytes and a constant pH for each 
digestive phase, are characterized as simple 
models and due to these characteristics have 
been used in several scientific fields [6]. Within 
the INFOGEST network [14] and considering 
the need for the harmonization of digestion con-
ditions, an international consensus on funda-
mental digestion parameters for the static in vitro 
simulation of adult digestion was obtained and 
published in 2014 [35]. This method was further 
optimized, namely the assay for determination 
of pepsin enzymatic activity, and validated 
through an interlaboratory trial [17]. The method 
INFOGEST 2.0 that includes all the improve-
ments was recently described by Brodkorb et al. 
[6]. The scope of application is very broad: eval-
uation of release of nutrients and/or food con-
taminants or assessment of endpoints resulting 
from digestion of foods by analyzing the diges-
tion products. To perform the whole protocol, 
approximately 7  days should be considered, 
where ~5 d are needed to determine the activities 
of enzymes [6].

16.3.3	 �Application of Digestion 
Models to Nanomaterials

During digestion, the chemical environments are 
modified within the three main compartments 
(mouth, stomach, and intestine) regarding pH, 
enzymes, and inorganic compounds. These 
changes, as above mentioned, may induce 
nanoparticle modifications including dissolution, 
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agglomeration and deagglomeration, thus affect-
ing the intestinal uptake [44].

During the recent years, several in vitro digestion 
models have been applied to study the potential 
impact of human digestion in nanomaterials proper-
ties and health effects. Table 16.1 provides examples 
of studies that used in vitro digestion models as well 
as the main characteristics of the models applied.

As it can be concluded from the information 
presented in Table  16.1, the available studies 
used in vitro digestion models with different 
characteristics not only regarding the digestive 
fluids’ composition and pH in each compartment, 
but also regarding the static or dynamic condi-
tions of the models.

The use of in vitro digestion models allowed 
obtaining results of the interactions of ENMs 
with food and GIT components and understand-
ing their influence on nanomaterials’ fate and 
transport, biokinetics and toxicological profile. 
Regarding Fe2O3 NP, differences in particle size, 
charge, and morphology were found among 
digested samples from the different compart-
ments (mouth, stomach, and small intestine) 
[13]. This study demonstrated the influence of 
food matrix and the gastrointestinal environ-
ment in Fe2O3 NP biological properties [13]. For 
TiO2 NP, the influence in mean particle diameter 
was also observed with increasing particle size 
when pH decreases (stomach), suggesting that 
the particles may have suffered an agglomera-
tion or structural rearrangement under more 
acidic pH conditions [31]. The effect of TiO2 NP 
in digestion of lipids using oil-in-water emul-
sions was assessed, and a reduced impact on the 
gastrointestinal fate and digestion of lipids was 
observed [31].

The use of in vitro digestion models has a 
major importance in studies where the transport 
through the intestinal barrier is evaluated. [1] 
using the model proposed by [51] concluded that 
the transport of silver as either total Ag or Ag NPs 
was limited (<0.1%), and the surface chemistry of 
Ag NPs and their digestion influence their disso-
lution properties, uptake/association with the 
Caco-2/HT29-MTX mono-layer. For Al NPs, [45] 
found no nano-specific cellular effects, either 
with or without in vitro digestion. The artificial 

digestion did not cause a complete aggregation of 
Al in the intestinal fluid, as observed for other 
NPs. Nano-specific toxicity caused by 
Al-containing nanoparticles was not observed 
[45]. Bettencourt et al. [4], using the harmonized 
protocol proposed by Brodkorb et al. [6], reported 
for TiO2 NPs that the primary size (Feret min, 
max and mean) and particle morphology (aspect 
ratio) of the anatase NM-102, rutile NM-103 and 
anatase/rutile NM-105 were not changed after the 
digestion. For the anatase/rutile NM-105, and 
when compared to the undigested NM, a more 
marked adverse outcome was shown after expo-
sure to the digestion product [4]. The use of 
SIMGI® dynamic system, with more gastrointes-
tinal compartments, made possible to go beyond 
the assessment of NPs effects on small intestine 
and assess the possible effects on microbiota. [11] 
reported that Ag NPs experienced several modifi-
cations in gastrointestinal fluids resulting in an 
exposure of intestine to forms that were structur-
ally different from the original forms, even though 
not disturbing the composition and metabolic 
activity of human intestinal microbiota [11].

The inclusion of in vitro digestion models to 
have a more complete and accurate toxicological 
profile has been an achievement in the last years. 
These studies allowed taking a step forward in 
the knowledge of nanomaterials’ toxicity. 
However, it should be emphasized the impor-
tance of using harmonized protocols so that the 
comparison of results obtained under these stud-
ies may be possible.

16.4	 �Importance of In Vitro 
Digestion for Risk 
Assessment

Human health risk assessment of chemicals pres-
ent in foods, a fundamental scientific component 
of risk analysis, corresponds to a complex process 
of evaluating the potential incidence of an adverse 
health effect to humans, as a consequence of vari-
ous exposure conditions. It is composed of four 
different and interconnected steps, that include: 1) 
hazard identification and 2) characterization 
(together usually considered as hazard assess-
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ment) examining if, and the conditions by which, a 
certain chemical has the potential to induce a par-
ticular adverse health effect, as well as, the rela-
tionship between the level of exposure and the 
related adverse health effect (usually recognized 
as dose-response relationship); 3) exposure assess-
ment, determining the frequency, magnitude and 
duration of the ingestion of a given chemical com-
pound; and, 4) risk characterization, which inte-
grates the results from the previous steps, 
estimating the associated degree of concern [20].

Under the context of foods and the associated 
risk assessment of chemical compounds poten-
tially present in foods, the concept of bioaccessi-
bility assumes particular importance, considering 
that the ingested amounts of a certain chemical 
present in foods does not always reflect the 
amount of that compound available to the body 
and, consequently, to produce its toxic effects on 
target organs [22]. Consequently, in vitro meth-
ods that contributes to study the effects of diges-
tion on ingested compounds constitute an 
important layer adding crucial information.

The amount of a specific compound that 
reaches the intestine after ingestion corresponds 
to the highest amount of that compound that 
could be absorbed, and consequently, reach its 
target organ and, therefore, producing toxicity. 
Thus, the determination of the bioaccessibility of 
a compound contributes with important informa-
tion since it corresponds to the maximum oral 
bioavailability, and therefore an appropriate 
approach to estimate the internal exposure. This 
maximum oral bioavailability could be easily cal-
culated by multiplying the estimated daily intake 
of that specific compound by its bioaccessibility 
value [2, 30, 51]. Regarding the nanomaterials, 
despite EFSA highlighted in their guidance for 
the risk assessment of nanomaterials used in the 
food chain that it is important to follow the fate of 
nanomaterials in the GIT, to determine whether 
they reach the intestinal cells in nanometric form 
or if they break down during the digestive pro-
cess, few studies reporting that approach are 
available [16, 25, 34]. Additionally, just recently 
a study was published aiming at developing an in 
vitro method to follow the fate of silver nanopar-
ticles in the gastrointestinal tract. This study 

highlighted the importance of considering the 
fate of nanomaterials in the gastrointestinal tract 
to accomplish an accurate risk assessment of 
nanomaterials [28].

Despite the inherent uncertainty associated to 
in vitro approaches, in vitro digestion models 
combined with intestinal cells (e.g. Caco-2 cells) 
could be of particular utility e.g. in addressing 
mechanistic questions, mimicking as much as 
possible the physiological conditions, before pro-
gressing to animal studies, innately involving 
higher costs and efforts.

16.5	 �Future Perspectives

Considering the growing inclusion of nanomate-
rials in foods due to the enhancement of physico-
chemical properties, as already described, it is 
fundamental an accurate risk assessment of these 
compounds. Although several studies became 
available in the last years, some gaps worth to be 
addressed still exist. Regarding the use of in vitro 
digestion models, the inclusion of a food matrix 
in the model is an aspect frequently reported as 
fundamental. The biologically active molecules 
present in food might alter the signaling path-
ways and consequently change the effects of NPs 
in a biological system [5, 8, 31, 34]. The use of a 
standardized food model based on dietary pattern 
and the adjustment of analytical conditions to 
real exposure scenarios are also aspects empha-
sized by [29, 56], respectively, to be addressed.

A more complete knowledge on the toxico-
logical profile of nanomaterials is a major con-
tribute not only for implementation of preventive 
measures aiming to protect human health, but 
also for the development of safer-by-design 
nanomaterials.
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Abstract

Nanomaterials (NMs) have important and use-
ful applications in chemical industry, electron-
ics, pharmaceuticals, food and others. Their 
rapid proliferation presents a dilemma to regu-
lators regarding hazard identification and 
increased concerns for public health.

The Adverse Outcome Pathways (AOPs) 
are innovative central elements of a toxico-
logical knowledge framework, developed for 
supporting chemical risk assessment based on 
mechanistic reasoning. AOPs describe a 
sequence of causally linked events at different 
levels of biological organisation, triggered by 
exposure to a stressor (like chemicals or NMs) 
leading to an adverse health effect in humans 
or wildlife. The integrative analysis of the cel-
lular and molecular mechanisms of nanotoxic-
ity towards the identification of connected 
adverse outcomes drives a sequential line – an 
AOP landscape definition. Each defined AOP 

is available for crossing data, linking known 
and unknown landscapes, reducing the reli-
ance on animal studies, associated costs and 
ethical issues. NMs have unique properties, 
with specific associated toxicological chal-
lenges, which may represent unknown AOP 
landscapes.

In this chapter, an overview of AOPs as 
important novel strategic tools in nanotoxicol-
ogy is presented, highlighting the current 
applications in hazard identification and 
human health risk assessment.

Keywords

Nanomaterials · Adverse outcome · Risk 
assessment · Nanotoxicology

17.1	 �Introduction

Manufactured nanomaterials (NMs), as well as 
other advanced and emerging materials (e.g., 
composites incorporating NMs), can contribute 
to technological innovation, by improving prod-
uct performance and functionality, thus present-
ing significant benefits to consumers [11]. 
However, safety evaluation of NMs has been 
challenging, due to the number, diversity, and 
complexity of these substances, and to the time 
and costs involved in meeting regulatory require-
ments that are also evolving side by side with the 
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development of nanotechnology [11]. 
Additionally, risk assessment (RA) and regula-
tory decision-making have been relying heavily 
on animal testing methods. In vivo methods are 
time consuming, costly, and ethically question-
able, which make them unfeasible to generate 
health hazard information to all NMs and its 
nanoforms to meet those requirements [11, 14, 
19]. All these aspects are hampering the rapid 
development and market uptake of nanotechnolo-
gies. This requires novel approaches to assess the 
safety of NMs for humans and the environment, 
as recognised by the scientific community and by 
regulators and risk assessors. This can be 
achieved with the use of alternatives to animal 
testing, which is in line with the current policy 
turning globally: a) refining and replacing in vivo 
studies; b) favouring more cost-effective 
approaches, such as novel high-throughput in 
vitro methods; c) using “omics” data and compu-
tational methods for data analysis and predictive 
modelling [29, 47, 49]. However, to be consid-
ered credible for use as resource in decision-
making processes, these approaches should rely 
on mechanistic understanding of toxicological 
pathways [19, 65]. These methods are actualy 
being used, but they still offer limited informa-
tion on the mechanism of toxicity of a substance, 
and how the informations are eventually related 
to an Adverse Outcome (AO) observed in the 
organism. Therefore, scarcely any have found 
regulatory acceptance, like the micronucleous 
assay [14, 19].

Scientifically valid and reliable read-across 
requires a clear rationale for the grouping and the 
selection of analogues as to be justified by physi-
cochemical resemblance and/or endpoint-specific 
considerations (e.g., biological similarity) [36]. 
However, identifying groups for categorization 
based on the biological effects proceeding from 
narrow changes in the NMs physicochemical 
characteristics has been shown to be a challeng-
ing task [11]. For example, it was shown that, 
within groups of closely related NMs, with 
chemical resemblance, different genotoxic 
effects are observed [30, 32]. Considering that 
assessing health and environmental risks of NMs 
with traditional animal testing approaches is ethi-

cally undesirable and too cost- and time-
consuming, new approaches are needed that meet 
current requirements for regulatory risk assess-
ment while reducing reliance on in vivo assays 
and enabling the implementation of safer-by-
design product development [11].

In 2012, the Environmental, Health and Safety 
Division from the OECD initiated a program 
aiming to advance the Adverse Outcome Pathway 
(AOP), which is an analytical construct that 
describes a sequential string of causally associ-
ated events at different levels of biological organ-
isation edging an ecotoxicological or adverse 
health effect [51]. The AOPs provides a transpar-
ent and scientifically-based framework that 
relates known mechanistic or predictive relation-
ships between molecular initiating events (MIEs), 
key events (KEs), and adverse outcomes (AOs) 
considered relevant to risk assessment (RA) and/
or regulatory decision-making [1, 39, 43, 46] (see 
Fig. 17.1).

AOPs are usually represented in an increasing 
order of biological organization ranging from 
cellular, continuing to tissue/organ, and ending to 
the organism level [14]. This ends up in a simpli-
fied and “linear” representation of an individual 
AOP, which may be an adequate basis for predic-
tion of relevant regulatory outcomes, like acute 
or chronic toxicity, toxicity to reproduction, 
development neurotoxicity, non-genotoxic carci-
nogenicity, or endocrine disruption. They have 
been used in a predictive toxicology and animal 
testing reduction perspective, in environmental 
monitoring, drug development and mixtures’ 
safety assessment. The MIE describes the inter-
action of a stressor (e.g. chemical, or NM) with a 
biological target, being either specific or not [8]. 
KEs should be measurable and essential for the 
related AO, and the causal linkages between the 
KE, named as Key Event Relationships (KERs), 
should be based on research data demonstrating 
biologically plausibility [14]. In environmental 
toxicology, the AO usually associated with 
growth inhibition, diminished survival or repro-
ductive damage of an individual and with conse-
quences for the whole population [8]. Evidence 
may be obtained from several sources including 
in vivo, in vitro or in silico studies (see Fig. 17.1).

D. Rolo et al.
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The assessment of AOPs and evaluation of 
their suitability for application in several regula-
tory contexts and therefore the gathering of rele-
vant biological information relies partly on: (1) 
the confidence and precision with which the KEs 
can be measured; (2) the extend level of confi-
dence within the KERs linked in an AOP sup-
ported by evidence; and (3) weight of evidence 
(WoE) for the whole hypothesised pathway, tak-
ing under consideration a variety of parameters 
including any uncertainties and inconsistencies 
[43].

17.2	 �AOPs Development

In 2014, Villeneuve et al. [59] have defined three 
operationally defined stages of an AOP 
development:

	(a)	 Putative AOP – Assembly of a hypothesized 
set of KEs and KERs, supported mainly 
through biological plausibility and/or statisti-
cal inference. Assembly of partial AOPs with 
incomplete linkage between the MIE and AO 
due to known gaps and uncertainties;

	(b)	 Qualitative AOP  – Assembly of KEs sup-
ported by characterization of how the KEs 
can be measured and KERs supported by 
empirical evidence as well as plausibility or 

statistical inference, along with qualitative 
evaluation of the overall AOP 
WoE. Characterized as formal, the informa-
tion included in the descriptions is in accor-
dance with internationally harmonized 
OECD guidance;

	(c)	 Quantitative AOP (qAOP) – Association of 
KEs supported by descriptions of how the 
KERs can be measured, their accuracy and 
precision. The quantitative assessment of 
KER is determined in order to understand the 
degree and extend of a change between two 
consecutive KEs.

As previously described, qAOPs are developed 
from qualitative AOPs but have quantitative 
descriptors for KE and KERs, which may be 
“partially” quantitative, with some, but not all, 
KERs with quantitative description. Both quali-
tative AOPs and qAOPs, can be used in hazard 
identification and assessment, but qAOP models 
are needed for dose-response assessments. Risk 
assessment applications combine qAOPs with 
chemical specific information, characterizing the 
concentration of an available stressor, in order to 
activate the MIEs [49]. An ideal qAOP should 
comprise several characteristics, namely: trans-
parency, so that the model can be evaluated inde-
pendently; flexibility, in order to enable the 
analysis of new and also already well-known 

Fig. 17.1  Schematic representation of an adverse outcome pathway (AOP) and definition of terms

17  Overview of Adverse Outcome Pathways and Current Applications on Nanomaterials
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molecules; reproducibility, to ensure the consis-
tency of the model; be user-friendly, enabling its 
simple interpretation and application; be pub-
licly available; address a specific regulatory 
question; enable the prediction of a specific AO; 
and enable its integration with other mathematic 
models [54].

AOPs that share common MIEs, KEs or AOs 
are often assembled and form an AOP network 
[43]. As more pathways are described, connec-
tions between KEs that are common to different 
pathways or biological networks are identified, 
which is a premise for predicting AOs from MIEs 
[14]. Therefore, AOP networks can capture better 
the biological complexity and can represent a 
more consistent basis for toxicity prediction [14] 
and genotoxic modes of action [52]. Consequently, 
it is expected to describe KEs as discrete (modu-
lar) units independent of particular MIE, AO, or 
other KEs. Similarly, it is convenient to describe 
KERs relations without reference to other ele-
ments of the AOP, facilitating the generation of 
generic KE or KER descriptions that may be 
linked to other AOPs [43]. This approach 
increases consistency and efficiency in the AOP 
development process, since eliminates the need 
for AOP developers to completely re-describe 
biological measurements (KEs or KERs) already 
described by other researchers; avoids reference 
to other elements of the AOP; and facilitates the 
KE and KER descriptions update, whenever new 
methods or new evidence supporting KERs or 
KEs measuring are developed, thus facilitating 
the development and conceptualisation of AOP 
networks.

To be able to have a broad AOP landscape, the 
OECD developed web-based platforms, like AOP 
Knowledge Base tools (https://aopkb.oecd.org/
index.html), compiling all knowledge on how 
stressors can induce adverse effects, and provid-
ing tools for AOP development and dissemina-
tion. To develop an AOP, the AOP-KB Portal is 
the main entry point of the AOP Knowledge 
Base, which enables search by keywords in AOP 
titles and KEs in the AOP Wiki (available at 
https://aopwiki.org/) and Effectopedia (available 
at https://www.effectopedia.org/) platforms. The 
AOP Wiki is an interactive and virtual encyclo-

paedia for AOP development. Following their 
development and review, the endorsed AOPs are 
published in the OECD Series on AOPs. The 
AOP-Wiki is a collaborative, international effort 
and is a component of the OECD-sponsored AOP 
Knowledge base (AOP-KB, available at https://
aopkb.oecd.org/). AOP networks are also critical 
for addressing exposures to multiple stressors 
that results in an identical AO or individual 
stressors that perturb multiple MIEs as well as for 
understanding potential interactions between 
coexisting AOPs [27, 58, 59].

The “omics” technologies, such as transcrip-
tomics, proteomics, and metabolomics have 
become valuable tools in toxicological research 
and are promising resources for the development 
and application of AOPs. They can be used both 
in the determination of MIE and KE, and in pro-
posing biomarkers for particles toxicity screen-
ing [60]. The “omics profile” can also be used 
comparatively, to analyse the effect of NMs with 
regard to other stressors [50, 53]. Analysis of 
existing “big data” allows for advanced bioinfor-
matics categorization into mechanistically mean-
ingful results useful for classification of NMs 
based on the responses connected to toxicity 
pathways and AO [38]. Data mining and further 
computational linkage between AOPs and KEs 
facilitates the creation of connections between 
genomic responses and AOPs, supporting effi-
cient development of disease-predictive assess-
ment methods, biomarker discovery, and better 
understanding and descriptions of disease [38].

17.3	 �AOPs Associated 
with Nanomaterials

The AOP framework has been applied by differ-
ent authors to help to structure current informa-
tion on possible KE leading to a particular AO, 
based on scientific peer reviewed literature to 
facilitate the identification of data gaps and 
research needs, as seen in recent papers [5, 6, 
18]. Highlighting the existing toxicological 
information is not yet enough to fully disclose 
the underlying mechanisms of NMs toxicity and 
to support the full development of AOPs of rele-

D. Rolo et al.

https://aopkb.oecd.org/index.html
https://aopkb.oecd.org/index.html
https://aopwiki.org/
https://www.effectopedia.org/
https://aopkb.oecd.org/
https://aopkb.oecd.org/


419

vance for NMs [19]. By definition, an AOP is 
chemical-agnostic, meaning that each AOP is 
not specific for one particular chemical/NM, 
enabling one AOP to be used to describe the 
potential actions of a group of physicochemical 
related stressor [49]. However, generally, AOPs 
constructed for chemicals may be used to 
describe the AOPs of relevance to NMs, but due 
to size-associated changes in the physicochemi-
cal and structural properties of NMs and unique 
interactions with biological structures that could 
influence their toxicity potential, special consid-
erations may be needed to specify the NM prop-
erty-mediated deviations in the pathway [19]. 
Recently, a systematic methodology was created 
for curating KEs, using a case study approach, 
that has the potential not only for the develop-
ment of AOPs for NMs, but is also expected to 
aid in the application of the existing data for 
decision making [20].

Great progress in AOPs research has occurred 
since AOPs were first described, as observed by 
the extend of manuscripts published from 2010 to 
2020, indicating an exponential growth, with 
more than 400 publications in 2020, based on a 
PubMed literature search. As of January 2021, 
there are 16 OECD-endorsed AOPs, 20 are at the 
ultimate review level of the approval process, and 
48 proposals with an OECD status under devel-
opment (Source: https://aopwiki.org/).

Several initiatives are developing NM-relevant 
AOPs, thus identifying NMs as potential stress-
ors. An AOP search, in the AOP-Wiki, found 
listed several stressors related to NMs (nano-sized 
stressor) which are associated with under devel-
opment AOPs (see Table 17.1), such as nanopar-
ticles, insoluble nano-sized particles, silver 
nanoparticles, silica nanoparticles, UV-activated 
titanium dioxide nanoparticles, graphene oxide 
nanoparticles, carbon nanotubes, and multi-
walled carbon nanotubes (MWCN), single-walled 
carbon nanotubes, carbon nanofibers.

These AOPs are still under development and 
therefore OECD does not recommend their cita-
tion as these AOPs may be subject to changes 
before they are formally endorsed. It seems that it 
is more challenging to identify or predict molec-

ular targets for NMs (compared with other chem-
ical stressors) due to their specific properties. 
Nevertheless, to give a brief overview of the cur-
rent stand concerning the association between the 
nano-sized stressors to those AOPs or to identify 
papers where the AOP framework was applied in 
relation to the above-mentioned stressors, a 
PubMed search was performed, considering the 
search string “(nanomaterial [MeSH]) AND 
(“Adverse outcome pathway” OR “Molecular 
initiating event” OR “Key event” OR “Adverse 
outcome”)”. It should be emphasized that it was 
not intended to be a systematic literature review 
approach for determination of potential KEs 
using nanotoxicity literature. Table 17.2 summa-
rizes the selected publications from a PubMed 
search, where either KE and/or an AOP is pro-
posed or where the AOP framework was applied 
in relation to the above-mentioned stressors, 
which are further presented in the next sections.

Table 17.1  List of Adverse Outcomes and the associated 
nano-sized stressors, available at AOP-KB database and 
AOP-Wiki on 28th September, 2020

Adverse outcomes
(AO code)

AOP
codes

Associated nano-sized 
stressor
(Stressor code)

Liver fibrosis 
(344) and 
Hepatotoxicity 
(1294)

AOP144 
and AOP 
209

Nanoparticles (224)
Silica nanoparticles 
(254)

Reproductive 
failure (1277)

AOP 207, 
AOP 208 
and AOP 
210

Silver nanoparticles 
(252);
UV-activated 
titanium dioxide 
nanoparticles (253);
Graphene oxide 
nanoparticles (255)

Pulmonary 
fibrosis (1458)

AOP 173 
and AOP 
241

Carbon nanotubes 
(318);
Multi-walled carbon 
nanotubes (MWCN), 
single-walled carbon 
nanotubes, carbon 
nanofibers (338)

Arterial plaque 
progression 
(1443)

AOP 237 Graphene oxide 
nanoparticles (255);
Carbon nanotubes 
(318);
Insoluble nano-sized 
particles (377)

17  Overview of Adverse Outcome Pathways and Current Applications on Nanomaterials
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ri
bu

tin
g 

w
ith

 
bi

om
ar

ke
r-

ba
se

d 
in

fo
rm

at
io

n 
to

 a
n 

A
O

P 
fr

am
ew

or
k

C
. v

ir
gi

ni
ca

 
(E

as
te

rn
 

oy
st

er
s)

–
0 

m
g/

L
, 

2.
5 

m
g/

L
 a

nd
 

5 
m

g/
L

14
 d

ay
s

E
nd

oc
yt

ot
ic

/
ph

ag
oc

yt
ot

ic
 

up
ta

ke
; d

ir
ec

t 
pi

er
ci

ng
 o

f 
th

e 
pl

as
m

a 
m

em
br

an
e;

 
an

d/
or

 
ge

ne
ra

tio
n 

of
 

R
O

S 
at

 th
e 

ce
ll 

su
rf

ac
e

K
E

1:
 E

xc
es

si
ve

 in
tr

ac
el

lu
la

r 
pr

od
uc

tio
n 

of
 R

O
S 

th
at

 le
ad

s 
to

 
po

ly
un

sa
tu

ra
te

d 
fa

tty
 a

ci
ds

 (
PU

FA
s)

 
da

m
ag

e,
 r

ep
re

se
nt

ed
 b

y 
el

ev
at

ed
 

m
al

on
di

al
de

hy
de

 (
M

D
A

) 
le

ve
ls

;
K

E
2:

 L
ip

id
 p

er
ox

id
at

io
n 

an
d 

ox
id

at
iv

e 
da

m
ag

e 
to

 o
th

er
 m

ac
ro

m
ol

ec
ul

es
 a

nd
 

or
ga

ne
lle

s 
in

du
ce

d 
by

 R
O

S;
K

E
3:

 R
O

S 
as

so
ci

at
ed

 c
ha

ng
es

 in
 

gl
ut

at
hi

on
e-

s-
tr

an
sf

er
as

e 
(G

ST
) 

ac
tiv

iti
es

 r
es

ul
tin

g 
in

 a
ct

iv
at

io
n 

of
 

ce
llu

la
r 

si
gn

al
lin

g;
K

E
4:

 C
el

l d
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th
.

–
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K
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t a
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6]
T

ita
ni

um
 d

io
xi

de
 

w
ith

 a
nd

 w
ith

ou
t 

ph
ot

oa
ct

iv
at

io
n

St
ud

y 
ai

m
ed

 to
 

in
ve

st
ig

at
e 

th
e 

to
xi

ci
ty

 o
f 

T
iO

2N
Ps

 o
n 

th
e 

C
. 

el
eg

an
s 

in
 v

iv
o 

m
od

el
, 

w
ith

 a
nd

 w
ith

ou
t 

ph
ot

oa
ct

iv
at

io
n,

 
re

ve
al

in
g 

th
at

U
V

-a
ct

iv
at

ed
 T

iO
2N

Ps
 

le
d 

to
 s

ig
ni

fic
an

t 
re

pr
od

uc
tiv

e 
to

xi
ci

ty
, 

w
ith

 th
e 

po
ss

ib
le

 
in

vo
lv

em
en

t o
f 

th
e 

Ja
nu

s 
ki

na
se

 /s
ig

na
l t

ra
ns

du
ce

r 
an

d 
ac

tiv
at

or
 o

f 
tr

an
sc

ri
pt

io
n 

(a
nd

 
tr

an
sf

or
m

in
g 

gr
ow

th
 

fa
ct

or
 b

et
a 

pa
th

w
ay

s.
 

(l
in

ke
d 

to
 A

O
P2

08
 

ht
tp

s:
//a

op
w

ik
i.o

rg
/

ao
ps

/2
08

)

C
ae

no
rh

ab
di

ti
s 

el
eg

an
s

–
0,

 2
, 5

, 1
0 

m
g/

L
24

 h
–

In
 U

V
-a

ct
iv

at
ed

 T
iO

2N
Ps

 e
xp

os
ed

 C
. 

el
eg

an
s:

JA
K

/S
TA

T
 p

at
hw

ay
 is

 s
ug

ge
st

iv
e 

of
 

co
op

er
at

io
n 

w
ith

 D
A

F-
7/

T
G

F-
ß 

si
gn

al
lin

g 
in

 m
ai

nt
ai

ni
ng

 r
ep

ro
du

ct
iv

e 
gr

ow
th

 w
ith

 U
V

-a
ct

iv
at

ed
 T

iO
2N

Ps
T

iO
2N

Ps
 p

ho
to

to
xi

ci
ty

 s
ee

m
s 

to
 

in
du

ce
 u

p-
re

gu
la

tio
n 

of
 J

A
K

/S
TA

T
 

pa
th

w
ay

 ta
rg

et
 g

en
e 

st
a-

1,
 a

nd
 T

G
F-

ß 
pa

th
w

ay
 ta

rg
et

 g
en

e 
da

f-
7,

 in
 

co
nf

or
m

ity
 w

ith
 th

ei
r 

re
pr

od
uc

tiv
e 

gr
ow

th
 r

ol
e.

 P
os

si
bl

e 
re

la
tio

n 
be

tw
ee

n 
st

a-
1 

an
d 

da
f-

7 
ge

ne
 a

nd
 c

ro
ss

ta
lk

 
pa

rt
ne

r 
fo

r 
ST

A
-1

 w
ith

 D
A

F-
7/

T
G

F-
 ß

 
pa

th
w

ay
, s

ug
ge

st
in

g 
di

ff
er

en
t 

si
gn

al
lin

g 
pa

th
w

ay
s 

in
vo

lv
ed

 in
 

T
iO

2N
Ps

-s
pe

ci
fic

 a
nd

 U
V

-s
pe

ci
fic

 
ph

ot
ot

ox
ic

ity
.

R
ep

ro
du

ct
iv

e 
to

xi
ci

ty

M
a 

et
 a

l. 
[3

6]
Si

lv
er

 
na

no
pa

rt
ic

le
s 

(<
 

15
0 

nm
)

St
ud

y 
on

 th
e 

re
pr

od
uc

tiv
e 

to
xi

ci
ty

 o
f A

gN
Ps

 in
 

ze
br

afi
sh

, i
nc

lu
di

ng
 th

e 
un

de
rl

yi
ng

 m
ec

ha
ni

sm
s 

in
vo

lv
ed

 in
 

m
ito

ch
on

dr
ia

l-
m

ed
ia

te
d 

ap
op

to
si

s 
pa

th
w

ay
.

Z
eb

ra
fis

h
–

0,
 1

0,
 3

3 
an

d 
10

0 
μg

/L
5 

w
ee

ks
R

O
S 

pr
od

uc
tio

n 
on

 
go

na
d 

tis
su

e 
(b

io
ch

em
ic

al
 

re
sp

on
se

)

K
E

 a
t c

el
lu

la
r 

le
ve

l: 
O

xi
da

tiv
e 

st
re

ss
K

E
 a

t o
rg

an
 le

ve
l: 

G
er

m
 c

el
l a

po
pt

os
is

Im
pa

ir
ed

 
re

pr
od

uc
tio

n

(c
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tin
ue

d)
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 v

iv
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m
od

el
s

In
 v

it
ro

 m
od

el
s

D
os

es
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r 
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en

tr
at

io
ns

E
xp

os
ur

e 
du

ra
tio

n
M
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K

E
A

O

G
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l. 
[1

5]
C

u-
N

Ps
 

(s
ph

er
ic

al
) 

an
d 

C
u-

na
no

w
ir

es

St
ud

y 
ai

m
ed

 to
 a

ss
es

s 
th

e 
ef

fe
ct

s 
of

 C
u 

m
at

er
ia

ls
 

va
ry

in
g 

in
 ty

pe
, s

ha
pe

 
an

d 
hi

st
or

y,
 a

nc
ho

ri
ng

 
ge

ne
 e

xp
re

ss
io

n,
 a

nd
 

po
pu

la
tio

n 
ef

fe
ct

 
(r

ep
ro

du
ct

io
n)

E
nc

hy
tr

ae
us

 
cr

yp
ti

cu
s

–
C

u-
N

Ps
: 

E
C

20
/5

0 
(9

80
/1

76
0 

m
g 

C
u/

kg
)

C
u 

- 
na

no
w

ir
es

: 
(0

, 1
00

, 4
00

, 
60

0,
 8

00
, 1

00
0,

 
15

00
  m

g 
C

u/
kg

)

Su
rv

iv
al

 a
nd

 
re

pr
od

uc
tio

n:
3 

w
ee

ks
;

G
en

e 
ex

pr
es

si
on

 
as

sa
y:

 3
 a

nd
 7

 d
ay

s

C
u-

N
P:

 D
N

A
 

da
m

ag
e 

an
d 

N
ot

ch
 

si
gn

al
lin

g 
pe

rt
ur

ba
tio

n;
C

u-
na

no
w

ir
es

: 
R

O
S;

 D
N

A
 

da
m

ag
e;

 
N

ot
ch

 
si

gn
al

lin
g 

pe
rt

ur
ba

tio
n;

 
al

te
ra

tio
ns

 o
n 

th
e 

m
ei

ot
ic

 
ce

ll 
cy

cl
e

M
ul

tip
le

.
C

u-
N

P
:

M
ul

tip
le

 p
ot

en
tia

l e
ve

nt
s 

at
 c

el
lu

la
r 

le
ve

l p
os

si
bl

e 
le

ad
in

g 
to

 r
ep

ro
du

ct
io

n 
fa

ilu
re

 (
E

C
50

):
 C

ut
ic

le
 p

at
te

rn
 

fo
rm

at
io

n,
 s

en
es

ce
nc

e,
 ly

so
so

m
e 

or
ga

ni
za

tio
n,

 r
ed

uc
ed

 in
tr

ac
el

lu
la

r 
pH

;
N

eg
at

iv
e 

re
gu

la
tio

n 
of

 n
eu

ro
n 

ap
op

to
tic

 p
ro

ce
ss

; (
re

la
te

d 
to

 M
IE

 
no

tc
h 

si
gn

al
lin

g 
pe

rt
ur

ba
tio

n)
;

D
N

A
 g

ap
 fi

lli
ng

 a
nd

 D
N

A
 d

ou
bl

e 
st

ra
nd

 r
ep

ai
r 

(r
el

at
ed

 to
 M

IE
 D

N
A

 
da

m
ag

e)
;

Po
te

nt
ia

l e
ve

nt
s 

at
 c

el
lu

la
r 

or
 ti

ss
ue

 
le

ve
l p

os
si

bl
e 

le
ad

in
g 

to
 e

pi
ge

ne
tic

 
ev

en
ts

: P
ro

te
in

 m
od

ifi
ca

tio
ns

.
C

u-
na

no
w

ir
es

:
Po

te
nt

ia
l e

ve
nt

s 
at

 c
el

lu
la

r 
le

ve
l 

po
ss

ib
le

 le
ad

in
g 

to
 r

ep
ro

du
ct

io
n 

fa
ilu

re
 (

E
C

20
):

 M
al

e 
ga

m
et

e 
ge

ne
ra

tio
n 

an
d 

he
rm

ap
hr

od
ite

 
ge

ni
ta

lia
 d

ev
el

op
m

en
t

Po
te

nt
ia

l e
ve

nt
s 

at
 c

el
lu

la
r 

le
ve

l 
po

ss
ib

le
 le

ad
in

g 
to

 r
ep

ro
du

ct
io

n 
fa

ilu
re

 (
E

C
20

/E
C

50
):

C
el

l r
ed

ox
 h

om
eo

st
as

is
 im

ba
la

nc
e,

 
en

do
pl

as
m

ic
 r

et
ic

ul
um

 d
ep

en
de

nt
 

pe
ro

xi
so

m
e 

or
ga

ni
za

tio
n 

(r
el

at
ed

 to
 

M
IE

 R
O

S 
ge

ne
ra

tio
n)

;
D

N
A

 g
ap

 fi
lli

ng
 a

nd
 D

N
A

 d
ou

bl
e 

st
ra

nd
 r

ep
ai

r 
(r

el
at

ed
 to

 M
IE

 D
N

A
 

da
m

ag
e)

;
E

nd
oc

yt
os

is
;

N
eg

at
iv

e 
re

gu
la

tio
n 

of
 n

eu
ro

n 
ap

op
to

tic
 p

ro
ce

ss
 (

re
la

te
d 

to
 M

IE
 

no
tc

h 
si

gn
al

lin
g 

pe
rt

ur
ba

tio
n)

;
Po

te
nt

ia
l e

ve
nt

s 
at

 c
el

lu
la

r 
le

ve
l 

po
ss

ib
le

 le
ad

in
g 

to
 r

ep
ro

du
ct

io
n 

fa
ilu

re
 (

E
C

50
):

 R
ed

uc
ed

 
em

br
yo

ge
ne

si
s 

(r
el

at
ed

 to
 M

IE
 n

ot
ch

 
si

gn
al

lin
g 

pe
rt

ur
ba

tio
n)

Po
ss

ib
le

 le
ad

in
g 

to
 e

pi
ge

ne
tic

 e
ve

nt
s:

 
Pr

ot
ei

n 
m

od
ifi

ca
tio

ns

Im
pa

ir
ed

 
re

pr
od

uc
tiv

e 
sy

st
em

 
de
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lo
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en

t
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y

In
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o 

m
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s
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 v
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 m
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s

D
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E
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os
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n
M

IE
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E
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3]

Si
lv

er
 

na
no

pa
rt

ic
le

s 
(u

nc
oa

te
d,

 
<

10
0 

nm
)

St
ud

y 
ai

m
ed

 to
 b

ui
ld

 a
n 

A
O

P 
to

 li
nk

 o
xi

da
tiv

e 
st

re
ss

 w
ith

 r
ep

ro
du

ct
iv

e 
to

xi
ci

ty
 f

ol
lo

w
in

g 
ex

po
su

re
 to

 s
ilv

er
 

na
no

pa
rt

ic
le

s,
 u

si
ng

 a
 

B
ay

es
ia

n 
ne

tw
or

k 
m

od
el

, 
su

pp
or

te
d 

al
so

 in
 

pr
ev

io
us

ly
 p

ub
lis

he
d 

re
su

lts
.

(l
in

ke
d 

to
 A

O
P2

07
- 

N
A

D
PH

 o
xi

da
se

 a
nd

 P
38

 
M

A
PK

 a
ct

iv
at

io
n 

le
ad

in
g 

to
 r

ep
ro

du
ct

iv
e 

fa
ilu

re
 in

 
C

. e
le

ga
ns

 (
ht

tp
s:

//
ao

pw
ik

i.o
rg

/a
op

s/
20

7)
)

C
ae

no
rh

ab
di

ti
s 

el
eg

an
s

–
U

pt
ak

e:
 

5 
m

g/
L

; R
O

S:
 

0.
5,

 1
, 2

, o
r 

3 
m

g/
L

; g
en

e 
ex

pr
es

si
on

:0
.1

, 
0.

5,
 o

r 
1 

m
g/

L
; 

m
ito

ch
on

dr
ia

l 
m

em
br

an
e 

po
te

nt
ia

l: 
0.

5,
 

1,
 2

 o
r 

3 
m

g/
L

; 
re

pr
od

uc
tio

n 
as

sa
y:

2 
m

g/
L

U
pt

ak
e:

 0
.5

, 1
, 3

, 5
 o

r 
7 

h;
 R

O
S:

 4
 h

. g
en

e 
ex

pr
es

si
on

: 2
4 

h;
 

m
ito

ch
on

dr
ia

l 
m

em
br

an
e 

po
te

nt
ia

l: 
4 

h;
 r

ep
ro

du
ct

io
n 

as
sa

y:
 7

2 
h

Po
te

nt
ia

l M
IE

: 
A

ct
iv

at
io

n 
of

 
N

A
D

PH
 

ox
id

as
e.

M
IE

: A
ct

iv
at

io
n 

of
 N

A
D

PH
 o

xi
da

se
;

K
E

: R
O

S 
fo

rm
at

io
n;

K
E

: I
nc

re
as

e 
ox

id
at

iv
e 

st
re

ss
 le

ad
s 

to
 

ac
tiv

at
io

n 
of

 P
M

K
-1

 P
38

 M
A

PK
;

K
E

: A
ct

iv
at

io
n 

of
 H

IF
-1

;
K

E
: I

nc
re

as
ed

 D
N

A
 d

am
ag

e-
re

pa
ir

;
K

E
: M

ito
ch

on
dr

ia
 d

am
ag

in
g;

K
E

: A
po

pt
os

is
.

R
ep

ro
du

ct
iv

e 
fa

ilu
re

G
om

es
 

et
 a

l. 
[1

6]
N

ic
ke

l 
na

no
pa

rt
ic

le
s 

(2
0 

nm
)

St
ud

y 
ai

m
ed

 to
 

in
ve

st
ig

at
e 

th
e 

m
ec

ha
ni

sm
s 

of
 to

xi
ci

ty
 

of
 n

ic
ke

l n
an

op
ar

tic
le

s 
an

d 
to

 c
om

pa
re

 th
em

 to
 

ni
ck

el
 n

itr
at

e,
 u

si
ng

 
hi

gh
-t

hr
ou

gh
pu

t p
ro

fil
in

g 
of

 g
en

e 
ex

pr
es

si
on

.

E
nc

hy
tr

ae
us

 
cr

yp
ti

cu
s

–
E

C
20

/5
0 

(9
80

/1
76

0 
m

g 
N

i/k
g)

3 
an

d 
7 

da
ys

R
O

S 
ge

ne
ra

tio
n 

an
d/

or
 

in
cr

ea
se

 c
at

io
n 

tr
an

sp
or

t

Pr
ot

eo
ly

si
s,

 p
ro

te
in

 d
am

ag
e,

 
ap

op
to

si
s,

 in
fla

m
m

at
or

y 
re

sp
on

se
, 

in
te

rf
er

en
ce

 w
ith

 th
e 

ne
rv

ou
s 

sy
st

em
 

an
d 

de
cr

ea
se

 in
 e

ne
rg

y 
m

et
ab

ol
is

m
 

(s
ha

re
d 

al
so

 w
ith

 n
ic

ke
l n

itr
at

e)

Im
pa

ir
ed

 
re

pr
od

uc
tio

n

B
ra

nd
 

et
 a

l. 
[6

]
T

ita
ni

um
 d

io
xi

de
St

ud
y 

ba
se

d 
on

 s
ci

en
tifi

c 
pe

er
 r

ev
ie

w
ed

 li
te

ra
tu

re
, 

ai
m

ed
 a

t b
et

te
r 

un
de

rs
ta

nd
 w

he
th

er
 T

iO
2 

ca
n 

in
du
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17.3.1	 �AOPs Associated with Carbon-
Based NMs

Seven recent articles, all published after 2016, 
proposed and/or studied KEs or AOPs associated 
with exposure to carbon-based NMs (CNMs). 
Multi-walled carbon nanotubes (MWCNTs) 
were the vast majority of the CNMs approached 
in these studies, reflecting not only the higher 
amount of information regarding these nanofi-
bers in the literature, but also the lack of data on 
KEs and/or AOPs regarding many other forms of 
CNMs. For instance, only one study, by Khan 
et al. [25], was found for CNMs using an ecotoxi-
cological model, describing KEs following expo-
sure to graphene oxide on cell injury and 
histopathological damage [25].

Several AOs identified for NMs such as lung 
fibrosis, lung emphysema, and lung cancer, have 
been shown to involve Inflammation, oxidative 
stress, and cytotoxicity events. The most exten-
sively observed and reported AO following expo-
sure to NMs is lung fibrosis, and it was the most 
frequently referred in the analysed studies on 
CNMs [19]. A putative AOP was firstly proposed 
by Labib et al. [28] on how inflammation and heal-
ing induced by inflammatory response could lead 
to disease progression, and another study on this 
topic by Nikota et al. [37] has further explored the 
mechanisms involved in pulmonary inflammation 
and its essentiality as a KE prior to lung fibrosis. 
These studies and others, contributed to the AOP 
173, which describes the qualitative linkages lead-
ing to pulmonary fibrosis. This AOP is under devel-
opment within the OECD Project 1.32 and is 
included in the OECD work plan (https://aopwiki.
org/aops/173). Briefly, it proposes a MIE that trig-
gers the secretion of a myriad of pro-inflammatory 
and pro-fibrotic mediators that signal the enrol-
ment of pro-inflammatory leukocytes into the 
lungs. In the presence of repeated stimulus or per-
sistent stressor, non-resolving inflammation and 
subsequent tissue injury, leads to the alveolar capil-
lary membrane integrity loss (KE3) and activation 
of the T Helper type 2-cell signalling (KE4). 
During such activation, anti-inflammatory and pro-
repair/fibrotic molecules are secreted, which pro-
duces fibroblast proliferation and myofibroblast 

differentiation, and synthesis and deposition of 
extracellular matrix or collagen. Excessive colla-
gen deposition results in alveolar septa thickening, 
decrease in total lung volume and lung fibrosis 
(AO) (https://aopwiki.org/aops/173; [19]). 
Reactive oxygen species (ROS) and consequently 
the oxidative stress have also been referred as pos-
sibly having an important role in the pro-inflamma-
tory pathway that leads to inflammation-associated 
cell to tissue injury, by activating intracellular sig-
nalling pathways. These ROS can also be synthe-
sized by pro-inflammatory cells and macrophages 
and in a positive feedback loop, perpetuating the 
toxicity cascade towards injury and ultimately lung 
fibrosis [18, 19]. One of the analysed studies has 
also approached the susceptibility of MWCNT-
induced pro-fibrogenic effects in different genetic 
backgrounds and proposed that these NMs trigger 
lysosome damage (MIE), that cause the release of 
biological products acting synergistically with oxi-
dative stress and perturbation of potassium efflux, 
leading to the assembly of the NLRP3 inflamma-
some and IL-1β production, followed by TGF-β1 
production or PDGF-AA production in the epithe-
lial cells. These results were considered by the 
authors as a good proof-of-principle evidence to 
support the development of an AOP [63]. In fact, 
AOP 241  - “Latent Transforming Growth Factor 
beta1 activation leads to pulmonary fibrosis”, has 
been also developed by Martens and colleagues, in 
which it is proposed that exposure to carbon nano-
tubes (CNTs) can also activate TGF-β1 (MIE), 
leading to an increase in the differentiation of fibro-
blasts, induction of epithelial mesenchymal transi-
tion, accumulation of collagen, and activation of 
the TGF-β pathway, resulting in pulmonary fibro-
sis (AO) (https://aopwiki.org/aops/241). 
Interestingly, despite the common AO, AOPs 173 
and 241 do not share any KE (https://aopwiki.org/
aops/173; https://aopwiki.org/aops/241). Non-
inflammatory mechanisms for lung fibrosis have 
been also proposed in the literature, with direct 
activation and differentiation of lung fibroblasts by 
high aspect ratio materials, such as CNTs, translo-
cated to lung interstitium leading to collagen syn-
thesis and fibrosis [19, 57].

The recruitment of inflammatory cells in 
AOP 173, is a shared KE with AOP 303  - 

17  Overview of Adverse Outcome Pathways and Current Applications on Nanomaterials
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“Frustrated phagocytosis-induced lung cancer” 
(https://aopwiki.org/aops/303). AOP 303 is 
under development by Seidel and colleagues 
within the OECD Project 1.86 and is included in 
the OECD work plan. It proposes that HARMs, 
such as asbestos fibres and CNTs, because of 
their shape and rigidity, pose issues with the 
process of phagocytosis and lead to incomplete 
or frustrated phagocytosis (MIE), leading to the 
increased secretion of pro-inflammatory media-
tors (cytokines), and increased recruitment of 
inflammatory cells such as macrophages and 
neutrophils. The increased cytokine secretion 
and modification of the metabolic patterns of 
the immune cells results in an increased produc-
tion of ROS that can lead to long lasting oxida-
tive stress, causing increased DNA damage and 
mutation in epithelial cells. Increased DNA 
damage and consequent mutations can lead to a 
non-regulated cell proliferation, that can cause 
the accumulation of mutations in oncogenes or 
tumour suppressor genes, a prerequisite for can-
cer development (AO) (https://aopwiki.org/
aops/303; [19]). However, there is also growing 
evidence that, besides inflammation, immuno-
suppressive responses can also contribute to car-
cinogenesis [22]. In this study, it was observed 
that CNTs have the intrinsic capacity to induce 
the selective, rapid and sustained accumulation 
of monocytic Myeloid Derived Suppressor Cells 
(M-MDSC), a prognostic marker of tumour pro-
gression, rendering a suitable environment for 
tumoral cell evasion. Moreover, the observed 
joint presence of M-MDSC and inflammatory 
neutrophils after CNTs exposure suggested that 
synchronized immunosuppressed and inflam-
matory mechanisms might contribute to the 
emergence of neoplastic cells and tumour pro-
gression. The authors, therefore, suggested that 
M-MDSC could represent a new component in 
an AOP leading to the development of mesothe-
lioma [22].

Other analysed studies and AOPs have been 
also approaching AOs caused by inflammatory 
processes and oxidative stress. Ma et  al. [33] 
observed that exposure to MWCNTs caused sys-
temic pro-inflammatory responses leading to 
synovial inflammation within knee joints [33]. 

Another study by the same research group 
observed that exposure to MWCNTs increased 
the production of inflammatory cytokine inter-
leukin-6 (IL-6) and the induction of hepcidin, 
causing a disruption in iron homeostasis, leading 
to the development of anaemia and extramedul-
lary erythropoiesis in spleen [34]. AOP 210  – 
“Activation of c-Jun N-terminal kinase (JNK) 
and Forkhead box O (FOXO) and reduction of 
WNT pathways leading to reproductive failure: 
Integrated multi-OMICS approach for AOP 
building”, under development by Choi and col-
leagues, describes how oxidative stress caused by 
exposure to graphene oxide nanoparticles can 
lead to reproduction failure in C. elegans model 
(https://aopwiki.org/aops/210). Moreover, AOP 
237 – “Secretion of inflammatory cytokines after 
cellular sensing of the stressor leading to plaque 
progression”, under development by Poulsen and 
colleagues, within the OECD Project 1.55 and 
included in the OECD work plan, describes how 
exposure to CNTs and graphene oxide NMs can 
cause an inflammatory response in pulmonary 
cells, that in turn can increase the levels of certain 
proteins in serum, which are risk factors for car-
diovascular disease in humans (https://aopwiki.
org/aops/237). Although so far a path has been 
traced to increase knowledge on the effects of 
CNMs in lung disease, such as lung fibrosis, 
more research is still needed in exploring inter-
sections with other AOs and other KEs related 
with other tissues and organs.

17.3.2	 �AOPs Associated with Metal-
Based NMs

Concerning metal-based NMs, only seven arti-
cles proposed key events and/or AOPs associated 
with nano-sized stressors such as titanium diox-
ide nanoparticles (TiO2NPs, with and without 
UV activation), silver nanoparticles (AgNPs), 
copper nanoparticles (Cu-NPs), copper nanow-
ires (Cu-nanowires), and nickel nanoparticles, all 
of them published after 2017. Five of the articles 
referred to ecotoxicological studies [15, 16, 23, 
26, 35] focused on potential pathways leading to 
reproductive failure and two articles explored 

D. Rolo et al.
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putative AOPs based on in vivo studies in rats and 
mice to address different adverse outcomes in 
liver, intestine and lungs [5, 6]. In Table 17.2, are 
presented the main characteristics of these 
studies.

In ecotoxicological studies with different 
models, the AOP framework was applied to 
address reproductive failure as a possible adverse 
outcome following exposure to metal-based NMs 
nanoparticles, in different case studies. Gomes 
et al. [15] drafted an AOP based on a case study 
in the Enchytraeus crypticus model exposed to 
Cu-NPs, and Cu-nanowires in LUFA 2.2 soil. 
MIE, such as DNA damage followed by DNA 
double strand repair and DNA gap filling was 
found to be possibly implicated in reproduction 
impairment for both Cu-NPs and Cu-nanowires. 
Notch signalling pathway (MIE), which is 
involved in neurogenesis and plays a major role 
in the regulation of embryonic development, was 
also affected by both NMs possibly leading to 
negative regulation of neuron apoptotic processes 
and potentially correlated with negative effects 
on reproduction at the EC50 [15]. Increased ROS 
generation was also proposed as MIE following 
exposure to Cu-nanowires, but not to Cu-NPs. 
Differentiation between materials occurred at 
predicted cellular processes, e.g., senescence and 
cuticle pattern formation for Cu-NPs, which can 
be caused by the contact of the NPs with the 
worms’ tegument, and Cu-nanowires affecting 
reproductive system possible via hermaphrodite 
genitalia development and male meiosis/male 
gamete generation with negative effects on repro-
duction at the EC20. Protein modifications (i.e., 
methylation and ubiquitination) which indicate 
longer-term/ epigenetic effects were found fol-
lowing exposure to both NMs [15]. The same 
group built an AOP framework based on E. cryp-
ticus exposed to reproduction effect concentration 
EC20 and EC50 of nickel nanoparticles and NiNO3 
in LUFA 2.2 soil, based on gene expression and 
organism/population data to shed lights on the 
mechanisms of toxicity leading to reduction in 
reproduction [16]. Results showed commonly 
affected pathways between nickel nanoparticles 
and NiNO3 including increase in proteolysis, 
apoptosis and inflammatory response, and inter-

ference with the nervous system and no specific 
mechanisms for nickel nanoparticles were found. 
Increase in Cation transport and ROS generation 
were considered as potential MIE leading to 
those cellular responses [16]. The AOP approach 
is also being explored as a basis for describing 
and predicting reproduction toxicity following 
chronic exposure to silver nanoparticles in zebraf-
ish [35] and Caenorhabditis elegans [23]. Ma 
et al. [35] found a significantly decreased fecun-
dity after five week exposure at the highest expo-
sure concentration of AgNPs (100  μg/L), 
accompanied by an increased germ cell apoptosis 
in adult zebrafish (three months old) gonad tis-
sues, activated by ROS generation and accumula-
tion, as the MIE, which lead to the induction of 
oxidative stress and apoptosis in the gonad tissue 
as key events by mitochondria-mediated apop-
totic signalling pathways with activation of bax, 
caspase-9, and caspase-3 genes [35]. According 
to the authors, increased apoptosis by AgNPs 
exposure in reproductive organs may be a possi-
ble inner mechanism responsible for impairment 
of testicular and ovarian functions, which ulti-
mately inhibit egg production and subsequent 
reproductive toxicity in zebrafish [35]. Jeong 
et al. [23] conducted a case study of building an 
AOP to link oxidative stress with reproductive 
toxicity following exposure to AgNPs, postulat-
ing that oxidative stress could be the MIE or an 
early KE to reproduction failure (AO), based on 
Caenorhabditis elegans model. Authors suggest 
that following uptake of AgNPs, the NADPH 
oxidase activation is the MIE leading to ROS for-
mation and increase oxidative stress with activa-
tion of PMK-1 of p38 mitogen-activated protein 
kinase pathway (P38 MAPK) which in turn could 
lead to either DNA damage, mitochondrial dam-
age or activation of Hypoxia-inducible factor 
HIF-1, all of which leading to apoptosis, and con-
sequently to reproductive failure. ROS formation 
could also lead directly to mitochondrial damage 
[23]. The proposed AOP is under development 
(AOP-Wiki: https://aopwiki.org/aops/207) with 
the title AOP 207 “NADPH oxidase and P38 
MAPK activation leading to reproductive failure 
in C. elegans”. The same group investigated the 
toxicity of TiO2NPs on the C. elegans, with and 
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without UV activation, and found that 
UV-activated TiO2NPs led to significant repro-
ductive toxicity through oxidative stress [26]. 
This pathway suggests the potential relation 
between the JAK/STAT and TGF-ß pathways as 
KEs in the TiO2NPs-induced reproductive toxic-
ity, which correlated with the observation of 
increased gene expression of those pathways. 
Results from the study indicated that the JAK/
STAT pathway was specific to TiO2NPs, whereas 
the TGF-ß pathway was specific to UV. The iden-
tification of MIEs, KEs and KERs within repro-
ductive toxicity via the JAK/STAT and TGF-ß 
pathways, is still under development [26]. In the 
AOP wiki, the same group proposed an AOP in 
which UV-activated Titanium dioxide nanoparti-
cles are identified as a stressor (Stressor 253) in 
the under development AOP 208 “JAK/STAT and 
TGF-beta pathways activation leading to repro-
ductive failure” (AOP-Wiki: https://aopwiki.org/
aops/208).

More recently, based on scientific peer 
reviewed literature of studies that addressed the 
carcinogenic potential of TiO2NPs in rodents 
exposed through inhalation or oral route, 
Braakhuis et  al. applied the AOP framework to 
evaluate the ability of TiO2 to induce KE in puta-
tive AOPs leading to tumour formation, and 
assessed the relevance of current data on rodents 
to humans and data gaps which need to be filled 
to reduce uncertainties related to the carcino-
genic potential of TiO2 [5]. The authors suggested 
two AOPs for these NMs, one for lung tumours 
after prolonged inhalation and another one for 
intestinal adenoma or carcinoma. The first AOP 
postulated identified a chain of events possibly 
leading to lung adenomas/ carcinomas, following 
chronic inhalation of TiO2 at relatively high doses 
and its deposition in the lungs. Therefore, parti-
cles can accumulate in the lungs, and possible 
lead to impairment of the lung clearance (the 
MIE). This initiating event can result in a con-
tinuous recruitment of neutrophils thus promot-
ing persistent inflammation leading to ROS 
generation, which can induce oxidative stress, in 
case the antioxidant capacity of the lungs is 
exceeded. Inflammation can also be induced via 
ROS generation and oxidative stress, after direct 

deposition of TiO2 in the lungs, acting in a posi-
tive feedback loop mechanism propagating the 
initial inflammatory response, which appears to 
be related to TiO2 exposures at lower cumulative 
doses without impaired clearance. Both inflam-
mation and oxidative stress can be constant upon 
chronic exposure to TiO2 and can induce persis-
tent epithelial injury, which can eventually lead 
to regenerative cell proliferation, preneoplastic 
epithelial lesions, and ultimately lung tumours 
(AO). The persistent epithelial injury could also 
lead to increased DNA damage in epithelial cells, 
and consequent mutations. This mutagenic effect 
may induce a cellular proliferation, which pro-
motes the fixation of the mutations and poten-
tially results in epithelial lung tumours (e.g., 
adenomas and carcinomas). Besides the indirect 
DNA damage pathway, the deposition of TiO2 in 
the lungs might be able to induce direct DNA 
damage in epithelial cells, which could also con-
tribute to tumorigenesis in the  lung. Overall, 
according to the authors, while there is sufficient 
evidence that lung tumours are induced at high 
cumulative concentrations and that a mechanism 
via impaired clearance and persistent lung inflam-
mation in rats is expected, there are yet insuffi-
cient and contradictory data on the ROS 
generation, the induction of oxidative stress, and 
the DNA-damaging potential of TiO2 and the 
possible impact of particle form on lung, which 
should be further investigated.

The second suggested AOP related to TiO2 
proposed by the same authors and further 
explored by Brand et  al., concerns a possible 
pathway leading to intestinal adenomas/ carcino-
mas as adverse outcomes, which is constructed 
based on 18 in vivo oral exposure studies in 
rodents based on several TiO2 crystalline forms, 
such as food additive E171 or specific TiO2NPs 
[5, 6]. Although, the Mode of Action (MoA) of 
possible TiO2 carcinogenicity after oral ingestion 
is not completely understood, similar to the inha-
lation route, it is suggested that the uptake of 
TiO2 by intestinal cells (MIE) might induce or 
promote colon tumours via persistent inflamma-
tion and/or ROS generation [5, 6]. In the cells, 
TiO2 can generate ROS, which can induce oxida-
tive stress in case the antioxidant capacity is 
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exceeded. Inflammation response can also be 
increased either following the generation of ROS 
and induction of oxidative stress or upon direct 
contact with TiO2 in the intestine, which in turn 
can promote continuous increase of ROS genera-
tion in a feedback loop. Both persistent inflam-
mation and oxidative stress can induce epithelial 
injury that in turn may induce indirectly DNA 
damage in intestinal cells or epithelial cell prolif-
eration, both of which possibly trigger preneo-
plastic epithelial lesions, if damage is not 
repaired, and ultimately lead to intestinal adeno-
mas/ carcinomas. Both direct DNA damage or 
persistent epithelial injury after intestine uptake 
without ROS generation or persistent inflamma-
tion is also postulated. Concerning this suggested 
AOP and according to the authors, compared to 
the inhalation route, there is less information 
available on each of the KEs for oral exposure to 
TiO2, to support all the KE.

To increase the knowledge about whether oral 
exposure to TiO2 NMs in animal studies is able to 
induce effects in liver at concentrations relevant 
for humans, recently, Brand et al., used the AOP 
framework to describe chains of events leading to 
the induction of steatosis, oedema and fibrosis in 
the liver. This helped to structure the available 
literature information from animal studies and to 
assess whether the associated KE and AO are 
likely to occur due to TiO2 exposure, and at which 
dose [6]. The AOP 144 and 34 were considered 
and compiled in a suggested AOP which used as 
its core the events leading to liver fibrosis as 
described in the qualitative AOP 144 “Endocytic 
lysosomal uptake leading to liver fibrosis” 
Included in OECD Work Plan (https://aopwiki.
org/aops/144), amended with information from 
recent research and extended by connecting to 
the AOP34 that describes hepatic steatosis path-
way (https://aopwiki.org/aops/34). According to 
the authors, although the available data suggests 
that TiO2NPs may generate ROS, promote oxida-
tive stress and liver inflammation, it is unknown 
whether these events may cause irreversible 
adverse effects in humans [6]. Further studies are 
needed to allow for conclusions to whether TiO2 
leads to AOs in the liver, and, if so, under which 
conditions.

17.3.3	 �AOPs Associated with Silicon-
Based NMs

Concerning silicon-based NMs, following the lit-
erature search, we obtained one paper concerning 
Silica nanoparticles. Nevertheless, AOP 209 
(https://aopwiki.org/aops/209), still under devel-
opment, named as “Perturbation of cholesterol 
and glutathione homeostasis leading to hepato-
toxicity”, was associated to the nano-sized silica 
stressor (https://aopwiki.org/stressors/254). In 
2016, Chatterjee et al. [9] proposed that perturba-
tion of cholesterol biosynthesis as a function of 
surface area was a principal MoA of amorphous 
silica NPs, which necessitates a safe-by-design 
approach to reduce their biological applications. 
In this AOP the MIE is the sterol regulatory ele-
ment binding transcription factor 2 (SREBF2) 
gene activation and repressions of glutathione 
synthetase (GSS) and glutathione S-transferases 
(GSTA1, GSTA2, GSTA3, GSTA5) genes and 
the KEs are cholesterol regulation disorders, 
through upregulated unsaturated fatty acid con-
centration, and glutathione homeostasis leading 
to oxidative stress, DNA damage and an AO as 
hepatotoxicity (HepG2 cell death). Other AOPs, 
like AOP 144, previously described at Sect. 
17.3.2 associated with oral exposure to TiO2 
NMs, or AOP 237, previously described at Sect. 
17.3.1, associated with carbon-based NMs, have 
also been described to be triggered by non-
soluble stressors, although further studies are 
needed to confirm these observations.

In conclusion, as seen above, several efforts 
are currently underway to advance the develop-
ment of AOPs with direct relevance for NMs. 
AOPs that link NM-induced AOs are now starting 
to emerge particularly for CNMs, metal-based 
NMs and silicon-based NMs. However, until 
now, none of them have been published in the 
OECD Series on AOPs. CNMs have been associ-
ated with different AO in a number of AOPs cur-
rently under development, mostly related with 
lung/pulmonary fibrosis. Metal-based NMs, such 
as silver nanoparticles or UV-activated titanium 
dioxide nanoparticles were found to be mainly 
associated to reproductive failure in lower organ-
isms based on ecotoxicity studies, while in higher 
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organisms, TiO2 has been proposed as a nano 
stressor in the AOP 144, leading to liver fibrosis. 
Silica nanoparticles were associated with liver 
hepatotoxicity in the AOP 209, based on lower 
organism models. On the other side, AOP 237 
(Secretion of inflammatory cytokines after cellu-
lar sensing of the stressor leading to plaque pro-
gression) was associated with different nano-sized 
stressors: graphene oxide nanoparticles, carbon 
nanotubes and insoluble nano-sized particles.

Also noteworthy is the fact that the majority of 
the current efforts in the development of AOPs 
still rely heavily on animal studies, which have 
been proven to be fundamental for the construc-
tion of predictive models. Alternatives involving 
toxicity endpoints for the assessment of AOs, as 
well as strategies that enable validation and 
refinement of these approaches for the regulatory 
acceptance are needed [21]. Therefore, it is noto-
rious that there is still a long way to go in replac-
ing in vivo assays by in vitro and/or in silico 
methodologies in AOPs construction.

17.4	 �The AOP Framework 
for Nanomaterials Risk 
Assessment and Regulatory 
Decision-Making

The AOPs frameworks have great potential to 
support decision-making about NMs in different 
contexts, particularly in regulatory and RA. This 
has been recognized by different organizations 
involved in regulatory/policy activities. The 
OECD Working Party on Manufactured 
Nanomaterials (WPMN) recommended the use 
of AOP frameworks for NMs RA and reducing in 
vivo testing in its report on “Alternative Testing 
Strategies in RA of Manufactured NMs: Current 
State of Knowledge and Research Needs to 
Advance Their Use” [40]. Also, the WPMN 
launched the project “Advancing AOP 
Development for NM RA and Categorisation” 
(NanoAOP project), with the objective to contrib-
ute to the future development and application of 
AOPs for NM regulatory decision making, as 
proposed by the OECD Extended Advisory 
Group for Molecular Screening and 

Toxicogenomics (EAGMST) [44–46]. Moreover, 
The European Food Safety Authority (EFSA), 
also acknowledged its relevance to use for NMs 
in its “Guidance on risk assessment of the appli-
cation of nanoscience and nanotechnologies in 
the food and feed chain” [13]. However, despite 
the increasing awareness of this concept in the 
nanotoxicology community and the agnostic 
nature of AOPs, to date, most of the AOPs devel-
oped or under development have been con-
structed based on observed adverse effects 
induced by other chemicals than NMs [14].

There are many ways in which the AOP frame-
work can be applied to support decision making 
regarding NMs, which includes: i) development 
of NM categories based on biological responses, 
ii) informing test method refinement/develop-
ment, iii) developing IATA for hazard and RA 
and, iv) risk assessment [41–43, 47, 48, 56, 61]. 
Each of these applications will be briefly 
described in the following subsections.

17.4.1	 �Development 
of Nanomaterials Categories 
Based on Biological 
Responses

AOPs have the potential to advance grouping, 
categorisation and therefore data gap filling by 
read-across [17, 41, 43]. In current European 
Union (EU) chemicals legislation, grouping and 
read-across between chemicals is accepted for 
achieve information requirements for RA, as 
long as it is adequately justified. However, for 
NMs, scientifically-based grouping and read-
across methods have not yet been fully estab-
lished, despite several suggested science-based 
approaches [36]. In fact, identifying groups for 
categorization based on the biological effects 
arising from small changes in the NMs physico-
chemical characteristics has been shown to be a 
challenging task [11]. NMs toxicity has been 
shown to be influenced by several physicochemi-
cal properties, including dissolution rate, elec-
tronic band gap, aspect ratio, dispersibility in 
solution, contaminants, particle size and surface 
chemistry [11, 30, 31]. Moreover, traditional 
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read-across studies have been mainly relying on 
the similarities between the chemical structure of 
the compounds, rather than considering the com-
plex biological processes that are activated by 
substance exposure [53]. Scientifically valid and 
robust read-across requires a clear rationale for 
the grouping and the selection of an analogue 
needs to be justified by physicochemical similar-
ity and/or endpoint-specific considerations, such 
as biological similarity. The AOP framework can 
support grouping and categorization of NMs, 
since grouping is more reliable if based on at 
least a partially known MoA underlying an 
adverse effect [36]. The description of the MIE 
and the underlying physical interaction of the 
NMs with biomolecules make it possible to relate 
their physicochemical properties to the probabil-
ity of a MIE and to identify the NMs properties of 
concern. This further allows to group NMs 
according to their ability to induce a MIE/AOP, 
replacing biological testing with in silico or in 
vitro screening [11]. Then, well-established link-
ages between the MIE or KEs and the AO will 
further support the justification for the data gap 
filling by read-across [41]. Projects such as the 
EU funded SmartNanoTox are addressing the 
relationships between physicochemical proper-
ties of NMs and KEs leading to pulmonary AOs. 
The project aims to suggest descriptors for group-
ing of NMs according to their toxicological MoA 
and to create a database of bio-nano interactions 
that will enable development of read-across and 
Quantitative Structure-Activity Relationship 
(QSAR) tools for the toxicity assessment of new 
NMs based on the AOP framework (http://www.
smartnanotox.eu).

17.4.2	 �Support in the Development, 
Design and Validation of In 
Vitro Testing

Nowadays, regulatory toxicity testing and assess-
ment approaches remain to a large extent based 
on in vivo testing, conducted in accordance with 
standardised test guidelines or protocols such as 
OECD Test Guidelines [41]. This classical 
approach is based on selected endpoints, and typ-

ically provides minimal information on the MoA, 
thus limiting the development and application of 
new in vitro, in silico and in chemico approaches 
for regulatory use [56]. Despite multiple efforts 
on designing and developing such alternative 
approaches, the sensitivity and accuracy to pre-
dict the toxicological responses at organ or organ-
ism levels still hinders their acceptance by the 
regulatory community [19]. Based on the under-
standing of the mechanisms underlying adverse 
health effects, AOPs are expected to improve the 
predictability of experimental testing (e.g., in 
vivo, in vitro, in chemico) and computational (in 
silico) approaches to support regulatory decision-
making [56]. Consequently, AOPs are expected 
to inform on the design of an adequate testing 
strategy for endpoints of interest by determining 
and combining assays or prediction models that 
can address specific KEs along a particular AOP 
[41]. Connecting KEs in an AOP to in vitro and 
kinetic data, the correlation between the experi-
mental results and specific events can be estab-
lished. The testing strategy to stablish the 
mechanistic understanding derived from an AOP 
and KEs coverage, depend on the available assays 
[41]. Moreover, an AOP-based testing strategy, 
can also support the identification and/or possible 
development of in vitro and ex vivo screening 
assays for targets related to MIEs or KE identi-
fied and thus, those who are developing alterna-
tive methods can direct resources to the 
development of those testing methods while 
decreasing the overall number of assays required 
for hazard identification [41]. An example of the 
use of AOP to develop and improve testing is the 
skin sensitization AOP (AOP 40  in the AOP-
Wiki), one of the first AOPs officially endorsed 
by the OECD.  The mechanistic knowledge 
obtained on skin sensitization has been used to 
develop and validate standardized in vitro tests 
targeting the KEs in the AOP, which are now pub-
lished and accepted for regulatory purposes as an 
alternative to animal testing [11]. The framework 
of skin sensitization AOP was recently applied to 
investigate the potential mechanisms of immuno-
toxicity of widely used NMs as single-wall car-
bon nanotubes, TiO2, and fullerene (C60), 
covering the first and third KEs of skin sensitiza-
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tion AOP [4]. A study by Barosova et al. [2] used 
the proposed AOP 173 (see Sect. 17.3) on lung 
fibrosis that is under review by the OECD. This 
includes to design a testing strategy to assess the 
pro-inflammatory and pro-fibrotic impacts of dif-
ferent MWCNTs upon an advanced in vitro lung 
cell system, which comprises primary human 
alveolar epithelial cells, pulmonary endothelial 
cells, fibroblasts and optionally, alveolar macro-
phages [2]. This system is now being further 
assessed under the EU Horizon 2020 project 
PATROLS (https://www.patrols-h2020.eu/) for 
testing NMs.

17.4.3	 �Development of IATA

One of the most important purposes for AOP 
development is that it may be a base for the cre-
ation of Integrated Approaches to Testing and 
Assessment (IATA), which are science-based 
approaches for chemicals’ hazard characterisa-
tion. It relies on an integrated analysis of known 
information together with the generation of new 
data, using a combination of different approaches, 
such as QSAR, read-across, in silico, in chemico, 
in vitro, ex vivo, in vivo, or omics technologies. 
IATA follows a strategy to answer a defined 
hypothesis in a specific regulatory situation, tak-
ing into consideration the acceptable level of 
uncertainty related to the decision context [7, 47, 
56]. OECD has developed a guidance document 
providing an approach for the use of the AOP 
concept in developing IATA [41]. Based on the 
overall framework of IATA, and once the prob-
lem is formulated (e.g., to answer a specific 
regulatory question) the AOP allows, in a struc-
tured way, to: i) gather and evaluate the informa-
tion available for the chemical of interest and 
possibly conclude on the hazard based on exist-
ing information, ii) identify whether such infor-
mation is adequate for decision-making by WoE 
assessment and iii) to assist in determining what 
additional information (and therefore, which test, 
if any) would increase the certainty of linking an 
initiating event to the adverse effect(s) [41]. The 
application of IATA may also lead to the refine-

ment, reduction and/or replacement of conven-
tional in vivo testing.

Different EU funded Projects are addressing 
the use of IATA to support the environmental 
health and safety of NMs. The GRACIOUS proj-
ect (https://www.h2020gracious.eu/) has pro-
posed grouping hypotheses, which have been 
substantiated with data generated by means of 
IATA.  Moreover, NanoSolveIT (https://nano-
solveit.eu/), aspires to introduce a ground-
breaking in silico IATA, implemented through a 
decision support system packaged as both a 
stand-alone open software and via a Cloud plat-
form. Lastly, RiskGone (https://riskgone.wp.
nilu.no/) will develop regulatory-relevant guid-
ance, addressing both human and environmental 
health and prioritising in vitro methods, based on 
an IATA framework.

17.4.4	 �Risk Assessment

Identifying health risks early and in an adequate 
manner is of utmost importance. For NMs, this 
can be achieved in terms of exposure and toxic 
potential by combining knowledge on nanotoxi-
cology and general risk methodologies such as 
RA [50]. In general, RA of chemical substances 
is conducted through four steps: 1) hazard identi-
fication - the analysis of the MoA and the WoE of 
harmful effects on humans; 2) dose-response 
assessment  - the mathematical relationship 
between exposure degree and toxic effect; 3) 
exposure assessment  - the frequency, duration, 
and levels of exposure to the substance; and 4) 
risk characterization - conclusions on substance’s 
risk integrating all the information acquired in 
the previous steps, and providing a basis for 
policy-making [24]. Mechanistic information has 
been used for decades in all steps of RA to 
decrease uncertainty and increase predictivity 
[64]. When applying the MoA to characterize 
human hazard or risk, it is important not only to 
understand the MIE and AO, but also critical KEs 
along the pathway [47]. Thus, once complete, an 
AOP provides a framework that can be used to 
test a hypothetical MoA [52]. A key advantage of 
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this framework is that measurement and confir-
mation of several, but not all, KEs can be suffi-
cient evidence to confidently assign a MoA, 
potentially reducing testing. Overall, AOPs at any 
level of development (putative, qualitative, or 
quantitative) can be useful to support decision 
making. AOPs applicability for different pur-
poses should be evaluated on a case-by-case 
basis, the called “fit-for- purpose”, and will 
depend on the level of development, the amount 
of available experimental and observational data, 
its completeness, the confidence in the underly-
ing information, the regulatory relevance, the 
methods used, and the strength of information 
supporting the KERs [10, 19, 62, 64]. Putative or 
qualitative AOPs can provide a scientifically 
credible basis to link AOs of regulatory concern 
to specific pathway perturbations or biological 
activities [29]. As previously described in this 
chapter, this can be useful to guide toxicity test-
ing strategies, inform prioritization of research 
by identifying knowledge gaps, aid in screening 
and prioritization of NMs for further toxicity 
testing using animal models and guide the prin-
ciples of decision matrices such as IATA [19]. 
However, other regulatory purposes such as RA, 
require the ability to define the exposure condi-
tions (in terms of dose, duration, frequency, etc.) 
under which an AO will be observed and/or with 
what probability, which will need to rely on the 
degree of quantitative understanding of the rela-
tionships linking KEs [29]. Therefore, well-
constructed qAOPs models can represent the 
bridge from descriptive knowledge to the predic-
tion of an AO in hazard and RA. These models 
allow gathering information on NMs categories, 
enable the identification and characterization of 
the hazard, as well as the necessary and 
causally-interlinked steps at molecular, cellular, 
and organ level that will lead to an adverse effect. 
It also allows to describe mathematically the rela-
tionships between these steps, the exposure 
doses, and the time, obtaining for each step a 
dose-(time)-response curve [19, 49, 50, 54]. Due 
to its numerous advantages, the field of qAOPs is 
gaining momentum. However, examples of 
qAOP models are still scarce, and currently there 
is no guidance on how to develop and evaluate 

qAOP models for chemicals or NMs regulatory 
applications [49, 54]. Although quantification has 
now been pursued for a limited number of AOPs, 
the vast majority are still qualitative and still can 
be extremely valuable for many regulatory appli-
cations if providing a strong evidence base [62]. 
Considering the many issues associated with tox-
icity testing of NMs, a well-constructed qualita-
tive AOP can help focus research, toxicity testing 
and regulatory efforts, prioritizing NMs that 
require immediate testing, and aiding in the 
development of targeted toxicity assays [19].

17.5	 �Challenges and Future 
Perspectives

There has been great efforts and debate in the last 
years on the development of the AOPs frame-
work, and its potential applications and limita-
tions in different contexts. Several challenges in 
the development and application of AOPs partic-
ularly in RA and regulatory decision-making, 
have been widely acknowledged for chemicals in 
general, and particularly for NMs. Its develop-
ment and application have been overall limited 
by nano-specific challenges, related to limita-
tions of current literature, particularly concerning 
the lack of complete understanding of the bio-
logical mechanisms of action underlying NMs-
induced adverse health, the use of different 
exposure conditions and models. Other NMs-
specific challenges are the limited consideration 
of NMs dispersion and dosimetry, the general 
lack of physicochemical characterization of 
NMs, and the overall data fragmentation [11, 46] 
which hamper the comparability among results 
and conclusions. The biological effects of small 
changes in NMs physicochemical makeup are 
not easily predicted with current strategies. We 
have previously shown that NMs with the same 
chemistry, but differing in primary properties 
may yield different biological effects [3, 31, 55]. 
Likewise, we reported that these secondary fea-
tures may be potentially more relevant for deter-
mining toxicological outcomes [31]. In particular, 
processes like human digestion may modify the 
NMs characteristics leading to unexpected toxic-
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ity in intestine cells and its impact in an AO at the 
intestinal level is under investigation in the 
INGESTnano project. Due to their specific prop-
erties, NMs do not usually present a classical 
dose-response relationship, and their toxicity is 
frequently unpredictable from chemical sub-
stance models. Furthermore, physicochemical 
characteristics are all interdependent and, there-
fore, determining the contribution of a single 
parameter to toxicity remains difficult [11, 14]. 
Such adversities could also hinder the prediction 
and identification of MIEs.

Particularly when addressing NMs, the devel-
opment of AOPs is still at an initial qualitative 
phase, where the focus is on the identification of 
KEs, but scarce information is available about 
the relationship existing between them [14]. 
Conventionally, experimental study designs do 
not incorporate AOP rationale and thus, with the 
available toxicological data, construction of 
quantitative AOPs for NMs is yet a challenge 
[18]. Additionally, RA has been mainly based on 
data from animal studies, mostly in mice and 
rats, and from in vitro experiments with human 
or rodent cell lines, due to the current lack of 
human data [14], which may imply uncertainty 
from interspecies differences [11]. Another issue 
is also related with the fact that some AOs, such 
as inflammation and tissue injury, might be 
reversible, and therefore, identifying the thresh-
old beyond which it becomes adverse would be 
critical for its successful implementation in NMs 
RA [18].

The level of complexity of AOPs in another 
important aspect that should be further devel-
oped. A frequent criticism is that individual AOPs 
are constructed as linear sequences of biological 
events connecting a MIE to an AO, and thus 
might oversimplify the complexity of biological 
systems and the exposures to stressors [27]. 
Moreover, exposure scenarios might also involve 
not only a single substance, but multiple combi-
nations of compounds, triggering multiple AOPs 
that can form a network [27]. To fully account for 
the biologic processes that may influence the 
final outcome, most cases of RA and regulatory 
decision making will require more than one AOP 
within an interconnected network [12] to reflect 

this complexity [11], and to represent a more rel-
evant basis for toxicity prediction [14]. Moreover, 
specific NMs physicochemical properties make 
structure-based predictive models complicated, 
and studies focused on molecular interactions in 
nanotoxicology are still under development.

Despite the challenges described regarding 
AOP development and its application for NMs, 
some progress has already been made, either 
within the frame of the OECD NanoAOP project 
[44–46], or in other projects worldwide. 
Overcoming those challenges will contribute 
moving towards a larger application of AOPs for 
NMs RA and regulatory decision-making, which 
is still in its initial phase. In addition, increased 
transparent communication and inclusive collab-
oration among multiple stakeholders, including 
academics, policy-makers, regulators and indus-
try, with a broad range of expertise is needed to 
overcome the identified challenges and to facili-
tate the development, adoption and use of the 
AOP framework for NMs decision making [11].
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