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ABSTRACT

Nanomaterials (NM) contain particles, in an unbound state or as an aggregate or as an agglomerate,
which, for a percentage of 50% or more, have one or more external dimensions in the range 1-100
nm. The great development of nanotechnology has produced an increasing quantity of
nanomaterials of different types in several productive sectors (food, chemicals, pharmaceuticals).
For this reason, several studies are aimed at characterizing the physical and chemical properties of
nanomaterials and the determination of their effects on human health and the environment.

Multi walled carbon nanotubes (MWCNT) and amorphous silica nanoparticles (ASNP) are
examples of nanomaterials widely used in many industrial fields. The overall aim of this thesis is
the elucidation of the potential hazards of MWCNT and ASNP, evaluating their interaction with
relevant cell models. Attention is given to the assessment of potential toxic effects on cells of innate
immunity and to the identification of structural determinants of toxicity.

Since inhalation is the major way of interaction with nanomaterials, we decided to study the
biological effects of MWCNT and ASNP on two cell lines (MH-S and RAW264.7), as
representative models of macrophages, which are the first to contact the inhaled particles, and on
airway epithelial cells (Calu-3), which represents one of the first body barriers encountered by
nanomaterials dispersed in the environment.

The first part of the thesis is focused on the identification of structural determinants of
toxicity, in vitro, of four preparations of multi-walled carbon nanotubes with different length,
morphology (rigid, needle-like or flexible, tangle-like shape), and level of metal contaminants. We
have assessed the biological effects of the four MWCNT preparations (NM400, NM401, NM402
and MWCNT-SA) on macrophages and airway epithelial cells, in order to identify the determinants
of toxicity, thus far incompletely elucidated. To study the biological effects of MWCNT on
macrophage cell lines we analyzed different endpoints, such as cell viability, phagocytic activity
and pro-inflammatory M1 macrophage activation. We found that the main determinants of toxicity
for macrophages are the length and the needle-like shape, which hinder, or even prevent,
phagocytosis. Indeed, the greater toxicity of NM401 and MWCNT-SA, as demonstrated by the
decrease in cell viability and the alteration of functional activity, are ascribable to their greater
length and to their morphological features. On the contrary, reduced length and tangle-like shape
(NM400 and NM402) promote M1 macrophage activation. Since these materials can be engulfed by
macrophages, these results suggest that phagocytosis is a main step for the M1 macrophage

activation by nanomaterials, endowed with low acute toxicity.



Given the high tendency of MWCNT to aggregate and the presence of aggregates in the airway
walls of exposed animals, as reported in several in vivo studies, we have investigated if MWCNT
produced a barrier impairment. The behavior of epithelial cells was studied both at the monolayer
(cell population) and at the single-cell level. At a cell-population level, Trans-Epithelial Electrical
Resistance (TEER) was used as a synthetic indicator of barrier competence, caspase activity was
assessed with standard biochemical assays, and cell viability was investigated with both standard
biochemical techniques and an high throughput (HTP) technique, based on automated
epifluorescence microscopy; at single-cell level, cell responses to MWCNT were investigated with
confocal microscopy, by evaluating cell death (calcein/propidium iodide), proliferation (Ki-67),
inflammation triggering (NF-xB) and apoptosis (caspase activity). We found that the main
determinant of toxicity for epithelial cells depends on the actual shape in which MWCNT get in
contact with the cells and, in particular, if they form aggregates.

The second part of the thesis is focused on the identification of structural determinants of
toxicity of two preparations of amorphous silica nanoparticles (ASNP, a material usually considered
endowed with modest toxicity). This study has evaluated the capability of ASNP, of comparable
size and specific surface area, but produced through different synthetic procedures (colloidal
NM200 vs pyrogenic NM203), to induce macrophage activation in MH-S and RAW264.7 cell
lines. To study the biological effects of ASNP we analyzed different endpoints, such as cell
viability, oxidative stress (ROS formation and the induction of Hmox-1), the induction of the
inducible nitric oxide synthase Nos2, the production of NO and the secretion of cytokines like TNF-
a, IL-6 and IL-1B. Helium lon microscopy (HIM) and confocal microscopy were adopted for
imaging the interaction between ASNP and the cell surface. The results demonstrate that pyrogenic
ASNP are more potentially inflammogenic than colloidal ASNP. Moreover, an additional
mechanism of toxicity is proposed, consisting in the greater capability of pyrogenic ASNP to bind
biologically active compounds, such as LPS, enhancing their effects. Thus we found that the
preparation route procedure may constitute a main determinant of toxicity of ASNP, likely because
of the different surface chemistry established by high-temperature synthesis.

In conclusion, this thesis highlights that determinants of toxicity of nanomaterials are strongly
dependent on several parameters. The identification of these determinants, which appear essential
for a “safety-by-design” approach, will therefore require an in-depth characterization of the

toxicological properties of each type of nanomaterial.



CHAPTER 1

INTRODUCTION

1.1 Nanotechnology and nanoparticles

1.1.1 Nanotechnology

Nanotechnology is the understanding and control of matter at dimensions between approximately 1
and 100 nanometers, where unique phenomena enable novel applications. Encompassing nanoscale
science, engineering, and technology, nanotechnology involves imaging, measuring, modelling and
manipulating matter at this length scale. Unusual physical, chemical, and biological properties can
emerge in materials at the nanoscale. These properties may differ in important ways from the
properties of bulk materials and single atoms or molecules.

Nanotechnology has been recognized as a revolutionary field of science and technology,
comparable to the introduction of electricity, biotechnology, and digital information revolutions.
Between 2001 and 2008, the numbers of discoveries, inventions, nanotechnology workers and
markets all increased by an average annual rate of 25 percent. The global market value for
nanotechnology is expected to increase to nearly $27 billion in 2015. Current trends suggest that the
number of nanotechnology workers and products worldwide will double every three years, reaching
a $3 trillion market with 6 million jobs by 2020. There is the potential to incorporate
nanotechnology-enabled products and services into almost all industrial sectors and medical fields.
The increasing integration of nanoscale science and engineering promises mass applications of
nanotechnology in industry, medicine, and computing, and in conservation of nature.

The areas of nanotechnology involve a wide range of applications: energy (production, catalysis,
accumulation), consumer products (lubricants, abrasives, paints, rubber, sportswear), electronic
components (chips, screens), reconditioning (absorption of pollutants, water filtration, disinfection),
medicine (diagnosis, drug delivery), cosmetics (creams and sunscreens), textiles and even food
(additives, packaging).

Nanotechnologies play a relevant role in the following areas:

Microelectronics and semiconductors




1. “Nano on Micro” (integration of nanomaterials on micro-finished sensors and biochip
platforms).
2. Optoelectronic and photonic component technologies (nanotechnologies for high-level of
optical component and of a new generation of sensors).

Chemistry
1. Nanomaterials for chemical catalysis (nanomaterials for solid catalyst, for catalyst
membranes, of high-efficiency and sustainable gas purification and storage).
2. Food packaging (nanomaterials able to extend the shelf-live, sensors for the monitoring of
the preservation of the packaged contents).
3. Concrete-based formulas for the construction industry (new potential technological
discontinuity due to nanoscale control of the structure of matter).

Pharmaceutics and biotechnologies

1. Medical applications of nanotechnologies (drug delivery systems, nanomaterials for
medical devices, biosensors, nano-scalpels, new in vivo imaging diagnostic systems, mixed
“theragnostic” devices for either therapeutic and diagnostic purposes).
2. Transportation systems (phospholipid particles containing molecules with a
pharmacological activity for targeted drug delivery).

Energy
1. Innovative technologies for solar energy development (third-generation photovoltaic
technologies: semiconductor crystals; nanoscale network for organic solar cells)
2. Hydrogen storage technologies (solid storage in alloys and innovative intermetallic
compounds, nanostructured oxides, etc.).

Environment
1. New technologies for water treatment and reuse (development of new zeolitelike
nanoporous materials).
2. Systems for pollution reduction and quality air control (sensitive nanostructured materials,

sensors, catalysts).

The growing production of these materials and the relative potential exposure risk for an increasing
number of workers, make it necessary to implement the knowledge on the potential biological

effects (either at the molecular-cellular or organ-system level).



1.1.2 Definition of Nanoparticles

On 18 October 2011 the European Commission adopted the Recommendation on the definition of a
nanomaterial (2011/696/EU). According to this Recommendation a "Nanomaterial (NM)" means:

A natural, incidental or manufactured material containing 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.

In specific cases and where warranted by concerns for the environment, health, safety or
competitiveness the number size distribution threshold of 50 % may be replaced by a threshold
between 1 and 50 %. By derogation from the above, fullerenes, graphene flakes and single wall
carbon nanotubes with one or more external dimensions below 1 nm should be considered as
nanomaterials.

The definition will be used primarily to identify materials for which special provisions might apply
(e.g. for risk assessment or ingredient labelling). Those special provisions are not part of the
definition but of specific legislation in which the definition will be used.

Nanomaterials (NMs) are not intrinsically hazardous per se but there may be a need to take into
account specific considerations in their risk assessment. Therefore one purpose of the definition is
to provide clear and unambiguous criteria to identify materials for which such considerations apply.
It is only the results of the risk assessment that will determine whether the nanomaterial is
hazardous and whether or not further action is justified.

Today there are several pieces of EU legislation, and technical guidance supporting implementation
of legislation, with specific references to nanomaterials. To ensure conformity across legislative
areas, where often the same materials are used in different contexts, the purpose of the
Recommendation is to enable a coherent cross-cutting reference. Therefore, another basic purpose
is to ensure that a material which is a nanomaterial in one sector will also be treated as such when it

is used in another sector.


http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32011H0696
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32011H0696

1.1.3 Origin of Nanoparticles

Nanoparticles (NP) can be divided into:
o natural particles

anthropogenic particles formed as a by-product, mostly during combustion

o

anthropogenic particles produced intentionally due to their particular characteristics

(@]

o

(ENP, Engineered Nanoparticles or ENM, Engineered Nanomaterials)

The natural NP are divided into biogenic (such as humic and fulvic acids or virus), geogenic
(originate from geosphere as metal particles or carbon), and pyrogenic (produced during
combustion, for example the emission of volcanic fumes). The anthropogenic NP formed as a by-
product are, for example, those obtained during the combustion in internal combustion engines or
those that can be unintentionally released into the atmosphere by the work in mines.

Engineered nanoparticles represent the last frontier of the Industry. They can be further subdivided
according to the production process: “top down” or “bottom up” techniquest). Top-down
processing involves cutting or milling of a larger single sample of material to obtain the nanoscale
material in the desired configuration, while bottom-up approaches assemble smaller subunits to
obtain the larger nanoscale material through processes such as the chemical synthesis. Many top-
down applications, such as the lithographic processes used to manufacture computer chips have
been used for years, while other bottom-up approaches, such as the production of carbon nanotubes
(CNT), are relatively new.

It should be stressed that the specific technique used to produce a nanoscale material could
influence the human health risk associated with that material’®, especially when the surface
characteristixcs of the particle are modified This peculiarity must be considered in the
investigations concerning the toxic properties of nanomaterials (see below). Indeed, the extremely
small size of the ENP gives the engineered nanomaterials novel properties, mainly due to the
following aspect: an high surface area that allows the possibility, for these materials, to provide a
"wide exchange surface for the reactions, considering that the 40 - 50% of their atoms are on the
surfacel®*. Compared to the bulk, the results are a greater chemical reactivity, different physico-
chemical and electromagnetic properties. Examples of engineered NP are fullerenes and CNT, both

pristine and functionalized, and metals and metal oxides, such as TiO, and Ag NP.



1.1.4 Classification of Nanoparticles

Many NMs used in nanotechnologies consist of NPs or fibrous materials that are initially produced
as aerosols or colloidal suspensions. The Organization for Economic Co-operation and
Development (OECD) has subdivided most of NMs produced today, or about to enter the market,

into the following typest™:

- Fullerenes (C60): any molecule composed entirely of carbon, in the form of a hollow sphere or
cage. The most known of fullerenes is the C60 which consists of 60 carbon atoms, arranged to form
a sphere made up of pentagon or hexagon panels.

- Carbon Nanotubes (CNT): They may be single-walled (SWCNT) or multi-walled (MWCNT)

depending on the number of coaxial layers they are made up. Because of their dimensions

(length/diameter ratio, the aspect ratio, >3), they fall under the category of fibers, they are highly
electrostatic and appear agglomerated in beams or filaments with a diameter of approximately 20 to
50 nm. As the productive process involves the use of metallic catalysts, the final product may
contain metals, such as iron, nickel, aluminium, or cobalt.

- Metallic, metal-oxide or metalloid-oxide materials such as:

- Silver, gold and iron NPs

- Titanium and silicon dioxides

- Aluminium, cerium and zinc oxides
- Carbon black
- Polystyrene
- Dendrimers: nanoscale synthetic polymers built up from branched units (from the Greek, dendron
- tree). The surfaces of dendrimers are characterized by several chain terminals which can be
adapted enabling specific chemical functions (their use, for example, as catalysts or drug vectors
due to the inner cavities in their 3D structure)
- Nanoclays: NPs of layered mineral clays
- Nanodots: nanoscale crystalline structures made from cadmium, selenium, tellurium and sulphur;
their nominal diameter is of the order of some nanometres; they can be found suspended in a
vehiculated agent or englobed in a solid (polystyrene, polyurethane, polycarbonate, silicium).

- Carbon nanofoam: it is the fifth known allotropic form of carbon, and consists of a cluster

assembly of carbon atoms with a diameter of 6-9 nm, casually linked in a fabric-like structure. It is
an extremely light, porous semiconductor solid that exhibits magnetic properties and contains
impurities such as iron and nickel.

- Quantum dots: crystalline NPs with specific size-dependent properties due to the effects of the

quantum confinement on the electrons.



1.1.5 Physico-chemical properties of nanoparticles

One of the most active research lines in this field is investigating on whether NM exposure
represents a risk to workers’ health and to what extent the chemico-physical and chemical
properties may influence such risk. Different studies demonstrated that the presence of NM and
aerosols in various workplaces, either intentionally produced and manipulated or involuntary
released during particular physicochemical processes, may represent potential risks to workers’
health and safety, on the basis of experimental evidences supporting a correlation between exposure
and diseases affecting, in particular, the respiratory tract and the immune and nervous systems!® ).

Particular attention must be focused on the metrological aspects, since different parameters (such
as dimensions, mass, chemical composition, surface area, concentration, aggregation and
agglomeration state, water solubility, surface chemistry and morphological structure) may
contribute to the hazardous interactions of NP with the human body. The surface and the shell
properties are of great interest as they are the points through which NP come in contact with
organisms®®. As for dimensions, it has been demonstrated that they deeply influence the site of
deposition of NPs (in particular, in the respiratory tract) which is likely the alveoli for those
particles with a diameter smaller than 100 nm®*?. Also, NP may move into the cells through the
membrane and translocate, via diffusion, into other parts of the organism eluding alveolar
macrophages and penetrating into the pulmonary interstitium, although this has not yet been

demonstrated in humans™*4

. Shrinkage in size may create discontinuous crystal planes that
increase the number of structural defects and disrupt the well-structured electronic configuration of
the material'™®. The aggregation/agglomeration states may exert a major influence on deposition,
local toxicity and toxic kinetics of NP, due to significant variations of the diameter (wider in
aggregates) and of the reduction of the surface area occupied by NP; hence, the behaviour of large
NP aggregates may be compared to that of the ultrafine particles which are common air pollutant ¢
71 Aggregation/agglomeration depends upon the inner features and concentration (expressed as
number of particles per unit of volume) of NP but also upon the properties of the medium in which
they are contained (pH, ionic force, other solutes present in the medium)®.

The volume occupied by particles and the mass decrease with dimensions but, consequently, the
surface area per unit mass, as well as the potential for biological interactions, increases 1" 8. As
the particle reduces its dimensions, in fact, the percentage of atoms localized on the surface
increases depending upon the percentage of atoms occupying the rest of the volume. This may exert
a significant influence on both the charge surface composition and the catalytic activities of the
surface and may determine an increase in the number of potential reactive groups on the cell

surfacel® 1> 1829 Hence, reactive groups may, supposedly, modify the biological activity of NP and
8



may be crucial for the definition of their toxicity. For NP of the same chemical composition,
therefore, different surface areas per unit mass are extremely relevant parameter for predicting
toxicity™.

Surface reactivity is correlated with the chemical composition of the particle itself (presence of
reactive groups on the surface), surface charge (deeply influencing the deposition of particles at the
pulmonary level), catalytic activity, absorption and desorption capacities of molecules,

imperfections in crystals and impuritiest® 2°2%

. Also the porosity contributes to a significant
increase in the total surface area which is to be added to the geometric surface area®!. In some
cases, an increased surface reactivity (and a consequent increased biological activity) produces
positive effects (such as, for example, antioxidant activity, or transportation and release of
therapeutic substances, due to a large penetration capacity of NP); in other cases, toxic effects may
appear (such as the induction of oxidative stress and cytotoxicity)™ 2?21 and sometimes positive
and toxic effects may simultaneously appear * 2! Finally, surface reactivity is fundamental to
define the interactions between NP and biological macromolecules (proteins, elements of the
cytoskeleton; collagen, membrane structures, receptors, DNA, etc.). In many cases, specific
coatings may be used to modify NP surface properties, reduce their reactivity, prevent aggregation
or agglomeration, favour dispersion and keep the main properties unaltered. However, translocation
of particles from the respiratory tract to the systemic circulation can be accelerated by altering the
distribution of NP in the human body™® 33 NP shape is another fundamental parameter that
potentially affects toxicity. It is known that also porosity influences deposition and absorption of
NP in the human body.

Fibrous materials deserve separate consideration. Indeed, it is known that exposure to fibres
increases the risk of fibrosis and lung cancer after prolonged exposure. For these materials, the
major parameters for evaluating NP toxicity are doses, size and bio-persistence. The penetration of
fibres in lungs depends only indirectly upon the diameter. This is particularly true for some NPs of
great industrial interest, such as carbon nanotubes %,

On the basis of some studies®® *! the European Agency for Safety and Health at Work (EU-OSHA,
2009) has proposed to consider the following parameters to perform toxicology studies under
controlled conditions: size, shape, surface area, surface chemistry, charge (in biological fluids),

composition, solubility, crystalline structure, aggregation/agglomeration.
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Figure 1. Engineered nanomaterials physicochemical properties. Physico-chemical properties of
nanomaterials that should be considered with high priority in the toxicological assessments are outlined™".

1.2 Nanotoxicology: Health effects

1.2.1 Nanotoxicology

The growing production and use of engineered nanomaterials in workplaces, the potential exposure
risk for an increasing number of workers and the paucity of data available on health risks associated
with such compounds make it necessary to implement the knowledge regarding the potential
biological effects (either at the molecular-cellular or organ-system level). Due to the recent
production, dissemination and use of engineered nanomaterials and the complexity of exposure
assessment, no epidemiological studies and information on the toxic effect of NMs on exposed

populations are available today. Any existing information on potential adverse effects is largely
10



based on animal and in vitro studies with (human and animal) cell lines or primary cultures. The
relevance of in vitro studies for the in vivo effects may be limited, although they are useful for
screening purposed and mechanistic studies™®. Figure 2 shows the potential interactions of ENM

with the cell and subcellular structures, and indicates possible mechanisms of action of ENM.
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Figure 2. Possible interactions of ENM with the cell and subcellular structures. Suggested mechanisms
underlying nanoparticle-induced responses at the cellular level which, at sufficiently high or persistent levels,
can lead to altered tissue function and damage!®".

1.2.2 Genotoxic and oxidative effects

Most of the studies on the effects of NM have focused on high-dose exposures. Recent research
data, on the exposure to low concentration of engineered NM, however, demonstrated that they may
cause DNA damage and induce oxidative and inflammatory effects that could be involved in the
carcinogenic process®®; great uncertainty, however, still exists and results remain contradictory.
Most of these studies use carbon nanotubes and metal oxide particles which may cause, directly or
indirectly, DNA damage by induction of oxidative stress. The genotoxic effects of NM are
dependent on size, high surface area and chemico-physical properties (such as metal contaminants,

in the case of CNT, and surface charges), which determine their reactivity and aggregation state.
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These properties give NM unexpected genotoxic properties which make complex the study of their
effects and mechanisms of action?!). According to their size and state of aggregation, NM are able
to penetrate the cell by passive diffusion or receptor-mediated or protein-mediated endocytosis, then
they enter the nucleus through the nuclear membrane (if sufficiently small), through the nuclear
pore complexes or after the dissolution of the nuclear membrane during the cell division (if large or
aggregated). Once penetrated in the nucleus, they can damage the genetic material directly through
the interaction with the DNA and histone proteins or indirectly through the inhibition of nuclear
proteins involved in the processes of DNA replication and transcription. The genotoxic damage can
be indirectly induced also through the interaction with other cell proteins like those involved in the
cell division process, through the induction of oxygen free radicals, produced for instance during
triggered inflammatory processes, or through altered functionality of proteins involved in the DNA

damage recovery.

1.2.3 Respiratory effects

Given that inhalation is the primary route of NP uptake, lungs are the main target organ for NP
toxicity. Furthermore,. While airways are a strong barrier to NP penetration, in the alveoli the
interstitial thickness is of only 5 um since gas exchange between air and blood do take place at this
site. . As most of the engineered NP are present in both occupational and environmental settings as
aerosols or colloidal suspensions, the lung exposure resulting from inhalation is the most likely
route of human exposure P71 Spherical NPs deposit in lung regions according to their size and
physical structure®®. Once deposited in the alveoli, spherical NPs appear to translocate into the
pulmonary interstitial sites probably by transcytosis and, then, penetrate into the systemic
circulation. Unlike spherical NPs, fibre-like particles (i.e. carbon nanotubes) are not completely
enclosed by macrophages produced frustrated phagocytosis, and, they cannot be effectively cleared.
thereforel®®],

1.2.4 Dermal effects

Dermal exposure to NPs may induce irritative and allergic local effects on the skin that may

represent the entryway into systemic circulation. To date, few data are available on dermal risks

associated to NPs but preliminary experimental results suggest their potential ability to trigger

dermal effects and penetrate skin layers; however, today, further research on the wide range of NP

is recommended as their diffusion since dermal effects on the skin may differ significantly. For
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example, the exposure to carbon nanotubes and to TiO, NP is known to induce different dermal
effects 9% Additionally, to date, most of the knowledge in this field comes from the
pharmaceutical industry which has observed the effects of titanium dioxide (TiO;) and zinc oxide
(Zn0O) nanoparticles used in skin care formulations, whereas very little information relating to other
type of NPs is available.

1.2.5 Immunological effects

Giving special attention to the immune system is well justified in the context of nanosafety.
Immune cells are enriched close to body surfaces (like skin, airways, gastrointestinal tract), where
pathogenic microorganisms, but also nanomaterials, are most likely to enter the body. Since
engineered nanoparticles are not associated with dangerous pathogens, most immune mechanisms
do not come into play as they are not the appropriate response. Activation of cellular stress
mechanisms may occur if nanoparticles do act as stressors, but full-blown immune responses like
those involving inflammation, complement activation or antibody production are not useful and
may even be detrimental to the organism itself, so the decision of tolerance is usually the most
appropriate. Tolerance is not the same as failure to recognize non-self. The decision for tolerance is
an active one and is reinforced by immune mechanisms preventing future response, like making
reactiveT cells permanently unresponsive (anergic) or inducing regulatory T cells (Treg) which
maintain tolerance by secreting immunosuppressive cytochines***?. Innate immunity cells, and in
particular macrophages, are professional defense cells and their paramount role is to patrol the body
looking for potential dangers. In this perspective, it is likely that immune cells meet and handle
nanomaterials more frequently than many other cell types. Phagocytic immune cells are also often
the first to come in contact with nanomaterials, either in blood (for instance when NP are used in
nanomedicine), at the body surfaces (in particular respiratory mucosa, gastrointestinal tract, skin)
and the internal tissues (e.g. in case of wounds or after extravasation). The scarce data (mostly in
vitro) currently available on the potential effects of NPs on the immune system suggest that NP,
once entered the systemic circulation, might be able to interact with proteins deposited or
circulating on the cell surface, thereby exposing amino acid residues normally not exposed (cryptic
epitopes), and stimulating a potential autoimmune response!®l. Another potential damage
mechanism may be triggered by the interference with opsonization processes and, as a consequence,
with the clearance of foreign materials (i.e. microorganisms) usually eliminated by the process
itself*4. In vivo studies demonstrated a series of potential effects of CNT on the immune system.
Koyama et al, 2006 evaluated the immune response of rats to subcutaneous administration of
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single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT) for 3
months. Authors observed that this material is able to induce major histocompatibility complex
Class | and Class Il within two weeks from administration. This response could underlie the
peculiar hystopathological picture (granuloma formation) detected after lung exposure.

An indirect correlation between engineered NP and the immune system is represented by the
interaction between nanoparticles and the natural history of diseases with an immune component
such as amyloidosis. Primary amyloidosis is induced by monoclonal alterations of plasma cells
(cells normally involved in the humoral adaptive immune response) responsible for the extracellular
deposition of the fibrillar substance called amyloid. Linse et al, 2007*®! observed that the presence
of MWCNTSs induced a dose-dependent increase in the formation of the critical nucleus, a crucial
stage in the fibril formation. Therefore, the interaction with engineered NP might reveal or
accelerate the course of some autoimmune diseases.

However due to the high doses used, existing data are insufficient to conclusively express an
opinion regarding toxic effects of engineered NPs on the immune system

1.2.6 Gastrointestinal tract effects

Despite substantial ongoing research effort in the nanotoxicology field, relatively little attention has
been given to the impact, behavior and interaction of ENM in the gastrointestinal tract (GIT). The
widespread use of NM such silver, zinc, titanium and amorphous silica nanoparticles in food
packaging and drug industry, carries a clear risk of ingestion for a large proportion of the
population. Furthermore, the more widely studied inhalation route of ENM will also result in
secondary exposure of GIT following clearance from the respiratory tract. It is clear that multiple
routes exist for ENM to cross the GIT epithelial barrier and to be disseminated throughout the body,
raising the possibility that ingested ENM may have adverse effects in peripheral organs. Significant
uptake of some ENM (e.g. copper, silver and gold) has been demonstrated in animal models
following oral administration but these studies have largely focused on relatively high dosest’*%.
The highly acidic environment encountered in the stomach has been proposed to play a major role
in the toxicity of copper NP triggering release of ions®.

Most in vitro assessments of ENM uptake and toxicity in GIT cells has focused on the Caco-2
adenocarcinoma cell line. For example a range of food-related ENM, including TiO,, SiO, and
ZnO, induced significant cytotoxicity and oxidative DNA damage in cultured Caco-2 cells®?, but
the significance of these findings for real GIT exposure remains uncertain due to limitation of these
studies to non-polarized cells, which poorly reflect the GIT epithelium, and the continuing
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uncertainty about realistic exposure levels. Animal studies and cell culture models have highlighted
the potential high capacity uptake route provided by the specialized M cells and also demonstrated
that these specialized cells, which are massively outnumbered by other enterocytes, are not the only
portal for ENM penetration of the GIT wall. It is not yet clear to what extent uptake routes differ for
ENM types and the extent to which additional barrier (e.g. mucus and glycocalyx) and the changing
GIT environment affect/influence ENM uptake®®** Significant questions remain about the
potential for ENM to have adverse effects in GIT or elsewhere, via GIT uptake. To date studies
have identified several potential uptake and toxicity mechanisms that will require further research to
be fully characterized.
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1.3 Carbon nanotubes
Carbon nanotubes (CNT), a distinct molecular form of carbon atoms that was discovered in the late

1980s, were first described by Sumio lijima in 1991. Essentially, CNT are cylindrical molecules
composed solely of carbon atoms. The simplest type of CNT is the single-walled CNT (SWCNT):
this can be thought of as a single sheet of graphite rolled up to form a seamless cylinder. If a
number of sheets are rolled up to form concentric tubes, we obtain multi-walled CNT (MWCNT).
The spacing between cylinders in MWCNT is close to that of graphite (about 0.34 nm)®®!, (Figure
4),

. : 3 ' o -“,

Figure 3. Basic types of CNT, SWCNT (top left) and MWCNT (top right) with typical trasmission
electron micrographs below)?*.

The synthesis of CNT is critical in determining the structure, side-products, impurities and,
therefore, potential toxic activity of any given sample. Tube widths are dependent on synthesis, but
are generally found in the range from 0.7 to 3 nm (SWCNT)®® and from 10 to 100 nm
(MWCNT)P®). Tube lengths may be anywhere from a few nanometers to tens of microns, but
aggregates and bundles can be significantly longer and wider.

There are three major methods of CNT synthesis: arc-discharge, laser ablation and chemical vapor
deposition (CVD)®®. The underlying principle involves producing fragments of carbon that are
then reconstituted to form the tube, usually with the aid of a metallic catalyst, at quite high
temperatures (500-1200°C). It is possible to produce CNT without metal catalysts, although the
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yields are exceedingly low. The most common method of synthesis is CVD. In addition to heat
(600°C), there are three key ingredients: carbon source (e.g. methane, methanol, benzene); catalyst
support (e.g. zeolite, aluminates or silicates); metal catalyst (this is usually transition metals,
commonly Fe, Co, Ni and Mo, and sometimes a mix or alloy, of these)™. The unique and diverse
properties of CNT, in addition to the wide range of functionalities afforded by chemical
modification, allow for many exciting applications, including electronic, field emission device,
composite materials; in addition, they have numerous biological and medical applications. The CNT

have a unique absorption in the near-infrared region, which could be used for biological sensing™"

62].

Toxicity of CNT is related to the properties of CNT materials, such as their structure (SWCNT or
MWCNT), length and aspects ratio, surface area, degree of aggregation, extent of oxidation, bound
functional group(s), method of manufacturing (which can leave the catalytic residues and produce
impurities), as well as to their concentration and dosel®®’.

MWCNT can exist as compact tangles that are essentially particles (tangle-like MWCNT), or as
longer, rigid, straight fibres (needle-like MWCNT). Particle effects would be confined to the lungs
as fibrosis and cancer whilst fibres, exemplified by asbestos, are known have the same types of
pulmonary effect but to also affect pleura. Several decades of fibre toxicology have led to an
overarching fibre toxicology concept, based on length, diameter and biopersistence (the “fibre

paradigm”, Figure 5).

Long
Not completely enclosed by macrophages
producing frustrated phagocytosis ; cannot be
effectively cleared
—_ S— —
Thin {I . |
Small aerodynamic . .
diameter enables B'OperSIStent
deposition beyond the Retains fibrous shape during residence in the
ciliated airways lungs and so long fibre dose accumulates

Figure 4. Diagram illustrating a pathogenic fibre according to the pathogenicity paradigm and the role
of particles characteristics®.

The fibre paradigm identifies the geometry of fibres as their most important toxicological
characteristic®!. Diameter is important because of the central role that fibre diameter plays in

defining aerodynamic diameter (D) and the dependence of pulmonary depositions on D"l
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Clearance from sites beyond ciliated airway is dominated by slow, macrophage-mediated
clearance!® and so fibres which deposit there have the potential to contribute most to build-up of
high doses. Biopersistence and length interact in determining the clearance of long fibres from the
lungs since long fibres might undergo dissolution which could result in complete dissolution, or
most likely weakening of the fibre such that it undergoes breakage into shorter fibres, which can be
more rapidly cleared than long fibres. On the contrary, if fibres remain long (> 8 um) they are
slowly cleared as they cannot be easily engulfed by macrophages® leading to frustrated
phagocytosis. Thus, long fibres are more likely to accumulate in the lungs allowing the dose to
build up. Conversely, long fibres that are composed of bio-soluble (non biopersistent) structural
components can undergo weaking and breakage in the lungt®%!,

A study where the peritoneal mesothelium was exposed to carbon nanotubes revealed that long
MWCNT showed similar, or greater, propensity to produce inflammation and fibrosis in the
peritoneal cavity, compared to that produced by long asbestos. In contrast, neither short ashestos
fibres not short, tangle MWCNT cause any significant inflammation. Frustrated phagocytosis of

long fibres as it likely applies to asbestos and carbon nanotubes is illustrated in Figure 6.

Asbestos Carbon nanotubes
3 K % N
4. ' 4
l 1 | |
Clearance Inflammation Clearance Inflammation

Figure 5. The frustrated phagocytosis paradigm ad it relates to long and short fibres of asbestos (left)
and various forms of carbon nanotubes (right). When confronted by short asbestos fibres or tangle,
compact carbon nanotubes “particles” the macrophage can enclose them and clear them. However,,the

macrophage cannot extend itself sufficiently to enclose long asbestos or long nanoubes, resulting in
incomplete or frustrated phagocytosis, which eventually lead to chronic inflammation®?..

Overall, MWCNT with a diameter of 50nm were the most pathogenic, whereas those with a

diameter of 145nm were much less pathogenic, and those with a diameter of 15nm (tangled) were
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the least pathogenicl®. One report suggests a link between the diameter of MWCNT and their

toxicity to alveolar macrophages, with the thinner MWCNT (9.4 nm vs 70nm) being more toxic!’®.
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1.4 Amorphous silica nanoparticles
Silica refers to the chemical compound SiO, (silicon dioxide) that occurs in two specific and

distinct forms: amorphous and crystalline. The word “crystalline” implies that the silicon and
oxygen atoms are oriented and related to each other in a fixed pattern as opposed to the random
fashion that predominates in the amorphous form of silica. The most common crystalline forms of
silica involved in workplace exposures include quartz, tridymite, and cristobalite. Silica may also
occur naturally and at varying concentrations in rocks such as sandstone (67% silica) and granite
(25 to 40% silica).

Silicates are structures composed of silicon dioxide bound to cations such as magnesium,
aluminum, or iron. Examples of silicates include mica, soapstone, talc tremolite, Portland Cement,
and others. Occupational exposure to dust of crystalline silica has been shown to induce silicosis, a
chronic lung disease characterised by granulomas and several fibrosis in the lungs.[’*74.
Amorphous silicas are divided into naturally occurring amorphous silicas and synthetic forms. The
naturally occurring amorphous silicas such as diatomaceous earth usually contain significant
amounts of crystalline silica, sometimes up to 60 wt%. Certain industrial process produce silica
fume and fused silica as by-products. These materials often contain a number of impurities
including crystalline silica and should not be confused with the commercial product known as
fumed silical™. Synthetic amorphous silicas (SAS) are intentionally manufactured amorphous
silicas that do not contain measurable levels of crystalline silica and as such are not associated with
the negative health impacts attributed to crystalline silica or the naturally occurring amorphous
silicas. The synthetic forms may be classified as: wet process manufactured silica and pyrogenic
(thermal or fumed) silica. These two types of SAS can be further modified by surface treatments
(Figure 3). SAS are used in many materials such as synthetic resins, plastics, lacquers, vinyl
coatings, varnishes, adhesives, paints, printing inks, silicone rubber, fillers in the rubber industry,
tyre compounds, insulation materials, liquid systems in coating, as free-flow and anti-caking agents
in powder materials, as tooth paste additives, pharmaceuticals, cosmetics, as liquid carriers
particularly in the manufacture of agrochemicals and animal feed, and food, resulting in widespread

exposure to these materialst™®.
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SILICA
7631-86-9

Synthetic amorphous silica Amorphous silica Crystalline silica
7631-86-9 7631-86-9 7631-86-9

Cristobalite
Surface treated silica (a) Natural By-products e | 14464-46-1
Wet Thermal 67762-90-7
68611-44-9
68909-20-6
Quartz
Kieselguhr Fused silica [ LaR0se0:7
— diatornit 60676-36-0
Silica gel Pyrogenic silica (b) 21’;98";‘35%
112926-00-8 112945-52-5
Calcined (c) Silica fume Tridymite
- - — 91053-39-3 69012-64-2 L 15468-32-3
Precipitated silica
112926-00-8
Flux-calcined (d)
L 68855-54-9

* All forms of synthetic amophous silicas can be surface modified either physically or chemically; most common treating
agents are organosilicon compounds;
Pyrogenic silica is also known as fumed silica in the English speaking countries;
© By-product from electrical furnace;
4 Partial transformation into cristobalite.

Figure 6. Different polymorphs of silica with CAS No. 7631-86-9numberst™!.

Aggregates of amorphous silica of micrometer size have been used for years in oral and
dermatological formulations, other drug formulations, food, and cosmetics; hence, new
nanomaterials containing SiO, are considered low toxic and moderately biocompatible. However,
the fast growing knowledge in the nanoscience fields has confirmed that, at nano-dimension,
materials can acquire new feature. This is true also for the amorphous silica: in fact, if nanoparticle
aggregates ranging from a few micrometers up to millimeter are rather irritant but non-toxic, on the
other hand, SiO; nanoparticles (ASNP) show a dose-related toxicity inin vitro experiments. In
water, SiO; surface exhibits silanol groups (Si—-O-H). At nanoscale, the high density of silanol
groups on SiO, NPs form several siloxane framework architectures making SiO, NPs extremely
reactive and prone to be modified by environmental factors. These architectures are combinations of
closed siloxane rings, along with the spatial arrangement, pattern, and degree of hydrogen bonding
that terminate the siloxane rings at the silica NP surface; in addition, some scientists have also
hypothesized surface-associated radicals inducing ROS species. In recent years, many new
synthetic routes to produce stabilized amorphous silica nanoparticles have been developed. A few
publications demonstrate that even the synthetic procedure can influence their effects on cells and

living systems. The assessment of the structure—activity relationships for amorphous silica is,
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therefore, problematic. While crystalline silica is structurally well-defined, amorphous silica lack
long-range order, and, due to a flat energy landscape, their structures are strongly dependent on
synthetic procedures. Therefore, it is necessary to associate to each synthetic procedure an
exhaustive description of the effects produced in living organisms: (i) to explain the mechanism of
action of new materials, (ii) to open new ways on novel material application potentialities, (iii) to
create a database of material/living-systems interactions.”®%. As a consequence, due to such a
variety of possible ASNP structures, the toxicological behaviour of amorphous silica is not well

characterized.
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CHAPTER 2

AIM OF THE THESIS

The overall aim of the thesis project is the elucidation of the potential hazards of several common
types of engineered nanomaterials (ENM) evaluating their interactions with relevant cell models.
Particular attention is given to the assessment of potential toxic effects on cells of innate immunity
and to the identification of structural determinants of toxicity.

The specific aims of this study are:

e the comparison among four preparations of multi-walled carbon nanotubes (MWCNT,
suspected to have potential toxic properties analogous to those observed with other fibrous
particles, such as asbestos), with different length, morphology, and level of metal
contaminants. We have assessed the biological effects of the four MWCNT preparations on
macrophages and airway epithelial cells, in order to identify the determinants of toxicity,
thus far incompletely elucidated.

e the comparison between two preparations of amorphous silica nanoparticles (ASNP, a
material usually considered endowed with modest toxicity), characterized by different
structural features. This study assesses the capability of ASNP, of comparable size but
produced through different synthetic procedures (colloidal vs pyrogenic), to induce
macrophage activation in two murine cell lines widely employed in nanotoxicological

studies.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials
The three preparations of MWCNT (NM400, NM401 and NM402) and two preparations of ASNP

(NM200 and NM203) were obtained from the Joint Research Centre of Ispra (VA, Italy). These
materials are classified as representative test materials (RTM) and include a (random) sample from
one industrial production batch. They are within the scope of the EU FP7 project “Managing risks
of nanomaterials” (MARINA)”. Commercially available MWCNT (MWCNT-SA) were obtained
from Sigma-Aldrich (Milan, Italy, cat. No. 659258). Before the experiments, ASNP and MWCNT
were heated at 230 °C for 4h to eliminate possible contamination from lipopolysaccharide (LPS).

3.2 Cells
MH-S murine alveolar macrophages were obtained from prof. Dario Ghigo, University of

Torino (Italy). RAW264.7 murine peritoneal macrophages were obtained from the Istituto
Zooprofilattico Sperimentale della Lombardia ed Emilia-Romagna (Brescia, Italy). Cells were
routinely cultured in 10-cm diameter dishes in RPMI1640 medium supplemented with 10% FBS,
streptomycin (100 pg/ml) - penicillin (100 U/ml), L-glutamine (2 mM) and (for MH-S cells only) -
mercaptoethanol (0.05 mM) in a humidified atmosphere of 5% CO, in air. For viability
experiments, macrophages were seeded in 96-well plates, at the density of 30x10° cells. For
microscopy analysis and phagocytosis assay, they were seeded in 4-chamber glass culture slides
(BD Falcon,MA,USA), at the density of 20x10* and 25x10*, respectively. For the other
experiments, cells were seeded in 24-well plates, at the density of 20x10*.

Calu-3 cells, obtained from a human lung adenocarcinoma and derived from serous cells of
proximal bronchial airways, were obtained from the Istituto Zooprofilattico Sperimentale della
Lombardia ed Emilia-Romagna (Brescia, Italy). Cells were routinely cultured in 10-cm diameter
dishes in EMEM supplemented with 1 mM sodium pyruvate, 10 % FBS and streptomycin (100
pg/ml) and penicillin (100 U/ml) in a humidified atmosphere of 5% CO, in air. BEAS-2B, human
bronchial epithelial cells, and A549, human alveolar basal epithelial cells, were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Euroclone, Italy), supplemented with GIn (4 mM)
and 10% FBS in a humidified atmosphere of 5% CO, in air. For the experiments, epithelial cells

24



were seeded into culture inserts with permeable membrane filters (pore size of 0.4 um) for Falcon
24-well-multitrays (BD Bioscience, USA), at a density of 75x10° cells/well.

3.3 Exposure to nanomaterials
After cooling at room temperature, NM400, NM401, NM402, NM200 and NM203, were dispersed

in a stock solution at a concentration of 2.5 mg/mL by prewetting powder in 0.5% ethanol (96%
purity) followed by dispersion in 0.05 wt% Bovine Serum Albumin (BSA, A9418, Sigma Aldrich)
in water, according to Nanogenotox protocol (EU NANOGENOTOX Joint Action)®®™. MWCNT-
SA were dispersed in a stock solution at a concentration of 1 mg/mL in sterile Phosphate Buffered
Saline (PBS). After 15 min of bath sonication, working concentrations of all the nanomaterials were
obtained by serial dilutions.

For permeability experiments MWCNT dispersions were added to the growth medium at the apical
side of the permeable filter on which cell monolayers had grown.

Taking into account the volume/surface ratio of the various culture systems adopted and the use of
sub-confluent (for cytotoxicity experiments) or confluent monolayers (for other studies), we have
expressed the nominal doses as pg of materials per cm? of monolayer.

3.4 Resazurin assay
Resazurin is a non-fluorescent molecule which is converted by intracellular reductases in the

fluorescent compound resorufin (Ae, = 572 Nm). After its production, resorufin accumulates into the
medium and can be readily determinated with a fluorometer®. For the measurement of the
viability of Calu-3 cells monolayers, they were incubated for 2 hours with resazurin, added to both
the basolateral and the apical compartments. Because the culture inserts did not allow direct
fluorescence reading from the wells, the measurement has been performed on the medium of apical
chamber transferred in a clean 96-well dish. Fluorescence was measured at 572 nm with a
multimode plate reader Perkin Elmer Enspire (Waltham, Massachusetts, USA).

For macrophages, after the selected incubation periods in the presence of ASNP or MWCNT,
medium was replaced with a solution of resazurin (44 uM) in serum-free medium. Fluorescence
was read after 30 min. Since nanomaterials can interfere with viability tests, the dye was
preliminarily incubated with the four preparations of MWCNT and the two ASNP preparations (at
the maximal dose used), and the fluorescence was then measured. No fluorescence signal was
detected above the blank. Data were expressed as the % of the value obtained for the untreated

control.
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3.5 Phagocytosis assay
Fluorescent yellow-green polystyrene latex beads (2 um, Sigma-Aldrich, Milano, Italy) were

opsonized with 50% human serum for 30 min at 37°C before the experiments. After the treatment in
presence of MWCNT, macrophages were incubated for 2 h at 37 °C in complete growth medium in
the presence of latex beads (20 microspheres/cell). Cell monolayers were then washed vigorously
with PBS to remove extracellular beads, counterstained with 2 uM of the vital cytoplasmic dye
CellTracker Red CMTPX (Invitrogen, Milano, Italy) and fixed with 2% paraformaldehyde for
10 min. The number of internalized latex particles was determined by counting intracellular
fluorescent beads with a fluorescent microscope. For each culture, at least 3-5 fields containing
about 100-150 cells were analysed. Percent of phagocytosis was calculated as the number of cells

with at least one bead inside/total number of cells counted!®,

3.6 Gene expression analysis
After the selected incubation periods in presence of ASNP or MWCNT, the expression of Nos2 (in

macrophages treated with ASNP and MWCNT) and Hmox-1 (in macrophages treated with ASNP)
was assessed with Real Time PCR. 1ug of total RNA, isolated with GenElute Mammalian Total
RNA Miniprep Kit (Sigma-Aldrich) was reverse transcribed. For Real-Time gPCR, cDNA was
amplified with Go Taq PCR Master Mix (Promega, Italia, Milan, Italy), using the forward and
reverse primers indicated in Table 1 (5pmol each). The expression of the gene of interest under each
experimental condition was normalized to that of Gapdh and shown relative to its expression level

control, untreated cells following the method of Relative Standard Curve Method!®*.

Gene Protein Forward primer Reverse primer T(°C) Amplicone
size (bp)
Nos2 Nos2 5-GTT CTC AGC CCA ACA 5-GTG GAC GGG TCG ATG| 57°C 127
ATA CAA GA-3' TCA C-3'
5 5- 57°C 86
Hmox-1 HO-1 |AGGTACACATCCAAGCCGAGA|CATCACCAGCTTAAAGCC
-3 TTCT-3
Gapdh Gapdh 5-TGT TCC TAC CCC CAA TGT|5-GGT CCT CAG TGT AGC | 57°C 137
GT-3' CCA AG-3'

Table 1. Primers and temperatures of annealing adopted for RT-PCR experiments

3.7 Western blot
After treatments with ASNP, macrophages were lysed in a buffer containing 20 mMTris—HCI, pH

7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM
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B-glycerophosphate, 1 mM NazVO4, 1 mM NaF, 2 mM imidazole and a cocktail of protease
inhibitors (Complete, Mini, EDTA-free, Roche, Milan, Italy). Lysates were sonicated for 15s and
centrifuged at 12,000g for 20min at 4°C. After quantification with the Bio-Rad protein assay,
aliquots of 40 ug of proteins were mixed with Laemmli buffer 4x (250 mMTris—HCI, pH 6.8, 8%
SDS, 40% glycerol, and 0.4M DTT), warmed at 95°C for 10 min and loaded on a 8% gel for SDS-
PAGE. After electrophoresis, proteins were transferred to PVDF membranes (Immobilon-P,
Millipore, Millipore Corporation, MA, USA). Non-specific binding sites were blocked with an
incubation of 1h at room temperature in BSA 5% in TBS-Tween. The blots were then exposed at 4
°C overnight to anti-Nos2 (rabbit policlonal, 1:400, Santa Cruz Biotechnology) or anti-Actin (rabbit
polyclonal, 1:30,000, Cell Signaling Technology diluted in the same solution). After washing, the
blots were exposed for 1h at room temperature to HRP-conjugated anti-rabbit antibody (Cell
Signaling Technology), diluted 1:20.000 in blocking solution. Immunoreactivity was visualized
with Immobilon Western Chemiluminescent HRP Substrate (Millipore, Milan, Italy).

3.8 Determination of NO production
After the selected incubation periods in presence of ASNP and MWCNT, Nitrite concentration in

the culture media of macrophages treated with ASNP and MWCNT, as an indicator of NO
production, was determined through a fluorometric approach, as previously described®. The
method is based on the production of the fluorescent molecule 1H-naphthotriazole from 2,3-
diaminonaphthalene (DAN) in acid environment. For nitrite determination, 100 pl of medium were
put in wells of a black 96-well plate with a clear bottom (Corning, Cambridge, MA, USA). DAN
(20 pl of a solution of 0.025 mg/ml in 0.31 M HCI) was then added and, after 10 min at room
temperature, the reaction was stopped with 20 ul of 0.7 N NaOH. Standards were performed in the
same medium from a solution of 1 mM sodium nitrite. Fluorescence was determined with an
EnSpire plate reader (Perkin Elmer). Nitrite production was expressed in nmoles per ml of

extracellular medium (uM).

3.9 Trans-epithelial electrical resistance (TEER)
Measurements of the TEER of Calu-3 cells monolayers treated with MWCNT were made with an

epithelial voltmeter (EVOM, World Precision Instruments Inc., Sarasota, FL, USA) that produces
an AC current. Before the permeability experiments, cells were allowed to grow, usually for 10-14

days, until a value of TEER higher than 1,000 Q cm? was reached, indicating the formation of a
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tight epithelial layer. TEER changes were expressed as the percentage of the initial value adjusted

for control cell layers according to the equationt®:

final TEERtreatel initialITEERcontrd

TEERS%D = — X ——— X
final TEERcontrd initialITEERtreatel

3.10 Caspase activity (cell extracts)
Calu-3 cells monolayers treated with MWCNT-SA were mechanically detached from the filter and

centrifuged at 300g. for 5 min Pellets were resuspended in 500 pl of assay buffer (50 mM Hepes,
0.1% CHAPS, 10 mM EDTA, 5% glycerol, and 10 mM DTT) and vigorously vortexed. After
centrifugation at 12000g for 10 min at 4°C, the protein content in the supernatant was determined
with the Bio-Rad protein assay. Aliquots of 10 pg protein were distributed in each well of a 96-well
plate, along with the caspase substrate Ac-DEVD-pNA (200 uM, Alexis Biochemicals, San Diego,
CA). The absorbance at 405 nM was read with EnSpire plate reader after 16h at 37°C. Caspase
activity under each condition was expressed as the % of the value obtained for the untreated control

cells after subtraction of the blank value.

3.11 Confocal microscopy

3.11.1 Confocal laser scanning microscopy on Calu-3 cells monolayers

Confocal analysis was carried out with a LSM 510 Meta scan head integrated with an inverted
microscope (Carl Zeiss, Jena, Germany). Calu-3 cells monolayers treated with MWCNT-SA were
observed through a 40x (1.3 NA) or a 63x (1.4 NA) oil objectives. Image acquisition was carried
out in multitrack mode, i.e. through consecutive and independent optical pathways. Vertical
sections were obtained with the function Display — Cut (Expert Mode) of the LSM 510 confocal
microscope (Carl Zeiss, Jena, Germany) software (Microscopy Systems, Hartford, CT).
Reconstructions were performed from z-stacks of digital images (minimum 32 confocal sections, z-
axis acquisition interval of 0.39 um), processed with the Axiovision module inside 4D release 4.5,

applying the shadow or the transparency algorithm.
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3.11.2 Cellular internalization of ASNP

After 24h of treatment with ASNP, three washings with PBS were carried out. After fixation with
4% paraformaldehyde (PFA) for 10 min at room temperature, cells were stained with Hoechst
33342 for nuclei and rhodamine phalloidin (Invitrogen, Oregon, USA) for F-actin. The slides were
incubated at room temperature for 1h in the dark, rinsed with PBS and mounted in transparent
mounting medium (VECTASHIELD, Vector Laboratories Inc., CA, USA) prior to confocal
microscopy analysis by a ZEISS 510 Meta confocal microscope equipped with a Zeiss LSM 5
software (Carl Zeiss, Germany). ASNP were imaged in reflection mode at Aexe = 561 nm.
Qualitative confocal imaging was carried out by acquiring a series of z-stack images. Surface
rendering of z-stack images was carried out by the open-source software BiolmageXD.

3.12 Cytotoxicity analysis: live cell monolayers

3.12.1 Calcein/P1 assay

After exposure to MWCNT-SA, cell culture medium was replaced with fresh, complete medium
containing 2.5uM calcein-acetoxymethylester (Calcein-AM, Invitrogen, Paisley, UK) and 4 pg/ml
propidium iodide (PI). Calcein-AM is a non-fluorescent molecule that passively enters live cells,
where it is converted into a green fluorescent dye (calcein) by intracellular esterases. Calcein is
retained by live cells until plasma membrane is intact. Propidium iodide (P1) is a red fluorescent dye
that stains cells with compromised cell membrane binding to nucleic acids. Cells were incubated for
15 min at 37°C and then washed with fresh medium. The permeable filters were then detached from
the culture inserts and live specimens were imaged by an inverted LSM 510 Meta confocal
microscope (Carl Zeiss, Jena, Germany) while incubated with fresh medium in a Kit Cell Observer
(Carl Zeiss, Jena, Germany), which allows a fine control of temperature, CO, percentage and
humidity®®. Samples were observed through 40x (1.3 NA) or a 63x (1.4 NA) oil objectives.
Calcein, excited with a 488 nm laser with the emission recorded through a 505-530 nm band pass
barrier filter, was rendered with a green pseudo-colour. PI, excited with a 543 nm laser with the
emission recorded through a 560 long pass barrier filter, was rendered in red. MWCNT
agglomerates were imaged in reflection mode at Aexc = 633 Nm and are shown in grey pseudo-
colour. Images were then processed as previously described. For quantification of Pl-positive cells,
six random chosen fields (approximately 0.1 mm?) were analysed through a series of vertical

sections. Quantitative analysis for live/dead accounts was carried out on large areas (approximately
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1 cm?ach) of the prepared samples by high throughput (HTP) technique based on automated
epifluorescence microscopy (Nikon TE2000, Japan). HTP analysis of the data was carried out by
bioinformatics algorithm based on cell live/dead counting. To provide statistical sample
populations, two membranes where analysed for Calu-3 cells: Calu-3 exposed to MWCNT-SA for
8d and Calu-3 only as negative control. Pl or Calcein staining were recorded based on their
respective emission wavelengths. On average 400 cells were counted for each membrane. The
percentage (%) of live cells was then calculated from the counting readings as described in
equation:

Livecells(calcein

% livecells=
Total numberof cells(cell count)

3.12.2 Caspase activity in situ

After exposure to MWCNT-SA, the cell culture medium at the apical side of the cell monolayers
was replaced for 1h by fresh, complete medium supplemented with a sulforhodamine-labelled
inhibitor of active caspases (CaspaTag'™ Pan-Caspase in Situ Assay kit, Chemicon International,
CA, USA). The inhibitor covalently binds to a reactive cysteine residue. Upon washing, the bound
reagent is retained while the unbound reagent diffuses out of the cell, so that only cells with high
caspase activity remain labelled. Negative (untreated) and positive (doxorubicin, 1 puM, 24h)
controls were included in the experimental design. The permeable filters were then detached from
the culture inserts and analysed by confocal microscopy as previously described for the calcein/PlI
assay. The sulforhodamine label was excited with a 543 nm laser and its emission recorded through

a 560 long pass barrier filter.

3.13 Immunofluorescence staining: fixed cell monolayers
Cell monolayers, after treatments with MWCNT-SA were rinsed in PBS and fixed with 3.7%

paraformaldehyde (PFA) at room temperature for 15 min. Following staining procedures,
specimens were mounted on glass slides with fluorescence mounting medium (Dako Italia SpA,
Milan, cat. N° S3023) and imaged by confocal microscopy (excitation at 488 nm; emission

recorded through a 505-530 nm band pass barrier filter).

3.13.1 Proliferative activity

Actively proliferating cells were detected from the positivity to the nuclear antigen Ki-67, a protein

expressed by cells in Gy, S, G,, or M phases, but not by quiescent cells in Go®8. For this assay, cells
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were permeabilized with methanol at -10 °C (5 min), incubated in blocking solution (10% goat
serum) at room temperature, and incubated with primary anti-Ki-67 mouse monoclonal antibody
(Santa Cruz Biotechnology, (USA), 1:000 + 1.5% goat serum) for 60 min. Filters were then washed
in PBS and incubated with 1:400 Alexa 488 anti-mouse 1gG (Invitrogen, Paisley, UK) for 45 min at
37 °C. After washing in Tween 0.1%, detached filters were mounted on glass slides with mounting
medium prior to confocal imaging. Quantitative analysis of cell proliferation was carried out by
HTP technique based on automated epifluorescence microscopy (Nikon, TE2000, Japan).

At monolayer level, HTP analysis of cell proliferation was carried out by bioinformatics algorithm
based on nuclear counting and positive nuclear Ki-67-green fluorescent staining average intensity
per cell. Two stained samples containing Calu-3 cell only (negative control) and Calu-3 exposed to
MWCNT-SA for 8d were analysed based on the intensity level of localised nuclear Ki-67-green
fluorescent staining. The percentage (%) of proliferating cells was calculated from the following
equation:

Ki67 — positive fluorescerce

x100
Total cell count

% proliferatng cells=

The total cell count was based on the fluorescence intensity of nuclear staining (4',6-diamidino-2-
phenylindole (DAPI) staining, emission wavelength = 461 nm). On average, 400 cells were counted

for each well.

3.13.2 Organization of F-actin filaments

After fixation, MWCNT-SA-exposed cells were permeabilized with 0.1% Triton X-100 (10 min),
incubated for 20 min at 37°Cwith Alexa Fluor-Phalloidin 488 (10 U/ml, Invitrogen, UK). After

washing with PBS, detached filters were mounted on glass slides prior to confocal imaging.

3.13.3 NF-xB

After the treatment, Calu-3 monolayers were rinsed twice in PBS, fixed and permeabilized with
methanol at -20 °C for 5 min. After fixation, cells were washed twice in PBS and incubated in
blocking solution (3% BSA in PBS) at 37°C for 30 min. After blocking, cells were incubated with
primary anti-NF-xb p65 rabbit polyclonal antibody (Abcam16502, 1:400 in PBS 1.5% BSA)
overnight at 4°C. Filters were then washed twice in PBS and incubated with 1:400 Alexa fluor 488,
goat anti-rabbit IgG (Invitrogen) for 45 min at 37°C. Cell nuclei were stained with DAPI (4',6-
Diamidino-2-Phenylindole, Dihydrochloride) for 10 min. Detached filters were mounted (Dako,

fluorescent mounting medium) and monolayers visualized in confocal microscopy.
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3.14 He-lon Microscopy (HIM)
The helium ion microscope is a unique imaging instrument. Based on an atomic level imaging

system using the principle of field ion microscopy, the helium ion source has been shown to be
incredibly stable and reliable, itself a remarkable engineering feat. The advantages of the contrast
mechanisms offered by this instrument for imaging nanomaterials are clearly apparent due to the
high resolution and surface sensitivity afforded in the images®.

After 24h of treatments with ASNP, cells were fixed at room temperature in 2.5% glutaraldehyde in
0.1 M Serensen’s phosphate buffer (0.133 M, pH 7.3, 0.133 M Na,HPO, and 0.133 M KH,PQO,, pH
7.3) and rinsed with the same buffer. Samples were dehydrated in increasing concentrations of
EtOH (from 70% up to 100%). The final wash was carried out in absolute EtOH for 20 min. The
samples were then air dried and imaged by a Zeiss Orion Plus He-ion microscope (Carl Zeiss,
Oberkochen, Germany) using an accelerating voltage of 30 kV. Samples were transferred into the
chamber, which had undergone plasma cleaning overnight prior to loading samples, using a load
lock. The working distance was 8 mm and a 10 um beam limiting aperture was used. The probe
current was between 0.5 and 1.5 pA. Images were acquired by collecting the secondary electrons
emitted by the interaction between the He-ion beam and the specimen with an Everhart-Thornley
detector (part of the He-ion microscope system). The image signal was acquired in a 32- or 64-line

integration to each contributing line of the image.

3.15 Cytokine secretion
After the selected incubation periods in presence of ASNP, TNF- a, IL-6, IL-1p production in the

culture media of the cells was determined with the ELISA RayBio® kit (Ray Biotech, Norcross,
GA, USA). 100 pl of medium were transferred in 96-well plates functionalized with an anti-
cytokine antibody and incubated overnight at 4°C. Then, 100 ul of biotinylated antibody were
added in each well and, after 1h of incubation at RT, 100 pl of streptavidin solution were added.
After 45 min samples were incubated with 100 pl of the TMB One Step Reagent, contained in the
kit solution; after 30 min, reaction was stopped and absorbance was immediately read at 450 nm
with a plate reader. Standards were performed in the assay buffer from a solution of 50 ng/ml of the

recombinant cytokine. The cytokine amount was expressed as pg/ml.
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3.16 Intracellular reactive oxygen species measurement
After the selected incubation periods in presence of ASNP, the production of ROS was measured

using 5-(and-6)-chloromethyl-2°,7" dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,;DCF-
DA, Cat. No. C6827, Molecular Probes, Invitrogen, Grand Island, NY, USA). After treatment, cells
were incubated with the probe (5 uM) for 2h at 37°C. Cells were then washed twice with PBS and
the fluorescence was determined (485 nm e and 520 nm Aem) With a multiplate reader. Hydrogen
peroxide (6mM, one hour before adding the probe) was used as a positive control. Cell fluorescence
was visualized using a fluorescence microscope (Nikon DS5MC digital camera (Nikon Instruments
SpA, Firenze, Italy)., Tokyo, Japan). The intensity of fluorescence was expressed as Arbitrary Units
(AU) per ug of protein.

3.17 Chemicals and Reagents
FBS and culture media were purchased from Euro-Clone SpA, Pero, Milan, Italy. Pluronic F127

and CM-H,;DCF-DA (Molecular Probes) were obtained from Invitrogen SpA (San Giuliano
Milanese, Milan, Italy). The natural surfactant Curosurf®, consisting of pig lung surfactant, was
kindly supplied by Chiesi Farmaceutici SpA (Parma, Italy). The Curosurf® used in this work
contained phosphatidylcholine (73% of the total phosphorus) and 1.7 mg/ml of surfactant proteins
(SPB and SP-C). Sigma-Aldrich (Milan, Italy) was the source of all other chemicals, whenever not

specified otherwise.

3.18 Statistics
One-way ANOVA with Tukey test was used to compare TEER values and monolayer viability.

Statistic evaluation of the other effects has been performed with two-tailed t test for unpaired data.
Analyses were performed with Graph Pad Prism software version 4.00 (Graph Pad Software Inc.,
San Diego, CA). Non-linear regression analyses of viability results were performed with the same

software.

33



CHAPTER 4

CARBON NANOTUBES

RESULTS

4.1. Physico-chemical properties of MWCNT
The four preparations of MWCNT were produced through Chemical Vapor Deposition (see

introduction 1.3). According to the morphology of the tubes, we can divide the preparations of
MWCNT into two groups:

e Group 1: tangle-like MWCNT (NM400 and NM402)
e Group 2: needle-like MWCNT (NM401 and MWCNT-SA)

4.1.1 NM400, NM401 and NM402

A detailed physico-chemical characterization of NM400, NM401 and NM402 was provided in the
JRC Reports!®™. Transmission electron microscopy (TEM) showed that all the three preparations
of MWCNT have a great variation in the types and content of impurities. Al MWCNT appear to
contain a fraction of micrometric size particles. Inorganic catalyst particles are abundant in the
sidewalls of NM401 and appear to occur mainly at the tube ends in NM402 (Figure 7). NM401 is
classified as large-diameter MWCNT (ca. 70 to 80 nm average diameter), whereas NM400 and
NM402 are low-diameter MWCNT (ca. 10 to 17 nm average diameter). The average lengths vary
from 846 nm (NM400) to 4.05 um (NM401): ordered by length, NM400 < NM402 < NM401.

The composition of the MWCNT was analyzed using semi-quantitative energy dispersive X-ray
spectroscopy (EDS) and was summarized in Table 2. The major impurities in NM400 and NM402
were Al and Fe. NM401 was found to contain minor impurities dominated by Cu (0.2 wt %) and
Zn (0.2 wt %). Similar Cu and Zn contents were observed in NM400, whereas only traces of Cu
were found in NM402.
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Material C Al* Si* Fe* Co* Cu* Zn* )

(wt %) calculated”
NM400 89.81 46100 400 7600 2500 2000 1900 4.15
NM401 99.19 500 2300 2200 0.6
NM402 92.97 21100 500 29800 400 1.93

Table 2. Elemental concentrations by EDS measurements on NM400, NM401 and NM402.
*ppm by weight, # calculated by difference

Identification of the potential presence of organic contaminants was assessed by sample mass-loss
during heating using thermogravimetric analysis. NM400 showed a strong, wide exothermic peak
between 500 and 600 °C corresponding to the temperature range with high weight loss in TGA.
The first derivative showed more than one decomposition temperature for the two large samples,
indicating more than one type of carbon material. The small sample contained only one type of
carbon nanotube.

The curves for the decomposition of different NM401 masses appeared highly repeatable and the
decomposition temperature was approximately the same for all runs. However, considering also the
residual, there was a large amount of catalyst in the samples, based on which the material appears
to be non-homogenous.

The analyses of NM402 also indicate non-homogenous material. The results of TGA are

summarized in Table 3.

Main

MWCNT samples Weight catalyst (%) decomposition

temperature (°C)

NM400 16.2+2.9 563+8
NM401 18.1+6.7 729+2
NM402 10.6+0.4 55549

Table 3. TGA analysis of NM400, NM401 and NM402

XRD (X-Ray Diffraction) analyses were performed on NM400 and NM402. For NM400, impurities
were identified as Al,Os, or a closely related structure (or phase). For NM402, the crystalline

material was hematite (Fe,0s).
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The 24hour dissolution ratio of the three preparations of MWCNT was measured in three different
media: 0.05% batch dispersion BSA in water, Gambles solution (represents the interstitial fluid
deep within the lung, composed by several salts, among which sodium chloride and sodium
hydrogen carbonate are the most abundant) and Caco-2 medium (Eagle's Minimum Essential
Medium). The three media give only minor background concentrations of Si, Al, Fe, Co, and Ni,
which were the key target elements for assessing the 24 hour NM dissolution ratios.

The media were preliminarily assayed without any MWCNT, giving the media background. Then,
known amounts of the MWCNT preparations were added for 24 hours to the three media, the
background subtracted and the resulting concentrations were the 24h solubility of the impurities. In
this study, Al, Co, Fe and Ni were used as indicators for the catalyst dissolution. In the three
incubation media, Al and/or Fe are the major impurities in the three preparations of MWCNT.

The measured concentrations of Al and Fe reached percent levels in NM400 (1.0 wt % Al; 0.2 wt %
Fe) and inNM402 (1.3 wt % Al; 1.6 wt % Fe). The concentrations of the four selected elements
were too low in NM401 (< 0.06 wt %) for reliable assessment. Moreover, for NM401 and NM402,
no dissolution was detected in BSA water and Caco2 cell medium.

Finally, the specific surface area (SSA) of NM400, NM401 and NM402 are, respectively, 254,
140.46 and 226.4 m?/g.
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Figure 7. Representative TEM micrograph of NM400, NM401 and NM402.: (A) NM-400, Typical
selected area electron diffraction (SAED) pattern is shown in insert (scale bar 100 nm). (B) Example of
euhedral foreign particles - catalyst support corundum viewed down [001]. SAED pattern is shown in insert
(scale bar 200 nm). (C) NM-401, dark spots, of which two are indicated with blue arrows in the MWCNT
sidewall are catalyst impurities (scale bar 500 nm). (D) Example of “megatubes” and um-size dense
aggregates and agglomerates in the NM (Scale bar 2 um). (E) NM-402, highly dispersed MWCNT in NM-
402. (F) Image showing the structure of dense “particle” areas, which consist of highly entangled MWCNT
(scale bar 100 nm)®%.
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4.1.2 MWCNT-SA

Commercial Multi-Walled Carbon Nanotubes (MWCNT-SA), has an average diameter of 110-170
nm and an average length of 5-9 um. As by manufacturer analysis, the percentage of MWCNT
content was at least 90% with a residual amorphous carbon content present in the sample. The iron
concentration declared by the manufacturer was less than 0.1%. High-resolution transmission
electron microscopy (HR-TEM) images of MWCNT-SA showed a clean material composed mainly
of individual tubes with lengths in order of several microns and diameters ranging from 100 nm to
200 nm (Figure 8A-C), consistently with the dimensions declared by the manufacturer. HR-TEM
images did not show the presence of any iron impurities, which should be visible by TEM as black
particles because of the high diffraction contrast of this metal. Dark areas were observable on the
MWCNT-SA surface and they were associated to synthetic defects onto the graphitic structure of
the tubes. HR-TEM results were confirmed by TGA. TGA was performed on MWCNT-SA in air. A
residual ash content of 0% (corresponding to a weight loss equal to 100%) was recorded at 900 °C,
demonstrating that no detectable traces of the metal catalyst used during MWCNT-SA synthesis
were present in the sample. Additionally, the absence of weight loss below 500 °C, which is
attributed to the decomposition of organic groups in the carbon nanotubes material, confirmed that
no organic chemical contaminants were present in the MWCNT-SA sample. MWCNT, dispersed
in the same culture medium used for cellular tests, exhibited a negative { potential (-12.01 + 2.57
mV) at neutral pH. Similar to what is observed with aqueous colloidal particles and what is reported
in previous studies on carbon nanotubes, our results were indicative of a non-stable MWCNT
dispersion in culture medium (dispersion with £ potential above +30 mV or below -30 mV
correspond to stable solutions). Therefore, MWCNT incubated with the cell cultures were likely to
be in the form of aggregates when suspended in culture medium.

Cells monolayers tested in this study were therefore exposed to MWCNT aggregates, which ranged
from less than 20 um of diameter to more than 80 um. Such aggregates were persistent for several
days. Finally, SSA of the MWCNT-SA sample was 22.6 + 0.38 m*g™. This physico-chemical

characterization is largely taken from Rotoli et al .
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Figure 8. HR-TEM images of MWCNT-SA. (A-C). HR-TEM images of MWCNT on 200-mesh Cu holey
carbon grids demonstrating the absence of metal impurities in the specimen. Images B and C are
enlargements of the field showed in image A: red boxes highlight the areas analyzed in detail. Examples of
defects in the graphitic structure of the tubes, visible as darker areas on the MWCNT surface, are indicated
by arrows®Y.

4.2 Effects on macrophage viability of MWCNT
The effects on macrophage viability of four preparations of MWCNT (range of doses from 0 to 80

ng/cm?; exposure time 72h), were assessed with resazurin assay (Figure 9). In both the macrophage
cell lines, NM400 and NM402 showed a modest 40% viability decrease at the maximal dose of 80
ng/cm® A clear cut dose-dependent toxicity was evident for NM401 and MWCNT-SA, with a
marked decrease in viability detected in either cell line at doses up to 10 pg/cm?. The viability of
the two macrophage lines was completely suppressed by MWCNT-SA at the highest doses.
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Figure 9. Viability of MH-S and RAW264.7 cells after exposure to MWCNT. Cells, grown for 24h in
complete growth medium, were treated for 72h with the indicated preparations of MWCNT (range of doses
from 0 to 80 pg/cm?). At the end of the incubation, cell viability was assessed with resazurin assay. Panel A.
MH-S; Panel B. RAW264.7 cells. Data are means +/- SD of 10 independent determinations in two separate
experiments.
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4.3 Effects of MWCNT on the phagocytic activity
The effects of the four preparations of MWCNT on phagocytic activity, an indicator of functional

competence in RAW264.7 cells, is showed in Figure 10. For the experiment, RAW?264.7 cells were
treated for 24h with MWCNT at the dose of 10 pg/cm? (non-cytotoxic dose). The results obtained
showed that NM400 and NM402 did not affect phagocytosis, whereas NM401 and MWCNT-SA

produced a decrease in phagocytic activity by almost 80% .
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Figure 10. Phagocytic activity of RAW264.7 cells after exposure to MWCNT. Cells, grown for 24h in
complete growth medium, were treated for 24h with the indicated preparations of MWCNT at the dose of
10pg/cm?. At the end of the incubation, phagocytic activity was assessed (see Methods). Data are means +/-
SD of 5 independent fields (about 150 cells/field) . *p<0.05, **p<0.01 vs untreated, control cells.

4.4 Effects of MWCNT on M1-macrophage activation

Figure 11A reports Nos2 mRNA expression after 48h of treatment of MH-S macrophages with non-
cytotoxic doses (5 or 10 pg/cm?) of MWCNT preparations. Nos2 was significantly induced with
NM400 and NM402 (at 10 pg/cm?). This effect corresponded to a clear cut increase in NO
production after 72h of treatment (Figure 11C). NM400, at 5 pg/cm? determined an increase in
nitric oxide production. In RAW264.7 cells Nos2 messenger was significantly induced with NM400
(at 10 pg/cm?, Figure 11B). This effect was associated with increased nitrite production (Figure
11D). A significant increase of nitrites was registered also with NM402 at 10 pg/cm? . On the
contrary, NM401 and MWCNT-SA, did not seem to promote MH-S or RAW264.7 activation either
at 5 pg/cm? or at 10 pg/cm?,

40



A B
h *%k%
] * =

N
o o

Nos 2/Gapdh mRNA
Q
Nos 2/Gapdh mRNA
83

1 48h

_E:

N

@]

NBO
[ele]le]

Nitrite concentration, uM
Nitrite concentration, uM

Figure 11. Effects of MWCNT preparations on Nos2 expression and on nitrites productions in MH-S
and RAW264.7 cells. Cells, grown for 24h in complete growth medium, were treated with MWCNT
preparations at the doses of 5 and 10 pg/cm?, or with LPS (100 ng/ml), used as a positive control. After 48h,
MRNA was extracted and the expression of Nos2 evaluated with gRT-PCR, panels A-B. After 72h, nitrite
concentration was determined in the culture medium of the cells, panels C-D. For A and B, data are means +
S.D. of 2 independent determinations, each performed twice. For C and F, data are means of five
independent determinations + S.D. *p<0.05, **p<0.01 and ***p<0.001 vs. untreated, control cells.

4.5 Analyses in live cell monolayers
TEER measurement were carried out on Calu-3 cell monolayers to identify the responses of these

cell cultures following exposure to NM400, NM401, NM402 and MWCNT-SA (80 pg/cm?). After
8 days of exposure, TEER measurements showed that a significant decrease in TEER was
detectable with all the four preparations of MWCNT (Figure 12 A), with the highest effects for
NM401 and MWCNT-SA. Calu-3 cell monolayer integrity was biochemically assessed by resazurin
assay. After exposure to MWCNT preparations, no significant alteration of the monolayer was
detectable by this assay with all the materials tested (Figurel2B). Consistently, no increase in

caspase activity was detected in cell lysates of MWCNT-SA-treated monolayers (Figure 12C).
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Figure 12. Determination of TEER, cell viability and caspase activity in MWCNT-treated Calu-3 cell
monolayers. Cells were incubated with the indicated materials at the dose of 80 pg/cm?. After 8 days, (A)
TEER, (B) cell viability (assessed with the resazurin assay) and (C) caspase activity(assessed in cell lysates),
were determinated. For (A) and (B), four MWCNT preparations (NM400, NM401, NM402 and MWCNT-
SA) were used. For (C), only MWCNT-SA were used, while doxorubicin (1uM, 1d) was the positive
control. Data are means + SD. **p<0.01, ***p<0.001, versus control, untreated cultures.

Automated epifluorescence microscopy analysis of cell monolayers stained with calcein/propidium
iodide confirmed the resazurin measurements, showing no significant changes in cell viability when
Calu-3 cell monolayers were exposed to MWCNT-SA (data not shown). The relationship between

MWCNT aggregation and TEER decrease was investigated in the experiment recounted in Figure
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13. In this experiment, natural and synthetic surfactants were used to delay MWCNT-SA
aggregation (Figure 13A-C). The decrease in TEER, already detectable after 3 days of exposure to
aggregated MWCNT-SA (Figure 13D), was no longer observable after exposure to MWCNT-SA
dispersed in the presence of the natural surfactant Curosurf® (0.8 mg/ml). Interestingly, no
significant TEER changes were detected when the natural surfactant was used alone. The decrease
in TEER induced by MWCNT-SA was instead comparable in the absence or in the presence of the
synthetic surfactant Pluronic (1 mg/ml), which, however, produced a significant TEER decrease
even when added alone. Viability measurements (Figure 13E), performed in the same monolayers

used for the TEER determinations, indicated that no significant decrease in viability was detected

under any of the conditions tested.
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Figure 13. Effect of natural surfactant on MWCNT-SA aggregation and MWCNT-SA-induced TEER
decrease. (A) MWCNT-SA (1 mg/ml) were suspended in non-supplemented culture medium (EMEM, 1) or
in medium supplemented with Pluronic F127 (10 mg/ml, 2) or Curosurf® (8 mg/ml, 3), and the suspension
was sonicated for 30 min. The image was taken 60 min after sonication. (B, C) MWCNT-SA (80 pg/cm?)
were added to Calu-3 monolayers in the absence (B) or in the presence (C) of Curosurf® (0.8 mg/ml).
Images were taken after 3 d (bar=50 mm). (D and E) Confluent Calu-3 monolayers were incubated in normal
culture medium or in culture medium supplemented with the natural surfactant Curosurf® (0.8 mg/ml) or
with pluronic F127 (1 mg/ml). The incubation was performed in the absence or in the presence of MWCNT -
SA (80pg/cm?2). After 3 d, TEER (D) and cell viability (E) (resazurin method) were measured in the same
monolayers. Data are shown as mean (nes=4) +S.D. As a negative control, cells were incubated without
either surfactants or MWCNT. (D) ***p<0.001 versus control; NS, not significant versus control; § p<0.05
versus cells exposed to MWCNT without surfactants.
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To investigate the mechanisms underlying the discrepancy between TEER measurements and cell
viability assay in MWCNT-SA-treated monolayers, we investigated the response of Calu-3 cells by

confocal microscopy.

4.5.1 Calcein/Propidium lodide assay

Untreated Calu-3 cell monolayers accumulated calcein rather homogeneously, while very few cells
were propidium positive (Figure 14A). These findings were confirmed by analysis of vertical
sections (Figure 14B) and three-dimensional reconstructions (Figure 14C), which showed that the
untreated Calu-3 cell monolayers were planar and intact. Propidium-positive (i.e. dead) cells
appeared in Calu-3 cell monolayers exposed to MWCNT-SA for 24h (Figure 14D). However, the
distribution of dead cells was not uniform throughout the cell population because propidium-
positivity was detected mainly in the close proximity of MWCNT-SA aggregates. The vertical
section at 24h of exposure (Figure 14E), taken in correspondence of the largest aggregates, also
confirmed that the injury was restricted to cells in direct contact with the MWCNT-SA aggregate
(arrows), while the remaining portion of the monolayer preserved its viability. Interestingly, there
was no evidence of live cells present at top surface of the aggregates (imaged in reflection mode
and showed in grey as pseudo-colour). The top surface resulted to be completely cell-free, as
demonstrated in both the vertical section and the 3D reconstruction images (Figure 14F). On the
contrary, after 8d of exposure to MWCNT-SA, confocal analysis showed that the tangles were
almost covered by a monolayer of cells (Figures 14G, base of the aggregate; Figure 14H, aggregate
top). The vertical section (Figure 141) and the 3D reconstruction (Figure 14L) images evidenced
that the majority of cells lying on the top of the aggregates were dead, with a minority of viable
cells stained with green calcein (shown in Figure 14H by arrowheads). Notably, since propidium-
positive cells were detected around the aggregates of smaller sizes than those shown in Figurel4
(Figure 15) no definite threshold size of aggregates could be determined for contact-mediated
cytotoxicity. Contact-mediated cytotoxicity was also found in monolayers treated with tangle-like
MWCNT (NM400 and NM402); also in this case, propidium-positive cells were detectable in close
contact with the aggregates (Figure 16).

In addition, the contact-mediated cytotoxicity was also observed in other two airway epithelial cell
lines, BEAS-2B and A549 treated with MWCNT-SA (Figure 17).

Finally, the quantitative relationship between MWCNT-SA dose and cytotoxicity was determined
by quantifying the number of propidium-positive cells. For the concentrations range adopted (0, 15,
30, 45 and 80 pg/cm?), a significant linear relationship existed between MWCNT-SA mass
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concentration and the percentage of dead cells after 8d exposure (Figure 18A). This result was in
agreement with the TEER data which evidenced a significant linear dose-effect relationship

between the change in resistance of the Calu-3 cell monolayer and the MWCNT dose (Figure 18B).

4.5.2 Caspase activity

Confocal microscopy analysis showed that after 8d of exposure to MWCNT-SA, caspase activity
increased in several cells growing on the top of the aggregate (Figure 19A-B), whereas no caspase
fluorescence was observed in untreated monolayers (Figure 19C). When co-stained with calcein,
caspase-negative cells located at the top of the MWCNT-SA aggregates showed calcein positivity
(Figure 19A-B), exhibiting a granular intracellular distribution of the dye (arrowheads). This
distribution differed from the intracellular distribution exhibited by untreated cells (Figure 19C),
which were completely filled with calcein, with some areas of enhanced positivity. Positive control
was taken as a Calu-3 cell monolayer treated with pro-apoptotic drug doxorubicin (1 uM) for 24h
(Figure 19D). Doxorubicin-treated monolayers (used as a positive control for apoptosis) exhibited
widespread caspase activity similar to MWCNT -treated cultures, with several caspase-positive cells

and calcein-positive cells characterized by the granular staining pattern.
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Untreated

24h

MWCNT-SA treated

Figure 14. Confocal analysis of Calu-3 cell monolayers treated with MWCNT-SA. Confluent
monolayers of Calu-3 cells were incubated in the absence (A-C) or in the presence of MWCNT-SA (80
ng/cm?) for 24 h (D-F) or 8 d (G-L). Live cells are shown in green (calcein), while dead cells are visualized
in red (propidium iodide, PI) and aggregate free surface, visualized from the reflected light, in grey. (A, D,
G, and H) Single horizontal confocal sections taken at the level of the monolayer (A, D, G) or at the top of
the MWCNT-SA aggregate (H). (B, E, and I) Vertical sections taken on the plan marked by the line shown
in panels A, D, and G, respectively. (C, F, and L) Three dimensional reconstructions of z-stack confocal
images. Scale bar: 20 um. The experiment was repeated five times with comparable results.
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Figure 15. Contact-mediated cytotoxicity is observed also with small MWCNT-SA aggregates.
Confluent monolayers were incubated for 8d in the absence (A) or in the presence (B) of MWCNT-SA (80
ng/cm?), added to the apical chamber of the culture insert. Cells were pre-incubated with calcein-AM and
propidium iodide for 15 min before the observation and observed with CLSM through a 63x (1.4 NA) oil
objective. Three-dimensional reconstructions of the monolayers using the “shadow” algorithm of the
software are shown (see Methods). Signals of calcein (live cells), propidium (dead cells), and reflected light
(MWCNT-SA aggregates) are rendered in green, red, and grey scales, respectively. Bar = 10 pum.

Figure 16. Confocal images of Calu-3 cell monolayers treated with NM400 (A, al, a2) and NM402 (B,
b', b?) MWCNT (both at 80 pg/cm?®) for 8d. Live cells are shown in green (calcein), while dead cells are
visualized in red (P1). (a', a% b*, b®) Single horizontal confocal sections taken at the level of the monolayer
(a', b") or next the top of the MWCNT aggregate(a’, b%). (A, B) Three-dimensional reconstructions of z-stack
confocal images. The free surface of MWCNT aggregates is visualized in grey. Scale bars: 20 pum, a’, a%, b*,
b% 50 um, A, B. The experiment was repeated 3 times with comparable results.
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BEAS-2B
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Figure 17. Cytotoxicity induced by MWCNT-SA aggregates in BEAS-2B and A549 cells. Three-
dimensional reconstructions of z-stack confocal images of representative fields of BEAS-2B (A, B) and
A549 (C, D) cell monolayers stained with calcein-AM (in green) and propidium iodide (in red). (A, C)
Untreated monolayers; (B, D) monolayers incubated with MWCNT-SA (80 pg/cm?, 8d). Scale bar: 50 pm
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Figure 18. Dose-dependency of MWCNT-SA-induced changes in TEER and cell viability. Confluent
monolayers of Calu-3 cells were incubated in the absence or in the presence of increasing doses of MWCNT-
SA (15-80 pg/cm?). After 8d TEER was measured (B) monolayers were visualized at confocal microscope
(see Figure 12) and propidium-positive cells were counted (see Methods). Data are shown as (A) mean
values (Nest = 4) + S.D. and as (B) mean TEER changes (% of control, nes = 4) + S.D. Straight lines
represent the best fit linear regressions.

49



Figure 19. Caspase-positivity in MWCNT-SA-treated Calu-3 monolayers. Figure reports representative
confocal images of Calu-3 cell monolayers treated with MWCNT-SA (A and B) (80 pg/cm?, 8d); untreated
(C); or treated for 1d with 1 uM doxorubicin, used as a positive control for apoptosis (D). Monolayers were
stained with calcein-AM and with sulforhodamine-labelled caspase-inhibitor (for caspase activity). (A, B)
Cells adherent to MWCNT-SA aggregates showed high caspase activity. Single horizontal sections, taken at
the top of two MWCNT aggregates, are shown. (C) Representative field of an untreated Calu-3 cell
monolayer. (D) Representative field of a caspase-positive Calu-3 cell population. Caspase signal is rendered
in a blue scale, while calcein is in green and MWCNT surface is in grey. Scale bar: 10 uM.

4.6 Analyses in fixed cell monolayers

4.6.1 Cell proliferation

The positivity to the nuclear Ki-67 antigen was used to evaluate the proliferative behaviour of Calu-
3 cell monolayers incubated for 8d in the absence or in the presence of MWCNT-SA. This assay
has been widely adopted in the scientific literature to detect actively cycling cells in normal and
tumour tissues®®. Although several isolated Ki-67-positive cells were detectable in the untreated

Calu-3 cell monolayers (due to their origin from a neoplastic population with high basal
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proliferative activity), an increased presence of cells in active proliferation were detectable in

proximity and around MWCNT aggregates (Figure 20).
Field 1 Field 2

Reflection mode

itivi

Bright field Ki-67 pos

Merged

Figure 20. Confocal microscopy images of Calu-3 cell monolayers treated with MWCNT-SA (80
pg/cm?, 8d) and stained for Ki-67 positivity. Two representative fields (A-D and E-H) are shown. (A, E)
Reflection mode showing the surface of MWCNT-SA aggregates in grey scale. (B, F) Ki-67 positivity (green
scale): actively proliferating Calu-3 cells are visible in close proximity to MWCNT aggregates. (C,G) Bright
field images: MWCNT-SA aggregates appear as black masses. (D, H) Merged images of (A. B, C) and (E, F,
Q), respectively. Scale bars: 20 pm.
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4.6.2 Changes in the organization of F-actin filaments

Actin organization was investigated after exposure to MWCNT-SA and compared to untreated
control (Figure 21).Untreated cell monolayers showed evident, well-organized cortical actin and
tightly packed cells (Figure 21A). Differently, after exposure to MWCNT-SA for 8d (Figure 21B),
cells in direct contact to MWCNT aggregates changed their shape, so as to ensure a close contact
with the surface of the aggregates of nanofibers. The rest of the monolayer appeared unchanged,
thus suggesting that rearrangement took place only in focal areas in close contact with the

MWCNT-SA aggregates.

Untreated

MWCNT-SA-treated

Figure 21. Confocal microscopy images of Calu-3 cell monolayers incubated for 8d (A) in the absence
or (B) in the presence of MWCNT-SA (80 pg/cm?). F-actin filaments were stained in green. Direct contact
with MWCNT aggregates modified the organization of the actin filaments. Scale bar: 20 uM
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4.6.3 NF-xB

The nuclear factor NF-kB pathway has long been considered a prototypical proinflammatory
signaling pathway °?. The translocation of the transcription factor NF-kB into the cell nucleus was
used to evaluate the pro-inflammatory response of Calu-3 cell monolayers incubated for 8d in the
absence or in the presence of MWCNT-SA. An increased expression of NF-kB, limited to cells

adjacent to MWCNTS aggregates, was evident (Figure 22).

Projection / g \
Projection

A
o
2
1)
o
b=}
c
=
o Single plane: \
Projection NF-kB + nuclei
C
7
-
<
o
2
=

Figure 22. Confocal microscopy images of Calu-3 cell monolayers treated with MWCNT-SA (80
pg/cm?, 8d) and stained for NFkB. (A-D) Representative confocal images of cell monolayers (A,B)
untreated or (C,D) exposed to MWCNT-SA and stained for NFkB (in green) and nuclei (in blue). MWCNT-
SA were imaged in reflectance mode and are shown in red as pseudo-colour. Scale bars: 10 um (63x
magpnification). (B, D) Magnification of image A and B, respectively. Translocation of NFkB into the cell
nucleus is highlighted by arrow.
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DISCUSSION

In this part of the thesis we focus our attention on the identification of structural determinants of
toxicity, in vitro, of four preparations of multi-walled carbon nanotubes with different length,
morphology, and level of metal contaminants. It is important to study the toxicity of these materials,
because MWCNT are suspected to have potential toxic properties analogous to those observed with
other fibrous particles, such as asbestos®!. We have assessed, the biological effects of NM400,
NM401, NM402 and MWCNT-SA on macrophage cell lines and epithelial cells.

These four preparations of MWCNT are commercially available multi-walled carbon nanotubes,
and more specifically, NM400, NM401 and NM402 belong to the JCR Repository of

Representative Test Materials, and they will be likely reference materials in nanotoxicology studies.

4.7 Determinants of toxicity in macrophages
Since inhalation is the major way of interaction with MWCNT, their effects were studied on two

macrophage cell lines (MH-S and RAW264.7) which, in vivo, are the first to contact the inhaled
particles. Indeed, they are designate for engulf and digest cellular debris, foreign
substances, microbes, and cancer cells in a process called phagocytosis. They play a critical role in
innate immunity, determining the final outcome of the interaction between the organism and the
material. Airway macrophages are specialized for interacting with inhaled particles and their
exposure to MWCNT may lead to distinct types of macrophage activation, which account for
different pathologic outcomes.

To study the biological effects of MWCNT on macrophage cell lines we analyzed different
endpoints, such as cell viability, phagocytic activity and pro-inflammatory M1 macrophage
activation. The main result obtained is that NM401 and MWCNT-SA are more toxic than NM400
and NM402. The interpretation of these results requires some considerations about the structural
properties of the four preparations of MWNCT!.

From the morphological point of view, NM400 and NM402 are tangle-like MWNCT; they tend to
agglomerate in a structure like tangles, whereas NM401 and MWCNT-SA are needle-like
MWCNT, longer, rigid and straight fibres as those observed with asbestos. Moreover, significant
differences also exist for the length, with NM401 and MWCNT-SA much longer than NM400 and
NM402 (MWCNT-SA>NM401>NM402>NM400). Length has been suggested to play a critical
role in the MWCNT biological reactivity after inhalation. According to a well-established paradigm

for high aspect ratio nanomaterials, MWCNT with length superior to that phagocytic cells can
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induce inflammatory response, which is an important event contributing to tissue remodeling and
carcinogenesis®®. Indeed, MWCNT of length >8um cannot be easily engulfed by macrophages
leading to frustrated phagocytosis®*®°.

The diameter is another critical factor that must be taken into account in the toxicological
assessment of MWCNTE®"], Fenoglio et al. and Nagai et al. reported that thinner MWCNT appear
more toxic than thicker MWCNT both in in vitro and in vivo experiments. In our hands, the two
preparations of MWCNT (NM401 and MWCNT-SA) which are more toxic are also the thicker
ones. Therefore, the biological effects of MWCNT observed here do not seem to follow the
predictions of Fenoglio and Nagai.

Also metal impurities are important determinant for the evaluation of toxicity of MWNCT. Several
studies, for example, compare the toxic effects of MWCNT with an high level of Co, Fe, Mo e Ni,
and MWCNT without metal impurity, finding a greater toxicity of the MWCNT with metal
contaminants®®® ! which can diffuse in the medium of cells. In this study (see results 4.1) we have
reported no dissolution of the metal contaminants in cell medium for NM401, NM402 and
MWCNT-SA. Thus, the greater toxicity of NM401 and MWNCT-SA cannot be due to the metal
contaminants. Instead, maybe there is a correlation between the low toxicity of NM402 and the
absence of metal contaminants in the medium of cells. The very low toxicity of NM400 suggest
that the concentrations of metal impurities present in the incubation medium are too low to affect
toxicity.

Finally, after the treatments with NM400 and NM402, but not with NM401 and MWCNT-SA, in
both macrophage cell lines, we reported an increase in Nos2 expression and a corresponded increase
in NO production, markers of the pro-inflammatory M1 macrophage activation. Therefore, the two
shorts and tangle-like preparations of MWCNT, likely engulfed by macrophages, are able to
activate these cells, as opposed to long and needle-like MWNCT. The activation of RAW264.7,
after exposure to MWCNT, as demonstrated by the induction of Cox-2 and Nos2, had been
already demonstrated by Lee et al™®. Moreover, Bussy et al'®®! demonstrated that short MWCNT
enhanced pro-inflammatory and pro-oxidative response more than long MWNCT. These data and
our results suggest that phagocytosis is a main step for the M1 macrophage activation by
nanomaterials with a low acute toxicity.

In conclusion, we found that the main determinants of toxicity for macrophage cell lines, are likely
the length and the needle-like shape, which hinder, or even prevent, phagocytosis. Indeed, the
greater toxicity of NM401 and MWCNT-SA, demonstrated by the decrease in cell viability and the
alteration of functional activity, are ascribable to their greater length and to their morphological
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structure. On the contrary, reduced length and tangle-like shape (NM400 and NM402) promote M1

macrophage activation since these materials are completely engulfed by macrophages.

4.8 Determinants of toxicity in epithelial cells
Airway epithelium represents one of the first body barrier encountered by MWCNT dispersed in the

environment™®Y. An in vitro model consisting of Calu-3 cell monolayers grown on permeable filters
in a double-chamber culture system was adopted to mimic the airway epithelial barrier. Under these
conditions, Calu-3 cells, which are derived from a human lung adenocarcinoma, form tight
junctions, show strictly polarized secretory and transport functions, prevent the trans-epithelial
passage of paracellular substrates and participate in signal transduction™?%! thus representing an
in vitro model of a functional epithelial barrier. For this reason, Calu-3 cells have been used to
predict the behavior of the respiratory barrier in vivo'® and as a model to study airway
permeability to nanomaterials!®%1 Monolayers of human bronchial epithelial cells (BEAS-
2B) and human lung alveolar carcinoma cells (A549) were also used for comparison.

Given the high tendency of MWCNT to aggregate!!®%% and the presence of aggregates in the
airway walls of exposed animalst*****#13! our working hypothesis was that MWCNT aggregates
might elicit peculiar toxic responses in the lungs. Indeed, numerous in vivo studies have already
demonstrated that MWCNT, when instilled into the lungs of rodents, have the potential to cause
transient inflammatory changes, granuloma formation, and fibrosis in the lung tissue*Y). Long (>20
pum), straight MWCNT have also been shown to have the potential to cause inflammation and
granuloma formation in the mesothelial lining of the pleura, consistent with the pathogenic behavior
of asbestos. Therefore, our aim is to investigate if MWCNT produced a barrier impairment. The
behavior of epithelial cells was studied both at the monolayer (cell population) and at the single-cell
level. At a cell-population level, Trans-Epithelial Electrical Resistance (TEER) was used as an
indicator of barrier competence, caspase activity was assessed with standard biochemical assays,
and cell viability was investigated with both standard biochemical techniques and an high
throughput (HTP) technique, based on automated epifluorescence microscopy, whereas at cell level
the response to MWCNT was investigated with confocal microscopy, by evaluating cell death
(calcein/propidium iodide), proliferation (Ki-67), inflammation (NF-xB) and apoptosis (caspase
activity).

We decided to focus our attention on MWCNT-SA since they are needle-like shape and the longest
MWCNT used for this work (5-9um vs 2-6 um of NM401, other needle-like MWCNT). It is well
know that the needle-like shape and the greater length are two of the main structural parameters

involved in the fibre paradigm®!. The results presented in this study show that aggregated
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MWCNT-SA hinder the barrier properties of airway cells, as demonstrated by a dose-dependent
decrease in TEER.

We have concluded from pre-existing evidence on carbon nanotubest**® and asbestos!®¥, as well as
from our own experimental results, that aggregates of MWCNT-SA are endowed with peculiar
toxic properties, such as the ability to decrease TEER. Indeed, when MWCNT-SA aggregation
tendency was decreased with a natural surfactant, TEER decrease was prevented, indicating that it
was attributable to aggregates rather than dispersed MWCNT-SA. In addition, several findings™®
7 support our assumption that the possibility of being exposed to single MWCNT is low, due to
their tendency to aggregate into bundles. These main findings were confirmed also with NM400
and NM402 (the two tangle-like MWCNT used here) which are much thinner but nonetheless also
form aggregates as shown in Figure 16.

The importance of aggregation for the pulmonary toxicity was also proposed for single-walled
carbon nanotubes (SWCNT), leading to the speculation that the aggregation of these materials,

rather than their large aspect ratio accounted for the toxic effects™®.

In particular, foci of
granulomatous lesions and collagen deposition were associated with dense particle-like SWCNT
agglomeratest**®!. Although no changes in cell viability are detected by different biochemical assays
at the cell population level, confocal microscopy on living monolayers showed a noteworthy
difference. In particular, confocal microscopy analysis demonstrated that the viability of cells
adherent to MWCNT-SA aggregates was severely affected, as indicated by the positivity of these
cells to PI. Propidium-positive cells were already detectable after a 24 h contact with MWCNT-SA
aggregates, indicating that short-term exposure times were sufficient to induce cell death and
localized cell monolayer damage. Interestingly, cell monolayers impairment was dose-dependent
and correlated well with the TEER changes. The dose—effect relationship shown in Figure 18A
indicates that propidium-positive cells correspond to approximately 8% of the total cell population
at the maximal mass concentration of MWCNT-SA tested. This low percentage may well explain
why MWCNT-SA-induced cytotoxicity is not detected by conventional assays at whole cell
population level. Additionally, these results are in agreement with the low cytotoxicity of MWCNT
reported on epithelial models in vitro!*?” and with the transient inflammatory changes detected in

the lungs in vivo™,

Finally, the absence of a widespread damage to the cell monolayer is hardly
compatible with the potential sequestration of essential components from the medium by adsorption
onto MWCNT surface, a mechanism proposed to account for MWCNT cytotoxicity!*?. In contrast,
HR-TEM and TGA analyses (see physico-chemical results, 4.1.2) ruled out that MWCNT-SA cause
cell damage through the diffusion in the medium of toxic factors, such as possible metal or organic

contaminants, which were not detected in the MWCNT-SA preparation. The visualization of F-actin
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filaments constituting the cell cytoskeleton (Figure 21) demonstrates that Calu-3 cells react to the
presence of MWCNT-SA aggregates changing their shape and cytoskeletal organization. Thus,
similarly to what observed for SWCNT aggregates*®?, Calu-3 cells adhered actively to MWCNT
tangles, as the first step in a colonization process. A direct interaction between actin cytoskeleton
and SWCNT has been also recently described™. However, in that case, SWCNT were dispersed
and aggregates eliminated before cell treatment. In the experiment shown in Figure 21, no
dispersing agent was utilized making, therefore, unlikely a direct interaction between the actin and
the nanomaterial. Conversely, it is likely that epithelial cells reorganize their cytoskeleton to allow
an active and close adherence to the nanomaterial. It is known that the characteristics of the
adhesion surfaces have considerable consequences on the cell shape and, hence, on the cell fate!***
18] MWCNT-SA surface is highly irregular, as clearly shown by the confocal images in reflection
mode (Figure 14), and may not allow firm focal adhesions by the epithelial cells*?®*?”). In addition,
epithelial cells are more sensitive than other cell types to anoikis, a form of apoptosis promoted by
absent or wrong signals from membrane adhesion complexest?%l. Since the death process triggered
by MWCNT-SA aggregates seems asynchronous and involves individually caspase-positive cells,
we suggest that anoikis-mediated apoptosis is a likely mechanism of the localized cytotoxicity of
MWCNT-SA aggregates, although further studies are needed to confirm this form of cell death.
However, as in the case of cell viability, conventional assays of caspase activity at whole cell
population level did not detect significant apoptotic changes (Figure 12C). Singularly localized
apoptotic death would also be consistent with the relatively small inflammatory response associated
with exposure to MWCNT found in vivo*?*. Apoptosis occurrence in epithelial monolayers
exposed to nanomaterials has been also described in Caco-2 cells treated with polystyrene
nanoparticles®®®. In our in vitro model, proliferating cells were detected at high frequency in
proximity of MWCNT-SA aggregates, as evidenced by the Ki-67 positivity (Figure 20). It is
tempting to attribute this behavior to the proliferative drift due to the MWCNT-induced cell death
and the consequent loss of contact inhibition in the monolayer. Intriguingly, also the exposure of
airway epithelium to MWCNT in vivo is associated with an hyper proliferative behavior, consisting
in areas of epithelial hyperplasial™®” or “‘thickening of epithelial cell layers’’™* detected in close
proximity of nanomaterial aggregates. Moreover, we reported an increase in expression of NF-xB
only close to MWCNT-SA aggregates (Figure 22) suggesting an up-regulation of this molecular
pathway, as demonstrated in THP-1 cell exposed to functionalized MWCNT!*2. Here, we proposed
a pro-inflammatory response based on the role of NF-«xB in the expression of pro-inflammatory
genes including cytokines, chemokines, and adhesion molecules, although further studies are

needed to confirm this theory.
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In conclusion, we found that the main determinant of toxicity for epithelial cells depends on
the actual shape in which MWCNT get in contact with the cells and, in particular, if they form
aggregates. We showed that when human airway epithelial cells are exposed to MWCNT
aggregates, distinctive, localized cytotoxic effects are detectable only when adopting an advanced
imaging approach. Thus, our results not only support previous data showing the potential for
MWCNT aggregates to induce lung toxicity at relatively low doses but also provide methodological

tools for advanced imaging of MWCNT—cell interaction.
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CHAPTER 6

AMORPHOUS SILICA NANOPARTICLES

RESULTS

6.1 Physico-chemical properties of ASNP
The synthetic amorphous silicon dioxides (SAS) used in this work are produced industrially by two

general methods: wet route (precipitation) or thermal route (pyrogenesis). NM200 (colloidal silica)
was produced by wet route, in which a solution of alkali metal silicate is acidified to produce a
gelatinous precipitate that is washed and then dehydrated to produce colourless microporous silica
particles. NM203 (pyrogenic silica) was produced via the thermal route, that is burning SiCl,4 in an
oxygen-rich hydrocarbon flame to produce a fume of SiO,.

A detailed physico-chemical characterization of NM200 and NM203 was provided in the JRC
Reports 3. Primary particle size of NM200 and NM203 measured by TEM are in the range 14 + 7
nm and 13 + 6 nm, respectively. TEM analysis showed that NM200 and NM203 consist of highly
porous nanostructured materials that are agglomerates and aggregates of primary particles. The
pyrogenic NM203 seems to have more complex and branched structure than the precipitated
NM200.
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Figure 23. Representative TEM micrograph of NM200 (A-B) and NM203 (C-D). TEM micrograph of
well-dispersed sample taken for quantitative TEM-analysis; scale bar is 500nm (A-C). (B) Micrograph of
NM200, illustrating the occurrence of large agglomerates of aggregates; scale bar is 100nm. (D) TEM
micrograph showing the complex open network structure in the silicon dioxide aggregates; scale bar is
100nm.

The ASNP, NM200 and NM203 are rather homogenous and pure consisting of 96% and 99% of
Si0,, respectively. NM200 contains Al (4600 ppm), Na (8800 ppm) and S (8700 ppm) impurities
identified by ICP-OES; S and Na are present as Na,SO4 which is a by-product from the synthesis.
NM203 contained impurities of Al (4300 ppm) and S (400 ppm) identified by EDS. The TGA
analysis showed a significant mass loss below 100°C for NM200, which may be assigned to the loss
of water absorbed on the surface. NM203 exhibits a phase transition at 324°C observed by
Differential Thermal Analysis (DTA). The measured 24-hour dissolution ratio (for methods see
Results 4.1) revealed that both ASNP and the Al impurities are partially soluble in the three media
but the amounts vary considerably depending on medium, as does the relative amounts of dissolved
Al impurities compared with dissolved Si, suggesting that the solubility behaviour depends on the
medium. The evolution of O, (to measurement of hydro-chemical O, Activity) level during 24 hour
incubation was measured in the same three different media used for the measurement of dissolution
ratio. In the 0.05% BSA-water and Gambles solution NM200 showed negligible reactivity. In Caco-
2 media, a negative dose-response relation was observed with decreasing dO; level with increasing

concentration of NM200. The results suggest that NM-200 is inactive or reductive in the different
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incubation media. Conversely, in all the three media the level of dO2 increased with increased
concentration of NM-203, suggesting an oxidative reactivity.

As zeta potential is concerned, samples were stable and no sedimentation occurred during the
measurements. The average aggregate sizes measured by DLS were roughly constant over the pH
range. When dispersed in PBS, the Pdl (polydispersity index) of NM200 remained quite high (>
0.3), consistently with the presence of large aggregates, while for the NM203 no big aggregates
were seen. When NM200 and NM203 were dispersed in culture media without serum protein,
NM200 presented some turbidity as in water and a high Pdl (= 0.5), while NM203 was well
dispersed with a relatively low PdI (= 0.2). When NM200 and NM203 were dispersed in culture
media with serum proteins, an increased diameter of the particles was observed in both cases, even
if NM203 remained rather well dispersed (Pdl < 0.2). The use of different media inevitably has
influences on the measured size. Depending on ionic strength, pH and presence of proteins etc., a
corona of specific thickness is formed around the nanoparticles influencing their hydrodynamic size
Finally, the Zeta potential values measured in pure water for both ASNP, had a nominal value larger
than 30 mV, indicating a good stability of the suspension.

Both ASNP have SSA of the same order of magnitude: 189.2 m?g (NM200) and 203.9 m?/g
(NM203), as measured by the BET method.

6.2 Effects on macrophage viability of ASNP
The effects on cell viability of NM200 and NM203 (doses range from 0 to 80 pg/cm?; exposure

times 24, 48 and 72h) were assessed in both MH-S and RAW264.7 macrophage cells with the
resazurin assay. In MH-S cells a marked dose-dependent decrease of viability was recorded
throughout the range of NM200 and NM203 doses, with an larger effect observed with NM203
(Figure 24A-B). In RAW264.7 cells, NM200 caused a mild cytotoxicity, while NM203 caused a
significant dose-dependent decrease of cell viability only at 72h (Figure 24C-D). In summary, for
MH-S cells, the 1Cso values (72h) were 16.2 ug/cm? for NM200 and 3.9 pg/cm?® for NM203; for
RAW?264.7 cells the 1Cs, values (72h) were >80 pg/cm? for NM200 and 40 pg/cm? per NM203.

62



MH-S RAW 264.7

= =
s A S C
£ 1501 £ 150
o) -~ 24h o)
o - 48h o
“6 1004 -+ 72h "5 1004
> >
= 504 2 504
o o
8 <
Z ol : : . Z ol : : .
o) 05 1.0 15 20 o) 05 1.0 15 20
o o
Log [ng/cm?] Log [ug/cm?]
—~~ )
s B s D
S 150 S 150
c c
o o
o o
Y— Y—
O 1004 O 100
E 501 E‘ 50-
o i)
8 <
> ol— . . > ol— . . .
3 0.5 1.0 15 2.0 3 05 1.0 15 2.0
O o

Log [ug/cm?] Log [pg/cm?]

Figure 24. Viability of MH-S and RAW264.7 cells after exposure to ASNP. Cells, grown for 24h in
complete growth medium, were treated for 24, 48 and 72h with NM200 (A-C) and NM203 (B-D). At the end
of the incubation, cell viability was assessed with the resazurin assay. Data are means +/- SD of 10
independent determinations in two separate experiments.

6.3 Interaction of ASPN with MH-S and RAW264.7 macrophages
The internalization of ASNP was assessed in MH-S (Figure 25A) and RAW264.7 (Figure 25B)

cells after a 24h-exposure. Confocal microscopy images evidenced that ASNP (imaged in
reflectance mode) were effectively internalized into the macrophages and detected within the cells
cytoplasm (Figure 25). No significant differences in the cell internalization were evidenced between
MH-S and RAW264.7 cells when exposed to ASNP or between cells exposed to NM200 or
NM203.

MH-S (Figure 26) and RAW264.7 (Figure 27) cells were imaged by He-lon Microscopy (HIM)
after 24h-exposure to NM200 and NM203. Untreated cells cultured for 24 h were also imaged for
comparison. Interestingly, with this technique many ASNP aggregates could be found in close
proximity of the exposed cells and, in some cases, cells surface was partially or completely covered

by a ASNP layer. In general, as shown by the representative fields shown in Figures 26 and 27,
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NM203 seemed to form aggregate layers onto the cell surface more readily than NM200. Moreover,
MH-S interacted with NM200 aggregates more closely than RAW264.7 cells.

In general, as suggested by the representative fields shown in Figures 26 and 27, NM203 seemed to
form aggregate layers onto the cell surface more readily than NM200. Moreover, MH-S interacted
with NM200 aggregates more closely than RAW?264.7 cells.

MH-S cells

A MH-S cells - Untreated Brightfield Projection Rendering

Z=7.20 um from O

NM200

NM203

RAW 264.7 cells

B RAW 264.7 cells - Untreated Brightfield Projection Rendering

7=11.59 ym from 0

4

NM200

Z=6.63 um from O

NM203

Figure 25. Cellular internalization of ASNP in MH-S and RAW264.7 cells after a 24h exposure to 10
ng/cm? of the indicated ASNP. Projections and rendered reconstructions of representative confocal images
of MH-S (A) and RAW264.7 (B) cells stained with rhodamine phalloidin (F-actin, in red) and Hoechst
33342 (nuclei, in blue) are shown. ASNP were imaged in confocal reflectance mode and are shown in green
as pseudo-color. The localization of ASNP (indicated by arrows) in the cell cytoplasm is evident. Brightfield
single-plane images showing the ASNP aggregates are black spots (indicated by arrows) are also reported.
Scale bars: 10 um (63 oil objective lens).
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MH-S cells

NM200-treated
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NM203-treated

Figure 26. He-lon Microscopy (HIM) images of MH-S. (A-B) untreated, (C-E) NM200-treated and (F-
H) NM203-treated MH-S cells. (C-H) Large ASNP aggregates were visible, as well as partial or complete
coverage of cell surface. Images B, D and G are magnifications of images A, C and F, respectively.
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Figure 27. He-lon Microscopy (HIM) images of RAW264.7. (A-B) untreated, (C-D) NM200-
treated and (E-F) NM203-treated RAW?264.7 cells. (C-F) Cell surface is partially or completely
covered by ASNP. Images B, D and F are magnifications of images A, C and E, respectively.

6.4 Pyrogenic ASNP induce a stronger NO production than colloidal ASNP
Figure 28A reports Nos2 mRNA expression after 24h of treatment of MH-S macrophages with non-

cytotoxic doses (5 or 10 pg/cm?) of NM200 or NM203. Nos2 was significantly induced with either
NM200 (at 10 pg/cm?) or NM203 (at both 5 and 10 pg/cm?). This effect was confirmed at protein
level (Figure 28B) and corresponded to a clear cut increase in NO production (Figure 28C). In
RAW?264.7 cells Nos2 messenger was modestly induced compared with control (2-fold) under all
the experimental conditions (Figure 28D) but Nos2 protein appeared barely detectable only in cells
treated with NM203 and, consistently, increased accumulation of nitrites in the medium was

observed only under this condition (Figure 28E-F).
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Figure 28. Effects of ASNP (NM200 and NM203) on Nos2 expression and NO production in MH-S and
RAW264.7 cells. Cells, MH-S (A-C) and RAW264.7 cells (D-F), grown for 24h in complete growth
medium, were treated with 5 or 10 pg/cm? of NM200 and NM203, or with LPS (100 ng/ml), used as a
positive control. A-D. After 24h of treatment, mMRNA was extracted and the expression of Nos2 evaluated as
described in Materials and Methods B-E. The expression of the protein Nos2 was assessed through Western
Blot in cultures treated in parallel and extracted after 48h of treatment. A representative blot is shown, with
actin used for loading control (upper panel). In the lower panel the densitometric analysis of the same blot is
shown. The experiment was performed twice with comparable results. C-F. Nitrite concentration was
determined in the culture medium of the cells used for the experiment shown in B. For A and D, data are
means = S.D. of 2 independent determinations, each performed twice. For C and F, data are means of four
independent determinations + S.D. *p<0.05, **p<0.01 and ***p<0.001 vs. untreated, control cells. #p<0.05
and ##p<0.01 vs. 5 pg/cm?® of NM200. $p<0.05 vs. 10 pg/cm? of NM200. §p<0.05 vs. 5 pg/cm? of NM203.
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6.5 Secretion of pro-inflammatory cytokines in MH-S and RAW264.7 cells
exposed to ASNP

The secretion of the pro-inflammatory cytokines TNF-a, IL-6 and IL-1p was quantified after the
treatment of MH-S and RAW264.7 cells with NM200 and NM203 (5 or 10 pg/cm?). TNF-a,
substantially absent in the medium of control cells, was readily determined after 6h of exposure to
the two types of ASNP in both cell lines (Figure 29A-D). The production of IL-6 and IL-1p was
assessed at longer times (after 12 and 48h of treatment, respectively). In both cell lines the exposure
to ASNP produced a significant and marked increase of medium IL-6 (Figure 29B-E), which was
more evident in MH-S than in RAW264.7 cells. Also IL-1p secretion (Figure 29C-F) was promoted
by exposure to ASNP (again more evidently in MH-S than in RAW264.7 cells). In this case,
NM203 had a markedly larger effect than NM200.

6.6. ROS production and Hmox-1 induction in ASNP-treated murine
macrophages
ROS production was investigated in both macrophage lines upon a 24h-exposure to NM200 and

NM203 (Figure 30). A significant, dose-dependent increase of fluorescence, an indicator of
enhanced ROS production, was detectable in treated MH-S (Figure 30A) but not in RAW264.7 cells
(Figure 30B). NM203 had a much higher effect than NM200 (Figure 30A), with a marked, dose
dependent increase in fluorescence detected at both 5 and 10 pg/cm?® On the contrary, NM200
promoted ROS production only at 10 pg/cm? The increase of fluorescence in MH-S cells treated
with NM203 was also evident in fluorescence microscopy (Figure 30, bottom).

Hmox-1 (hemeoxygenase-1) is known to play a major role in the cell response to oxidative stress-
mediated injuries*®*. Hmox-1 expression was assessed after 6h of treatment with NM200 and
NM203. In MH-S cells, a dose-dependent increase in expression of HO-1 messenger was evident
for both ASNP, with a much higher effect with NM203 (10 and 12-fold respectively for 5 and 10
pg/cm? vs. 3 and 6-fold respectively for 5 and 10 pg/cm? for NM200) (Figure 31A). On the
contrary, in RAW264.7 cells, only NM203 caused a significant increase in the expression of

Hmox-1 compared with control (6 and 9-fold respectively for 5 and 10 pg/cm?, Figure 31B).
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Figura 29. TNF-a, IL-6 and IL-1p secretion in MH-S and RAW264.7 cells. Cells, grown for 24h in
complete growth medium, were treated with 5 or 10 pg/cm? of ASNP (NM200 or NM203, as indicated) or
with LPS (100 ng/ml) as a positive control. After 6, 12 and 48h of treatment, the indicated cytokines were
measured in the extracellular medium, as described under Materials and Methods. Panel A-B-C: MH-S;
Panel D-E-F: RAW264.7. Data are means of 3 independent determinations + S.D. **p<0.01 and ***p<0.001
vs. untreated, control cells; #p<0.05, ##p<0.01 and ###p<0.001 vs. 5 pg/cm? of NM200. $p<0.05 and
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Figure 29. ROS production in MH-S and RAW?264.7 cells. Cells, grown for 24h in complete growth
medium, were treated with 5 or 10 pg/cm? of NM200 or NM203 or with H,O, (6 mM), as a positive control.
After 24h of treatment, cells were incubated for 2h with CM-H,DCF-DA (5uM). Fluorescence was
determined as described under Materials and Methods. Top. Panel A: MH-S; Panel B: RAW?264.7. Data are
means + S.D. of 3 independent determinations, each performed twice, *p<0.05, **p<0.01 and ***p<0.001
vs. untreated, control cells; #p<0.05 vs. 5 pug/cm? of NM200. $p<0.05 vs. 10 pg/cm?. Bottom. Before the
determination of the intracellular CM-H, DCF-DA, images of representative fields were taken in phase
contrast (A-B-C-G-H-I) or with fluorescence microscope (D-E-F-L-M-N). A,D. MH-S control, untreated
cultures; B,E. MH-S, NM203 treated; C,F. MH-S, H,0, treated; G,I. RAW264.7 control, untreated cultures;
H,M. RAW264.7, NM203 treated; I,N. RAW264.7, H,0, treated. x100.
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Figure 30. Effect of ASNP (NM200 and NM203) on Hmox-1 mRNA. Cells, grown for 24h in complete
growth medium, were treated with 5 or 10 pg/cm? of NM200 or NM203 or with LPS (100 ng/ml) as a
positive control. After 6h of treatment, mMRNA was extracted and the expression of HO-1 evaluated as
described in Materials and Methods. Panel A: MH-S; Panel B: RAW264.7. Data are means + S.D. of 2
independent determinations, each performed twice. *p<0.05, **p<0.01 and ***p<0.001 vs. untreated, control
cells; #p<0.05 and ###p<0.001 vs. 5 pg/cm? of NM200; $p<0.05 vs. 10 pg/cm?® of NM200

6.7 ASNP enhance LPS effects on macrophage activation
The effects of a simultaneous exposure to ASNP and LPS on medium nitrite concentration, as a

proxy of NO production by macrophages, is reported in Figure 8. As expected (Figure 32), at the
dose employed (10 pg/cm?®) ASNP had no (NM200) or little (NM203) on NO production, which
was, instead, markedly stimulated by LPS. However, the co-treatment with both ASNP caused a
further, significant stimulation of NO production, with a much higher effect for NM203 (+52%)
compared to NM200 (+18%).
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Figure 32. Synergistic effects of ASNP and LPS on nitrite production by RAW264.7 macrophages.
RAW?264.7 cells, grown for 24h in complete growth medium, were treated with 10 pg/cm? of NM200 or
NM203 in the absence or in the presence of LPS (10 ng/ml). After 48h of treatment, nitrite concentration was
determined in the culture medium. Data are means + S.D. of 3 independent determinations. *p<0.05 and
***p<0.001 vs. untreated, control cells; &p<0.05 and &&&p<0.001 vs. LPS.
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DISCUSSION

This part of the thesis is focused on the identification of structural toxicity determinants of two
preparations of amorphous silica nanoparticles of comparable size, but produced through colloidal
(NM200) or pyrogenic (NM203) processes. Here, we compare the ability of the two two
preparations to exert toxic effects and to induce activation in two murine macrophage cell lines.
Macrophages are particularly sensitive to ASNP compared with other cell types and are thought to

play a crucial role in the toxic response to these nanomaterials®®’.

6.8 Determinants of toxicity
Amorphous silica is considered to be safer than crystalline silica and is integrated in a wide variety

of commercial materials for human use, such as pharmaceutical products, paints, cosmetics and
food. The toxicity of crystalline silica has been studied extensively since this material is considered
the toxic form of inhaled silica. For instance, it is well known that exposure to quartz particles can
induce fibrotic lung alterations characterised by diffuse fibrosis and characteristic granulomas or
silicotic nodules™®**1. However, whereas crystalline silica is well defined structurally, the
structure of amorphous silica is strongly dependent on kinetic and environmental factors. Due to
such variety of possible ASNP structures, the toxicological behaviour of amorphous silica is not
well characterized.

Several studies have reported that pyrogenic ASNP are more reactive than colloidal ASNP. In an
inhalation toxicity study in Wistar rats, Art et al.l”®! demonstrated that daily exposure to pyrogenic
and colloidal ASNP for five consecutive day results in treatment-related adverse effects in the
respiratory tract. At the highest doses used, pyrogenic silica induced more pronounced increases of
lung inflammation markers than the colloidal form. Although ASNP clearance from the lung of
exposed animals was rapid and inflammatory changes were transient for all the nanomaterials,
histopathological changes were different for the two materials and more severe for pyrogenic
ASNP. In particular, all the animals exposed to the highest dose of pyrogenic ASNP (25 mg/m®)
developed macrophage aggregates (an initial step in granuloma formation) in tracheobronchial
lymph nodes, similarly to animals exposed to quartz.

High reactivity of pyrogenic ASNP for macrophages has also been described in several in vitro
studies. For instance, in MH-S macrophages, pyrogenic ASNP were remarkably more active than

colloidal ASNP as far as reactive oxygen species production, nitric oxide synthesis and secretion of
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TNF-o are concerned™**®!. Moreover, pyrogenic, but not colloidal ASNP induce a dose-dependent
increase in IL-1B in THP-1 macrophages®”. However, examples also exist in which pyrogenic
ASNP are less reactive than non-pyrogenic counterparts. For instance, Sandberg et al.**¥ indicate
that ASNP produced by a sol-gel process elicit a greater IL-1f secretion by LPS-primed
macrophages than pyrogenic counterparts, when compared on a surface basis.

The results presented in this work indicate that pyrogenic ASNP have greater cytotoxic and
activating effects than colloidal counterparts on innate immunity cells. In particular, NM203 is
more cytotoxic than NM200 for both the macrophage lines used, suggesting that production by
thermal process is correlated to the presence of important toxicity determinants, as indicated by the
lower ICsq values obtained for NM203. Pyrogenic ASNP also cause higher levels of oxidative stress
than NM200 and trigger a clear cut anti-oxidative response at gene level.

Moreover, higher levels of all the pro-inflammatory parameters tested (Nos2 induction at both
protein and gene level, NO production, TNF-a, IL-6 and Il-1f secretion, synergy with LPS) were
recorded in NM203-treated cells, pointing to a significantly greater ability to promote M1-
activation by pyrogenic compared with colloidal ASNP. In these experiments, non-cytotoxic or
poorly cytotoxic doses (as demonstrated by viability test) were used. Importantly, although, overall,
the effects were more evident in MH-S cells than in RAW 264.7, the rank of toxicity
(NM203>NM200) was consistently observed for all the effects in both macrophage cell lines. These
results are consistent with other recent studies that have reported higher reactivity of pyrogenic
ASNP towards macrophages®3!,

Pyrogenic ASNP generate more hydroxyl radicals than colloidal silica and, therefore, NM203, but

(1331 Also Pavan et al.l”® correlated the more evident

not NM200, exibit oxidative reactivity
hemolytic activity of pyrogenic ASNP to their higher potential to induce ROS formation. On the
other hand, it is known that the activation of inflammatory cells is associated with oxidative
stress™°!. Thus, it is tempting to attribute the higher cytotoxicity and the greater pro-inflammatory
responses induced by NM203 in both macrophage cell lines to higher levels of oxidative stress.
Actually, pyrogenic ASNP were more powerful than colloidal ASNP as inducers of Hmox-1, one of
the most sensitive and reliable indicators of the cell response to oxidative stress and a parameter
linked to inflammation triggering®****2. Moreover, Hnox-1 induction is more evident in MH-S
cells than in RAW264.7, paralleling the behaviour of pro-inflammatory parameters, thus reinforcing
the hypothesis that the level of oxidative stress is linked to the strength of the pro-inflammatory
activation. It is also noteworthy that the fluorescein test revealed increased intracellular ROS
production only in MH-S cells, treated with NM203 (Figure 30), but neither in RAW264.7 cells nor

in MH-S treated with NM200. It is important to emphasize that the absence of fluorescein-positive
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ROS production and Hmox-1 induction in the same cells, as in the case of RAW264.7 cells treated
with NM203, are not necessarily conflicting results. Indeed, the two assays are sensitive to different
signals. While Hmox-1 expression has been extensively regarded as an adaptive cellular response
against oxidative injury by various stressors™, the CM-H,DCFDA assay is highly sensitive to
OHe but not towards O2+- 142,

In MH-S cells exposed to ASNP, a significant, the dose-dependent increase of IL-1f, particularly
evident in NM203-treated macrophages, pointed to the activation of the inflammosome, as already
reported®*®1 However, those studies were performed on monocytes-macrophages primed with
phorbol esters (in the case of THP-1cells) or with LPS (in the case of RAW264.7 cells) exposed to
high doses of ASNP (50-200 pg/ml). Conversely, in this study we demonstrated the activation of
inflammosome in naive macrophages exposed to relatively low doses of ASNP. Since maturation of
IL-1beta is tightly regulated by NLRP3, one of the four inflammosome types, these results would
suggest that even low doses of pyrogenic (and, less evidently, of colloidal) silica are able to
stimulate both 111 expression and prolL-1f processing.

In the attempt to identify the mechanism(s) underlying the different biological reactivity of the two
materials, the surface properties of pyrogenic and colloidal ASNP have been extensively studied
with opposing results. One study, performed in MH-S cell, reported that colloidal and pyrogenic
ASNP do not obviously differ as far as internalization is concerned, although the TEM images
shown in that contribution do not allow a clear cut identification of the subcellular compartment in
which NP agglomerates localize!*®!. On the contrary, another study demonstrated that pyrogenic
ASNP were mostly associated with the external cell surface membrane, while the colloidal ASNP
were taken up by THP-1 (as well as by the bronchial epithelial BEAS-2B cells)®™. In the present
contribution, while confocal images pointed to the internalization of both NM200 and NMZ203,
helium ion microscopy analysis showed a different interaction of ASNP with the cell surface
(Figures 26 and 27). NM203 seemed to form readily detectable aggregated layers onto the plasma
membrane of both macrophage lines so that the cell surface was completely covered by the
nanoparticles. These data would suggest that the greater toxicity of NM203 could be due, in part, to
a closer interaction with the cell surface.

Surface chemistry of NP may also determine the ability of nanomaterials to bind macromolecules
present in biological media or environmental contaminants, such as the bacterial lipopolysaccharide
(LPS, endotoxin). It is likely that the binding to these molecules markedly affects the bio-reactivity
of the NP. For instance, as far as ASNP are concerned, Shi et al™***! recently reported that LPS and
ASNP have synergistic cytotoxic and oxidative effects on A549 lung epithelial cells. Recently, we

demonstrated that the interaction between TiO, NP and LPS strongly potentiates macrophage
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activation, suggesting that the presence of environmental contaminants may enhance the pro-
inflammatory activity of nanomaterials™!. Consistently, we report here that also ASNP synergized
LPS effects on macrophage activation, with a much higher effect observed for the pyrogenic
NM203. This effect supports the possibility that the higher activity of pyrogenic ASNP can
effectively derive from their different surface properties. If this hypothesis would be verified, an
additional mechanism of toxicity may be proposed, consisting in the greater capability of pyrogenic
ASNP to bind biologically active compounds, such as LPS, thus enhancing their effects. These data
suggest that the toxicity of pyrogenic ASNP may be of particular concern in subjects presenting
inflammatory or infectious conditions.

In conclusion, we found that the preparation route, modifying the surface properties of the NP,

constitutes a main determinant of toxicity of ASNP.
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CHAPTER 7

CONCLUSION

This thesis concerns the assessment of the toxic effects of ENM on the cells of innate immunity
and the identification of structural determinants of toxicity. We focused our attention on two
distinct types on ENM: multi walled carbon nanotubes (MWCNT) and amorphous silica
nanoparticles (ASNP), both widely used in many industrial fields and produced in tonnage
quantities.

The results obtained demonstrate that determinants of toxicity are strongly dependent by several
parameters, mostly material-specific.

As far as MWCNT are concerned, several physico-chemical or structural properties could become a
determinant of toxicity, depending on the cell type or the biological endpoint considered. For
example, we reported that length and the needle-like shape are the main determinants of toxicity for
macrophages but not for epithelial cells. For the macrophages, phagocytosis represents, at the same
time, the main step for material clearance but also for cell activation. We showed that, the greater
length and the needle-like shape can hinder, or even prevent, phagocytosis, whereas, reduced length
and tangle-like shape can promote macrophage activation since these materials can be completely
engulfed by macrophages. In contrast, for epithelial cells, we found that the main determinant of
toxicity depends on the actual shape in which MWCNT get in contact with the cells and, in
particular, if they form aggregates.

The presence of metal impurities, attributable to the synthetic procedures, is usually considered
another important parameter. However, metal contaminants did not seem to be relevant under our

conditions, possibly for their relatively slow dissolution in the culture medium.

As far as ASNP are concerned, our data reported that, given comparable sizes and specific surface
areas, a main determinant of toxicity is the preparation route. The results presented here
demonstrate indeed that pyrogenic ASNP are more toxic and potentially inflammogenic than
colloidal ASNP. The toxicological profiles analyzed here suggest the greater toxicity of pyrogenic
ASNP may be attributable to its framework structure and its more reactive surface chemistry, both
caused by high-temperature synthesis. Moreover, we found that this surface chemistry may also

increase the ability of nanomaterials to bind macromolecules present in biological media or
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environmental contaminants such as the bacterial lipopolysaccharide (LPS, endotoxin), thus
markedly increasing their bio-reactivity.

In conclusion, this thesis highlights that determinants of toxicity of nanomaterials are strongly
dependent by several parameters, which may be specific for different groups of materials. The
growing production and use of engineered nanomaterials in workplaces, the potential exposure risk
for an increasing number of workers make it necessary to implement the knowledge regarding the
potential biological effects. Thus, the identification of these determinants appear essential for a

“safety-by-design” approach.
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