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ABSTRACT
The particular chemical-physical properties of nanomaterials make them exploitable in different
fields of application. Nanoparticles represent fundamental instruments for medicine and biology,
because they can be used for biomedical applications (diagnosis, therapy, theranostics, etc.). However,
their development with therapeutic efficacy requires in-depth knowledge of the interactions with cells,
for both improving their efficiency use and to reduce its toxic effect. Physics and mathematical
modelling help in understanding the diffusion mechanisms of charges inside a nanostructure and
therefore in the comprehension of carrier dynamics at that scale.
Keywords: Biological systems, Nanotoxicology, Nanobiotechnology, Nanobiomaterials, Health,
Nanophysics, Mathematical Modelling

1. INTRODUCTION
Nanosciences are the meeting point of different disciplines ranging from physics and
mathematics to supramolecular chemistry, from material science to molecular biology, and
represent an established reality in the world of research. Nanotechnologies aim to exploit and
apply methods and knowledge deriving from nanosciences. Metallic and non-metallic
nanoparticles, potentially usable in anitumoural therapy, are characterized by spectroscopy
and electron microscopy, and their effects (in terms of biodistribution and toxicity) are
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evaluated using in vitro models (normal and transformed cell lines) and in vivo (mammals and
non-mammals). Since the conventional parameters of traditional toxicology are no applicable
to nanostructures, a new discipline, nanotoxicology, studies the safety of nanotechnologies
and aims to evaluate the risks associated with exposure to nanomaterials, considering the
entry ways of nanostructures in the human organism and investigating the molecular
mechanisms related to toxicity [1].
Human body can come into contact with nanomaterials of synthetic origin through three
main ways:
a) inhalation through the respiratory tract;
b) ingestion through the gastro-intestinal tract;
c) absorption through the cutaneous way [2].

Figure 1. Example of nanostructures used for the production of new drug delivery systems.

Once inhaled, ingested or absorbed, nanostructures can reach the bloodstream,
transported and accumulated at the level of various organs. Studies conducted in vivo on
animals have shown that nanoparticles can induce inflammatory reactions at pulmonary and
cardiovascular levels, and to be accumulated in many organs such as liver, spleen, lymph
nodes and bone marrow [3,4].
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Nano- and microparticles are daily ingested; mainly they are expelled from the
respiratory tract by mucociliary clearance or directly ingested in the gastro-intestinal tract
(such as silicates and nanoparticles of TiO2), because present in food products, water,
toothpastes, drugs, etc. [5].
The main used nanostructures have a well-defined size, biocompatibility, are inert
towards the immune system and have good selectivity (Figure 1) [6,7].
The human exposure to nanostructured particulate is subject of increasing attention in
response to the widespread release of nanoparticles from anthropogenic sources and to the
rapid development of nanotechnologies. The innovative properties of nanostructures, such as
their small size, the extensive surface area, the chemical composition, the solubility and
geometry, can contribute to their potential toxicological profile towards biological systems,
the human organism (consumers, patients and workers) and the environment.
Therefore, while on one side nanotechnologies are extraordinarily developing in the
perspective of expected benefits, on the other the problem of their safety is more insistently
placed.

2. INTERACTION OF NANOMATERIALS WITH BIOLOGICAL BARRIERS
In the event that nanoparticles overcome the previously indicated barriers, further ones
protect the internal organs:
a) the “blood-brain barrier”, that protects the brain;
b) the “blood-testicular barrier”, that protects the male reproductive system;
c) the “placenta”, that protects the developing embryo.
Parameters such as size, form, chemical composition, solubility, surface structure, state
of aggregation can modify the absorption and translocation of nanoparticles from the entry
point to the final destination within the human body.

3. THE RESPIRATORY PATH
One of the main ways through which we voluntarily or accidentally enter in contact
with nanostructures is represented by the lungs. The deposition efficiency of inhaled
nanoparticles depends mainly on their diameter and aerodynamic characteristics; in fact, size
and shape are important for determining which compartment of the respiratory system will
result predominantly exposed among upper air ways, lower air ways and alveoli.
Particles are efficiently deposited in the entire respiratory tract, from the nasal cavity to
alveoli, through diffusion mechanisms [8-10]. Small nanoparticles have the possibility to
travel more deeply into the respiratory tree, to settle and be absorbed by the pulmonary
epithelium entering therefore in circulation, while those with a larger diameter are more easily
stopped at the level of upper respiratory cavity and expelled through mechanisms of
mucociliary clearance (Figure 2).
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Figure 2. Penetration of dust into the respiratory system.

Pulmonary clearance depends not only by the total mass of inhaled nanoparticles, but
also by their size and surface area. The muco-ciliary transport is essential for clearance of the
upper respiratory tract, while at the alveolar level nanoparticles translocate via trans-cytosis
through the epithelium of the respiratory tract reaching the pulmonary interstice, where later
they can be phagocytosed by alveolar macrophages or directly enter the circle blood or via
lymphatic way.
Recent studies have shown that it is possible a translocation of inhaled nanoparticles to
extrapulmonary sites, such as circulatory system, heart, liver and brain [11-13]. Factors that
most influence the pulmonary toxicity of nanomaterials concern the number and size of
nanoparticles, the surface coating, the degree of aggregation/agglomeration, the surface
charges, the synthesis method. The aggregated nanoparticles can also disaggregate, in contact
with particular liquids, and can behave like single nanoparticles, moving to internal organs.
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4. GASTRO-INTESTINAL ABSORPTION
As previously introduced, ingested nano- and microparticles (from 100 to 3000 nm) are
expelled by the respiratory tract or directly ingested in the gastro-intestinal tract with food
products, water, drugs, etc. [14]. Once ingested, they are conveyed to the stomach and
subjected to normal digestive processes.
In the enteric tract, the absorption kinetics is complex and can occur by diffusion
through the mucus layer, by contact with enterocytes, by translocation; the smaller is the
nanoparticles diameter, the faster will be the total absorption process. If nanomaterials resist
to gastric digestion, they can move from the lumen of intestinal tract through M-cells of
Peyer's plates and, once reached the sub-mucosal tissue, can reach both the lymphatic follicles
(inducing an immune response) and the capillaries, reaching therefore different peripheral
organs [15].
The translocation of the ingested particles by the intestinal lumen to blood and the
systemic circulation may be influenced by chemical-physical properties of nanoparticles such
as dimension, form, composition and charge; studies both on rats and on humans have
demonstrated that TiO2 particles of size 150-500 nm, once ingested, can move to the systemic
circulation and accumulate in liver and spleen.
Experimental evidence allows to state that even larger particles can be absorbed with
persorption mechanisms inside vacuoles and thus cross the intestinal epithelium for localizing
at the level of liver and other organs [16]. Other studies show however that ultrafine metal
nanoparticles, once ingested, are not significantly translocated to the systemic circulation and
hence to other organs [17].

5. SKIN ABSORPTION
The possibility of nanomaterials transport through healthy skin is still controversial,
especially for particles larger than 1 μm, while there are numerous experimental evidences on
the possibility of trans-dermal transport in case of damaged skin, depending by physical
variables as form, size and surface charge of nanoparticles. Once the dermis is reached,
nanoparticles can reach the lymphatic vessels, transported by macrophages and dendritic
cells; from the lymphatic circle it is supposed that these nanostructures can access the
bloodstream and be distributed to the whole body.

6. CROSSING OF BLOOD-BRAIN AND PLACENTAL BARRIERS
Nanomaterials that circulate in the blood can enter the central nervous system through
the overcoming of the blood-brain barrier. Despite this is a highly selective barrier and allows
the passage only by trans-cellular way, in many pathologies, such as hypertension and allergic
encephalomyelitis, the permeability of the hemato-encephalic barrier decreases and allows the
passage of nanoparticles. The surface charge of nanoparticles can alter the integrity of the
blood-brain barrier, with possible consequences on the use nanomaterials for drug delivery in
the central nervous system, but also on toxicity in the brain. It has been shown that
nanoparticles induce oxidative stress; this last is one of the factors involved in
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neurodegenerative diseases such as Parkinson's disease and Alzheimer's disease (Figure 3)
[18].
The placenta is a particular secondary biological barrier, because it performs its function
only for a limited period, the nine months of pregnancy of woman. During this period, the
human placenta presents variable thickness and permeability, resulting thicker and less
permeable during the first quarter, thinner and more permeable in the last three months. In the
latter time, therefore, there is a possibility that external substances (including external
nanoparticles) can cross it.

Figure 3. Diffusion vs time for nanosilver [8,10,13].

The assumption of potentially harmful agents in the very early stage of pregnancy can
cause structural and functional alterations of the organ. There is indirect evidence that the
assumption of some nanoparticles at this time can cause serious damage to placenta,
associated with a high rate of spontaneous abortions and embryo malformations [19].

7. UPTAKE AND INTRACELLULAR FATE OF NANOMATERIALS
Still work must be done to get adequate information on the mechanisms involved in cell
uptake of nanoparticles; however, it seems that the mechanism of internalization and the
intracellular fate of a nanosystem are influenced by particular factors, such as:
a) chemical-physical properties of the material with which the nanosystem is composed
(chemical composition, dimensions, shape and geometry, surface charge, state of
aggregation, surface coating) [20];
b) the experimental conditions adopted by in vitro experiments;
c) the characteristics of used cells and therefore the cell line and the state of
differentiation.
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In particular, the surface characteristics of nanoparticles are a crucial factor, since, in
addition to determine the biocompatibility, they play a fundamental role in cell adhesion [21].
It has been shown that the adhesion between cells, extracellular matrix and particles is
regulated mainly by integrins, a protein family of receptors involved in superficial adhesion.
The cytoskeletal matrix interacts not only with integrins but also with proteins responsible for
cellular internalization processes, including especially endocytosis, which is the main
mechanism of entry of nanoparticles.
In general, a substance can enter the cell through simple diffusion or through endocytic
processes such as phagocytosis, macropinocytosis, clathrin-mediated endocytosis and
caveolae-like mediated endocytosis. Simple diffusion is the only one of the listed processes
that does not require energy, but simply exploits the presence of a concentration gradient;
usually only small and apolar molecules, which diffuse through the double phospholipidic
layer, exploit this process.
The term endocytosis indicates instead the internalization by a cell of macromolecules
and solutes within membranous vesicles originating from plasmatic membrane invagination
(Figure 4).

Figure 4. The different types of endocytosis.

Phagocytosis is possible only for some specialized cell types called phagocytes, such as
macrophages, monocytes and neutrophils, which are able to remove material even larger than
0.5 μm (bacteria, yeasts, debris), through a specific interaction between receptors of the
phagocytic cell and ligands on the surface of particle. This leads to a consequent invagination
of the membrane, favored by the actin protein, and to the formation of vesicles (the
phagosomes) containing the material to be eliminated.
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Macropinocytosis consists in the formation of large and irregularly shaped vesicles
(macropinosomes), generated by actin-dependent plasma membrane invagination too [22].
The intracellular fate of macropinosomes is strongly dependent by the degree of specialization
of the cell; in macrophages, for example, they blend with lysosomes, while in other cell types
they constitute a distinct vesicle population that does not interact with endocytic
compartments, but promote the recycling of the content towards the plasmatic membrane.
Clathrin-mediated endocytosis (CME) is the most frequent endocytic pathway and is
normally used by the cell for the continuous supply of nutrients, antigens and growth factors
[23]. CME is a type of receptor-mediated endocytosis; the initial phase consists in the
recognition, by the cell, of the substance to be internalized through the interaction with
specific membrane receptors.
The cytoplasmatic portion of the receptor bound to its ligand has a high affinity for
clathrin. When a sufficient number of receptors linked to the specific ligand and to clathrin
are found on the plasmatic membrane, they tend to merge into a single region by lateral
diffusion; the clathrin molecules thus form, binding to each other, a kind of net that induces a
localized flexion of the membrane, forming the so-called “coated dimple”.
This deepens further to close in itself, separating from the cell membrane and forming a
real coated vesicle. These vesicles move to the inner regions of cytoplasm and at some point
in their progression they lose the clathrinic coating; the disassembled clathrin is recycled, the
naked vesicles merge together giving rise to the endosomes, within which the low pH value
promotes the dissociation between ligands and receptors. Finally the endocytated material can
be accumulated inside the cell, or undergo to lysosomal degradation or transcytosis.
The endocytosis mediated by caveolae is active only in some types of cells, especially
endothelial, muscular and adipose cells. Caveolae take their name by the protein that
originates them, the caveolin, and consist of small invaginations of the plasmatic membrane
rich in glycosphingolipids and cholesterol, and associated with particular types of molecules
[24]. The endocytosis mediated by caveolae is a defined non-acid and non-digestive
internalization pathway, because in the caveole no acidification of the content is going on and
because there is no fusion of vesicles with lysosomes; the endocytated material can be
transferred directly into the Golgi apparatus or into the endoplasmatic reticulum.
Examples in literature regarding the uptake of nanostructures show how the cell is able
to simultaneously use several different mechanisms and how the characteristics of
nanostructures significantly influence their intracellular fate. In addition to surface
characteristics, that play a fundamental role in cell adhesion, the surface charge is another
fundamental property in determining cellular uptake of nanoparticles. The plasmatic
membrane has in fact a net negative charge due to the presence of the phosphatidylserine in
the inner sheet and furthermore the distribution of ions on the same cell membrane causes a
positive polarization towards the external environment. The anionic nanoparticls are then
endocitated in smaller amount than the cationic ones.
The influence of the presence of charges on the surface of nanoparticles has been
proven [25], experimentally verifying how the internalization of nanoparticles, coated with
albumin and positively charged, by monocytes and macrophages, is greater than that of the
same type of particles without charge. However, it has also been shown that there is no
increase in the internalization efficiency from dendritic cells of nanopaticles in positively
charged polystyrene [26].
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The antithetical conclusion supports the thesis that there are no fixed rules for the
mechanisms used in the uptake of nanoparticles, but there is simply a strong dependence by
the chemical-physical characteristics of materials and by the type of cellular system used for
in vitro experiments. For example, it has been observed how, depending on the cell type with
which nanoparticles come into contact, their ability to penetrate inside cells varies. Studies
performed on alveolar macrophages isolated by mice demonstrated how silica nanoparticles
are rapidly internalized due to the exceptional ability of such cells to phagocytize external
particles. On the contrary, for human lung carcinoma cells (A549) the speed of uptake is
considerably lower [27].
Moreover, these cells of pulmonary origin can be involved in different internalization
mechanisms; by simple diffusion in the case of fluorescent microspheres of polystyrene [28],
or by clathrin-mediated endocytosis, for example for silica-coated magnetic nanoparticles
[29,30].

8. ONGOING STUDIES ON THE TOXICITY OF NANOPARTICLES
Nanoparticles toxicity studies available in the literature are generally of two types:
a) “epidemiological studies” of human effects;
b) in vivo “experimental studies” in animals and in vitro on cell cultures conducted with
artificial nanoparticles.
Different nanoparticles in terms of shape, size and composition have different
toxicological characteristics. According to the emerging risks of the European Commission
(SCENIRH), nanoparticles have different toxicological properties by original substances and
therefore there is the need to assess the risks “on a case by case basis”.
Artificial nanoparticles produced with nanotechnologies presumably will represent an
important source of exposure for humans; agencies involved in risk assessment are promoting
the development of strategies for the definition of risk related to the industrial use of
nanomaterials both in food and in other industrial areas that can cause environmental
contamination.
Most of studies have identified the missing information for the definition of the risk and
indicated a series of goals that must be achieved in the coming years, as to evaluate the
exposure to artificial nanomaterials in air and water, methods to study their toxicity and to
predict the impact on environment and human health.

9. CONCLUSIONS
People are exposed to natural and anthropogenic nanomaterials for a long time, while
artificial nanoparticles are new agents, to which we begun in recent years to be exposed.
Nanoparticles are commonly found in food, either endogenous (proteins, such as
ferritin) or exogenous ones, voluntary (artificial, such as TiO2) or accidental (primary or
secondary contaminants). In the gastro-intestinal lumen, in addition to the ingested ones,
endogenous nanoparticles can be found, in the form of nano-crystals originating by the intra-
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luminal precipitation of partially soluble salts. The human gastro-intestinal system is therefore
continuously exposed to nanomaterials of various origin, shape, size and composition.
A correct assessment of the associated risk for human health requires a complete and
robust set of qualitative and quantitative data on exposure, absorption, distribution,
metabolism, excretion and toxic effects, to be linked with modelling about nanotransport.
Studies must also clarify the relative importance of different ways of exposure, the
mechanisms of possible toxic effects, the relation between substance toxicity in bulk and in
nanoform [31-39].
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