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All is poison, nothing is poison,
only the dose matters

Paracelsus (1493-1541)
Swiss alchemist and physician






Foreword to the French Edition

Science moves forward inexorably, and the ever more powerful means of inves-
tigation at its disposal provide a continuous supply of new discoveries and
novel applications. The same is also true in the nanosciences. History has
shown that scientific progress can lead to worldwide benefits, but sometimes
also to unprecedented human disasters. This observation is not restricted to
the products of the nanotechnologies, but the development here may be taken
as an opportunity for a documented raising of awareness regarding their risks,
consulting the general public on broad scale, and above all, informing the
whole of society as objectively as possible.

Indeed, the very real problems raised by asbestos and the questions posed
by the unknown long term impacts of genetically modified organisms (GMO) —
more and more common in our everyday food supply — have caused consid-
erable discord between the scientists who develop them, the companies who
wish to industrialise them, and the consumer organisations. This kind of con-
troversy is broadly covered by the media, with a view either to warn the public
on behalf of competent and responsible organisations, or to achieve more or
less dubious political ends.

The real problem here is to carry out a rigorous investigation of the poten-
tial dangers and risks raised by the use, development, and commercialisation of
current or new products likely to threaten people’s health or the environment,
with harmful consequences for future generations. There is no doubt that the
specific properties of nanoscale objects can radically enhance their chemical
reactivity, and transform their electronic or magnetic behaviour, sometimes
increasing their capacity to enter deep into living systems.

This book is the last of four volumes providing as complete a picture as
possible of the current state of our knowledge in the nanosciences. The voca-
tion of the series is didactic, aimed at graduate students, research scientists,
and engineers. From a scientific standpoint, it reviews the state of the art
in nanobiotechnology and nanotoxicology. But what is novel in this fourth
volume is that it emphasises the efforts made by researchers to cater for the
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consequences of their work, and the ways engineers set up safety systems when
potentially dangerous products go into mass production.

To my knowledge, this is the first book in which scientific knowledge and
ethical and social recommendations can be found side by side, along with
specific policies developed by national and international authorities to handle
the potential problems of nanotechnology.

President of the French National Ethical Committee Alain Grimfeld
Hopital Armand-Trousseau, Paris August 2007
University Pierre and Marie Curie, Paris
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Nanotoxicology studies the toxicity of nanomaterials, nanoparticles, and more
generally, any naturally occurring or man-made objects with dimensions in
the range 1-100 nanometers. Such small dimensions induce specific properties,
making these objects much more reactive, for example, than larger ones, and in
particular, they allow them to pass through certain natural biological barriers.
The potentially harmful effects that may result thus constitute one of the quite
legitimate reasons for the concern they inspire.

A key objective of this book is to set out some up-to-date scientific studies
of nanotoxicity, and exemplify the preventive measures taken during fabri-
cation or manipulation of nano-objects. Another is to describe the way the
public is informed about these new scientific discoveries, and also the legal
arrangements currently under preparation for regulating their use.

Considering the controversy to which the nanosciences have given rise — as
witnessed for all forms of scientific innovation — it seems important to expose
the ethical considerations taken into account in the context of nanotechnology.
Indeed, scientists have been questioned, sometimes forcefully, about the social
consequences of their research, and it seems opportune to set up a responsible
debate between the so-called hard sciences and the social sciences from the
very beginning of any scientific project with wide-ranging industrial and social
impacts. Such attempts to raise public awareness are of course relevant both
on the national and international level.

The book is divided into five main parts. The first two concern nanotoxi-
cology, and are purely scientific, providing specific examples of the potential
or proven impacts of nanoparticles on humans and on the environment. The
last three concern nanoethics. After a brief introduction to the basic ethical
issues, there is a fairly exhaustive discussion of the implications for national
and international authorities regarding the way the public demand for infor-
mation is being treated, and also regarding the degree of transparency with
which current developments in nanotechnology are being presented, as well as
the need for rigour, responsibility, and caution in their use.
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The reader will thus find one of the first books to combine both scientific
and societal aspects of an emerging field, containing many references for each
of its disciplines.
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Introduction. Nanomaterials
and Nanoproducts: World Markets
and Human and Environmental Impacts

Eric Gaffet

Nanotechnology and nanoscience lie at the meeting point of many disci-
plines, from physics to chemistry, biology, and mechanics. Today they have
become established as one of the main fields of research for the coming years.
The first volume of this series, entitled Nanoscience: Nanotechnologies and
Nanophysics, shows how useful it can be to structure matter on the nanoscale,
with implications in fields as disparate as magnetism, data storage, biology,
and electronics, with the development of completely new components, e.g.,
near-field techniques, lithographic processes, fullerenes, and spin electronics.

The second volume, Nanomaterials and Nanochemistry, presents a com-
plete overview of nanomaterials, their fundamental properties, and novel
applications that may come from fullerenes, carbon nanotubes, and other pre-
viously unimagined materials. This book provides a broad panorama of the
main methods used to synthesise nanomaterials, and the resulting production
processes, not forgetting the self-assembly of complex structures, one of the
most promising channels of investigation opened up by nanochemistry.

The third book in the series, Nanoscience: Nanobiotechnology and Nano-
biology provides an exhaustive and accessible overview of biological nano-
objects, building blocks for existing and future constructions. After detailing
the methods used for investigation in nanobiotechnology, there is a review of
the many current and potential applications here, such as the synthesis of
activatable nanoparticles able to accurately target cancer cells.

Coming directly from laboratory work in a highly accelerated way com-
pared with other fields of research, the introduction and implementation
of nanomaterials in nanoproducts has already become an industrial and
economic reality. As in other industrial sectors, it is important to consider
the social consequences (nanoethics) and the impact of these novel products
on both human health and the environment (nanotoxicity), in order to avoid
possible risks in the future. This is indeed a crucial issue to guarantee a respon-
sible development of nanomaterials and nanotechnology, and it is the subject
of the present volume.
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1 Nanotechnologies

This field of research and development consists in building structures, devices,
and systems using processes for structuring matter on the atomic, molecular,
and supramolecular level, with characteristic length scales of 1-100 nanome-
tres (nm). These so-called building blocks form a relatively small fraction of
nanomaterials in terms of the quantity produced. In the field of nanomaterials,
one must also consider nanoparticles and nanostructured coatings, but also
dense bulk materials and nanocomposites (with organic, inorganic, or metallic
matrices).

Matter is expected to behave in new ways, owing to the relative importance
of the laws of quantum physics that find their full expression on this length
scale. Many industrial and medical applications are currently being developed
at a tremendous rate, and some have already been fully implemented.

For these reasons, one may consider the advent of the nanosciences (nano-
technology and nanomaterials) as a turning point in the industrial develop-
ment of the twenty-first century.

2 Nanomaterials

A nanomaterial can be defined as a material made up of nano-objects, for
which at least one of the three physical dimensions lies in the range 1-100 nm,
and displaying specific nanoscale properties. These nano-objects may be par-
ticles, fibres, or tubes (one speaks of fillers and strengtheners), or structural
constituents.

These nano-objects are used either as-is, e.g., catalysts for chemical reac-
tions, vectors for carrying medicines to target cells, substances for polishing
wafers and hard disks in microelectronics, etc., or for synthesising nanomate-
rials. The latter fall into three categories:

1. Nanostrengthed Materials. The nanobjects are incorporated or produced in
a matrix in order to ensure some new functionality or modify its physical
properties. A good example is provided by nanocomposites, where these
modifications improve resistance to wear.

2. Surface-Nanostructured Materials. Here the nano-objects are used to con-
stitute a surface coating. Fabrication procedures for these coatings exploit
techniques of physical deposition like physical vapour deposition (PVD),
electron beams, laser ablation, and so on, or techniques of chemical depo-
sition, like chemical vapour deposition (CVD), epitaxy, sol-gel, and so on.

3. Bulk-Nanostructured Materials. Nano-objects can also be constituents of
bulk materials which, through features of their intrinsic nanometric struc-
ture, like porosity, microstructure, or nanocrystalline lattice, display spe-
cific physical properties.
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3 Social and Economic Aspects

3.1 Nanotechnology and Nanomaterials Markets

The European Commission estimates that the world nanotechnology mar-
ket was slightly above 40 billion euros in 2001. But by 2008, the global
market for products resulting from nanotechnology was expected to reach
more than 700 billion euros. In 2010-2015, the economic consequences of
nanotechnologies should weigh in at around 1000 billion euros per year, if
all sectors are included, according to the US National Science Foundation,
with some 340 billion euros of this specifically in the area of nanomaterials
(Hitachi Research Institute). As a consequence, nanotechnological enterprises
may directly employ 2 to 3 million people in the world.

3.2 Financing in France

The study [1] assessed public investment in the nanotechnologies. It shows
that France is making a considerable effort in this direction. According to this
study, taking into account the whole range of credits made available and the
means allocated in this field by the French national research organisation
(CNRS) and the French atomic energy authority (CEA), including staffing
costs, the final figure is 551.6 million euros without including tax, or 637 mil-
lion euros all included, for 2003. However, although it is sometimes possible
to identify a specifically nanotechnological activity, such a distinction cannot
always be made, and would generally have little meaning.

Quantitatively speaking, there is a very significant level of public funding
in the field of nanotechnology and nanomaterials in France, both in absolute
value and also in relation to France’s main European partners, i.e., Germany
and Great Britain. But this financing is well below the level in Japan and the
United States.

In France, since 2005, calls for national programmes (ANR, A2, etc.)
have supported coordinated assessment of the effects nanoparticles may have
on health. Eighteen months after the recommendations made by reports from
the French agency for health and safety at work and in the environment
(Agence francaise de sécurité sanitaire de 'environnement et du travail AFS-
SET) [2] and the French commission for prevention and safeguards (Comité
de la prévention et de la précaution CPP) [3], which stress the need to coor-
dinate ways of controlling risks on a national, if not European, level, a panel
of experts was set up within the French public health authority (Haut Conseil
a la Santé Publigue HCSP), with the title Groupe de veille sur les impacts
sanitaires des nanotechnologies (GVISN).

This interministerial watchdog is briefed to provide analyses and make
recommendations with regard to relevant questions raised either within or
outside the group, in order to provide the government (the Ministry of Health
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and other ministries that may be concerned by this subject, such as envi-
ronment, agriculture, research, and industry) with the support and advice
it will need to define policy and handle new issues raised by nanomaterials
and nanotechnology with regard to health and safety. At the beginning of
2009, on the basis of information provided by the GVISN, the HCSP made a
pronouncement regarding carbon nanotubes [4].

At the end of 2005, all governments taken together had spent some 18
billion dollars to finance the nanotechnology and nanomaterials sector. With
close to 6 billion dollars more in 2006, it was estimated that this world level
of funding had equalled the whole of the Apollo programme which took men
to the Moon.

3.3 Production and Applications of Nanomaterials
World Market

There are many applications of nanomaterials, as can be seen from Table 1
[5]. The world nanoparticle market for energy applications was estimated as
around 54.5 million euros in 2000 and was expected to reach 77 million euros
in 2005, i.e., a mean annual growth rate of 7%. This market has been driven
by increasing awareness of the need to protect the environment. Nanoparticles
are used for catalysis applications in the car industry, ceramic membranes, fuel
cells, photocatalysis, propellants and explosives, antiscratch coatings, struc-
tural ceramics, and thermal spray coatings.

The world nanoparticle market for biomedical, pharmaceutical, and cos-
metic applications [6] was estimated at 85 million euros in 2000 and was
expected to reach 126 million euros in 2005, i.e., a mean annual growth rate
of 8.3%. This is the market represented by the inorganic particles used to
produce antibacterial agents, biological tags for research and diagnostics, bio-
magnetic separation processes, drug carriers, contrast media for magnetic res-
onance imaging (MRI), orthopedic devices, and solar protection screens.

The worldwide annual production of nanocomposites currently amounts
to just a few thousand tonnes, mainly in cabling and packaging. However, by
2010, this production is expected to leap to 500 000 tonnes per year. Markets
have been identified in the transport, engineering, and high technology sec-
tors, due to the potential these materials have for strengthening structures
while making them lighter, together with different design possibilities, e.g.,
reduction of thickness.

By 1995, the production of carbon black had already reach around 6 mil-
lion tonnes per year worldwide. By 2005, global production was estimated
at 10 million tonnes. The production of silica is around 300000 tonnes per
year, while titanium oxide has reached some 3.5 million tonnes for particles
with micrometric dimensions, and close to 3800 tonnes of nanoparticles were
produced in 2000. The volume of aluminium nanoparticules is estimated at
around 100 tonnes per year worldwide.
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Table 1. Applications of different types of nanomaterial

Nanomaterial Field of application

Nanoceramics Structural composite materials
Anti-UV components
Mechanochemical polishing of wafers in microelectronics
Photocatalysis applications

Nanometals Antibacterial and or catalysis sectors
Conducting films for screens, sensors, or energy gener-
ating materials

Nanoporous materials Aerogels for thermal insulation in electronics, optics, and
catalysis
Biomedical applications to drug carriers and implants

Nanotubes Electrically conducting nanocomposites
Structural materials
Single-sheet nanotubes for electronics and screens

Bulk nanomaterials Hard coatings
Structural components for the aeronautic industry, cars,
ducts in the petroleum and gas industries, the sports
sector, and anticorrosion applications

Dendrimers Medical applications, including administration
of medicines, fast detection techniques
Cosmetics

Quantum dots Optoelectronics (screens)

Photovoltaic cells
Inks and paints for anticounterfeit tagging

Fullerenes Sports (nanocomposites) and cosmetics sectors

Nanowires Applications in conducting layers of screens or solar cells
and in electronic devices

French Production of Nanomaterials and Their Current Uses

According to a report published in 2007 by the French Institut national de
recherche et de sécurité (INRS) [7], a first general survey of French nano-
particle production could already be drawn up. This information was consol-
idated in 2008 by elements from an AFSSET report entitled Nanomaterials
and Safety at Work [2].

The main themes of the INRS report regarding the different nanoparticles
produced in France can be summarised as follows:

e Titanium Dioxide. The French production of TiO5 is around 240000
tonnes. Different sizes of particle are used, depending on the sector, in
the range 150-400nm as pigment or opacifier in the paint and plastics
industries, positioning them at the upper end of the nanoparticle range.
The production of nanometric titanium dioxide is all carried out by 270
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workers at one site, and reaches some 10000 tonnes per year for three
applications: architectonics, cosmetics, and air purification systems.

o Silica. With a production of 200000 tonnes of SiOs, France is the sec-
ond largest producer of natural silica in the world, extracting from one
particular rock called diatomite. This production occurs at two extraction
sites and involves about a hundred workers. As far as synthetic silica is
concerned, i.e., precipitated silica, pyrogenic silica, and fumed silica, the
annual production is greater than 100000 tonnes and involves some 300
people. The main use is rubber reinforcement for tyres (where it is asso-
ciated with carbon black in a 1:1 ratio), shoe soles, and rubber technical
parts for wires and cables. In the food industry, these silicas are used as
substrates for vitamins, acidifiers, and anticaking agents. The paint indus-
try uses them as matting agents, while toothpaste manufacturers use them
as thickeners and mild abrasives.

e Nanoclays. Two countries share the whole market here, Germany and the
US. One site is currently under development for nanoclay production in
France. A volume of around 100 tonnes is planned for 2007. About 50
people should be employed there.

e Single-Wall Carbon Nanotubes (SWCNT). The production capacity for
this category of nanotubes is between a few grams and a few tens of kilo-
grams per day. At the present time, the maximal capacity is produced by
an American company with 40kg/day, using chemical vapour deposition
(CVD) and a gaseous mixture of Fe(CO)5 and CO (the HiPCO process).
French production of SWCNT is currently limited to university research
laboratories. Several sites are equipped to produce quantities of around
10 g, either using a similar, low temperature process (CVD or catalytic
CVD), or using a high temperature process (arc or plasma).

o  Multiwall Carbon Nanotubes (MWCNT). These have produced by one
French company since 2006. This production unit, with a capacity of
10 tonnes per year, was a pilot project, involving about 10 people. Pro-
duction there will be increased to several hundred tonnes per year by the
end of the decade.

e (Carbon Black. This is essentially composed of spheres with diameters in
the range 10-500nm, in aggregations of between ten and a few hundred
particles. French production was 240000 tonnes in 2005. It is carried out
at four production sites, and involves a workforce of around 350 people.
Seventy percent of carbon black is used by the tyre industry. The propor-
tion, which may reach 30% of the weight of a tyre, is tending to fall, being
replaced by precipitated silica. The rubber industry also uses it to make
protective sheaths for cables and in the composition of conveyor belts,
drive belts, and joints.

e Aluminas. A single production site in France produces ultrahigh purity
aluminas. These are made using an alum process, i.e., aluminium sulfate
with multihydrated ammonia. Two horizontal units are being set up at the
site to take production to 1000-1700 tonnes per year from 2008. Other
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producers share the alumina market. This so-called speciality alumina is
synthesised by the Bayer process which uses bauxite as raw material.
French production of speciality aluminas represented 468000 tonnes in
2004. This includes a proportion of ultrafine and nanostructured alumina
on top of the traditional range.

Future Developments and Markets

According to the investigation by Rocco in 2004 [8], there are four main stages
in the development of nanotechnology and nanomaterial production: passive
nanostructures, active nanostructures, systems of nanosystems, and molecular
nanosystems. Currently commercialised nanoproducts belong mainly to the
first category of passive nanostructures.

An active nanostructure is one that can modify its own state, e.g., mor-
phology, shape, and mechanical, electronic, magnetic, optical, or biological
properties, and so on, during its use. As an illustration, a mechanical actu-
ator might change size, while the morphology and/or chemical composition
of nanoparticles used as drug carriers in medicine might evolve in order to
get through biological barriers, for example. These novel states of nanostruc-
tures might in turn evolve, in particular, to make them harmless at the end
of their life cycle. Such changes will be all the more complex as the structures
and systems are required to become more bulky and to implement several
functions.

Examples of such active nanostructures are the nanoelectromechanical
systems (NEMS), biological nanodevices, transistors, amplifiers, pharmaceu-
tical and chemical carriers, molecular machines, light-activated molecular
motors, nanofluidic systems, sensors, and radiofrequency identification devices
(RFID).

In the field of tagging and identification, it should be stressed that some
systems are already operational. As an illustration, in 2006, Hitachi presented
the smallest RFID chip ever made. With dimensions 0.05 x 0.05mm?, it has
been referred to as smart dust. It contains a 128 bit read-only memory (ROM)
that can stock a 38 digit identity number and it is easily integrated into a sheet
of paper, for example. Recall that an RFID chip is used for automatic identi-
fication of whatever it tags. RFID chips can contain all kinds of information
and are found on a great many different items, from passports to labels on
products on sale at the supermarket, not to mention concert tickets. The
advent of RFIDs in the form of a dust makes it easy to integrate them into
ever more varied items. In parallel with these developments, a UK company
has developed a device that can locate such RFID chips at up to a distance
of 180m [9] and to an accuracy of 2cm in a 3D region. The possibility of
such a high degree of miniaturisation has raised questions about tracking and
checking up on individuals without them knowing.

In medicine, nanomaterials are already used in commercialised medical
equipment, such as bandages, implants, prosthetics, and others. Medical



XL E. Gaffet

biology uses nanoelements for in vitro diagnosis of infectious diseases,
immunological disorders, and cancers. Some devices for day-to-day medical
observation of biological parameters, e.g., glycaemia, will usefully benefit from
the extreme miniaturisation made possible by nanotechnology. The medical
imaging sector is also investigating the possibilities for improving the con-
trast and resolution of MRI images by placing nanoparticles in target organs.
Pharmacological research has long been exploring the possibility of carrying
therapeutic drugs as close as possible to lesions, using nanoparticles designed
to target sick cells. Therapeutic trials are under way, especially in the field of
cancer treatment. Nanotechnologies may one day be able to customise drugs.
Some nanoparticle contrast agents and drugs have already been accepted by
the relevant regulatory bodies.

One application in particular has seen rapid development and no doubt
benefits significantly from progress in miniaturisation as procured by nan-
otechnology, and that is deep brain stimulation by microelectrodes placed in
the brain [10]. Since the 1980s, a team in Grenoble (France) led by Professor
A.L. Benabid has discovered that electrical stimulation of a certain part of
the brain can reduce or completely remove the shaking symptoms of those
suffering from Parkinson’s disease. Since then, in collaboration with several
international teams, applications to other medical problems have been pro-
posed, including acute dystonia (a neurological movement disorder), epilepsy,
and others. The technique was then tested — with the agreement of the French
Comité consultatif national d’éthique pour les sciences de la vie (CCNE)! —in
the treatment of obsessive-compulsive disorders (OCD) and depressive syn-
dromes that could not be relieved by conventional medical treatments. At the
present time, some 35000 people are being treated by this ‘brain pacemaker’,
including about 1000 in France. Other research is investigating the brain-
machine interface, with a view to controlling muscular movements either by
acting directly on the nerve or muscle fibres, or by going through the central
nervous system. These are promising applications for people suffering from
paralysis or anomalous movements (tics).

However, these techniques carry the risk of side-effects, in particular when
the electrode is implanted, since it may be rejected or cause brain hemor-
rhage. This is why the idea of using nanoscale electrodes came into being.
In France, the CLINATEC project is a biomedical research center devoted
to nanomedicine, focussing primarily on implanted devices and the brain—
machine interface. It is important to debate the possible abuses of nanotech-
nology in medical applications, in particular for specific medical applications
like deep brain stimulation.

It should also be stressed that there is a very clear dual development of nan-
otechnology and nanomaterials for specific defence applications. For example,
items for personal protection such as bullet-proof vests and helmets incor-
porating carbon nanotubes, ultrafast and ultrasensitive detection devices,

! National Consultative Committee for the Life Sciences.
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chemical and bacteriological carriers, exoskeletons (powered mobile frame-
works worn by the soldier and interfaced on the human brain, which should
make it possible to carry 80kg for 80 km at more than 50km/h, developed by
DARPA, USA), not to mention the development of thermobaric bombs which
use pyrophoric nanoparticles and produce equivalent blast waves to a nuclear
weapon [11] — the first tests were carried out by the United States and Russia
in 2007. This all-pervading dual aspect of nanotechnological applications raises
the question of whether we should renew international negotiations about the
proliferation of weapons of mass destruction with a view to drawing up new
treaties.

3.4 Nanomaterials and Safety

Our current understanding of the effects of micro- and nanoparticles in atmo-
spheric pollution has raised fears regarding the consequences of man-made
nanoparticles for human health. While very few reliable data are available in
this field, studies published about the interactions of nanoparticles at the cel-
lular level suggest that we should be cautious. Recently, work by Donaldson
et al. [4] tends to show that some carbon nanotubes can induce similar effects
to asbestos fibres, inducing mesothelioma.

As shown as early as 2005 in a summary note [12], the important scientific
questions regarding nanoparticles and health must be concerned with the
whole life cycle and must consider the following specific features:

e The physicochemical characterisation and classification of nanoparticles
according to their level of surface reactivity, a good indicator of potential
biological effects.

e The detection and characterisation of exposure to these particles by every-
one from factory employees to users.

e Their potential biological effects on humans.

These issues concern workers in the nanotechnology and nanomaterials sec-
tors, who may be exposed to high concentrations of nanoparticles, but also
the population at large, whose exposure to these nanoparticles is less direct
and related to the life cycle of the nano-object in question.

Finally, the risks associated with nanoparticle explosions must also be
given due attention. At the present time, little has been done, e.g., with regard
to staff involved in the production of nanomaterials from such nanoparticles.

Given the importance of these issues, some websites have been set up to
monitor publications in this area:

o The Virtual Journal of Nanotechnology Environment, Health and Safety
[13].

e Nanotechnology: Health and Environmental Implications — An Inventory
of Current Research [14].

e Safe Production and Use of Nanomaterials [15].
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4 The Need for Studies in Nanotoxicity
and Nanoethics

As discussed by Roure [16], the highly diverse industrial economy of nano-
technology and nanomaterials is well under way. Given the speed with which
laboratory research is transformed into nanoproducts, some already commer-
cialised, and given their all-pervading tendencies [17], the time has come to
assess our current understanding of nanotoxicity, and also to address the rel-
evant ethical questions. Indeed, research in nanoscience and nanotechnology
stands out by the difficulty in distinguishing the fundamental from the tech-
nological. Synergies arise through the NBIC convergence (nanotechnology,
biotechnology, information technology, and cognitive science) and their effects
are difficult to quantify in the mid to long term. This fourth volume of the
Nanoscience series aims to present the state of the art, both in the field of
nanotoxicity and with regard to what we shall define as nanoethics. We hope
it will contribute to a responsible and safe use of nanomaterials and nano-
technology.
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Part 1

Nanotoxicity: Experimental Toxicology
of Nanoparticles and Their Impact on Humans



2

The fast developing nanotechnology markets have led to an increasing risk
of human exposure to nanoparticles, through the lungs or the skin, but also
by ingestion, or by injection in the form of medicines.? Indeed the applica-
tions of nanotechnology are many and varied. They are already present in
our day-to-day lives in such everyday products as cosmetics and body lotions,
electronic and household goods, food packaging, and clothes, and the list gets
longer all the time. There are particularly interesting medical applications.
Many of these products provide no clear indications of such contents and an
assessment of the risks for humans and the environment is only required for
certain nanoparticles, depending on the level of production and their usage, in
particular in the medical area. Discussions are currently under way to define a
regulatory framework that would allow us to control the risks of disseminating
these products, both for the consumer and for the environment.

Exposure to nanoparticles may be professional, environmental, or medical,
and it concerns a variety of nanoparticles used in a broad range of different
forms. However, the rapid evolution of this technology, expected to constitute
the industrial revolution of the twenty-first century, makes it essential to eval-
uate the risks and hazards as early on as possible, on the basis of a better
understanding of their biological effects.

The following chapters, written by recognised specialists in the field of nan-
otoxicology, the toxicology and metrology of atmospheric particles and fibres,
and the assessment of environmental risks for humans, relate the current state
of understanding in this area. They describe the results of experimental work
in toxicology. Indeed, toxicologists were the first to warn public health author-
ities of the increased risk due to particles with a given chemical composition
when they come into contact with living systems in a nanometric form. While
our understanding regarding human exposure and its consequences remains
highly uncertain, experimental results on other animals or in vitro on cell
cultures are sufficiently clear in some cases to allow an evaluation of the risks,
even in a situation of uncertainty. From the beginning, nanotoxicology has fol-
lowed a different approach to the one traditionally used in regulatory toxicol-
ogy. In particular, it incorporates the latest models and techniques of modern
molecular and cellular biology, allowing a systemic approach. This evolution,
one might even say revolution, in toxicology is especially relevant when the
type of exposure is difficult to characterise, doses are very low, and effects
are varied. The data presented in the next eleven chapters provide a snap-
shot of a particularly fast evolving field of research, but they will nevertheless
serve as a solid foundation for the reader who wishes to familiarise herself or
himself with this complex area, an area where society as a whole is especially
interested in a proper evaluation of the risks and hazards.

2 Introduction by Francelyne Marano, President of the Groupe de veille sur les
impacts sanitaires des nanotechnologies and member of the Haut Conseil de Santé
publique.
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Toxicity of Particles: A Brief History

Marie-Claude Jaurand and Jean-Claude Pairon

Over the last few decades, a certain number of pathologies have been directly
linked to various kinds of inorganic dust affecting subjects exposed to these
substances in the workplace. As a consequence, public health authorities have
become increasingly interested in determining the effects particles can have on
health. But analytical investigations of pollution, along with other evidence,
has shown that exposure to dusts is not limited to workers in specific sectors.
In fact, it may also affect the population at large, a finding that has led to
the setting up of think tanks, closer assessment of different types of pollution,
and research specifically devoted to the toxicology of dusts. Note also that
the terminology itself has evolved. In particular, the word ‘dust’ has gradually
been replaced by ‘particulate matter’, although both terms refer to the solid
fraction in aerosols.

The aim of the present chapter is to summarise the context and the facts
that have led to the area of investigation we now call particulate toxicol-
ogy. We begin with the sociological and technical features that have made
the study of toxicity what it is today. For chronological reasons, we then
define the pathologies caused by exposure to inorganic dusts, before going
on to describe the particles responsible for pathogenic effects. To explain the
mechanisms by which particles can act, we discuss methods for investigating
toxicity and the ways they have evolved. On this basis, hypotheses are for-
mulated about the mechanisms leading to observed biological effects. Before
concluding, we shall consider the results of toxicological studies carried out up
to now to assess the toxicity of particles occurring in professional and general
environments, or likely to be generated in such environments, but also some
questions which have not yet been answered, or which have arisen from earlier
experiments.

P. Houdy et al. (eds.), Nanoethics and Nanotozicology, 3
DOI 10.1007/978-3-642-20177-6 1, (© Springer-Verlag Berlin Heidelberg 2011



4 M.-C. Jaurand and J.-C. Pairon

1.1 Sociological and Technical Factors Conditioning
the Study of Particle Toxicity

Concern over the toxicology of inorganic dusts was first inspired by the discov-
ery of pulmonary pathologies in workers with occupational exposure to such
substances, e.g., in mines [1,2]. In an interesting chapter on pneumoconioses
in mines in the north of France, Amoudru summarises the steps leading to
the recognition of these illnesses as work-related [3]. Note that it took over a
hundred years to fully recognise this fact. Indeed, while lung diseases had been
observed in several European countries, including France, at the beginning of
the nineteenth century, it was not until 1945 that a statute was published
recognising silicosis as a work-related disease. There were several reasons for
this delay: medical controversy which delayed the undeniable recognition of
the risk, factors leading to confusion, e.g., silicosis favours infectious patholo-
gies like tuberculosis, and world political events which postponed application
of the decision to recognise silicosis as a work-related disease until after the
war. In the case of asbestos, purely economic motives of industrial protection-
ism hampered progress on the research front [4, 5].

Up to now, the toxicology of inorganic dusts has mainly been concerned
with respiratory problems, because the principal route by which particles
could enter the organism was of course inhalation. Once the particles caus-
ing pathological effects had been identified, experiments could be devised to
determine the consequences of inhalation in tissues and cells, in order to under-
stand the relevant mechanisms and determine the factors involved in the cell’s
response. In parallel, other research was investigating the physical, chemi-
cal, and physicochemical properties of the particles that led to this biological
activity.

The relationship between exposure and pulmonary pathology in humans
were identified by the end of World War II, but the experimental work was
only published around the end of the 1960s. Returning to the example of dust
in the coal mines, experimental data only became available in the 1950s. It
is interesting to note that, in his autobiography, Dulbecco mentions that at
one point, somewhere around 1946, he wanted to investigate certain illnesses
caused by dust inhalation which it seemed concerned mainly miners. But the
results of morphological analyses based on lung sections were insufficient to
explain the causes of the lesions he observed, and unfortunately this eminent
scientist did not pursue his efforts in this field [6]. A particle toxicology journal
presents a list of European research programmes launched under the auspices
of the Communauté européenne du charbon et de l'acier (CECA),! founded
in 1951, to evaluate the effects of carbon and silica dusts. Note that the first
dates back to 1955, and refers to medical issues [7].

The significant technological developments of the nineteenth and twentieth
centuries, fuelled by the requirements of war, led to several groups of workers

! BEuropean Carbon and Steel Community.
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being exposed to pollutants. Asbestos provides a second example of a harmful
agent for certain groups of workers, and which further stimulated research
into particle toxicology. The considerable increase in the use of asbestos fibres
during World War II and the emergence of the associated afflictions only
instigated research after a delay of about 20 years. The first consequences to
be recorded were of pulmonary asbestosis. The role played by asbestos in the
development of this pulmonary disease was described as early as the 1920s
by several authors who had observed asbestos workers [8,9]. Regarding the
relationship with lung cancer, the inaugural study is often taken to be the
work by Lynch and Smith [9,10]. An increase in the incidence of lung cancer
in the case of pulmonary asbestosis was subsequently reported by Doll in 1955,
and then a few years later, an article was published about the high level of
mesothelioma affecting workers in asbestos mines in South Africa, as well as
other inhabitants of the region [11,12]. The impact of this paper was twofold,
because it identified the harmful effects of asbestos, but it also recognised this
cancer as a primitive pleural tumour. Indeed, the reality of these tumours was
debated [13].

With the case of asbestos, toxicology acquired a new feature. Whereas for
carbon and silica, it was mainly in the production sector that the patholog-
ical consequences of exposure were being felt, in the case of asbestos, simi-
lar pathologies were being observed in a second sector, namely, people using
asbestos-based materials (several trades, notably the building trade). This
new wave of asbestos-related illnesses, sometimes called the second wave, led
some to raise the question of a possible third wave, one which might reach
people exposed for non-professional reasons in a general environment, e.g.,
buildings containing asbestos, natural pollution in regions with outcrops of
asbestos-containing rocks, etc. [14,15].

The evolution in the type of population affected by the harmful con-
sequences of dusts, going from production to applications and the general
environment, continues today with regard to the populations exposed for non-
professional reasons. Indeed, we are now concerned about exposure to dusts of
human origins, viz., fine particles (FP) and ultrafine particles (UFP). Exam-
ples of sudden increases in mortality associated with pollution peaks have
raised concern in this area [16-18]. In parallel with the greater number of dif-
ferent populations affected by respiratory problems, other pathologies related
to exposure to particles have had to be taken into consideration, such as car-
diovascular disease [19]. With the emergence of nanoparticles (NP) resulting
from nanotechnological developments, this diversification in the nature and
origin of the particles on the one hand, and in the consequences for the health
on the other, also affects sectors that are not directly in contact. In the case
of NPs, apart from the production sector, applications, and the general envi-
ronment, an ecological dimension has also come into being [20]. Concerning
pathologies, the respiratory and cardiovascular systems are no longer the only
ones to be affected, since the question of toxicity is now raised with regard to
other sites, like the nasopharynx, brain, and kidneys [21].
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Another important point must be taken into account, related to the tech-
nology, when considering the long term consequences of particle toxicology.
In the 1950s, the relevant journals were mainly medical. But from the 1970s
to 1980s, the possibilities for publication increased significantly, facilitating
the exchange of information between different groups involved in this line of
research. Furthermore, international exchanges between the various research
centers became commonplace with the proliferation of conferences and sem-
inars. Availability of information through numerous publications meant that
results of studies and inquiries in the workplace became known to research
teams who could then develop toxicological studies on animals, and sub-
sequently, in vitro approaches on cell cultures. The fact that independent
groups were now involved was a key factor in the development of this research.
By comparing results on the international level, hypotheses could be formu-
lated regarding the mechanisms involved, while warnings could be sent out
regarding the potential toxicity of new products, and in some cases, help
could be provided to formulate regulatory measures. The improved means of
communication was an important factor in the evolution of research in parti-
cle toxicology. It should be borne in mind that Internet is a recent source of
exchange between research scientists. Although this network was established
by the end of the 1980s, email and file transfer protocols were only available
to a few at the beginning, and it was only around 1995 that they became
widely accessible [22].

1.2 Pathologies Caused by Inorganic Dusts

1.2.1 Pneumoconiosis

Pneumoconiosis is a pathology due to the presence of exogenous particles.
These particles accumulate in the lungs, causing a tissue reaction associating
cell inflammation and macrophages. Together these can form so-called foreign-
body granulomas, containing giant multinuclear cells. Carbon dusts cause
various lung diseases, including fibrosis, emphysema, chronic bronchitis, and
an alteration of lung function [2,23,24]. Exposure may be associated with
crystalline silica, depending on how the carbon is extracted.

Silicosis is a common form of pneumoconiosis caused by the deposition of
silica particles in the lungs. Apart from activities associated with coal mining,
it is encountered across a broad range of occupations related to metal mining
and quarrying, the building industry, etc. [25]. On a histological level, it is a
nodular fibrosis formed by fibrohyaline tissue [26]. This respiratory disease is
still observed today, despite the decline in coal mining [27].

Asbestosis is caused by exposure to asbestos, and occurs in the form of
a diffuse interstitial fibrosis [28]. In countries where the use of asbestos has
been forbidden, it has become much less common, because it is a pathology
that generally develops only after exposure to very high doses. Pleural plaques
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are benign lesions caused by asbestos. This fibrosis is usually localised in the
parietal pleura and evolves by calcifying [28].

Forms of pneumoconiosis induced by exposure to other types of dust have
also been identified. These are mainly due to accumulation of dusts, some of
which may evolve into fibrosis. They are caused by metal compounds of iron,
aluminium, tin, or barium, but also by beryllium, and are manifested in the
form of granuloma or fibrosis, e.g., siderosis, berylliosis, aluminosis, etc. [29)].

Fibrosis results from increased synthesis of fibrous tissue, collagen, and
proteins of the conjunctive tissue. It occurs in the pulmonary parenchyma,
around the bronchi and in the pleura, and is associated with a tissue repair
process. The increased amount of collagen and fibronectin come from a greater
synthesis of proteins by fibroblasts in the extracellular matrix and/or an
increase in the number of these cells. This in turn occurs in response to tissue
lesions and factors emitted during inflammation by macrophages and neu-
trophils, both in the lungs and in the pleura [30, 31]. Studies carried out so
far to investigate the fibrosing effects of particles have been based on this
fibrogenesis mechanism [24]. Recent work discusses the role of inflammation
in these tissue repair processes, attributing a role to the pneumocytes of the
respiratory epithelium in the initiation and development of this process of
pulmonary fibrogenesis [32].

1.2.2 Cancer

Cancer results from proliferation of cells exhibiting genetic alterations
acquired over successive divisions. This neoplastic transformation involves
several stages. During the process, various modifications occur in the cell’s
genetic material (mutations, deletions, translocations, etc.) and in the regu-
lation of functions (control over DNA integrity, proliferation, recycling, and
apoptosis). These modifications have several consequences in their turn:

e on gene expression, which is deregulated both qualitatively and quantita-
tively, and in terms of the expression rate;
on the equilibrium between cell proliferation and mortality;
on the relationship between the cell and the extracellular environment.

On a molecular level, the neoplastic transformation has been described as a
mechanism of oncogene activation together with the silencing of tumour sup-
pressor genes, and this model has been validated by observations and experi-
mental studies [33]. Other studies have led to the proposal of a more general
mechanism underlying the neoplastic process, this time involving several genes
[34]. Hanahan and Weinberg have suggested that cells should acquire six hall-
marks indicating their neoplastic character, viz., growth autonomy, resistance
to antiproliferation signals, resistance to apoptosis, the potential for unlimited
replication, sustained angiogenesis, invasion, and metastasis [35]. Recently, a
seventh indicator of neoplastic transformation has been put forward, viz.,
inflammatory conditions [36]. The evolution of the cell during tumor growth
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is sustained by chromosomal instability. This generates an alteration of the
genetic material which is transmitted to the daughter cells during successive
divisions [37,38]. The chromosomal aberrations found in tumours are indica-
tors of genetic deregulation and chromosomal instability.

Neoplastic evolution is accompanied by phenotypic modifications, such as
loss of contact inhibition between cells, independence from growth factors
for proliferation, abnormal karyotype, genetic disequilibrium, and differential
gene expression as compared with the normal cell. Toxicological tests are
based on these modifications in the field of oncogenesis. They use techniques
for revealing one or more phenotypic changes associated with this neoplastic
evolution.

1.3 Particles Causing Pathogenic Effects in the Airways
and Respiratory System

Particle toxicity is often discussed in cases where exposure is by inhalation in
the professional environment, because the associated pathologies are generally
discovered in the workplace. But exposure may happen in the environment
as a whole, and not just in the vicinity of the sources of contamination, but
some distance away, transported by atmospheric currents.

1.3.1 Origin of Particles

The origin of particles that have undergone toxicological studies has already
been mentioned. These are particles generated by human industrial activi-
ties, industrial applications, or products used in everyday life. Stocks of sam-
ples have sometimes been established to be distributed to different research
groups for the purposes of toxicological studies. This was the case for silica,
by setting up stocks from different mines, particularly in Germany, and also
for asbestos, through the action of the Union internationale contre le cancer
(UICC), which prepared samples of each kind of fibre [39,40]. More recently,
samples of artificial inorganic fibres have been distributed for various studies.
These were glass, rock, slag, and refractory ceramic fibres [41]. Regarding fine
and ultrafine particles (or nanoparticles), such as PM;g and PMs 5, carbon
black or titanium oxide and carbon nanotubes, this has not been done sys-
tematically. Although certain sources have been favoured for these particles,
for others, they turn out to be very varied. It should be borne in mind that,
in the general case, the samples used for experimentation are not always fully
representative of the particles to which subjects have been exposed, owing to
the great diversity of possible sources, whether they be natural or synthetic.
Moreover, it would be difficult to test this diversity, due to lack of information
regarding the nature of the exposure and the wide range of different particles.
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1.3.2 Types of Particle
Carbon Dusts

These are complex compounds whose composition depends on the mine. These
carbon-containing dusts contain various silicates, carbonates, and sulfates.

Silica

Silica is composed of silicon dioxide (SiO2). There are several types, with
the same chemical composition, but with different crystal structure and cyto-
toxic activity, viz., tridymite, crystobalite, and quartz. There is also a non-
crystalline form, viz., amorphous silica, opal.

Asbestos

There are several types of asbestos. The term covers fibrous silicates in
hydrated crystalline form, with various possible cation compositions, e.g., Mg,
Ca, Na, Fe [42]. There are several forms of asbestos, with different structures
and chemistry, mainly used in industry: band silicates such as the amphiboles,
e.g., crocidolite, amosite, and anthophyllite, among others, which contain dif-
ferent cations Mg, Fe et Na, and sheet silicates such as phyllosilicate, and
chrysotile, which is a hydrated magnesium silicate [43]. The sheets are rolled
up around a central axis, giving the elementary fibril a multilayer, hollow tube
structure. Today, asbestos is by far the most widely studied type of particle.

Other Fibres

According to the definition provided by the World Health Organisation
(WHO), a fibre is a solid particle, either natural or artificial, with an elon-
gated shape and parallel edges, with length greater than 5 um and aspect ratio
(length to diameter) greater than 3.

Among the other natural inorganic fibres, the main one to attract the
attention of toxicological studies has been erionite, a zeolite mineral, which is
basically aluminium silicate containing Na, K, and Ca. This is due to epidemi-
ological observations associating mesothelioma with environmental exposure
to these fibres [44]. In addition, many kinds of synthetic inorganic fibre such as
rock wool, slag wool, and glass wool, or again refractory ceramic fibres, have
been studied owing to their broad spectrum of applications, including their
use as an asbestos substitute. These are silicates with different aluminium con-
tents, and also different alkali metal and alkaline earth cations. Their chemical
composition is very varied, depending on the application [45]. Research in this
field has led to a notion of biopersistence, to be defined and discussed later.

For the record, one should also mention that synthetic organic fibres have
been studied, e.g., para-aramid and aramid, used as strengthening materials
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[25]. Recently, carbon nanotubes have attracted some attention, owing to the
similarity of their physical characteristics with those of asbestos, which raises
a doubt over their potential toxicity [46].

Fine and Ultrafine Particles. Nanoparticles

FPs and UFPs began to attact attention with the problems arising over pollu-
tion peaks. These terms cover a wide range of particles, from chimney smoke
to carbon black and titanium oxide, not to mention particles contained in the
surrounding air. Their chemical composition and structure are thus highly
diverse. More recently, the development of nanotechnology has witnessed an
expansion of the world of nanoparticles, which have applications across a very
broad range of situations.

Studies of atmospheric pollution require the collection of particles accord-
ing to their aerodynamic characteristics. Sampled particles are separated by
reference to their aerodynamic diameters (AD): PMjy and PMs 5 (AD less
than 10 um and 2.5 um, respectively). Ultrafine toxicity studies suggest that
effects were probably related to the ultrafine fraction, leading to the hypoth-
esis that these UFPs are potentially more toxic than the FPs [47].

The development of nanotechnology created further sources of UFPs, with
the synthesis of nanomaterials or the use of UFPs in a wide range of products.
Nanoparticles are particles with at least one dimension of nanometric size,
so they can be included with the UFPs. However, at the present time, the
term UFP is generally reserved for naturally occurring particles, or man-
made particles that have been unintentionally produced, while NP is used for
particles produced by or resulting from the field of nanotechnology. Recent
AFSSET reports in France survey the current situation with regard to toxicity
and health risks raised by nanomaterials [48,49]. According to one of these
reports, nanomaterials are classified into four families depending on the form
in which they are used [48]:

in dispersed form, either random or ordered,
in the form of nanowires or nanotubes,

in the form of a thin film,

in compact form.

The small size of NPs bestows special physicochemical properties upon them,
which can make them highly reactive in a biological context. Nanoparticles
resulting from nanotechnological activities can thus be produced as such or
result from the manipulation of larger samples of material, e.g., by milling,
degradation, etc. As far as chemical composition is concerned, nanoparti-
cles may be metals, metal oxides, polymers, composite materials, or even
biomolecules. Although of nanometric size, these particles tend to agglomer-
ate and form aggregates, thereby increasing their overall size.
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1.4 Evolution in the Methods for Investigating Toxicity

The methods for investigating particle toxicity have changed enormously since
the first studies to be found in the literature, which date roughly from the
middle of the twentieth century. Although earlier work is mentioned in several
papers, it was only from the 1950s that a continuous and coherent literature
came into being with the studies on silica, and later asbestos.

Subsequent work aimed not only to determine physiopathological effects,
but also to understand the mechanisms of particle action. This was achieved
through anatomopathological studies which, associated with other techniques
like immunohistochemistry and histochemistry, then the main methods for
characterising lesions, were able to identify the proteins involved in these
mechanisms. Specific effects were observed in certain species (alveolar lipopro-
teinosis) [50]. Morphological observations led to in vitro studies on growing or
surviving cells; and in particular on alveolar macrophages and fibroblasts. On
these cells, the particles having exhibited cytotoxicity, revealed by cell via-
bility assays, associated with the internalisation of the particles by the cells,
work was then carried out to determine the nature of the interactions between
particle and cell. Since the viability assays were based on examination of alter-
ations in membrane integrity, ‘model’ cells were used. These were red blood
cells with no capacity to internalise the particles, but providing information
about the interactions between the cytoplasmic membranes and the particles.
As data accumulated, efforts were made to understand the physiopathological
mechanisms, reaction to foreign bodies, inflammation, and fibrosis, by deter-
mining the responses of specialised cells, macrophages, and fibroblasts. Then,
with confirmation of the connection between cancer and exposure to certain
types of particle, others investigated the effects on and responses of epithelial
cells. It should also be noted that these methods were greatly speeded up by
the commercialisation of cell culture equipment such as cell culture flasks,
throwaways, and industrially produced culture medium.

1.4.1 Studies on Animals

To begin with, the means available for studying particle toxicity consisted
in exposing animals, usually rats, but to some extent also guinea pigs and
mice, in inhalation chambers. Intratracheal instillation was also used early
on [51,52]. This methodology brought in the possibility of anatomopatholog-
ical studies which, depending on the exposure time, evaluated the fibrosing
or oncogenic potential of the particles. Exposure by inhalation is a method
requiring a large amount of costly equipment, e.g., systems for aerosolisation
of the particles, dedicated inhalation chambers, large quantities of the parti-
cle, etc. It is assumed to reproduce a type of exposure that can be taken as
realistic as far as human exposure is concerned. However, exposure doses are
sometimes difficult to specify, e.g., dusts from animal fur. Another commonly
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used method is intratracheal injection of particles in suspension in a physio-
logical solution. This technique is not physiological, but the exposure dose is
then clearly determined. On the other hand, there are various disadvantages,
because the dose may be poorly distributed in the lungs, and a phenomenon of
partial rejection can sometimes occur (see [53] for a review). But this method
nevertheless proves to be useful and is often used to investigate the short to
mid term effects of particles [54,55]. It is then associated with analysis of the
liquid resulting from broncho-alveolar lavage (BAL) (injecting physiological
solution into the lungs by the bronchial route, then recovering the liquid) to
identify and quantify the cellular and humoral inflammatory response caused
by the particles. The methods most recently developed for inhalation expo-
sure favour better knowledge of the exposure dose, to the detriment of the
physiological situation, using the so-called nose-only method, where the ani-
mals are immobilised and exposed in individual chambers [56]. This technique,
currently widely used, may also have a biological impact due to stress [57].

All these inhalation methods have led to a way of determining the dose of
particles deposited in the lungs, the clearance rate, the retention level, and in
the case of fibres, the evolution of dimensional characteristics. The technique
involves extracting the particles after clearance from the pulmonary tissue
[58,59]. It is observed that fibres may break, and that bundles of fibres may
split up to some extent, thereby altering the density of fibres of given dimen-
sions as time goes by. Several groups used radio tagged fibres to determine
the migration and bioavailability of particles in various pulmonary locations
[60,61]. Many studies have shown preferential clearance of short fibres, thanks
to macrophage purification, while longer fibres tend to be retained by the
pulmonary parenchyma [62,63]. Note that the nose-only method sometimes
returns contradictory results, a point still in need of explanation [64].

To determine the long term consequences for the serous membranes (pleura
and peritoneum) of exposure to particles, methods involve intracavitary injec-
tion or implantation of particles. In the context of this historical survey, it is
interesting to note that earlier work on the implantation of solid substances
led to a ‘solid state’ theory of carcinogenesis, inspired by polymer implantation
experiments [65]. This terminology was used to distinguish tumours produced
by a solid agent from those produced by a chemical agent. The use of such
experimental systems for particle toxicology can be related to the emergence
of questions over asbestos exposure [66,67]. These methods have been criti-
cised for their non-physiological nature. However, inhalation methods cause
very little pleural reaction in rats, even with forms of asbestos that are con-
sidered to be highly carcinogenic, e.g., crocidolite, and they are not sensitive
enough to assess the fibrosing and carcinogenic effect. (The life expectation
of the animal is too short compared with humans, where pleural pathologies
materialise only 30-40 years after the beginning of exposure.)

Over the last few years, work has been carried out using genetically mod-
ified mice and rats. These are animals in which certain genes have been deac-
tivated (silenced), or new genes introduced by genetic manipulation into the
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animals’ genomes. Studies made on these animals help to get a better under-
standing of the mechanisms through which particles act, but also give insights
into the regulatory channels that are stimulated or altered in response to the
particles, identifying the factors and genes involved in the development of
pathologies. Work has been done on fibrogenesis and carcinogenesis [68-73].

1.4.2 Isolated Cells

Many cell types have been used in toxicological studies of solid particles.
As mentioned above, the first cytotoxicity studies were carried out with red
blood cells, using hemolysis as evaluation criterion, attesting as it does to
the destruction of the cell membrane by the particles. These studies were
done in the context of research on silica and asbestos [74]. It is unrealistic
to extrapolate the results to pathologies caused by these particles, but these
studies give insights into the factors modulating cytotoxicity. They revealed an
electrostatic type of interaction and adsorption of membrane phospholipids.
These simple models have had interesting spin-offs as regards reflection on
the interactions between a solid surface and the biological medium. They
were used to show that physicochemical features, e.g., charge, redox status,
surface defects, were particularly important [75-77]. They also showed that
the particles were not totally inert with regard to the cells, since they had
adsorption properties with respect to biological macromolecules. Current work
involving nanoparticles confirms that these interactions must be taken into
consideration [78].

Alveolar and peritoneal macrophages were also put to use early on, in two
different approaches, either ex vivo after BAL recovery from animals exposed
in vivo, or in vitro after culturing the BAL obtained from untreated animals
and incubating the cells in the presence of particles. With these systems,
one can study the cytotoxicity of the particles and the response of the cells,
usually an inflammatory reaction, i.e., production of cytokines, growth factors,
chemokines, and so on [79].

Another cell type has been used, namely the fibroblasts, exploiting their
function of producing the molecules of the conjunctive tissue. These cells are
used to study fibrogenesis. The response of these cells is determined either
after direct exposure to particles, or in response to inflammatory factors pro-
duced by other cells exposed to particles, e.g., macrophages, epithelial cells.

Legislation to reduce dust levels in the workplace, thereby reducing the
number of cases of pulmonary fibrosis, has focused concern on cancer. How-
ever, as mentioned earlier, this illness is always present in certain situations.
Silica is currently used as a research tool in studies of the inflammatory
mechanism and the immune reaction [80,81]. Such observations will improve
our understanding of the role played by inflammation in particle-related pul-
monary pathologies. It is also due to this interest in cancer that studies on
macrophages on the one hand, and epithelial cells on the other, has been pur-
sued: the first, because they can produce factors able to interact with other
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cell types, and the second, because these are the cells producing tumours in
the lungs and pleura (bronchial and mesothelial cells, respectively).

Owing to difficulties in obtaining broncheal cell differentiation in cultures,

these cells have been replaced by cultures of tracheal explants [82,83]. Work
is also done on ‘immortalised’ cells, obtained by transfer of a gene allowing
these cells to divide in culture. For studies of pleural toxicology, the first cells
cultured to study effects relating to pleural cancer were mesothelial pleural
cells from rats [84,85]. Human cells are also used by various groups [86, 87].
Many other types of cell, epithelial or otherwise, have been used since then to
identify the effects of carcinogenic chemical molecules. Examples are bacteria
(Ames test) and Chinese hamster ovary (CHO) cells, Syrian hamster embryo
(SHE) cells, and mouse embryo fibroblasts (NIH3T3). For these cells, data
was available about their response to carcinogenic chemicals, making it eas-
ier to interpret results obtained with particles. Depending on the cell type,
different tests have been adapted to particles: mutagenesis (bacteria and mam-
mal cells), genotoxicity (CHO, SHE), and transformation (SHE, BALB/3T3,
CH310T1/2) tests. Models specifically devised to investigate the mutagenic
effects of ionising radiation (Al cells) have been applied [88]. Note that, in
order to tackle the issue of mutagenic potential, the bacterial systems that
proved so useful for chemical substances turned out to be less relevant for
particles, since particles only have effects when internalised (phagocytosis),
but they are unable to cross the bacterial wall.
Ames Test. This is a biological assay for identifying mutagenic substances. It
was developed in the 1960s by B. Ames to determine the mutagenic potential of
chemical substances. The idea is to examine mutations in bacteria. To do this, one
uses mutant bacterial strains of Salmonella typhimurium which cannot grow without
the availability of certain nutritive elements (more specifically, histidine), owing to a
mutation on a gene regulating the use of these elements. The bacteria are incubated
with the substance whose mutagenic potency is to be tested. The effect of mutagenic
substances is characterised by a phenotypic reversal (reverse mutation) which allows
the bacteria to grow without access to the nutritive elements needed for the growth
of untreated bacteria.

Apart from assessing the genotoxic and transforming effects on target cells,
work has also tried to determine the effects particles have on cell functions
and specific regulatory channels (see Sect. 1.5).

1.4.3 Molecular Epidemiology

Although not a part of experimental toxicology, it is interesting to mention
some methods used over the past few years to look for exposure biomarkers
in cancers. In this field, studies have compared molecular characteristics of
cancers in subjects exposed or not exposed to asbestos in the workplace. They
have focused on the status of several genes that are important in carcinogenic
mechanisms through their oncogenic role or tumour-suppressing genes: k-RAS,
RASSF1, TP53, EGF, and P16/CDKN2A. However, there is no definitive
data on the differences between subjects exposed or not exposed to asbestos
[89-94].
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Mutation of TP53. Several categories of genes are associated with the mechanism
underlying cancerous transformation of cells. The oncogenes have increased activity
in cancers as compared with their activity in normal cells. This modification occurs,
for example, due to a point mutation, amplification, or translocation. In contrast,
tumour-suppressing genes (TSG) are silenced in tumoral cells, e.g., by mutation or
deletion. The gene TP53 (tumor protein p53) is a TSG, coding for the protein p53.
TP58 has several functions in the regulation of cell proliferation, apoptosis, and
DNA damage repair. This gene is silenced in many types of cancer. The gene NF2
(neurofibromin 2) is another TSG, coding for the protein Nf2. This gene is well
known because germinal mutations affect patients suffering from type II neurofibro-
matosis. This pathology is associated with benign tumours of the central nervous
system (schwannomas). At the present time, few types of malignant tumour are
known to silence this gene. Mesothelioma seems to be an exception since the gene
NF2 is silenced in a high proportion of cases (about 50% of cases).

1.5 Results on Particle Toxicity Mechanisms

Our understanding of the way cells work has progressed enormously due to
recent advances in molecular biology and analytical tools. As a result, toxi-
cology has turned more toward fundamental research to determine the mech-
anisms whereby particles act rather than work that might be more directly
applicable to the problem of assessing toxicological risk. In the latter camp,
research structures were rather poorly developed. This kind of research, which
tries to understand mechanisms by studying cell functions or identified alter-
ations of cells (response to stress, alterations to genetic material, to the regu-
lation of proliferation, to the control of cell division, etc.), is opening up today
to large scale global analyses of DNA and gene or protein expression. These
methods are likely to develop over the coming years. The various systems used
in silica- and asbestos-related research have served as a heuristic model for the
study of atmospheric particles and NPs. Other systems must be imagined to
improve the level of understanding and adapt to the specificities of particles.
In this chapter, we shall consider only particles that have been the subject of
many studies owing to the questions they raise with regard to public health.

1.5.1 Proven Major Risk Factors: Silica and Asbestos
Silica

Studies investigating the mechanisms underlying the effects of silica have
shown that surface structure and physicochemical properties play a role.
In the 1960s, experimental studies revealed that injections of the polymer
poly-2-vinylpyridine- N-oxide (PVNO) could inhibit fibrogenesis produced by
introducing silica into the peritoneum or the lungs [95]. This work was a con-
tinuation of other studies in which it had been observed that the toxicity of
silica particles was reduced by treating them with aluminium. Assays had
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even been undertaken in vivo, i.e., on living animals, to try to control the sil-
icotic process by exposure to aluminium, and aluminium dust was considered
to have a prophylactic effect against silicosis [23].

Many in vitro studies then showed that the cytotoxicity of silica was actu-
ally connected to its surface reactivity. These conclusions were reached by
observing the inhibitive effect of pretreating the particles with various agents,
including PVNO or proteins [75]. Using the model provided by red blood cells,
the toxicity of silica could be attributed to the formation of hydrogen bonds
between a donor (silicic acid formed at the particle surface) and the surface
molecules of the cells, e.g., phospholipids. Subsequent work focused on surface
activity.

The surface of quartz carries silanol groups (SiOH) and siloxane bridges
(Si-O-Si) that get broken when water is present [96,97]. Apart from the for-
mation of hydrogen bonds, the surface of quartz can produce reactive oxygen
species (ROS), such as the superoxide anion (O3~) or the hydroxyl radical
(OH*®) [98,99]. These species can have toxic effects, depending on the level
of production and specific features of the cells, by causing peroxidation of
membrane lipids, DNA damage (both nuclear and mitochondrial), and alter-
ation of proteins and mitochondrial functions. Oxidative stress is the name for
the cell’s response to this agression (activation of defence channels, reduced
synthesis of oxidising agents).

Later on, the surface reactivity of silica was studied in vitro, using acel-
lular systems. It was found that ROS production depended on the surface
state of the particles, which could be modified by mechanical milling, thermal
treatment (heating), or chemical treatment (with acid or by adsorption) [100].
These observations confirmed the role of silanol groups, the number and avail-
ability of such groups being modified by these treatments [98,100]. According
to these results, it is reasonable to suggest that the effect of silica on cells may
depend on experimental conditions, since the surface state can modulate the
cell response, either directly, or by influencing physiological phenomena, e.g.,
phagocytosis, a function which is itself ROS-producing. We thus understand
why the nature of the dusts alone cannot explain their pathological effects.
Their level of activity will depend on the different possible origins of the silica
and the varied circumstances of the workers producing or using them.

The Red Blood Cell Model. Red blood cells are cells with no nucleus, produced
by medullary erythroblasts. Their function is to fix oxygen by means of their intra-
cellular hemoglobin and to carry that oxygen from the lungs to the body tissues.
These cells were chosen to study the initial interactions between particles and the cell
membrane. Lesions of the membrane can be evaluated by the release of hemoglobin
into the extracellular medium.

However, the particulate mechanism is not only explained by surface reactiv-
ity. In parallel, cell cytotoxicity studies, mainly on macrophages, have demon-
strated a production of reactive oxygen and reactive nitrogen species (ROS
and RNS, respectively), related to phagocytosis of the particles [101, 102].
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Phagocytosis begins by sequestering the particles in phagocytic vacuoles
(phagosomes), into which the contents of the lysosomes are poured, associated
with an acidification of the phagosomes. This may destabilise the phagosome
membrane and lead to cell death.

Inflammation-related factors have been sought to understand fibrogenesis.
The mechanism put forward involves phagocytosis of the silica particles by
macrophages, and then, depending on the toxicity of the particles, cell death.
In this case, the cell contents are released and the proteins can enter the extra-
cellular medium, ready for further internalisation by macrophages. This cycle
can continue, and it is felt that this mechanism could explain the increased
autoimmune reactions observed in subjects exposed to silica [23,80].

During silica phagocytosis without cell death, there may be macrophage
activation and production of inflammatory molecules (ROS, RNS, cytokines,
chemokines, growth factors), leading to neutrophil recruitment and activation
of signalling channels [101,103]. Recent studies on macrophages have helped
to determine the different stages of this mechanism. The results support the
assumptions about the role of phagocytic processes (phagosome destruction),
by identifying the molecules involved in the cell response [80]. Note that the
observed effects cannot necessarily be generalised to all cell types. In addi-
tion, several groups have demonstrated cooperation between macrophages and
fibroblasts following exposure to silica particles, both in vivo and in vitro. The
macrophages produce factors stimulating the proliferation of fibroblasts and
collagen production [104-106].

To sum up, in certain forms, silica can produce ROS either directly or indi-
rectly through the cell response. The latter stimulates activation of signalling
channels that can cause apoptosis or the expression of genes favouring fibrosis.
More recent work emphasises the role of cell-cell interactions, in particular
between alveolar macrophages and epithelial cells (the role of pulmonary sur-
factant adsorbed at the surface of the silica particles), and the mechanisms
whereby particles are recognised by the macrophages. There are receptors
called scavenger receptors at the surface of the macrophages, and these bind
to a wide range of ligands, including particles. Certain studies have shown,
using so-called null mutants, i.e., not expressing these receptors, that apop-
tosis does indeed depend on the presence of these receptors. The review by
Hamilton et al. [80] weighs up the strengths and weaknesses of these hypothe-
ses about the action of silica.

Asbestos

Studies of the interactions between silica particle surfaces and cells had reper-
cussions for investigations into the way asbestos fibres achieve their effects,
and the same type of research on these fibres led to similar conclusions, reveal-
ing the role of electrical, redox, and adsorption properties of the fibre surfaces
[98]. However, differences were found between chrysotile fibres and the various
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kinds of amphibole. On the one hand, the surface charge and adsorption capac-
ity are different, and on the other, the concentration of metal elements avail-
able for redox reactions is also different, including between the various kinds
of amphibole. This is true in particular of the iron concentration [75].

Due to their shape, asbestos fibres have special properties. The fibrous
shape, particularly of long fibres, measuring a few tens of microns, allows
them to deposit themselves in the deep lung. As far as globular fibres are con-
cerned, those with AD greater than 5pum are retained in the upper airways
and cannot reach the alveolar region. But fibres can reach these regions owing
to their smaller diameters. These may vary from a few hundred nanometers
down to nanometric order for chrysotile, depending on the number of ele-
mentary fibrils. As with silica, these interactions can lead to cell death or cell
activation. Macrophages are not the only cells able to internalise particles. The
epithelial and mesothelial cells can also do this. The result is phagocytosis of
the longer fibres and a difficulty for internalisation, associated with extracel-
lular regurgitation of intracellular factors (possible phenomenon of frustrated
phagocytosis). There may also be an abnormal chromosome segregation dur-
ing mitosis, as described in the literature [88,107].

In the field of carcinogenesis, hypotheses about underlying mechanisms
are based on data obtained from animal experiments and from different cell
culture systems including the target cells [107,108]. To sum up what is known
about the toxicity of asbestos fibres, two non-exclusive mechanisms have been
identified. One is associated with the inflammatory reaction accompanying
the deposition of fibres in the airways and lungs, with a rush of inflammatory
cells producing ROS, RNS, and cytokine factors. These molecules can have a
genotoxic effect and favour cell proliferation. Base oxidation, in particular, of
8-hydroxy-deoxyguanosine (8-OHdG), and single-strand breaks in DNA have
been detected in cells exposed to asbestos, and these might be explained by
this mechanism [109,110]. DNA damage is also suggested indirectly by the
discovery that DNA repair mechanisms are activated and that the cell cycle
is sometimes arrested in cells exposed to asbestos [88]. The proliferation of
epithelial cells whose DNA displays damage that is either poorly repaired
or not repaired at all will of course lead to an increased risk of neoplastic
transformation.

Another mechanism underlying asbestos fibre toxicity, non-exclusive with
regard to the last, results from the ability of epithelial and mesothelial cells
to internalise the asbestos fibres. It has been shown that the phagocytosis
of asbestos fibres is also associated with ROS and RNS generation, and that
cell division is considerably altered by exposure to asbestos [88,107,109,111].
The fibres do not seem to enter directly into the cell nuclei. However, they
can end up there after mitosis, given that the nuclear membrane is destroyed
during cell division and reforms within the daughter cells. Many studies on
different cell types, including pleural mesothelial cells, have shown that mito-
sis is perturbed and chromosomes altered. In fact, various alterations have
been observed, e.g., breaks in the chromosomes, abnormalities in chromosome
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segregation, loss of heterozygosity [88,112-115]. These different aberrations
in the structure and number of chromosomes are not necessarily caused by
mechanical effects, but may result from DNA damage or loss of control over
mitosis. These effects have serious consequences for the genetic resources of
the cells, in terms of both quantity of genetic material and gene expression
(deletions, translocations, deregulated expression, etc.), and form part of the
general mechanism of oncogenesis.

Studies carried out on animals have reproduced the pathologies observed
for humans, viz., fibrosis and cancers, using different means of exposure by
inhalation, intraperitoneal (IP) injection, intrapleural injection, intratracheal
instillation, and intrathoracic implantation [116,117]. A specific role played
by fibre dimensions has been found in vivo in inhalation studies and intra-
cavitary inoculation studies, as well as in culture cell experiments. In these
different investigations, when comparisons are made between samples of dif-
ferent dimensions, it is generally observed that long fibres are more active
than short ones [118]. The first work was published by Stanton et al. [119)],
who used intrathoracic implantation. The authors found that the highest like-
lihood of pleural tumours was observed for fibres of length greater than 8 um
and diameter less than 0.25 um.

As for silica particles, the surface properties of the fibres constitute another
parameter affecting their reactivity. Concerned here are the redox properties
associated with the presence of metals, especially iron, playing the role of cat-
alyst and ROS generator, adding to the ROS generated by the cells. The role
played by iron turns out to be complex. Its activity depends on its oxidation
state and bioavailability [75]. Adsorption of proteins like vitronectin or serum
proteins on the fibre surface can modify their reactivity in cell cultures, affect-
ing phagocytosis and ROS production. DNA can also be adsorbed onto the
fibre surface. Note that asbestos fibres are efficient for transfection of genome
sequences, attesting to their interaction with DNA [120-122]. The potential
consequences of this property in fibre oncogenesis mechanisms have not yet
been scrutinised in detail, but future studies of the interactions between DNA
and nanoparticles can be expected to provide useful information in this area.

Organic molecules such as polycyclic aromatic hydrocarbons (PAH) have
also been detected at the surface of these fibres, where they constitute a
carcinogenic cofactor. This may explain the multiplicative effect of tobacco
smoking when smokers are exposed to asbestos [123,124].

The chemical composition of asbestos fibres also enters the equation when
accounting for their carcinogenic potential, as attested by the lower tumori-
genicity of chrysotile fibres when their magnesium content is reduced by acid
leaching [125]. However, this same treatment modifies other fibre parame-
ters, e.g., dimensions, surface charge, and increases the specific surface area,
emphasising the importance of particle characteristics in toxicological studies.

Genuine biochemical reactions can take place between fibres and biological
medium, such as the formation of asbestos bodies between asbestos fibres and
cells. These formations, discovered by Marchand in 1906, comprise an asbestos
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fibre core surrounded by a ferrous protein sheath [126]. This sheath seems
complex, forming mainly around long fibres inside giant cells by deposition of
mucopolysaccharides and calcium phosphate (apatite), and associated with a
ferritin impregnation that can be converted to hemosiderin by oxidation [126].

To investigate the role of certain enzymes involved in inflammation and
fibrogenesis, genetically modified mice have been used, in which a gene for
modulating the inflammatory reaction has been turned off (knockout mice).
The difference observed between the responses of normal and knockout sub-
jects can be used to determine the gene’s involvement in the given biological
process [71,72,127].

Some studies have considered mutagenesis in vivo using BigBlue trans-
genic rats expressing the gene lacl. This is a way of revealing mutations,
but the method has seen little development so far. An increase in the muta-
tion rate of pulmonary DNA has been observed in BigBlue rats exposed to
crocidolite by inhalation, and likewise for the DNA in peritoneal cells, after
intracavitary inoculation [128, 129]. Mutations have also been detected in
mice made susceptible to the development of cancers by germ cell mutation
of a tumour-suppressing gene [73,130]. Moreover, the reproduction in mice
of human cancers related to a given carcinogen constitutes an interesting
method for studying the mechanisms of neoplastic transformation and identi-
fying the genes involved in oncogenesis. Knowing certain genes that are altered
in human tumours, these cancers can be reproduced by a rational strategy.
For example, a mutation of TP53 has been observed in human mesothelioma
in a limited number of cases, along with frequent silencing of NF2 and genes
at the locus INK/ [131]. Exposure by intraperitoneal injection of mice that
are hemizygous for a mutation of the gene NF2 has shown that the meso-
theliomas obtained with mice did indeed reproduce the characteristics of
mesotheliomas described in humans. These mice were also more sensitive to
mesothelioma development than non-mutant mice [130]. The mesothelioma
cells obtained in this way are useful for subsequent investigation of other
molecular alterations and identification of genes altered during this process.

BigBlue Rats. The genome of these rats has been modified by adding a gene lacZ
coding for a bacterial enzyme (3-galactosidase). Each cell of these animals thus car-
ries this gene, which serves as a tool for detecting mutations. When inserted in a
cloning vector, the gene lacZ serves as a reporter gene on which the search for muta-
tions will be operated. The animals are exposed to the agent under investigation,
whereupon the DNA is extracted from the relevant tissues, e.g., the lungs in the
case of animals that have inhaled fibres. A multistage process is then implemented
to isolate the gene lacZ and express (-galactosidase in bacteria. The activity of this
enzyme is revealed by a coloured reaction, and the g-galactosidase may or may not
be functional, depending on whether the gene has mutated or not.

1.5.2 Suspected Risk Factors: Artificial Mineral Fibres

Many carcinogenicity studies on animals have focused on artificial mineral
fibres (AMF), such as glass wool, rock wool, slag wool, specialty glass fibres,
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and refractory ceramic fibres (RCF), with the same exposure methods as for
asbestos. Inhalation studies carried out before the end of the 1980s proved
negative, but the results were debated for several reasons: either because the
control animals exposed to asbestos did not develop pulmonary tumours, or
because the fibres used were of too high a diameter, incompatible with deposi-
tion in the lungs of the animals. Toward the end of the 1980s and the beginning
of the 1990s, studies were carried out on rats and hamsters using the nose-only
method. A certain number of samples (RCF) produced a significant increase
in the incidence of pulmonary tumours in rats and mesotheliomas in ham-
sters. Exposure by intracavitary injection produced a significantly higher rate
of tumours in animals treated with the fibres as compared with control ani-
mals. Recall that one of the first articles to suggest the lower toxicity of short
fibres as compared with long ones was published by Stanton et al. [119], and
in this study, the authors implanted 70 samples of glass fibres with various
granulometric size distributions in rat pleuras.

However, this dimensional parameter could not alone explain the differ-
ences in carcinogenic potential of the various samples. Work on AMF's focused
on the biodurability of these fibres, a term referring to their tendency to resist
dissolving or disintegrating in the biological medium. This notion led to the
idea of biopersistence which takes into account both biodurability and clear-
ance, referring to the ability of a fibre to perdure in the lungs while conserving
its chemical and physical characteristics. This in turn inspired a classification
of fibre toxicity in terms of their biopersistence, the most durable fibres being
considered as potentially the most carcinogenic. These studies were used to
classify AMFs by the Centre de recherche sur le cancer (CIRC) in France and
subsequently to set up a European directive (see Sect. 1.6).

One study used intratracheal instillation to investigate genotoxicity in vivo
in BigBlue rats. It showed a significant increase in the mutation rate for a rock
wool sample and a non-significant one for glass fibres [132].

Various cell systems have been used to study the effects of AMFs. Some
samples had genotoxic effects, including DNA damage and induction of chro-
mosomal aberrations, nuclear abnormalities, and mutations, together with a
transformation of mammalian cells. In addition, fibres can cause an inflamma-
tory reaction producing ROS, growth factors, and cytokines. ROS production
by fibres does not seem to be an important characteristic of these particles.

A discussion of AMF carcinogenicity for all the different types of fibres
would go beyond the scope of this review. The INSERM reports contain a
discussion of the different results, while the CIRC document provides experi-
mental details [133,134].

1.5.3 Unknown Risk Factors: Nanoparticles

Studies on the effects of nanoparticles (NP) are flourishing. An overview of the
general state of the art has been published recently [135]. There are several
reviews of the latest work [46,89, 136-138]. The experimental setups devised
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for silica and asbestos studies have been applied to NPs. Widely different par-
ticles have been investigated, e.g., titanium oxide, carbon black, polystyrene,
metals, metal salts, diesel smoke products, and particles from the surround-
ing atmosphere. Tests focused on migration and translocation, inflammatory
reactions (production of inflammatory cells and factors in animals by BAL
analysis), and in vitro on culture cells (inflammation, genotoxicity) [137-139).

Results showed an inflammatory response and oxidative stress in the lungs,
but this response varies, and depends on the samples. The reason for these
differences has not yet been identified. A lot of studies have demonstrated
the genotoxic potential of NPs, but it is not yet possible to draw definitive
conclusions about the parameters and factors producing these effects [140].

The penetration of NPs into cells is an important process to be taken into
consideration, as for all other particles. NPs can enter cells by endocytosis,
but it seems that they can also cross the cytoplasmic membrane. They may
be able to enter the nucleus by transfer via the nuclear pores, or as suggested
for asbestos, after mitosis [112, 140-142]. Further studies will be needed to
find support for these hypotheses.

With these particles, there is some discussion over the best parameter to
use for relating observed effects: mass concentration, number, surface area,
and/or surface activity. The tendency is to express effects in terms of the sur-
face area of the particles. However, a glance at the literature shows that this
idea is difficult to generalise to all NPs [143]. Exposure by cutaneous NP deliv-
ery did not reveal notable effects, while systemic administration gave variable
results, depending on the type of particles, characterised largely by morpho-
logical abnormalities located in the liver, the kidney, and the spleen [139]. As
with asbestos and silica, knockout mice have been used, in particular to study
the role of certain enzymes involved in inflammation and fibrogenesis [144].

Carbon nanotubes (CNT) have particularly interesting properties in a
range of different fields of application. Many studies, including genomic
methods, have demonstrated a capacity to cause oxidative stress, pul-
monary inflammation, and mesotheliomas in mice. The similarity between
the pathogenic properties of multiwall CNTs and asbestos fibres is currently
under discussion [46, 145].

1.6 Results and Further Questions

The results of toxicological studies deserve comment in this chapter, and the
historical context is relevant here. Regarding the main types of particle dis-
cussed above, the work on silica and asbestos confirms the effects on humans
observed earlier on, and provides an insight into what is going on, but the
exact mechanisms remain to be clarified. In the light of recent findings con-
cerning the interactions between cells and fibres, particles cause a range of
pathological consequences depending on their nature, even if they are par-
ticles with the same chemical composition as silica. Indeed, differences in
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tissue and cell response are observed depending on their mineralogical nature,
the surface state, and the extent of interactions between the particle surface
and the cell membrane. Research in this area has also demonstrated the role
played by shape and dimensions. The dependence of the effects on physical
and physicochemical properties has been confirmed by studies on asbestos
fibres, which justify a generalisation of these hypotheses. The incidence of the
particle characteristics on biological effects is also confirmed by comparative
studies of the effects of FPs and UFPs of the same chemical nature. The
present understanding of the interactions between cells and silica or asbestos
has influenced studies of synthetic mineral fibres, leading to the definition of
biopersistence as one of the key elements determining pathological effects.

Furthermore, the data that has been built up has drawn attention to par-
ticle dynamics, and in particular, their migration toward and translocation
within different organs and their chemical and dimensional evolution within
the organism, avoiding the idea that they might somehow be inert as was
sometimes suggested in reports on earlier observations. Bearing in mind the
many applications of NPs, it is safe to predict that these questions will remain
pertinent, given the tendency of NPs to aggregate and the importance of their
surface properties.

In the case of asbestos, the various studies have supported epidemiological
surveys, and experimental demonstrations finally led to its being outlawed
in certain countries. Furthermore, studies on these minerals have stimulated
research on the toxicity of other fibres, be they synthetic, inorganic, or organic,
allowing us to anticipate the harmful effects resulting from these particles.

Studies carried out on silica led to certain forms being classified as carcino-
genic (group 1) by the CIRC in 1996 [25]. RCFs and certain specialty glass
fibres have been classified in group 2B (possibly carcinogenic for humans),
whereas insulating wools have been put into group 3 (unclassifiable with
regard to carcinogenicity for humans due to lack of data) [133]. Despite epi-
demiological studies showing various results, carbon black and titanium oxide
have been classified as possibly human carcinogenic for altered clearance under
high pulmonary contaminant levels, on the basis of experimental studies and
effects compatible with a carcinogenic mechanism [146].

Note that, before 2006, experimental studies on animals were taken into
account for this classification of carcinogenic potential, while mechanism stud-
ies carried out on isolated cells carried no weight in the final decision, but
were considered only as indicators. Today studies to determine the under-
lying mechanisms have become a central part of CIRC assessments, while
epidemiological studies are not conclusive with regard to either an absence of
proof or a sufficient proof of carcinogenicity. Since 2006, mechanistic data are
taken into consideration in evaluations, and can provide strong evidence for
carcinogenic potential [147].

Toxicological studies of AMFs have led to the formulation of European
directives for carcinogenicity tests on artificial vitrous silicate fibres. These
authorise exemption from classification as ‘carcinogenic’ on the basis, for
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example, of the biopersistence (half-life) of fibres in the lungs, in a short term
inhalation or intratracheal instillation study [148]. Furthermore, a model has
been made, using experimental data obtained with RCFs, to define an esti-
mate of the increase in the risk of cancer associated with exposure to these
fibres [149]. And hypotheses have also been formulated regarding the possi-
ble mechanisms whereby these fibres act. Using a two-stage clonal expansion
model, with the stages being initiation and promotion, it has been suggested
that the best fit to RCF data has the fibres as initiators [150,151].

It may also be considered that data acquired on FPs and UFPs have
stimulated interest in environmental pollution, and they have undoubtedly
had consequences for investigation of the effects of NP toxicity, a subject of
major importance at the present time. In addition, the protocols and methods
already devised with particles in the field of inhalation toxicology will speed
up investigations in other fields of exposure presently emerging with NPs,
even if some adaptation will be needed. Indeed, given that these particles
are present not only in aerosols, but also in other products, e.g., foods and
cosmetics, other exposure routes must be taken into consideration.

These studies on particle toxicity raise a range of different questions on
both the cognitive and methodological levels:

e The validity of the notion of biopersistence as an indicator of the carcino-
genic potential of AMFs is still debated, and the generalisation of this
notion as a means for assessing the carcinogenic potential of all fibre types
has not yet been established. Note that the biopersistence of a carcinogenic
agent is not a necessary factor for it to have a carcinogenic effect. Biop-
ersistence modulates the dose rate, and introduces a time factor into the
cumulative dose. Questions have been raised about the limitations of short
term biopersistence studies, used to exempt AMFs from classification as
carcinogens [148].

e Just as surface reactivity cannot alone explain pathological cell response,
so inflammation is unable to account fully for carcinogenic effects. A recent
analysis of data in the literature suggests that cancer is not necessarily
related to inflammatory reaction and oxidative stress [152]. The inflamma-
tory reaction is a natural defence process and the lungs have an antioxidant
defence potential. The level of production of these reactive species must
therefore be a determining factor for toxicity. Alteration of the genetic
material (genetic and chromosomal mutations) is an important indicator
of the carcinogenic process.

e The way particles enter into cells, and what happens to them thereafter
with regard to interaction with genetic material and cell regulatory chan-
nels, need to be explored further in order to define the mechanisms of par-
ticle action and identify criteria for evaluating toxicity endpoints. To assess
the potential for damage repair, it is also important to explore associated
mechanisms: genetic (DNA repair), cellular (apoptosis, repopulation, etc.),
and tissue (scar formation, etc.) mechanisms.
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e Research carried out up to now has favoured certain mechanisms, intro-
ducing a bias toward a general understanding of cell response, focusing on
one process or one mechanism. In the future, genome-wide studies should
make it easier to identify regulatory channels that are activated or inhib-
ited in cells responding to these particles, and this in a dynamic way that
takes into account the microscopic surroundings of the cells.

e We should also be concerned about the best strategy or strategies to adopt
to study the most representative particles in terms of risk factors, and try
to identify the biological systems that are best suited to assessing hazards
and risks.

1.7 Conclusions and Prospects

Particle toxicology has come into being thanks to the experimental data
acquired mainly during the second half of the last century. Research brought
out several mechanisms and physiological routes to be explored when exam-
ining the potential toxicity of solid particles. Points to be analysed concern
not only biological aspects, such as inflammation, effects on systems regulat-
ing cell homeostasis, cell integrity, cell cooperation, and interactions between
the cell and its micro-environment, but also particle aspects, i.e., physical
and physicochemical characteristics. The bioavailability of the particles, their
penetration into the cells, and their stability in the biological medium are
important factors to take into consideration. One should expect new biolog-
ical aspects and new factors to become relevant, so that new characteristics
will have to be taken into account. Upstream, in order to make toxicological
studies as relevant as possible, we need to ask about the context of expo-
sure, not only with regard to the kind of particles likely to enter the organism
(chemical nature, shape, and dimensions), but also with regard to the pop-
ulation at risk and the environmental and ecological extent of the risk. This
understanding is essential for setting up the best expert systems, modelling
particle—cell interactions, and determining the probability of physiopatholog-
ical response. When discussing particle toxicology, the current situation is
very different from previous ones, and it is essential to take this into account.
Indeed, in the past, experimental studies came after the pathologies had been
identified, whereas today, the new materials will precede the pathologies. Let
us hope that data already made available will not simply be ignored, delaying
the benefits of knowing about them when identifying and characterising new
risk factors.

The significant development in the means for analysing cell functioning
and the rapid expansion of means of communication make it possible today
to analyse a huge volume of data, ensuring fast progress in our understanding
of the life of the cell and the way it can respond to exogenous factors, in an
integrated system that will take into account both biological and molecular
interactions. Up to now, mechanistic studies have observed isolated responses
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in a general biological and physiological context, and often under conditions
that do not justify extrapolation to assess the level of risk. This integrated
approach will result from large scale analyses of the various features of cell
function, with benefits for toxicology and the possibility of limiting experi-
ments on animals. Their use should be strongly encouraged to promote the
rapid development of research into the effects of particles on structure, and the
genetic and epigenetic modifications of genome activity. Present and future
data might also be used to construct algorithms that would assist in the eval-
uation of toxicity, taking into account the parameters of the toxicity related to
particle characteristics, biological mechanisms of the pathologies, and expo-
sure conditions. In order to ask the relevant questions and offer efficient solu-
tions, information must be supplied on two levels: upstream, regarding the
nature of particles likely to produce health risks (role of manufacturers and
safety specialists, environmental data), and downstream, regarding potential
or proven risks (factory doctors, public authorities, registers, early warning
systems). Considerable progress will be made in the coming years and we
must acknowledge the role played by earlier investigations which, with the
means available to them, laid the foundations for modern particle toxicology.
Research in this area will necessarily be multidisciplinary, associating groups
specialising in the physicochemical characterisation of particles and all the
different aspects of biology (pathology, and cellular and molecular biology).
Let us hope that the forces needed to tackle all these aspects of the research
so necessary today will be successfully set in motion to achieve positive and
efficient management of future health and safety requirements.
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Exposure, Uptake, and Barriers

Armelle Baeza-Squiban and Sophie Lanone

The nanotechnologies market is booming, e.g., in the food industry (powder
additives, etc.) and in medical applications (drug delivery, prosthetics, diag-
nostic imaging, etc.), but also in other industrial sectors, such as sports, con-
struction, cosmetics, and so on. In this context, with an exponential increase
in the number of current and future applications, it is particularly important
to evaluate the problem of unintentional (i.e., non-medical) exposure to man-
ufactured nanoparticles (so excluding nanoparticles found naturally in the
environment). In this chapter, we begin by discussing the various parameters
that must be taken into account in any serious assessment of exposure to
man-made nanoparticles. We then list the potential routes by which nanopar-
ticles might enter into the organism, and outline the mechanisms whereby
they could get past the different biological barriers. Finally, we describe the
biodistribution of nanoparticles in the organism and the way they are elimi-
nated.

2.1 Exposure

Many factors enter into the problem of unintentional exposure to artificial
nanoparticles. The parameters that need to be taken into consideration to
characterise potential exposure are:

e The environmental compartment in which the nanoparticles occur (water,
air, soil).
The shape of nanoparticle (primary, secondary).
The exposure context (workers, users/consumers).
The dose of nanoparticles to which we are potentially exposed.

These points will be discussed in the following sections.
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2.1.1 Which Environmental Compartment?

Owing to the ever increasing production of manufactured nanoparticles (some-
times of the order of several tonnes), their release into the environment
becomes more and more likely, and there is therefore a potential risk of expo-
sure that needs to be understood. Such exposure may occur in different envi-
ronmental compartments, i.e., air, water, soil, and it may be intentional or
otherwise.

Indeed, unintentional emissions of artificial nanoparticles into the atmo-
sphere are one possibility. Moreover, water or soil in the vicinity of nanopar-
ticle production areas may be contaminated by effluents.

Exposure may also result from intentional use of certain manufactured
nanoparticles. For example, iron nanoparticles are used to decontaminate the
water table [1], which is thus directly exposed to nanoparticles. The use of
titanium dioxide nanoparticles (TiOz) in sunscreen creams to improve the
spreading quality of the cream on the skin and protect against the sun’s ultra-
violet radiation, may lead to the dispersal of these nanoparticles in water when
people bathe. The use of TiOz or zinc oxide (ZnO) nanoparticles in paints to
improve their appearance of whiteness or to make them self-cleaning may
cause ground contamination after repeated washing of the treated surfaces of
buildings, cars, and so on, by rainfall. Finally, if the ground is contaminated,
the nanoparticles may be returned to the atmosphere, with subsequent risk
of atmospheric exposure.

2.1.2 What Kind of Particles?

As already mentioned, a particle is described as a nanoparticle if one of its
dimensions is of nanometric order. Nanoparticles fall into two main groups
for the purposes of toxicology: primary nanoparticles, i.e., deliberately syn-
thesised, and secondary nanoparticles. The latter may be produced through
the degradation of a material during some mechanical or thermal process, but
also through the transformation of primary nanoparticles by interaction with
other compounds. Among the secondary nanoparticles are diesel combustion
products, tobacco smoke, welding fumes, and others.

Whether they are primary or secondary, nanoparticles very quickly form
aggregates or agglomerates. We speak of an aggregate when the elementary
particles are bound by strong forces, and an agglomerate when the assembly
of elementary particles is held together by relatively weak and easily broken
bonds, such as van der Waals or electrostatic forces [2]. So aggregates and
agglomerates of elementary nanoparticles may be nanostructured (made up of
nanoparticles) and have nanometric dimensions or reach sizes of a few microns.
In every case, their nanoscale structure confers novel surface properties on
them, one of the motivations for their industrial applications. It is thus clear
that the range of nanoparticles to which we are potentially exposed is very
broad and cannot be predefined.
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2.1.3 Exposure Context

Exposure to nanoparticles can occur in an occupational or private context.
Indeed, workers in the nanotechnology sector may be exposed during manu-
facture, during transport, or during storage of the nanoparticles. These work-
ers involved in the synthesis and use of nanoparticles currently represent some
20000 people around the world, and this number is on the increase. Estimates
by the National Science Foundation suggest that around 2 million workers will
be employed in the nanotechnologies sector within the next fifteen years or
so [3].

As mentioned earlier, manufactured nanoparticles may be released into
the environment at some point during their life cycle, and thereby reach the
general population. Exposure of the general public can also arise through
the use of products containing nanoparticles. The latter are already available
on the open market. The example of sunscreen creams containing TiOs has
already been cited, but one should also mention food additives used to improve
the dispersion of powders such as salt, chocolate powder, and so on, and there
are other applications in clothing, sports equipment, and so on. Since 2005, the
Woodrow Wilson International Center for Scholars has published an inventory
of commercially available nanotechnological derivatives [4]. In 2010, more than
1000 products were identified, and the list gets longer every day.

2.1.4 Dose

At the present time there is no factual data concerning the concentrations of
manufactured nanoparticles present in the environment, since the many differ-
ent sources are not properly controlled and coordinated. Regarding exposure
levels in the workplace, these vary depending on the amount of nanoparticles
produced and the post occupied by the worker, e.g., production worker on the
shop floor, maintenance technician, storage or transport agent.

A quantitative evaluation of the potential exposure to nanoparticles will
require nanoparticle metrology, to be discussed in Chaps.7 and 8.

2.2 Uptake

Nanoparticles are conventionally considered to be able to enter into direct
contact with the organism via three main routes: respiratory, digestive, and
cutaneous. Indeed, these three systems are permanently exposed to the envi-
ronment and hence likely to come into direct contact with nanoparticles.

2.2.1 Respiratory Route

The respiratory system is particularly exposed to man-made nanoparticles,
not only because it is the entry route for inhaled particles, but also because the
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respiratory system receives the whole of the cardiac output. For this reason,
there is an exposure risk for the respiratory system whenever nanoparticles
are first taken up systemically, e.g., as a consequence of cutaneous exposure,
ingestion, or systemic administration through nanomedical use.

Structure of the Respiratory System

The respiratory system can be considered as a system of ducts, the airways,
whereby air enters via the nose and mouth, then passes into the lungs and
pulmonary alveoli during breathing, as shown in see Fig.2.1A.

We distinguish the upper airways, which are extrathoracic, comprising
the nose, mouth, pharynx, and larynx, from the lower, intrathoracic airways.
The latter includes an air conduction zone, made up schematically by the
trachea and bronchi (stem bronchi which subdivide into lobar bronchi and
then bronchioli), and a respiratory zone which handles gaseous exchanges
between the air and the blood, and which consists mainly of pulmonary alveoli,
rather like little bags at the end of each respiratory duct.

The pulmonary alveoli, about 300 million in number in an adult human,
provide a huge area for exchanges to take place, in fact about 140m?, roughly
the area of a tennis court! The alveoli have a very thin wall, less than 0.5 pm
thick (alveolar epithelium), and are covered with very fine vessels called cap-
illaries. It is at the location of the alveolo-capillary barrier (see Fig.2.1C)
that gas exchange takes place between air and blood, whereby the alveoli
fulfill their double role of transferring oxygen from the air to the blood and
extracting carbon dioxide from the blood into the air.

The alveolar epithelium stands upon a continuous basal membrane. It is
made up of two types of epithelial cell, the type I and type IT pneumocytes,
which meet at tight junctions. The type I pneumocyte is a highly flattened
cell about 0.2 um thick, spread out against the basal membrane. There are
about 100 type I pneumocytes per alveolus, which represents 40% of the total
number of epithelial cells, but 90% of the total epithelial surface area. Indeed,
the type II pneumocytes, numbering about 150 per alveolus, cover only 10%
of the total alveolar surface area. These are massive cells, encased between the
cytoplasmic veils of the type I pneumocytes. They have an apical pole with
short microvilli, and their cytoplasm contains cytoplasmic vesicles that are
extremely rich in phospholipids, with a layered structure (lamellar bodies).
It is the type II pneumocytes that synthesise the main components of the
pulmonary surfactant.

Deposition

Deposition of nanoparticles in the respiratory system, i.e., the interaction of
these particles with the various structures of the pulmonary surface, can occur
at different points of the breathing apparatus depending on factors intrinsic
or extrinsic to the nanoparticles.
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Fig. 2.1. Respiratory system (see colour plate). Illustration produced using Servier
Medical Art, www.servier.fr. (A) General view showing the anatomy of the respira-
tory system. (B) Details of the mucociliary epithelium lining the upper and lower
airways. The mucus produced by secreting cells traps particles and is moved up to
the pharynx by ciliary beating to be expectorated or ingested. (C) Detail of the
alveolar epithelium in the alveolo-capillary barrier. The alveolar epithelium is made
up of type II pneumocytes involved in surfactant synthesis and type I pneumocytes,
which are extremely fine cells covering 90% of the alveolar surface. The air—blood
distance is about 2um. Macrophages in the alveolar lumen ensure particle phago-
cytosis

When they are in suspension in the air, the particles constitute an aerosol.
The behaviour of this aerosol will depend to a large extent on the size of
the particles, and this then determines the mode of deposition of the parti-
cles. Generally speaking, particles may be subjected to various forces, namely,
inertia, gravity, or diffusion. As far as nanoparticles are concerned, diffusion
forces tend to dominate. Indeed, as the particle size approaches the molec-
ular level, which is the case for nanoparticles, their dynamical behaviour
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Fig. 2.2. Predicted total and regional deposition of particles in the human res-
piratory tract as a function of particle size. The deposited fraction includes the
probability of inhalation. The subject is assumed to breathe mainly through the
mouth (dotted curve) or the nose (continuous curve), while carrying out a standard
physical effort (see colour plate). From [5]

tends to be superposed on the dynamical behaviour of a gas, and hence to
obey the gas diffusion laws. Nanoparticles thus enter into collisions with the
gas molecules of the surrounding air (Brownian motion) and are themselves
carried along by random diffusive motion. The speeds of these motions are
inversely proportional to the diameters of the particles, i.e., the smaller the
particles, the faster the motions. The tendency of nanoparticles to aggregate
and agglomerate must also be considered, as explained earlier, noting that this
phenomenon will be favoured by the possibility of collisions. The formation of
aggregates and agglomerates will largely determine the subsequent deposition
of the nanoparticles in the respiratory tract.

What exactly happens to nanoparticles in the respiratory tree is not per-
fectly understood. This is why predictive models are employed. In order to
model the deposition of nanoparticles in the respiratory tract, the latter is
divided up schematically into three regions, viz., the nasopharyngeal (upper
airways), tracheobronchial, and alveolar regions. Predictive models have been
set up using data provided by the International Commission on Radiological
Protection (ICRP), describing the probability of total deposition of particles
measuring up to 100 um in aerodynamic diameter throughout the respiratory
tract, with an analysis carried out region by region. An example is presented
in Fig.2.2 [5].

From this predictive model (see Fig.2.2), it can be concluded that, the
smaller the particles, the more likely they are to be deposited in the respira-
tory tract, with a specific distribution in each region depending on the size
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of the nanoparticles. Indeed, while 5nm nanoparticles can be deposited at
similar levels in each of the three regions, deposition in the nasopharyngeal
region tends to dominate for particles smaller than 5nm, whereas particles
bigger than 5nm tend to be deposited preferentially in the alveolar region.
The maximal alveolar deposition (50-60%) is predicted for 20 nm particles, the
total deposition probability for this class of nanoparticles being 80%. These
differences in deposition (total and regional) can be expected to influence the
subsequent biological effects of the nanoparticles. Moreover, it should be noted
that this model was made considering breathing through the mouth and at
rest. It is easy to understand that the deposition parameters are likely to be
modified under rapid breathing conditions, e.g., when making a physical effort,
since the volume of air taken in will be greater per unit time, and with greater
perturbations in the flow. Another situation where one would expect modifica-
tions is in the presence of a respiratory pathology such as asthma, bronchitis,
and so on, which also modulates the air flow in the airways. Indeed, mathe-
matical models predict increased deposition of nanoparticles in pathological or
constricted airways. This is confirmed by the fact that airways affected by an
obstructive pulmonary disease or asthma display higher pulmonary retention
of nanoparticles [6-9]. Finally, it should be noted that this model was made
for spherical nanoparticles, and its relevance for deposition of nanoparticles
with other shapes remains to be established.

Clearance Mechanisms

Clearance of a given substance is defined by the capacity of an organ to
eliminate it totally. In the lungs, clearance of deposited particles is governed
by two types of mechanism: chemical clearance and physical translocation of
particles.

Chemical clearance involves processes which dissolve either the particle or
its soluble components, lixiviation which consists in removing certain chem-
ical elements from the particle matrix, or absorption or binding to proteins,
allowing the particles to pass into the bloodstream or lymph system. These
chemical clearance processes can occur throughout the respiratory apparatus,
but with different levels of efficiency depending on the intra- and extracellular
environment and in particular the pH [10].

In contrast to chemical clearance, physical translocation mechanisms are
more specific to the region of the respiratory apparatus. Two main clearance
mechanisms are conventionally considered in the respiratory system:

o The Mucociliary Escalator. The nasal mucous membrane and the tracheo-
bronchial region are endowed with a highly effective clearance mechanism,
jointly accomplished by the ciliated epithelial cells and the mucus secret-
ing cells (see Fig.2.1B). These cells form a mucociliary escalator, allowing
the migration of a lining of mucus toward the pharynx. This is a very
fast clearance mechanism for solid particles, which are eliminated from
the tracheobronchial region in just 24 hours [10].
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Phagocytosis by Alveolar Macrophages. Another absolutely classic pul-
monary clearance mechanism, effective in the alveolar region this time,
involves the alveolar macrophages (see Fig. 2.1C) and their ability to inter-
nalise particles by phagocytosis. This mechanism is all the more efficient
in that the macrophages are guided by chemical attraction to the point of
deposition of the particles. The macrophages recruited in this way quickly
internalise the particles, then migrate toward the mucociliary escalator.
The whole process takes several days. The efficiency of this clearance sys-
tem seems to depend on the size of the particles, becoming less efficient
for nanoparticles than for micrometric particles [10-13]. However, since all
particles are phagocytized within 6 to 12 hours of their deposition [10],
this implies that other clearance mechanisms come into play for nanopar-
ticles. Among these mechanisms are epithelial translocation, transit into
the blood or lymph systems, and translocation via sensorial neurons [10].
These different mechanisms are explained later in the chapter.

2.2.2 Cutaneous Route

The skin constitutes an important barrier, protecting against all forms of envi-
ronmental agression, and hence potentially against nanoparticles. The skin
has an area in the range 1.5-2m?2, and it is structured in three layers: the
epidermis, the dermis, and the hypodermis (see Fig. 2.3).
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Fig. 2.3. Structure of the skin: epidermis, dermis, and hypodermis (see colour plate).
Tllustration produced using Servier Medical Art, www.servier.fr. The epidermis is a
stratified non-vascularized epithelium, separated from the dermis by the basal layer.
The vascularized dermis contains the cutaneous appendages. The lowermost layer is
the hypodermis, comprising mainly adipocytes
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Epidermis

The epidermis is the outermost layer of the skin and thus forms the first
physical barrier to environmental assault. It is a stratified epithelium which
is continually renewed. It is made up mainly of keratinocytes (90-95% of
the total cell population), but also melanocytes, Langerhans cells, and Merkel
cells. It is not irrigated by any blood vessels, but contains many nerve endings.
The epidermis is itself composed of four sublayers: the stratum corneum, the
stratum granulosom, the Malpighian layer, and the basal layer.

The stratum corneum is the outermost layer of the epidermis. It is very thin
over most of the body (of order um), except at certain specific locations, such
as the soles of the feet and the palms of the hands. It contains only dead cells,
without nuclei and highly keratinized, forming an impermeable and flexible
layer. There is a desquamation process of the keratinocytes making up the
stratum corneum, leading to complete renewal of this layer roughly once a
month.

The stratum granulosom is made up of keratinocytes which are beginning
to lose their nucleus, releasing a kind of lipid-based ‘cement’ which strengthens
intercellular cohesion and helps the epidermis to fulfill its role of protective
barrier.

The main feature of the Malpighian layer, or underlying mucous layer,
apart from being the thickest layer of the epidermis, is that it contains Langer-
hans cells. These are cells from the bone marrow, which intercalate between
the keratinocytes and fulfill an immunological role.

Finally, the deepest layer of the epidermis, the basal layer, is also made
up of keratinocytes, joined together and joined to the underlying dermis
by desmosomes. These are cells that proliferate and ensure renewal of the
epidermis. Melanocytes are also found in this layer. The function of these
cells is to synthesise a pigment called melanin. And then there are Merkel
cells, with neuroendocrine and epithelial functions.

Dermis

Located beneath the epidermis, this is 10 to 40 times thicker than the latter.
It is the thickest layer of the skin. Its resident cells are fibroblasts, essential
for synthesising the constituents of the conjunctive tissue, dendrocytes (den-
dritic mesenchymal cells), and mastocytes (mononucleated medullary cells).
The dermis is also the place where most skin structures are found, including
the sweat and fat glands, the hair follicles, the nerve endings, the blood vessels
which carry oxygen and nutrients to the skin, and the lymphatic vessels which
contain immune cells for fighting infections. This layer also contains two ele-
ments that are essential for its cohesion and flexibility, namely collagen and
elastin fibres, respectively. Finally, it constitutes an important stock of water
for the organism as a whole.
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Hypodermis

The lowermost layer of the skin is the hypodermis. It is attached to the over-
lying dermis by elastin and collagen fibres. In this layer, the main cells are
the adipocytes, which serve to store fats. For this reason, and by virtue of
its many blood vessels, the hypodermis serves as an energy store through the
adipocytes which supply fats to the organism, but also as a protection against
temperature variations, since fat is a good thermal insulator, and against
mechanical assault.

2.2.3 Digestive Route

The digestive system is a potential entry route for nanoparticles when the
organism ingests contaminated foodstuffs or water, or consumes processed
foods into which nanoparticles have been introduced intentionally during fab-
rication. Oral exposure may also occur by hand-to-mouth transfer. Finally,
inhaled nanoparticles which have been eliminated from the respiratory system
by mucociliary clearance are subsequently ingested if they are not expecto-
rated.

The intestine has a surface area of around 240m? and contributes sig-
nificantly to the total area of the digestive tract. This high surface area is
designed for efficient absorption of nutrients. It is achieved by the length of
the organ and by the formation of finger-shaped folds called villi, which cover
the intestinal wall. It is further increased by the presence of microvilli at the
apical pole of the enterocytes which constitute the most abundant cell type in
the intestinal mucosa (see Fig.2.4A). This mucosa is covered with a monos-
tratified epithelium made up of enterocytes and goblet cells joined together
by tight junctions which guarantee the cohesion of the tissue and its role as
a barrier (see Fig.2.4B). The main functions of the enterocytes are to control
the transfer of macromolecules and micro-organisms and at the same time to
allow the absorption of nutrients. The goblet cells secrete a protective viscous
fluid, mucus, made up of glycoproteins (mucins). Mucus defends the mucosa
against the adhesion or penetration of toxins, bacteria, and antigens.

Dispersed through the intestinal mucosa are regions known as Peyer’s
patches which are not involved in digestive activities, but which play a role
in local immunity (see Fig.2.4C). These patches are bounded on the lumi-
nal side by a specialised epithelium containing so-called M cells, used by
micro-organisms to cross the intestinal mucosa and reach the underlying lym-
phoid follicles. These M cells represent only 10-20% of the cells in the Peyer’s
patches, and barely 107 cells of the intestinal epithelium. They represent a
potential entry route for nanoparticles, because they have a great capacity for
transcytosis and can transport a wide range of materials, including nanoparti-
cles. It is generally accepted that particles of size less than 1 um are phagocy-
tized by M cells and transported to the basal region, whereas those with sizes
greater than 5um are also phagocytized by the M cells, but remain trapped
in the Peyer’s patches [14].
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Fig. 2.4. (A) Intestinal wall showing (B) epithelial villi covered by a monostratified
epithelium made up of enterocytes and goblet cells in contact via different types of
junction, including tight junctions preventing paracellular transfer and resting on
a basal membrane, and (C) a Peyer’s patch with specialised epithelium containing
M cells among enterocytes above a lymphoid follicle. Illustration produced using
Servier Medical Art, www.servier.fr (see colour plate)

2.3 Barrier Crossing

Whatever epithelium one may consider (respiratory, epidermic, or intestinal),
it constitutes a physical barrier to penetration by foreign substances by virtue
of impermeable junctions around the cells. Excluding pathological situations
or exposure to toxic substances affecting the permeability of the epithelia,
the paracellular route, i.e., between cells, for nanoparticle uptake is highly
unlikely. Nanoparticle penetration across epithelial barriers thus implies tran-
scellular transfer.

2.3.1 Internalisation Mechanisms

The plasma membrane around a cell regulates and coordinates the entry and
exit of molecules in order to maintain an inner medium that differs from the
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one around the cell. It comprises a lipid bilayer and proteins. The lipidic
aspect of the membrane allows it to block the transfer of ions and large polar
molecules. The presence of pumps, carriers, and protein channels allows selec-
tive transfer of ions and solutes. As far as macromolecules and particles are
concerned, they can only be captured in the extracellular medium by a mecha-
nism known as endocytosis, which results in their being internalised in vesicles
from the plasma membrane.

Cell biologists distinguish two main types of endocytosis: phagocytosis,
which consists in the internalisation of large particles, and pinocytosis, which
involves the capture of fluid substances and solutes (see Fig.2.5) [15].

Phagocytosis

Phagocytosis is normally carried out by professional phagocytes, i.e., macro-
phages, monocytes, and polynuclear neutrophils, to protect the organism
against invasion by pathogens. During phagocytosis, bacteria, yeasts, cell
debris, or large particles are internalised in phagosomes of diameter 0.1-10 pm.
The fusion of these phagosomes with lysosomes destroys the pathogen through
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Fig. 2.5. Different types of internalisation by cells. The endocytosis routes differ
by the size of the resulting vesicles, the nature of the endocytosed compounds,
and the vesicle formation mechanism. Illustration adapted from [15] and produced
using Servier Medical Art, www.servier.fr. (1) Phagocytosis, mediated by receptors
and leading to the formation of a phagosome in which the ingested material is
degraded after fusion with lysosomes. (2) Macropinocytosis. (3) Clathrin-dependent
endocytosis. (4) Caveolae-dependent endocytosis. (5) Endocytosis not mediated by
clathrins or caveolae. (6) Diffusion
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the combined action of oxidants, proteases, and hydrolases acting in an acidic
environment. Compounds resisting this degradation perdure in the phagolyso-
somes and constitute residual bodies.

The process of phagocytosis is triggered when the particle is fixed on
receptors present in the membrane of the phagocyte. These may be specific
receptors for molecules which attach themselves to the foreign body, such as
opsonins, or class A scavenger receptors specialised in the phagocytosis of
unopsonised environmental particles [16]. When the particle fixes onto the
receptor, it triggers the assembly of actin in the cell. Actin is a protein of
the cytoskeleton which allows the plasma membrane to stretch around the
particle and enclose it, as shown in Fig.2.5(1).

Depending on the shape and size of the particle, the cell may not man-
age to completely enclose it, and this leads to what is known as frustrated
phagocytosis, likely to trigger an inflammatory reaction. This phenomenon has
been observed in mice exposed to carbon nanotubes [17]. Furthermore, several
studies have shown that, in the breathing system, phagocytosis by alveolar
macrophages is less effective against nanoparticles than against larger parti-
cles, leading to persistence of nanoparticles in the alveolar compartment and
subsequent deposition on the alveolar epithelium [10].

Pinocytosis

In contrast to phagocytosis, which is induced by the binding of a particle
to the membrane surface, pinocytosis is a constitutive process occurring all
the time. There are four different mechanisms: macropinocytosis, clathrin-
dependent endocytosis, caveolae-dependent endocytosis, and endocytosis that
is independent of both clathrins and caveolae.

Macropinocytosis consists in the internalisation of large amounts of extra-
cellular fluid thanks to membrane protrusions, using a mechanism involving
actin from the cytoskeleton. However, some bacteria use this route to pene-
trate cells. It leads to the formation of macropinosomes with diameters in the
range 0.5-5 um, as shown in Fig. 2.5(2).

Clathrin-dependent endocytosis involves the receptors of the plasma mem-
brane. It provides a way of recycling them and concentrating the ligands of
the surrounding extracellular medium if they bind to the receptors. This type
of endocytosis occurs in specialised areas of the membrane lined on the intra-
cellular side by a protein network made up of clathrin. Invagination of the
plasma membrane detaches a vesicle coated with clathrin, with diameter in
the range 100-150 nm, as shown in Fig. 2.5(3).

Caveolae-dependent endocytosis leads to the formation of small vesicles
called caveolae, with diameter around 70 nm. It occurs in microdomains of the
plasma membrane that are rich in glycosphingolipids and in cholesterol which
interacts with caveolin, a membrane protein. In most cells, this internalisation
mechanism is considered to be secondary compared with clathrin-mediated
internalisation, with the exception of the endothelial cells. In these cells, it
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allows transcytosis, i.e., the transfer of serum proteins from the blood via the
caveolae to tissues juxtaposing the endothelial cells, as shown in Fig. 2.5(4).

The last form of endocytosis, involving neither clathrin nor caveolae,
has been observed to occur in lipid microdomains or rafts. The mechanisms
involved here remain poorly understood at the present time [see Fig. 2.5(5)].

With the exception of macropinocytosis, most other internalisation mech-
anisms involve membrane receptors. The adsorption of ligands present in the
biological fluids on nanoparticles in a way that depends on their physicochem-
ical characteristics might favour their recognition by membrane receptors, and
hence their internalisation.

Following pinocytosis, the vesicles fuse with the sorting endosome and are
then degraded by lysosomes or addressed to the opposite membrane domain
where transcytosis can occur (see Fig.2.5).

Other Mechanisms

In all the endocytosis processes mentioned above, internalised material is
enclosed in a vesicle and thereby separated from the cytoplasm by a mem-
brane. However, free nanoparticles have been observed in the cytoplasm, and
even in the nucleus and mitochondria, where they may then interact directly
with macromolecules. For example, the inhalation of small doses of TiOs
nanoparticles by rats has resulted in the observation of nanoparticles that
are not enclosed by a membrane in epithelial and endothelial cells, in the
conjunctive tissue, and even in red blood cells [18].

This therefore suggests that nanoparticles can enter cells by different mech-
anisms to the usual ones, in particular, those involving actin. Indeed, in the
presence of a substance depolymerising actin, neutral and charged polystyrene
nanoparticles are nevertheless internalised by macrophages, in contrast to
1um particles. For example, some studies suggest that, by adhesive interac-
tions, nanoparticles may be able to diffuse passively through the plasma mem-
brane by virtue of temporary pore creation, as shown in Fig.2.5(6) [18]. This
has been observed with neutral and charged fluorescent polystyrene nanoparti-
cles, gold nanoparticles, and TiO4 nanoparticles found in red blood cells, which
are cells with no standard endocytosis process. According to the authors of
these investigations, the surface properties and chemical composition of the
nanoparticles may not be relevant to nanoparticle uptake by these mecha-
nisms.

If nanoparticles can enter cells by this diffusion mechanism, they can also
leave by the same route, thereby favouring their transfer through to the other
side of the epithelial barrier, and thus achieving transcytosis.

Many studies have demonstrated the rapid internalisation of a wide range
of nanoparticles by different cell types, whether or not they are specialised in
phagocytosis. However, the mechanisms coming into play have not yet been
carefully investigated. Moreover, most of these studies have been carried out
in vitro under conditions where contact between the nanoparticles and the
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culture medium causes proteins to adsorb onto them which by their very
nature will facilitate receptor-mediated internalisation, not to mention the
aggregation of the particles. For example, a study made with cerium oxide
nanoparticles of different sizes (20-500nm), used in very low concentrations
(0.02-0.2 ug/cm?) has shown that their internalisation by fibroblasts, probably
macropinocytosis, increases with particle size [19]. The sedimentation of the
largest nanoparticles favours their contact with the cells, in contrast with what
happens for smaller nanoparticles, since these gain access to the fibroblasts
only by diffusion, even though they may aggregate.

2.3.2 Particle Translocation

Studies carried out so far suggest that nanoparticles can cross epithelial bar-
riers, thereby gaining access to the blood compartment, whereupon they may
be distributed throughout the organism.

Air—Blood Translocation

Several studies have been carried out on humans and animals to estimate
the capacities of inhaled particles to translocate through the alveolo-capillary
barrier [20]. According to these studies, it seems that translocation is vari-
able, which could be explained by the type of particle used and the mode of
administration of the nanoparticles (inhalation, instillation).

For example, a one hour inhalation of radioactive iridium nanoparticles
(15 and 80nm) by rats led to a low level of translocation since, 7 days later,
less than 1% of the radioactivity was observed in secondary organs, such as
the liver, spleen, heart, and brain. The nanoparticles were mainly eliminated
in the feces after pulmonary clearance and ingestion [21]. Monitoring over 6
months, it was shown that the nanoparticles are first trapped in the inter-
stitium, but can return to the alveolar lumen to be eliminated by alveolar
macrophages [22].

In contrast, intratracheal instillation of TiOy particles in rats results in
significant translocation (50%) for 12nm particles, whereas it reaches only
4% for 220nm particles [10]. Still in rats, intratracheal instillation of 22 nm
ferric oxide nanoparticles (*°FeyO3) results in rapid transfer to the blood
(10min) through the alveolo-capillary barrier, with ensuing distribution in
the liver, spleen, kidneys, and testicles. The plasma half-life is estimated here
at 22.8 days [23].

Following intratracheal instillation of 20 nm colloidal gold nanoparticles in
mice, these particles are then observed in the basal membrane between the
alveolar cells and the endothelial cells, but also on the surface of endothelial
cells in the blood vessels. However, the amount of nanoparticles ending up in
the bloodstream is very low [24]. On the other hand, alveolar macrophages
containing particles migrate into the blood flow and hence to extrapulmonary
organs, suggesting that translocation may be not only direct, but also indirect
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via the macrophages. Another study comparing 1.4 and 18 nm gold nanoparti-
cles demonstrated significant translocation of the 1.4 nm nanoparticles, while
the 18 nm particles were retained in the lungs [25].

Finally, in humans, the administration of carbon-containing particles cou-
pled with technetium produced contradictory results, still under discussion
[26,27].

In vitro investigations of alveolar barrier crossing using primary cultures of
alveolar epithelial cells from rats have clarified the role of particle character-
istics on translocation mechanisms. The phenomenon is more significant for
smaller polystyrene nanoparticles (20 as compared with 100 nm) and for posi-
tively charged particles [28]. Furthermore, it does not occur at 4°C, reminding
us that this is an energy-consuming mechanism.

To sum up, these studies show that nanoparticle translocation through the
alveolo-capilliary barrier is possible, but that the extent depends significantly
on the nanoparticles themselves, and in particular their physicochemical prop-
erties. In addition, these studies have all involved a single exposure, and we
may imagine that a situation of repeated exposure will lead to higher levels of
translocation into the bloodstream. In the same way, it may be increased in a
pathological context. For example, polystyrene nanoparticles with diameters
56 and 202 nm administered to rats by intratracheal instillation lead to higher
levels of systemic transfer if the rats are first treated with lipopolysaccharide,
i.e., if they display inflammation [29]. Likewise, the exposure of perfused rat
lungs to iridium nanoparticles only results in detection of nanoparticles in the
perfusate if the lungs are first treated with hydrogen peroxide, which simulates
oxidative stress conditions occurring during inflammation, or in the presence
of histamine, which increases vascular permeability [30].

Neuronal Translocation

As mentioned earlier (see the discussion of deposition on p.40), studies using
models for the deposition of non-aggregated particles in the breathing appara-
tus have shown that the smaller particles are efficiently deposited in the nose.
The olfactory epithelium in the nasal cavities represents a potential route
for the uptake of nanoparticles by the central nervous system (see Fig.2.6).
Indeed, 50 nm gold nanoparticles have been observed to translocate in mon-
keys, while 35 nm carbon nanoparticles and 30 nm manganese oxide nanopar-
ticles have been observed to translocate in rats, entering the olfactory bulb
by following the axon of the olfactory nerve [10]. In particular, experiments
carried out with MnO on rats lead to the estimate that 11% of deposited
particles end up in the olfactory bulb, while some reach an even more dis-
tal location in the brain. In addition, inflammatory effects have been noted
in the olfactory bulb [31]. Moreover, a study in which mice were exposed to
TiO2 nanoparticles with diameters 80 and 155nm for one month confirmed
the transfer of nanoparticles to the brain via the olfactory bulb. Evidence has
been found of accumulation in the hippocampus using synchrotron radiation
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Fig. 2.6. Olfactory epithelium. Located on the roof of the nasal cavity, it comprises
several cell types, including olfactory nerve cells. Their axon communicates with the
olfactory bulb. Illustration produced using Servier Medical Art, www.servier.fr

X-ray fluorescence (SRXRF) analysis. This accumulation is associated with
lesions, notably oxidative lesions [32].

These experiments were carried out on rodents with a more developed
olfactory mucosa (8 cm? in rats, or 50% of the nasal mucosa) than in humans
(5cm?, or 5% of the nasal mucosa), and with entirely nasal respiration. But
the olfactory epithelium is nevertheless a non-negligible translocation region,
and it will be important to assess the implications for neurodegenerative
disorders.

Another way nanoparticles might get into the central nervous system is
by somehow crossing the blood—brain barrier. This is characterised by the
existence of very effective junctions between the endothelial cells, so as to
avoid all penetration of particles by the paracellular route. At the present
time, there is no proof that nanoparticles can transfer via this route. For
example, for intravenous or intraperitoneal injections of 40 nm gold particles,
no particles were subsequently observed in the brain [33].

However, there is currently a great deal of research to develop nanopar-
ticles that could deliver drugs directly to the brain, and some of these have
already been designed to cross the blood-brain barrier. The binding of these
nanoparticles to serum apolipoproteins seems to be the factor favouring inter-
nalisation. The latter is mediated by the low density lipoprotein receptors
present on the membranes of endothelial cells [34].
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Cutaneous Translocation

Transcutaneous transfer of nanoparticles has been very carefully investigated
for titanium dioxide (TiO32) and zinc oxide (ZnO) nanoparticles, since they
are used in sun creams to block out ultraviolet radiation.

Several studies have shown that, with repeated application of TiOs on
healthy human skin, the nanoparticles remain on the skin or in the upper lay-
ers of the stratum corneum of the epidermis, and neither cross nor even pene-
trate the living part of the epidermis [35]. Similar results have been obtained
with ZnO. It should also be noted that nanoparticles can accumulate in the
hair follicles. They then constitute a reservoir in which nanoparticles can per-
sist, until eliminated by the flow of sebum. At the present time, there is no
evidence of nanoparticles transferring from hair follicles to the dermis.

Applying quantum dots of different sizes (14-45nm), shapes (spherical
and ellipsoidal), and electrical charges on the skin of a healthy pig, there is
significant absorption of these nanoparticles, whatever their characteristics.
However, with 8 hours of exposure, no transfer has been observed to the
perfusate, i.e., the liquid around the basal part of the skin fragment exposed
to the nanoparticles [36].

While penetration through healthy skin seems limited, and dependent on
the type of nanoparticle, doubts remain with regard to damaged skin (injuries,
erythema, eczema, etc.) and flexion zones. For example, using an in vitro
method on human skin subjected to mechanical flexion (20 flexions of 45°
per minute), epidermic and dermic penetration of fluorescent particles (0.5
and 1pm) was observed after 60 min of exposure and flexions, whereas larger
particles (2 and 4 um) remained on the stratum corneum [37]. This penetra-
tion is not systematic and only concerns 50% of the skin samples tested and
a small percentage of the particles applied to the skin. In the same way, on
a model of pig skin subjected to mechanical flexions, fullerene nanoparticles
functionalised with an amino acid have been shown to penetrate, and also
to accumulate in the lipid-rich intercellular spaces of the stratum granulosom
of the epidermis [38]. On a rat skin model, it transpired that only an abra-
sion of the skin would allow quantum dots to reach the dermis [39]. Finally,
in vivo experiments with mice exposed to ultraviolet radiation favoured the
penetration of quantum dots [40].

In the current state of knowledge and for the tested nanoparticles, it seems
that nanoparticles can in fact penetrate the epidermis, or even the dermis, but
that transcutaneous transfer is not possible with undamaged skin.

Digestive Translocation

It has been reported that, when rats were exposed to 50 or 3000nm
polystyrene beads by daily force feeding for 10 days, their intestines absorbed
about 34% of the 50 nm nanoparticles and 26% of the 100 nm nanoparticles
[41]. Absorption occurred in the Peyer’s patches, followed by transfer to the
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mesenteric lymph. It is easier for smaller nanoparticles to cross the layer of
mucus lining the intestinal epithelium, and easier also for nanoparticles that
do not carry positive electrical charge [42]. TiOy particles are absorbed and
end up in the blood [14]. On the other hand, administration of 18 nm iridium
192 nanoparticles by force feeding rats did not result in gastro-intestinal
absorption [21]. The data available at the present time thus suggest that
particle size and composition do influence their ability to cross the intestinal
barrier.

The physiological state of the subject can affect intestinal permeability.
For example, bacterial invasion results in overexpression of transport proteins
in the epithelial cells of the Peyer’s patches. In addition, using an in vitro
approach with epithelial cells of the Caco-2 cell line [42], transcytosis of flu-
orescent nanoparticles was observed during joint exposure in the presence of
Yersinia bacteria expressing invasin, a bacterial adhesion molecule.

Placental Translocation

The possibility of nanoparticles passing into the bloodstream raises the
question of whether they could cross the placental barrier and hence exhibit
fetotoxicity. Intravenous or intraperitoneal injection of 2 and 40nm gold
nanoparticles in gravid rats does not result in transfer to the placenta [33].

2.4 Nanoparticle Biodistribution in the Organism.
Elimination

Nanoparticles present systemically in the organism can be eliminated in two
ways: by the urine, after filtering in the kidneys, or by the feces, after transfer
to the bile in the liver. The latter route concerns nanoparticles that cannot
be eliminated via the renal route.

Renal clearance involves glomerular filtration, tubular secretion, then elim-
ination via the urine. Filtration of molecules through the glomerular capillary
wall depends on their size. Those with diameters less than 5.5nm can be fil-
tered, since they correspond to the diameter of pores in the vascular endothe-
lial cells. Those larger than 8 nm remain in the bloodstream and are dealt
with by the reticulo-endothelial system. Between these two diameters, electri-
cal charge is relevant, since it can result in adsorption of molecules, thereby
increasing the hydrodynamic diameter of the nanoparticle, combined with the
fact that the capillary wall carries negative charges [43]. Glomerular filtration
is therefore favourable for nanoparticles in the range 6-8 nm which are neutral
or positively charged. Once in the tubule, the filtered nanoparticles can never-
theless be reabsorbed by the tubular epithelium, but at the present time there
is no data to either support or contradict the occurrence of such reabsorption.
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Fig. 2.7. The liver. Toxic substances absorbed by the digestive route arrive in
the liver by the portal vein, while those absorbed by other routes arrive by the
hepatic artery. Blood reaches the centrolobular vein via the sinusoidal capillaries.
Hepatocytes form a monolayer around each capillary and produce bile. The Kupffer
cells are macrophages located in the sinusoidal lumen. Illustration produced using
Servier Medical Art, www.servier.fr

One of the physiological functions of the liver is to efficiently capture and
remove particles with sizes in the range 10-20nm (see Fig. 2.7). Two cell types
are involved here:

e Hepatic epithelial cells or hepatocytes (60% of cells), capable of endo-
cytosis and respounsible for enzymatic degradation of particles and their
removal via the bile.

e Kupffer cells, belonging to the reticulo-endothelial system (40% of cells).
These are macrophages able to engage in endocytosis thanks to the many
receptors for opsonised particles which they carry at their surface. Parti-
cle removal by these cells is based solely on intracellular degradation. If
the latter is not accomplished, nanoparticles are retained in these cells,
and hence remain in the organism. Nanoparticles developed for therapeu-
tic purposes and whose half-life thus needs to be increased, are given a
hydrophilic coating, e.g., polyethylene glycol, to prevent them from being
opsonised and subsequently captured by the reticulo-endothelial system.

There have not yet been studies of nanoparticle metabolisation. It seems
unlikely that nanoparticles of gold, silver, titanium dioxide, or fullerenes could
be metabolised by hepatic enzymes. However, functionalised nanoparticles
may lose their functional groups, or the latter may be modified [44].

Many studies have been carried out to study what happens to nanoparti-
cles after intravenous administration. Although this route is not relevant to
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occupational or environmental exposure, it still provides data on the biodis-
tribution of nanoparticles and their elimination from the organism.

Quantum dots are rapidly removed from the bloodstream after intravenous
injection. They are then deposited in the liver, the skin, the bone marrow,
and lymph nodules, depending on their surface coating [45]. Twenty-eight
day toxicokinetic studies of mice have confirmed the short blood half-life of
13nm QD705 quantum dots, viz., 18.5 hr, which accumulate in the liver, the
lungs, the kidneys, and the spleen, while no appreciable excretion has ever
been observed [46]. However, one 5 day study with another type of quantum
dot led to urinary and fecal elimination of these nanoparticles, with only 8%
remaining trapped in the liver [47]. The characteristics of surface coatings
and the size of quantum dots determine whether they are eliminated from
the kidney or captured by the reticulo-endothelial system and hence trapped
[48,49].

In contrast, after intravenous administration, functionalised single-wall
carbon nanotubes do not end up in the liver or the spleen, but are rapidly
eliminated from systemic circulation by the renal excretion route [50]. Intra-
venous administration of TiOs in rats results in an accumulation in the liver
and spleen over 28 days [51]. Smaller levels are found in the lungs and kidneys,
and these return to the control level.

Gold nanoparticles injected intravenously in mice [52] and rats [53] dis-
tribute themselves differently depending on their size. The smallest (10-15nm)
have a wider distribution, but particularly in the liver, followed by the lungs,
the kidneys, and spleen, while an accumulation has been observed in the
brain in the case of mice. In contrast, the bigger the nanoparticle size, the
fewer organs are concerned, while it is still the liver that retains the most
nanoparticles. Another study, using even smaller gold nanoparticles (1.4nm,
compared with 18 nm nanoparticles) has shown that their biodistribution in
rats depends on the administration route (intravenous or intratracheal) [25].

2.5 Conclusion

The present and future dissemination of nanoparticles makes increased unin-
tentional exposure to them quite unavoidable. There are already some exper-
imental results showing that nanoparticles can cross the epithelial barriers,
whence they may enter the bloodstream and get distributed throughout the
organism. However, it seems that the uptake mechanisms, the level of trans-
fer, and the biopersistence of nanoparticles remain poorly understood, even
though it is fairly clear that these things will depend significantly on the
physicochemical characteristics of the nanoparticles. Future research must
identify the main factors determining the absorption of nanoparticles and
what happens to them subsequently. The characterisation of exposure and
understanding of nanoparticle toxicokinetics will be essential if we are to cor-
rectly assess human health risks.
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Experimental Models in Nanotoxicology

Armelle Baeza-Squiban, Ghislaine Lacroix, and Frédéric Y. Bois

The aim of toxicology is to characterise the potentially harmful effects of solid,
liquid, or gaseous substances for humans. Having evaluated the hazards, and
given the level of exposure to the substance, we can then assess the risks.

The term ‘nanotoxicology’ was first used in the editorial of a scientific
review in 2004 [1]. The authors explicitly recommended the creation of a new
branch of toxicology called nanotoxicology, which would focus on the specific
problems that might be raised by nanoparticles. Even then, it was expected
that the particular physicochemical properties of nanomaterials might lead to
novel toxic effects requiring special investigative methods.

In experimental toxicology, the underlying principle is always the same.
Individuals, tissues, or cells are exposed to the substance under investigation,
and the resulting response is compared with a control group treated under
the same conditions, but without the exposure to the substance. As far as
this approach is concerned, nanoparticles are no different from other more
conventional substances like chemical products.

In some cases, humans are deliberately exposed. We then speak of con-
trolled exposure. But for obvious ethical reasons, such experimentation is
limited, and restricted to parameters accessible by non-invasive techniques.

The vast majority of toxicological studies appeal to animal models (in vivo
toxicology) or cell models (in vitro toxicology). When extrapolating results to
humans, these models clearly require some reflection. At this point, mathe-
matical modelling (in silico toxicology) can sometimes be of use.

3.1 In Vivo Models

3.1.1 Different Animal Species Used

In France, toxicological studies use around 11% of the animals supplied for
scientific activities (see Fig. 3.1left). The animals most frequently used in tox-
icology are mammals (see Fig.3.1right). In principle, any mammal could be
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Fig. 3.1. Left: Different scientific disciplines in which animals were used in France
in 2001 [2]. Right: Animal species used for scientific work in France in 2001 [2]

employed for toxicological assessment of a substance, but certain species are
more widely solicited, or indeed more commonly permitted from a regulatory
point of view. The main species are mice, rats, guinea pigs, rabbits, dogs, pigs,
small ruminants, and primates. Rodents (mice and rats) nevertheless consti-
tute the majority of species used in experimental toxicology, and almost all
the species used in nanotoxicology. We shall therefore focus more specifically
on these in the rest of the chapter.

3.1.2 Types of Animal Model

Animal models used in toxicology are either healthy animals, animals with
some spontaneously occurring or deliberately introduced preexisting pathol-
ogy, or genetically modified animals.

In the latter case, the genotype of the animal has been altered from the
wild type, making it more sensitive to some kind of disease, e.g., cancer, or
deficient in some molecule of particular biological significance, e.g., a protein.
This type of model is used to study the impact of exposure to a toxic sub-
stance or a given pathogenic process or to assess the role of a given molecule in
the biological response obtained after exposure to the toxic substance. Trans-
genic animals are still rarely used in nanotoxicology, which begins by studying
the responses obtained from non-genetically modified models. However, mice
deficient in apolipoprotein E have been used to study the role played by this
protein in nanoparticle translocation across the blood-brain barrier [3]. More
recently, mice deficient in the protein p53 (p53+/—), hence susceptible to
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cancer, have been used to study the capacity of carbon nanotubes to induce
pleural mesotheliomas [4].

Animals models with preexisting pathologies have been used in toxicology
for decades to evaluate the impact of toxic substances on vulnerable popula-
tions, e.g., people with cardiac conditions or suffering from bronchitis, emphy-
semas, or allergies. Various models have been used to assess in particular the
impact of particles in air pollution that have been accused of exacerbating
certain respiratory pathologies. These models are (non-exhaustive list):

e Pulmonary Infection. The aim here is to imitate a form of pneumonia. The
healthy animal is inoculated with bacteria such as Streptococcus pneumo-
niae, Haemophilus influenzae, or Pseudomonas aeruginosa, or viruses such
as Influenza or respiratory syncytial virus, and often treated with immuno-
suppressants to avoid rapid elimination of the pathogens [5].

e FEmphysemas. These pathologies lead to destruction of the pulmonary
parenchyma. The most widespread method for imitating this infection in
animals is to instil a proteolytic enzyme such as elastase, but a similar
result can be obtained by exposing animals to cigarette smoke [6].

e Pulmonary Fibrosis. This pathology is characterised by excessive depo-
sition of collagen in the pulmonary parenchyma. The best characterised
animal model is obtained by intratracheal instillation of bleomycin, but
silica can also be used, or the animals irradiated [7].

e Chronic Bronchitis. This pathology is characterised by an increase in the
size of the mucous glands in the airways. It is related to chronic irritation
of the airways by inhaled substances, such as cigarette smoke, pollution,
or occupational exposure. Experimentally, this disease is obtained with
animals after exposing them to SO,, cigarette smoke, endotoxins, enzymes,
or adrenergic or cholinergic substances [8].

e Asthma. This is a chronic inflammatory disease affecting the whole of the
lungs. This typically human pathology displays several characteristics such
as bronchoconstriction due to sensitivity to the IgE-mediated antigen, an
increase in airway resistance, inflammation (eosinophilia), accumulation
of mucus, alteration of mucociliary clearance, and so on. No single animal
model can simulate the whole complexity of this affliction. The mouse,
which is the most widely used model, is a good tool for studying humoral
and inflammatory reactions, but exhibits very little bronchoconstriction,
unlike the guinea pig. In rats, the Brown Norway is most commonly used
because it develops significant eosinophilia [9].

At the present time, most studies in nanotoxicology concern the respiratory
system. As mentioned earlier, rats and mice are the two most commonly used
species. Some of the models described above are beginning to be used. For
example, several studies have considered the capacity of carbon-containing
nanoparticles to induce an adjuvant effect on the respiratory allergy in
ovalbumin-sensitized mice [10-12]. Other groups have used bleomycin-treated
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rats to induce pulmonary fibrosis and thereby investigate the impact of man-
ufactured or combustion-derived nanoparticles [13].

3.1.3 Types of Exposure

A toxic substance can enter the organism by the three conventional routes,
namely, oral, respiratory, and cutaneous. As far as nanoparticles are con-
cerned, a fourth route should be added, namely, the parenteral route, i.e.,
by injection. The latter is rather particular, since it is effectively a form of
voluntary exposure, with medical objectives (nanomedicine). It is not there-
fore part of conventional environmental toxicology, where only unintentional
exposure is considered. However, this parenteral route can be implemented
for mechanistic studies to simulate pulmonary or intestinal barrier crossing,
for example.

Exposure by Respiratory Route

This is particularly relevant for nanoparticles since, owing to their very small
dimensions, they enter easily into suspension and can penetrate deep into the
lungs. At the present time, this is one of the exposure routes that has received
the most attention in the case of nanoparticles.

Exposure by inhalation best imitates naturally occurring pulmonary expo-
sure [14]. It is nevertheless a delicate matter to implement. Nanoparticles
usually occur in the form of a dry powder. Two techniques can generally be
applied in this case: mechanical dispersion and encapsulation. In the first,
the powder is mechanically set in suspension in an air flow, e.g., using small
rotating brushes. This technique has the advantage of generating large mass
concentrations. However, it is often hard to avoid the formation of aggregates
comprising several elementary particles. Encapsulation consists in generating
a polydisperse aerosol from a liquid, whose physical properties such as viscos-
ity and surface tension are chosen so as to suitably adjust the average size of
the liquid droplets. One advantage with this process lies in the fact that these
particles are relatively easy to produce. If the solid particles that have to form
the aerosol are insoluble in the chosen liquid and if the size of the droplets is
suitably matched to the size of the solid particles, this technique can be used
to form an aerosol of solid particles once the liquid has evaporated. In some
cases, encapsulation can produce suspensions in which the particles agglomer-
ate only slightly, or not at all. The resulting concentrations are generally lower
than with direct dispersion. Most work published so far has used mechanical
dispersion.

In every case, the material to be tested must be available in sufficient
amounts to generate a high enough concentration for a long enough time to
evaluate its toxicity. Furthermore, the process used to generate the aerosol
must not significantly alter the physicochemical characteristics of the sub-
stance under assessment. In any case, the respiratory system of the animal
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subject must be monitored by careful measurement (metrology). This is par-
ticularly problematic for nanoparticles, since a lot of the equipment currently
available commercially for analysing the granulometry, surface properties, etc.,
has only been validated for particles with dimensions greater than 100 nm.
Nanometric particles often exhibit high surface reactivity and are particularly
sensitive to electrostatic effects and agglomeration. Any alterations like to
occur during generation must be carefully recorded and monitored, if there
is no way of controlling them, otherwise it will be impossible to reach a cor-
rect interpretation of the observed results, or make comparisons with results
obtained elsewhere.

Apart from these purely technical considerations, the safety of all those
handling these materials must be treated with the utmost caution. The toxi-
city of nanoparticles is still largely unknown, and the precautionary principle
must apply. In the absence of data, they must be treated as highly toxic, so
the experimenter must be protected from all exposure. At the present time,
there is no standardised system for inhalation exposure to nanoparticles. Some
systems are commercially available, but most are more or less custom built
using whatever techniques happen to lie to hand. As in conventional toxicol-
ogy, the animals can be exposed in nose-only or whole-body systems. In the
first case, only the nose of the animal comes into contact with the aerosol.
This technique is more stressful for the animal, which is immobilised in a
tube during the whole exposure period. However, it has the advantage that
there is no exposure to the toxic substance by any other route than inhalation
[14,15]. In a whole-body system, the particles can be adsorbed onto the fur
and subsequently swallowed by licking.

Intratracheal instillation is a simpler method to implement. It imitates
inhalation exposure [16]. In this case, a known amount of the substance in
question is deposited directly in the airways by means of a nozzle inserted in
the trachea. With this technique, the amount of substance actually introduced
into the lungs is perfectly controlled, in contrast with the inhalation methods
just described. There is also a lesser risk of exposure for the experimenter. On
the other hand, the method is less physiological than the last and requires the
nanoparticles to be suspended in a liquid. Depending on the kind of nanopar-
ticle, and in particular its hydrophobicity, this suspension may or may not
be homogeneous, and this reduces the reproducibility and repeatability of the
experiment. With hydrophobic nanoparticles, such as carbon nanotubes, a
substance is often added to improve the uniformity of the suspensions, e.g.,
surfactant, Tween 80, serum, albumin, etc. [17,18]. But then one must make
absolutely sure that this additive itself has negligible toxicity, and that its
presence does not significantly modify the toxicity of the nanoparticles under
investigation, e.g., by coating.

It is very important to take into account the phenomenon of agglomer-
ation when intratracheal instillation is used, perhaps even more so than for
inhalation, where natural filtration phenomena come into play to block the
larger particles. (Those measuring more than 10 um are arrested by the nasal
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airways.) Indeed, instillation forces even non-respirable particles or clusters of
particles, i.e., bigger than 10 um, to enter the lungs. But according to certain
studies, especially concerning carbon nanotubes which easily form agglom-
erates, it turns out that the biological response may depend on the form
of administration (inhalation or instillation) and hence on the size of the
agglomerates [19].

Exposure by Oral Route

This route is even easier to exploit. For nanoparticles, it is mainly imple-
mented by force feeding through a catheter. Once again, the nanoparticles
must be in suspension, so the limitations mentioned above for intratracheal
exposure are relevant here, even though tube-feeding is closer to the reality
than intratracheal instillation is to the reality of inhalation.

Exposure by Cutaneous Route

This is done by applying the nanoparticles to the skin. Since certain cos-
metic products contain nanoparticles, e.g., some sunscreen creams contain
titanium dioxide nanoparticles, studies have focused on the cutaneous effect
of nanoparticles in a formulation (emulsion, cream). This also makes it easier
to implement. However, occupational exposure must also be considered, where
workers may be exposed to ‘dry’ nanoparticles.

3.1.4 Targets

Once the nanoparticles have entered the organism, two issues come under
investigation:

1. The fate of the nanoparticles in the organism, particularly with regard
to their biodistribution, translocation (transfers from one biological com-
partment to another), and elimination.

2. Their toxicity.

These two aspects are of course complementary and often assessed simultane-
ously.

The best way to ascertain whether the particles have actually entered the
organism is to visualise them using imaging techniques like optical, confocal, or
electron microscopy, for example. However, this can be difficult to implement,
especially when there are not many particles, because the probability of not
seeing them is quite high. By definition, microscopy techniques can visualise
fields of varying extent, but only in two dimensions. (This is less true for
confocal microscopy, which can explore the thickness of an organ.) It is indeed
rather like looking for a needle in a haystack! If one has to increase the field
to improve the accuracy of the search, time soon becomes a limiting factor.
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Some nanoparticles have specific properties making them easy to detect.
This is the case for nanoparticles possessing magnetic susceptibility, such as
magnetite (Fe3O4), which can be detected by nuclear magnetic resonance
(NMR) [20]. Some groups have used the autofluorescence property of single-
wall carbon nanotubes to monitor their progress through the organism [21].
Others have used Raman spectroscopy to detect carbon nanotubes in the
organs [22,23]. Another common option is to assay the majority component
of the nanoparticle, e.g., titanium for TiOs, but one has to ensure that the
particle is insoluble and that one does not assay the solubilised molecular
constituent.

External tracers, e.g., fluorescent, radioactive, etc., can be used for
nanoparticles that are difficult to detect. In this case, one must ensure that
the presence of the tracer does not significantly alter the intrinsic behaviour of
the nanoparticle, and that it does indeed remain firmly fixed on the particles
when it has entered the organism. The distribution of carbon nanoparticles
radio-tagged with technetium has been studied in humans after inhalation
[24]. The authors concluded that the nanoparticles pass quickly into the blood
circulation, but their results were subsequently questioned on the grounds
that the tracer had at least in part detached itself from the nanoparticle
[25]. An interesting alternative is to use an impurity of the nanoparticle.
This has been done with carbon nanotubes, for example [26]. Since these
require metal catalysts for their fabrication, they are contaminated, e.g., by
iron or nickel. Whenever these contaminants are not labile, they provide a
good way of detecting the nanotubes in the organism. The nanoparticle or
its tracer are detected by conventional chemical assay methods such as ICP
mass spectrometry or optical ICP (inductively coupled plasma) [26], or by
imaging techniques such as NMR [27].

The toxic effects of nanoparticles are currently assessed in conventional
ways (inflammation, oxidative stress, effects on the genome, etc.), and will be
discussed in later chapters.

3.2 In Vitro Models

There has been a considerable effort to develop in vitro models in toxicology
in the context of the 3 R’s campaign, i.e., replacement, reduction, refinement,
which results from an ethical imperative to find alternatives to animal exper-
imentation. While they allow large scale screening of the toxicity of molecules
prior to animal experimentation, their strong point is that they are choice
models for studying the action mechanism of the toxic substance directly
on its target. The absence of humoral, metabolic, and neural interference
facilitates the analysis of molecular and cellular effects. In vitro methods are
simpler, quicker to implement, and less expensive than animal studies, but
they cannot reproduce the full complexity of the organism, and do not take
into account the toxicokinetic phase. In addition, they are mainly developed
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to carry out short term studies. A fully satisfactory characterisation of the
effects of a toxic substance must therefore combine in vitro studies, which
identify action mechanisms, with in vivo studies, which check the relevance of
data acquired in vitro and establish dose-response relationships.

The basic principle of any in vitro culture is to keep alive, outside the
organism, an organ, a tissue, or cells not organised as part of a tissue but able
to divide and express a metabolism and specific functions in vitro. So there are
in vitro models on each level of biological organisation, from organs (perfused
isolated organ, e.g., a lung), to tissues (e.g., tracheal rings, organ sections,
excised skin fragments, etc.), right down to a single cell, with a concomitant
reduction in complexity with regard to the diversity of the cell populations,
an improvement in reproducibility, and better control of environmental con-
ditions. These different systems are selected depending on the question being
investigated and the analytical methods used, which require different amounts
of biological material.

3.2.1 Cell Cultures
Different Types of Culture

Cell cultures are the most widely used in vitro methods. There are two main
types of culture:

e Primary Cultures. These derive from a tissue sample taken from a human
or animal source. The advantage with this type of culture is that it pro-
vides the best representation of the original tissue. However, depending
on the type of cell, the culture methods used cannot always maintain a
satisfactory state of differentiation among these cells, and they then lose
their characteristics. Moreover, their lifetime in culture is limited. Finally,
the supply of tissues, notably human tissues, may be restricted and it may
raise ethical problems.

e (ell Lines. These have the special feature of being immortal. They derive
from samples of tumour cells, or they are obtained by transfection of a gene
allowing them to divide indefinitely. The advantage with these cell lines
is their permanent and unlimited availability, although the acquisition of
such proliferative properties is often accompanied by the loss of certain
specific functions and a modified karyotype.

The specific features of the response from a given organ, cell type, or species
can be investigated using cells from different organs, from different sources
(epithelial, conjunctive, muscular, neural, etc.), and from different species,
and in particular, humans.

Thanks to progress in molecular biology, cells can be manipulated so as to
cause gene extinction, or indeed gene overexpression, and hence investigate the
role played by the target gene in the action mechanism of a toxic substance.
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Culture Methods

The simplest cell culture methods involve growing cells in a sterile plastic
box, supplying them with a suitable culture medium, and maintaining them
under suitable conditions of temperature and humidity. The conditions in this
form of culture are sometimes quite different from the real living conditions
of cells in the organism, and more elaborate systems have been developed in
order to simulate in vivo conditions and favour the expression of differentiated
characters. For example, many epithelial cells located at the interface with the
external medium can be cultivated in two-compartment chambers in such a
way as to expose either their luminal side (facing outward) or their basal side
(facing inward) with the toxic substance, depending on the uptake route of
the substance.

Furthermore, these setups can be further refined by making co-cultures,
i.e., by associating several types of cells in order to investigate the role of their
interactions in toxic effects. For example, a triculture model has been used to
study the translocation of nanoparticles. Alveolar epithelial cells were grown
at confluence on a porous membrane lining the bottom of a culture insert
to reconstitute an epithelial barrier. Antigen presenting dendritic cells were
placed on the other face of the porous membrane and alveolar macrophages
were added on the epithelial cells. This model was used to investigate the rel-
ative abilities of these different cell types to phagocytize fluorescent nanopar-
ticles, revealing the extensions produced by the dendritic cells to capture the
nanoparticles on the luminal side of the epithelium [28].

3.2.2 In Vitro Methods in Regulatory Toxicology

While cell cultures are widely used in mechanistic toxicology, their use for risk
assessment in the regulatory context is still rather limited. Among the in vitro
methods that have now been validated [29,30], many concern the skin, since
safety assessments of cosmetic products in Europe can no longer appeal to
animal experimentation. These methods aim to evaluate the general toxicity,
e.g., absorption, phototoxicity, irritation, corrosivity, and genotoxicity.

These tests can only assess acute toxicity, and there is as yet no validated
method for evaluating long term toxicity effects. In addition, the validation of
these methods did not include particulate toxic substances, and it is unlikely
that they could be directly transposed to nanoparticles (see Sect. 3.2.4).

3.2.3 In Vitro Methods for Assessing Nanoparticle Toxicity

In the emerging field of nanotoxicology, in vitro methods will probably help
us to improve our understanding of several issues:

e Uptake and transfer of nanoparticles across physiological barriers.
e Cytotoxicity and cellular effects.
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e Induction of oxidative stress, considered a key feature in the toxicity mech-
anisms of nanoparticles [31].
e Mutagenicity and genotoxicity of nanoparticles.

Internalisation and Translocation of Nanoparticles

The ability of nanoparticles to cross physiological barriers is a crucial issue (see
Chap. 2), and in vitro models of the epithelial barrier should help us to under-
stand the mechanisms involved and also to make quantitative assessments of
this barrier crossing, depending on the characteristics of the nanoparticle.

Concerning skin absorption, there are models consisting of excised human
skin maintained in a diffusion chamber (OECD test guideline 428) with which
one can make quantitative assessments of the nanoparticles retained by the
skin and those entering the perfusate in which the basal part of the skin frag-
ment is bathed. Commercially reconstituted human skin models (Episkin™)
can also be used.

Concerning the lungs, the bronchial and alveolar epithelial barrier can
be reproduced by performing cultures in two-compartment chambers. Human
bronchial (16HBE, BEAS-2B, Calu-3) and alveolar (A549) cell lines exist, but
they do not exhibit all the features of in vivo cells, in particular, their ability
to form a perfect junctional epithelium in vitro. With regard to bronchial
cells, primary cultures can be made in which it is also possible to modulate
the state of differentiation in such a way as to imitate normal or pathological
conditions existing in vivo [32].

Concerning the intestine, the most widely used cells are from the human
Caco-2 cell line derived from an adenocarcinoma of the colon.

The discovery that nanoparticles can enter the bloodstream requires the
development of models for the blood-brain barrier [33] and blood-placenta
barrier, to assess the risk of nanoparticles translocating from the blood to the
brain or the placenta.

Whatever the model, assessment of nanoparticle uptake and transloca-
tion also requires microscopy techniques (electron or confocal microscopy if
the nanoparticles are fluorescent) to locate the nanoparticles, and sensitive
analytical (spectroscopic) techniques to quantify nanoparticles used in small
doses. On the level of the cell, these microscopy techniques are a determining
factor when undertaking studies of nanoparticle internalisation mechanisms
(see Chap. 2) according to the cell type and the physicochemical properties of
the particles.

Cytotoxicity and Cell Damage

There is a wide range of tests available to assess cytotoxicity, and they can be
applied to both cell lines and primary cultures in which one chooses the ori-
gin and species according to the toxic substance under scrutiny. Cytotoxicity
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can be investigated by examining the integrity of the membrane, metabolic
activity, and apoptosis. The most widely used methods are:

e Membrane damage measurements based on:

— Exclusion of dyes by living cells, e.g., trypan blue or propidium iodide,
which can only enter dead cells and which can be counted under the
microscope or by flow cytometry, respectively.

— Release of cytosolic enzymes, e.g., lactate dehydrogenase (LDH), whose
activity is then measured in the culture medium of the damaged cells.

— Inclusion of dyes by living cells, e.g., neutral red, which is retained in
the lysosomes of healthy cells, or calcein AM, which is cleaved to yield
a fluorescent product within living cells.

e Observation of metabolic changes evaluated by:

— Measuring mitochondrial activity, e.g., using MTT (a tetrazolium salt),
which is reduced to coloured formazan in the mitochondria of viable
cells, or Alamar blue, resazurin reduced to fluorescent resorufin.

—  Measuring the level of adenosine triphosphate (ATP).

e Evaluating apoptosis, a multistage process of controlled death, by:

— Measuring caspase activity.

— Labelling phosphatidylserine residues on the extracellular side of apop-
totic cells with annexin V.

— The TUNEL assay which assesses DNA fragmentation.

Induction of Oxidative Stress

Depending on their extent, modifications in the intracellular redox state are
involved in modulating the expression of genes for antioxidant defence and
pro-inflammatory response, but they can lead to cell death. A lot of research
has already shown that the toxicity of nanoparticles is largely due to their
ability to generate oxidative stress [31].

Oxidative stress can be assessed by measuring the production of reactive
oxygen species (ROS) using electron paramagnetic resonance or fluorescent
probes more or less specific to some ROS, but which inform us about the
intracellular redox status of exposed cells [34].

It can also be assessed indirectly by evaluating its molecular and cellu-
lar consequences. For example, one can measure the ratio of reduced glu-
tathione to oxidised glutathione, the activity of antioxidant enzymes, or the
level of lipid peroxidation, or one can look for oxidative DNA lesions (8-OH-
deoxyguanosine).

Mutagenicity and Genotoxicity

There are a certain number of in vitro tests on mammalian cells which can
assess genotoxicity, such as the chromosomal aberration assay (OECD 473),
the gene mutation assay (OECD 476), the micronucleus assay (OECD 487),
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the sister chromatid exchange assay (OECD 479), and the DNA repair (UDS)
assay (OECD 482). However, these protocols must be adapted to the nanopar-
ticle problem situation, especially with regard to kinetics (exposure time),
leaving the nanoparticles sufficient time to reach the nucleus.

Cells that actively proliferate in vivo are the most sensitive to genotoxic
effects associated with carcinogenic processes, since mutations only become
established in proliferating cells. Cells with these characteristics in the main
organs exposed to nanoparticles are type II pneumocytes for the lungs, ker-
atinocytes in the basal layer of the epidermis for the skin, and intestinal
epithelial cells. Existing tests should be applied to these cell types.

3.2.4 Specific Problems for Assessing in Vitro Toxicity
of Nanoparticles

Interaction with the Culture Medium

Cells are exposed to nanoparticles by suspending them in a culture medium,
possibly adding serum or a serum substitute. The complex composition of
these media results in adsorption of molecules, especially proteins, at their
surface. One study carried out with polystyrene nanoparticles [35], differing
through the presence of different molecular surface groups, showed that serum
proteins adsorb very quickly (in a few seconds), but that the nature of the
adsorbed proteins can then evolve by the Vroman effect, i.e., proteins ini-
tially adsorbed because they have high diffusion rates or because they estab-
lish simple interactions are subsequently replaced by others with stronger
affinity for the nanoparticle. This adsorption leads to an increase in the size
of the nanoparticle and a modification of its zeta potential. The amount of
adsorbed proteins can vary, depending on the molecular groups carried by the
nanoparticles, but their identity cannot. Thus the adsorption of serum proteins
decreases when the nanoparticles carry neutral groups (CHjs and polyethylene
glycol), suggesting the intervention of electrostatic interactions [35]. This pro-
tein corona which forms around nanoparticles can alter the cell response. It
has been shown that, adding serum to the culture medium forestalls the cyto-
toxicity of carbon and TiO2 nanoparticles with regard to bronchial epithelial
cells [36]. In addition, if growth factors are adsorbed by the nanoparticles,
this can result in indirect cytotoxicity due to depletion of nutrients in the
medium [37].

When nanoparticles are suspended in biological media, this also causes
them to aggregate, suggesting that this may modify their toxicity. The aggre-
gation problem is not restricted to in vitro studies, but also occurs in vivo,
depending on the form of administration (see above). However, a certain
number of in vitro studies have shown that, despite their aggregation, the
nanoparticles have different effects to those caused by micrometric particles
of the same kind [38].
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Interference When Assessing Biological Effects

The surface properties of nanoparticles may also interfere with methods for
assessing induced biological effects. For example, some reagents used to eval-
uate cell viability, e.g., MTT,! the substrate used to measure LDH activity,
neutral red, etc., adsorb onto nanoparticles, resulting in erroneous cytotoxicity
assessments [39]. The presence of nanoparticles in the medium in which the
absorbance measurement is made can attenuate the signal [40]. It is important
to check that the optical properties of the nanoparticles do not interfere with
the detection system being used, e.g., absorbance, fluorescence, diffraction of
light, etc.

Proteins released by cells when they are exposed to nanoparticles, e.g.,
cytokines, cannot be correctly quantified in the culture medium, because they
adsorb onto the nanoparticles, thereby masking the effect under investiga-
tion [36].

The importance of interference, whether it be the behaviour of the
nanoparticles in the culture medium of the exposed cells or their interac-
tion with the substrates or parameters measured to assess cytotoxicity, is
directly related to the physicochemical characteristics of the nanoparticles,
i.e., size, electrical charge, hydrophobicity, etc.

Whatever toxicological assay is intended, it is important to understand
the physicochemical characteristics of the nanoparticles, to check that there
is no interference between the nanoparticles and the measured parameter by
carrying out a suitable series of controls, to use several methods to evaluate
each effect, and to include standard reference particles which are not yet
available.

3.3 Predicting Penetration and Fate of Nanoparticles
in the Body

It is already known that some, and maybe all, nanoparticles can enter our body
if we are exposed to them (see Chap.2). This is clear for inhalation exposure:
in all experiments carried out by inhalation, some of the inhaled particles are
deposited in the lungs. The problem here is just to find out what happens
to them subsequently. It is less obvious for exposure by ingestion or on the
skin. In the latter case, the epithelial barrier seems relatively effective, unless
it is damaged, or the nanoparticle in question has been specifically designed
to cross this barrier, e.g., in medical applications. But even when we succeed
in measuring the penetration of any given nanoparticle, its subsequent fate is
another important matter. Once deposited in the lungs, it may be that some
fraction of the nanoparticles comes back up toward the gastrointestinal tract.
Would that be good news? When we observe a very slight diffusion toward

! 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide.
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other organs, does this augur well for the health of the pulmonary tissue? If
some of the inhaled or ingested nanoparticles should reach the blood or the
lymph, will they be quickly eliminated from the body, or will they accumulate
in certain organs and damage them?

Questions like these are not specific to nanomaterials, since they are
already raised by all the many substances to which we are exposed, and in par-
ticular, drugs. There are tools, and even a whole scientific discipline, devoted
to solving just this kind of problem: pharmacokinetics.

3.3.1 Pharmacokinetics

Pharmacokinetics, or toxicokinetics in the case of non-medical substances,
studies the fate of products in the body. The corresponding process is
described as the pharmacokinetic process, and it includes four simulta-
neous phases: absorption, distribution, metabolism, and excretion (ADME
for short). Each of these phases may exhibit specificities intrinsic to nano-
materials.

Absorption

The nanomaterial may cross the biological membranes separating the absorp-
tion site, e.g., the lungs in the case of inhalation, from the blood. In this case,
it enters what is known as the systemic circulation and from there can be dis-
tributed throughout the whole body. Otherwise, the product may accumulate
at the absorption site, which may raise problems of toxicity at some point.
For inhaled nanoparticles, a particular absorption process, poorly understood
from a quantitative standpoint, is phagocytosis by macrophages, themselves
able to migrate within body tissue, carrying with them the particles they have
internalised.

Distribution

Chemical substances that reach the blood circulation may bind more or less
strongly, and reversibly, with the plasma proteins, e.g., lipoproteins, albumin,
globulins, etc. The prevalence of this phenomenon for nanomaterials remains
almost unknown at the present time.

Depending on their physicochemical and biochemical properties, nanoma-
terials may then accumulate in certain organs or tissues, where the blood, the
lymph, or macrophages carry them. Lipophilic substances thus accumulate in
fats. In the same way, the affinity of the nanomaterial for the different tissues
is probably a determining factor in establishing their distribution, but such
affinities are poorly understood, and in any case specific to each material.
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Metabolism

Many chemical substances can be transform by enzymes in the organism, espe-
cially in the liver, an organ that specialises in such transformations (especially
of nutrients). The metabolites produced in this way may subsequently exhibit
no toxic or other activity (metabolism is in this case an elimination route),
but they may also be more toxic than the initial product. We then speak of
metabolic activation. The possible metabolic transformation of nanomateri-
als, together with its consequences for their toxicity, is poorly understood and
deserves to be given more attention.

Excretion

The substances absorbed by the organism or their metabolites are used either
as sources of energy or as structural components for the body, otherwise elim-
inated from the organism by excretion. There are several excretion routes,
the main ones being the urinary route and the biliary route (which leads to
feces). Many other organs can contribute to elimination: the lungs (by exha-
lation), the skin (by perspiration, desquamation, and accumulation in the
integumentary system, e.g., hair, nails, etc.), the salivary glands, lachrymal
glands, mammary glands, and so on.

The kidney is the main organ concerned with direct excretion of substances
via the blood. The products are excreted by simple glomerular filtration or by
active tubular secretion (for cationic forms). There may also be a phenomenon
of tubular reabsorption of previously excreted substances. While the distribu-
tion and metabolic transformation of nanomaterials are poorly understood,
their excretion is likewise, and a great deal of work remains to be done in this
area.

In short, the toxicokinetics of nanomaterials is still poorly understood at
the time of publication of this book. It must be said that the same is true
for many other chemical substances, but the concern inspired by the possible
toxicity of nanomaterials is unlikely to be allayed by such a lack of knowledge.

3.3.2 Pharmacokinetic Models

The experimental methods described in the remainder of this chapter aim
to identify, among other things, the temporal evolution of the concentrations
of nanomaterials in different parts of the body. Mathematical models of the
same phenomena are complementary, since they provide ways to improve the
interpretation of experimental results and extrapolate them to unobserved, or
even unobservable conditions, e.g., pregnant women.

A distinction is made between conventional compartmental models and
physiologically-based pharmacokinetic models.
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Conventional Multi-Compartmental Models

A multi-compartmental model is a mathematical model to describe the trans-
port of materials between the compartments of a system. Each compartment is
assumed to represent a homogeneous region of space. For example, in a phar-
macokinetic model, the compartments may represent the different parts of the
body within which the concentrations of a chemical substance are assumed to
be equal. It is also required that the distribution of the substance within each
compartment can be treated as instantaneous. Typically, the amount of mate-
rial in each compartment is a state variable, characterising the state of the
system at each moment of time, whose temporal evolution is governed by an
explicit differential equation. Figure 3.2 shows a two-compartment model that
has been successfully used to describe the kinetics of butadiene elimination in
humans [41].

Physiologically-Based Pharmacokinetic Models

One class of multi-compartmental models is particularly interesting when
describing complex phenomena, extrapolating, or making predictions applica-
ble to risk assessment. These are the physiologically-based pharmacokinetic
models (PBPK).

PBPK models are mechanistic mathematical descriptions of anatomical,
physiological, physical, and chemical phenomena involved in the absorption,
distribution, and so on, of any kind of substance, and hence by extension,
nanomaterials. These models are nevertheless always a simplification of the
real situation, often involving a certain level of empirical input, but their range
of validity is usually much broader than that of the conventional pharmacoki-
netic models.

PBPK models attempt to reproduce the anatomical and physiological
structure of the body. The compartments correspond to well defined organs
or tissues, interconnected by flows of blood or lymph (and in some cases, dif-
fusion phenomena). A set of differential equations can always be specified.
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Fig. 3.3. Schematic of a physiologically-based pharmacokinetic model applicable to
a pregnant woman and fetus

Their parameters then represent the blood flow rates, the pulmonary venti-
lation rate, the volumes of the organs, etc. Information about each of these
parameters is available in the scientific literature, so it is easier to fix their
values and hence give the model greater predictivity and a particular capacity
for extrapolation. An example of a generic physiological model that can be
applied to many chemical substances is shown in Fig. 3.3.

It is useful to remember that the first pharmacokinetic model described in
the scientific literature was in fact a PBPK model [42]. However, it led to cal-
culations that could not be carried out at the time. This is why simpler models
were set up, now called conventional models, for which analytic solutions were
available. With the development of fast calculators and numerical integration
algorithms in the 1970s, PBPK models came back into the fore [43].

These models can be used for purely predictive applications. In the first
place, they provide a way of synthesising what may appear to be disparate
forms of data, obtained by physicochemical or biochemical experiments, tox-
icological or pharmacological studies in vitro or in vivo, and so on. They
can also be used to determine internal concentrations of administered prod-
ucts and their metabolites, in particular, at their site of action, whether their
effects are therapeutic or toxic. Finally, they can also help to interpolate or
extrapolate data acquired in different contexts:
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e Dose. For example, from high concentrations often used in the lab to the
low levels encountered in the environment.

Administration Route. For example, from inhalation to ingestion.
FEzxposure Time. For example, from discontinuous exposure to continuous
exposure, or from single to repeated exposure.

e Species. For example, to transpose from rodent to human, just before
administering a new drug to volunteers for the first time, in the framework
of clinical trials, or when experimentation on humans is unacceptable.

e Individuals. For example, from men to women, from adults to children,
from non-gestating to gestating women, etc.

Some of these extrapolations are parametric, in the sense that only the input
values or the parameters of the model need to be modified to make the extrap-
olation. This is usually the case when extrapolating dose or duration. Others
are non-parametric, in the sense that the very structure of the model must be
changed, e.g., to transpose to a pregnant woman, one must include equations
describing the fetus. Other uses such as statistical inference are also possi-
ble with the development of Bayesian methods [44, 45], as described in the
example below.

3.3.3 Examples of Applications to Nanomaterials

The real meaning, in terms of risk to human health, of the many studies so far
published or in progress on the in vitro effects of nanomaterials remains an
open question. To answer it, we need to understand the pharmacokinetics of
these nanomaterials, to determine in particular the extent to which they are
able to cross the barriers in the body. In the absence of a general rule, each
nanomaterial has to treated as a special case. And it will probably only be by
investigating a large enough number of different cases that general rules will
eventually emerge.

As an example, we have used a PBPK model to analyse data obtained
in Louvain [24] from volunteers exposed to carbon nanoparticles tagged with
99mtechnetium (Tc), using the Technegas process, which serves to explore the
respiratory function in a clinical context. Nemmar et al. [24] concluded from
their data that the nanoparticles were able to transfer from the lungs to the
blood. However, other groups contested these results, on the grounds that
their own observations could be explained by the presence of free technetium,
not bound to nanoparticles [25]. It seemed to us useful to reexamine the data
of Nemmar et al. using a physiologically-based model giving a finer description
of the phenomena coming into play [46].

Nemmar et al. obtained data on the Technegas distribution in five healthy
volunteers aged 24-47 years. Technegas is an aerosol of carbon nanoparticles
tagged with °™Tc. Particle sizes are in the range 5-10nm. The volunteers
were exposed to about 100 MBq of Technegas. The radioactivity in the blood
was measured 1, 5, 10, 20, 30, 45, and 60 min after inhalation of the Technegas.
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Images of the radioactivity distribution in the body were obtained using a
gamma camera after 5, 10, 20, 30, and 45 min. The relative intensity of the
radioactivity (compared with the intensity measured in the liver after 5 min)
is specified in three regions of interest, namely, the liver, stomach contents,
and urine in the bladder, indicated on the images.

The basic structure of our PBPK model for humans is shown in Fig. 3.3.
The model attempts a realistic, although simplified, description of the mech-
anisms underlying absorption, distribution, and elimination of technetium-
tagged nanoparticles and free technetium in the body. It subdivides the human
body into 24 compartments. Initial absorption is by inhalation. The particles
are supposed to deposit themselves in the upper airways and the lungs. One
part is quickly transferred to the stomach by deglutition. We considered three
99mTe fractions: the first bound to small particles able to transfer from the
lungs to the blood, the second bound to large particles, unable to cross the
aveolo-capillary barrier, and the third free, i.e., not bound to nanoparticles.
The simultaneous distribution of the three fractions was then modelled. Once
in the blood, the small particles and free ?T¢ diffuse into the various com-
partments, but not the brain, which is protected by the blood—brain barrier,
as can be seen from the data of Nemmar et al. The free 9™ Tc is assumed to
be eliminated by filtration in the kidney. During the time of the experiment
(60min), renal elimination of ™Tc bound to particles is assumed negligi-
ble, since only free %™ Tc was found in the urine by Nemmar et al. We also
assumed that the affinity of the particles and of the free %™ Tc was the same
for all organs [47]. Physiological parameters such as volumes of the organs
and blood flow rate were fixed at their average values for an adult human (see
Table 3.1). Other parameters, and in particular those specific to the Techne-
gas, were treated as random variables using Bayesian statistics [44].

Once fitted to the data, the model is consistent with the hypothesis that a
small proportion (about 10%) of the Technegas nanoparticles is able to reach
the blood, more slowly than free technetium. The free technetium fraction is
estimated at about 5%, which is consistent with data in the literature.

A PBPK model was developed for a quantum dot containing cadmium
(QD 705), in mice, after intravenous injection [49]. The authors show that
QD 705 accumulates in the spleen, the liver, and the kidneys, with a low level
of elimination. But that is typical of cadmium, even in ionised form, and the
relevance of the nanoparticulate form is not clear.

Other work has used PBPK models for QD 705 [50]. The model correctly
predicts the persistence of quantum dots in the tissues (of rodents), but only
poorly reproduces the initial kinetics of the products. The authors conclude
that more sophisticated models need to be developed, and more specific to
nanomaterials, if these are to be used for risk assessment.

In conclusion, the mechanisms underlying possible barrier crossing by
nanomaterials in the body, and the exact permeability of the barriers, remain
poorly understood at the present time. In such a context, models can only
evolve hand in hand with experimental studies. There thus remains much to
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Table 3.1. Volumes and flow rates (blood, but not the urinary flow rate) used in
the Technegas kinetic model [47,48]

Tissue or organ Volume [1] Flow rate [1/min]
Fats 18.8 0.564
Suprarenal glands 0.014 0.02
Arterial blood 1.40 -
Venous blood 4.20 -
Bones 2.75 -
Brain 1.45 0.78
Mammary glands 0.025 0.002
Intestine 1.02 0.98
Intestinal lumen 0.65 -
Heart 0.33 0.35
Kidney 0.31 1.23
Liver 1.80 0.45
Lungs 0.50 6.72
Bone marrow 3.65 0.29
Muscles 29.0 1.11
Pancreas 0.14 0.065
Skin 3.30 0.33
Spleen 0.15 0.19
Stomach 0.15 0.065
Stomach lumen 0.25 -
Testicles 0.056 0.004
Thyroid 0.019 0.094

Others 7.06 0.19
Urinary flow rate - 0.001

be done before we can devise models reliable enough to extrapolate experi-
mental results on nanomaterials from animals to humans, or indeed from one
nanomaterial to another, or even between different sizes of a given material.

3.4 Conclusion

Up to now, nanotoxicology has progressed on the basis of existing experimen-
tal models, the main features of which have been discussed in this chapter.
Although nanotoxicological research is only in its infancy, a certain number of
problems have already arisen with regard to the realisation and/or exploita-
tion of these studies. The limitations of conventional experimental methods
are due to the specificities of nanoparticles, and were never so crucial for the
toxicology of larger particles.

While progress can be expected in the implementation and interpretation
of data resulting from conventional approaches to toxicity, nanotoxicology may
well prove to be a driving force in the development of new ways of assessing
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toxicity. A good example is predictive toxicology, integrating mathematical
modelling (methods of predictive chemistry, PBPK models, systemic biolog-
ical modelling, etc.) and experimentation (high throughput methods, omics
data, etc.) to determine risks and decide upon the necessary safety measures,
even before exposure, and hence also its consequences, have had a chance to
occur.
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Nanoparticle Toxicity Mechanisms: Oxidative
Stress and Inflammation

Béatrice L’Azou and Francelyne Marano

4.1 Introduction

4.1.1 From Particulate Toxicology to Nanotoxicology

Toxicology plays a key role in understanding the potentially harmful biolog-
ical effects of nanoparticles, since epidemiological studies are still difficult to
implement given the lack of data concerning exposure. For this reason, in 2005,
Giinter Oberdérster coined the term ‘nanotoxicology’ to specify the emerging
discipline that dealt with ultrafine particles (UFP). It involves in vivo or in
vitro studies under controlled conditions to establish the dose-response rela-
tionship, so difficult to expose by epidemiological studies. It also aims to deter-
mine the thresholds below which biological effects are no longer observed. It
is concerned with the role played by properties specific to nanoparticles in the
biological response: size, surface reactivity, chemical composition, solubility,
etc. Nanotoxicology is also the study of interactions with biological molecules
such as proteins, lipids, or nucleic acids, which can modify the retention and
translocation properties of nanoparticles in the organism. Finally, it is essen-
tial for understanding the action mechanisms that may be responsible for
physiopathological responses in exposed individuals. It does have its limita-
tions, however, insofar as the complexity of the human environment cannot be
perfectly reconstituted in the laboratory. But it remains one of the essential
building blocks when undertaking risk assessment.

Data has accumulated over the last 15 years about the consequences for
human health of fine particles (PMs 5 and PMjy, i.e., aerodynamic diameters
less than or equal to 2.5 and 1 pum, respectively) and ultrafine particles (UFP,
PMjy 1, i.e., aerodynamic diameters less than 100nm) which end up in the
atmosphere as a result of combustion processes, or which form in a secondary
manner as a result of nucleation reactions, and this has raised concern over
the toxicity of nanoparticles [1-3]. Some of the data concerns diesel parti-
cles (DiP), and some concerns experimental studies comparing the biological
effects and toxicology of various fine and ultrafine manufactured particles, in
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particular, carbon, silica, TiO, and ZnO nanoparticles. The results of recent
epidemiological studies which relate the amounts of UFPs in the atmosphere
and the increase in cardio-respiratory morbidity and mortality show that this
concern is justified [4]. One of the problems raised over the last few years
is that fine and ultrafine atmospheric particles may have systemic effects on
organs such as the heart, which are not themselves direct targets. Similar
questions arise for nanoparticles (NP). But these exhibit significant differ-
ences with UFPs. The latter have variable sizes and complex chemical makeup,
whereas NPs are more uniform and have well-defined chemical composition.
Furthermore, the number of manufactured NPs is continually increasing, with
a very wide range of properties and uses, and this implies a number of differ-
ent uptake routes. The main route is the respiratory system, but the digestive
and cutaneous routes are also relevant (see Chap. 2).

Toxicological studies of NPs were thus developed on the understanding
that they would cause the same type of pathologies as fine and ultrafine par-
ticulate matter (PM), i.e., pathologies associated with the oxidative stress
they induce in tissues and which leads to an inflammatory response. If expo-
sure is continuous, even at low doses, and if the particles persist in the body,
this can lead to chronic pathologies, such as fibrosis and cancers, or to an
exacerbation of other pathologies, such as asthma and chronic obstructive
bronchopneumopathy.

But what link can we now establish between NPs and oxidative stress, and
what are the molecular, cellular, and tissular mechanisms whereby this initial
stress could induce such pathologies?

4.1.2 Nanoparticles, Oxidative Stress, and Inflammation

Many studies attest to the fact that oxidative stress is induced by fine and
ultrafine atmospheric particles, and also by some manufactured nanoparticles.
This stress sets off a series of molecular and cellular events which themselves
have a range of consequences: inflammatory response, modulation of cell prolif-
eration and differentiation, or even cell death. This hypothesis is supported by
the review articles [2,3,5,6], with the further suggestion in the case of manufac-
tured nanoparticles that oxidative stress may be a central mechanism in their
toxicological effects. The harmful effects seem to be exercised either directly
on the target tissues due to the toxicity of the reactive oxygen derivatives, or
indirectly as a result of the effects of certain reactive oxygen derivatives on
the production of inflammatory and immune system mediators, mainly pro-
inflammatory cytokines. This oxidative stress can deactivate antiproteases
and at the same time activate metalloproteases, thus favouring proteolysis
and uncontrolled cell destruction. By activating transcription factors sensitive
to oxidative stress, the transcription of genes for pro-inflammatory factors is
stimulated, and this results in the release of many inflammatory mediators.
Some authors have suggested that inflammation is a primary response,
while oxidative stress is just a consequence of that. Indeed, particles are
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recognised by the organism as foreign bodies that must be eliminated by
means of the inflammatory reaction. The interactions between nanoparticles
and proteins in biological fluids play a decisive role in their ability to be
recognised by cells of the immune system responsible for their elimination,
and also by cells in the covering tissues, the first target of these NPs, also able
to emit pro-inflammatory signals. Inflammation may then accelerate the pro-
duction of reactive oxygen species (ROS) and reduce the antioxidant defence
capacity, favouring the appearance of oxidative stress and associated tissue
damage. Today these ROS are in fact considered to be secondary messengers
through which inflammation exercises its main actions. The inflammatory
reaction favours and maintains oxidative stress, which in return accelerates
the recruitment and activation of inflammatory cells.

Whatever the situation, oxidative stress and inflammation go hand in
hand. This is why it seemed important to specify the general mechanisms of
oxidative stress, then describe the present state of our understanding of how
nanoparticles generate ROS. Finally, we discuss the role played by inflam-
mation in nanoparticle toxicity and in the development of acute or chronic
pathologies.

To understand oxidative stress, one needs to examine the effects of the
various ROS. An excess of free radicals not neutralised by the organism’s
defence system is very harmful for biological macromolecules, resulting in
genetic and functional perturbations which may lead to a loss of proliferation
control and even cell death.

However, the physicochemical mechanisms occurring at the nanoparticle—
cell interface and responsible for this oxidative stress remain poorly under-
stood at the present time. Many studies seeking to establish a dose-response
relationship, or an exposure—effect relationship, have revealed the importance
of the size and/or surface area of the particle. However, it remains to find
out whether ultrafine particles of comparable sizes pose the same threat and
whether the ability to generate free radicals can be taken as a useful biomarker
for the effects of these particles.

4.1.3 Acute Inflammatory Reaction and Inflammatory Defence
Against Chronic Pathologies

The inflammatory response is a defence mechanism of the organism used by
the higher animals to fight attack of any kind, be it biological, chemical, or
physical, in order to maintain its integrity [7]. This ‘exogenous’ inflammatory
response is said to be non-specific. It may be associated with damaged tissues
or cells emitting signals initiating a series of responses, in particular, in the
blood vessels and circulating cells. It is therefore a beneficial adaptive response
which tends to reestablish the integrity of the organism. However, it uses
destructive methods directed against the attacker which may have harmful
consequences if they are not properly controlled.



90 B. I’Azou and F. Marano

A conventional inflammatory reaction occurs in five stages:

1. Recognition of the attack which triggered the reaction.

2. A vascular response leading to vasodilation.

3. Activation of endothelial cells and circulating cells in the blood: polynu-
clear, neutrophils, then monocytes, which migrate through the endothe-
lium to the tissue where the foreign body is located.

4. Release of mediators favouring the elimination of the foreign body, in
particular, phagocytosis.

5. Repair of the damaged tissue.

The transition to chronic inflammation occurs when it has not been possible
to eliminate the foreign body and it then results in more or less serious lesions,
while cells involved in the inflammation remain more or less activated.

Rapid changes in the cell redox potential are considered to be among the
initial inflammatory signals. They are related to excessive ROS production in
so-called sentinel cells, such as monocytes. However, various epithelial cells
can emit such signals. ROS production can be direct and NPs, like UFPs and
many physical and chemical environmental factors, are able to produce these
in biological media. It can also be indirect, mediated by inflammatory cells, in
particular macrophages. The modification of the intracellular redox potential
is generally associated with activation of ubiquitous transcription factors such
as NF-kB. The latter plays a key role in the response to many agents, in par-
ticular physical ones like UV irradiation or chemical ones, e.g., metals such as
nickel or cobalt. NF-xB is also activated by asbestos fibres or particles, and in
particular atmospheric particles. This cytoplasmic factor comprises two sub-
units, P50 and P65, deactivated by IxB. The activation of NF-xB occurs when
IxB detaches from the NF-xB complex, which then migrates to the nucleus
and binds to the promoters of many genes then activated for transcription.
Among these are the genes of many cytokines and other inflammatory fac-
tors: IL-14, IL-6, IL-8, M-CSF, GM-CSF, TNF-a, iNOS, etc. (see Fig.4.1).
By taking part in the activation of this set of genes, ROS play not only an
initiating role in the inflammatory response, but also an amplifying role, inso-
far as feedback activation mechanisms are subsequently set up. For example,
by binding with these membrane receptors, TNF-« is responsible for the pro-
duction of superoxide anions by the mitochondria of the target cell, and this
may result in death by necrosis, i.e., accidental cell death, or apoptosis, i.e.,
programmed cell death. Apart from ROS, other signals are responsible for
initiating inflammation, in particular, the kinases which contribute to raising
the level of phosphorylation.

4.2 Interactions Between Nanoparticles
and Biological Media, Including Proteins

When the NPs come into contact with the biological fluids in the respiratory
apparatus, the digestive system, or the blood, these fluids enter the pores of
the NPs, whether they are isolated or occur in aggregates. Proteins, either
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Fig. 4.1. Role of the transcription factor NF-xB in the inflammatory response
following cell stress. Stress can be induced by various factors: cytokines, UV, reactive
oxygen species (ROS), bacterial infection (LPS). The transcription factor NF-xB is
in a deactivated form in the cell cytoplasm associated with its inhibiting protein
IxB. The different stress factors activate an enzyme, IxB kinase, and this induces
degradation of IxkB (following phosphorylation and ubiquitination). Once released,
NF-xB migrates to the nucleus and binds to different gene promoters, including
genes associated with the inflammatory response

alone or associated with lipids, e.g., the pulmonary surfactant, can then coat
the particle surface, forming a corona [8], which will modify the ability of the
particle to interfere with the tissues and influence any biological responses (see
Fig.4.2). Many proteins form transient complexes with the NPs, depending
on their physical and chemical characteristics. Among the protein interactions
that have been studied, albumin and fibrinogen have a strong affinity and a
large dissociation constant, higher than what is observed, for example, with
the apolipoprotein Al. Such differences of affinity can determine the protein
constitution of the corona. The resulting coating of the NPs will subsequently
play a decisive role in the chances of capture by tissues and the inflammatory
and immunological response to the NPs.

Depending on the uptake route, the NPs will be recognised by the organism
as foreign bodies. The coating molecules may be opsonins. These are proteins
involved in the phagocytosis of foreign bodies by macrophages. After binding
with the NPs, they will be recognised by cells of the immune system carry-
ing receptors for them. For example, in the respiratory system, the MARCO
receptor, part of the respiratory antibacterial defence system, is employed in
anti-particle defences, too [9]. Proteins in the complement can also attach
to particles. These interactions have a knock-on effect until inflammation is
induced. Other interactions also play an important role, depending on the
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Fig. 4.2. Interactions between proteins, surfactant, and NPs in biological fluids of
the respiratory system, leading to endocytosis by macrophages and epithelial cells
(see colour plate). Adapted from Kreyling 2007. The complex between proteins of
the pulmonary fluids and the NP results in the formation of a corona which can be
coated with surfactant. Once coated in this way, the NP, alone or in an aggregate,
can interact more easily with membrane receptors of the epithelial cells and hence
be phagocytosed

uptake route. For example, for the respiratory route, fine atmospheric par-
ticles sequester the surfactant and various compounds present in the bron-
choalveolar fluid.

At the present time, the exact role of these interactions in the biological
responses is still poorly understood, but it seems likely to be important in the
inflammatory response. The cytokines, molecular signals secreted during the
inflammatory reaction, can interact with the NPs, modifying this response
downstream [10,11]. The interactions depend on the type of NP and the type
of cytokine. For any interpretation of the inflammatory effects of NPs, it is
therefore essential to take into account these interactions with proteins. In a
recent review, Lynch and Dawson [12] analyse current data on NP—protein
interactions. These are particularly complex, since they are not static, and
depend on the evolution of the protein environment in the organism, noting
that highly abundant proteins can be gradually replaced by less abundant pro-
teins with a stronger affinity for the NPs. These modifications may influence
not only the inflammatory response, but also the accumulation and translo-
cation of these particles.

Finally, NPs can interact with proteins and, in doing so, modify their
properties. They induce in vitro the assembly of proteins and peptides to
form amyloid fibrils [13]. It has been shown recently that different sorts of
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NPs, e.g., quantum dots, carbon nanotubes, etc., can induce the nucleation
of (2-microglobulin fibrils in vitro. This is an abundant protein in the cen-
tral nervous system. This observation may have very important consequences
insofar as NPs may migrate to the brain along the olfactory nerve following
deposition in the olfactory mucous membrane. However, no in vivo study has
yet demonstrated such a phenomenon.

4.3 Nanoparticles and Oxidative Stress

The involvement of oxidative stress in particle toxicity mechanisms was origi-
nally demonstrated in the context of occupational exposure to coal particles,
glass fibres, quartz particles, and asbestos fibres [14-16]. Studies carried out
in vitro have shown that ultrafine particles generally generate more reactive
oxygen species than fine particles. This increased production, greater than
the elimination capacities of the antioxidant systems of the organism, will be
responsible for a lot of molecular damage and alteration of biological functions.

4.3.1 Reactive Oxygen Species (ROS)

The concept of oxidative stress has existed in human biology for many years
now to explain dysfunctions that lead to pathologies, e.g., following ischemia
(where a tissue is deprived of oxygen after an infarction, for example), or in
age-related illnesses. However, the physiological role of the ROS and nitrogen
has already been demonstrated when they are released in a controlled way. The
ROS contribute to cell homeostasis, affecting signal transduction, and regu-
lating the expression of redox-sensitive genes. As a consequence, physiopatho-
logical mechanisms appear when there is overproduction of radical species
or when the organism is unable to defend itself due to a deficiency in the
antioxidant systems, e.g., superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPx). The result is an imbalance between ROS production and
antioxidant defence capacity [17].

Free radicals are molecules or atoms with one or more unpaired electrons
in their outer shell. This state confers upon them a thermodynamic insta-
bility and reaction kinetics which explain their high level of reactivity. ROS
production can be generated naturally in each cell of the organism and is
essentially of enzymatic origin in the mitochondrial complex of the respiratory
chain or membrane NADPH oxidase (see Fig. 4.3). Other sources, cytosolic or
within different cell organelles (smooth endoplasmic reticulum, peroxisomes),
can also play a role in signal modulation (xanthine oxidase, enzymes of the
arachidonic acid pathway, lipoxygenases, cyclooxygenases) [18].

The leading reactive oxygen species is the superoxide anion O3~.

Organic matter is composed of atoms in which all electrons are paired and occur in
the singlet state, while a molecule with one unpaired electron is called a free radical
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Fig. 4.3. Production of reactive oxygen species from molecular oxygen. From
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and occurs in the doublet state. In the presence of radiation, metals, pollutants, etc.,
oxygen gives rise to reactive oxygen species (ROS), either during symmetric break-
ing of a covalent bond (homolytic fission or homolysis) in which each atom keeps
its electron, or during a redox reaction with electron loss or gain from a non-radical
compound. This electron transfer is tightly controlled by enzymes (biological cata-
lysts), namely, oxidases and oxygenases. The role of these enzymes is to transform
O2 and the organic molecule in such a way that one of them becomes a doublet
(free radical). For example, the oxidases, e.g., NADPH oxidase, transform triplet
oxygen to the doublet state and can lead to the formation radicals such as the
superoxide anion O3~ (1), while oxygenases trans form organic molecules into free
radicals. The superoxide radical O3~ is transformed under the action of SOD into
hydrogen peroxide H2O2 (2). Chemically speaking, the latter is not an oxygenated
free radical like most other reactive oxygen species, but from a biological stand-
point, it does behave as such. Several things may happen to the resulting HoO2. By
the HOCL pathway, it can synthesis new unstable derivatives. HoO2 also gives rise
to the hydroxyl radical *OH, if there are metal ions in the medium, such as iron
Fe?* complexed with an activating ligand. This reaction is called the Fenton reac-
tion (4). *OH is an oxidation agent, in particular for aromatic rings. HoO2 can also
undergo detoxification reactions by catalase or glutathione peroxidase, or interact
with vitamins E and C to prevent their accumulation (5). The oxygen and nitrogen
metabolisms intersect. Starting with O3~, another possible product is peroxynitrite
(6) (non-radical ONOO™) by reaction with nitrogen monoxide (radical NO®) pro-
duced by NO synthase. The unstable peroxynitrite is highly oxidising and forms
new active species, some of which are radical, e.g., *OH and *NO2, the basis for
nitrations and hydroxylations.

The H209 concentration is regulated by so-called antioxidant enzymes such
as catalase (present in peroxisomes) and the glutathione peroxidases (mainly
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found in the cytosol). Catalase catalyses the dismutation of HoO4 into oxygen
and water, while glutathione peroxidase catalyses the oxidation of glutathione
into the oxidised form of glutathione.

The use of oxygen thus involves specialised enzymes which may not be
present in sufficient amounts, depending on the enzyme resources of the cell.
This imbalance can lead to deficiencies in ROS metabolism, and the resulting
biological consequences of oxidative stress can vary enormously, depending on
the ROS excess and cell type.

4.3.2 Reactive Oxygen Species and Their Effects

An increased concentration of reactive forms of oxygen, exceeding the system’s
antioxidant capacity, can thus lead, either directly or indirectly, to oxidative
damage on the molecular level and considerably affect cell mechanisms (see
Fig.4.4). These reactive products can attack most macromolecules, e.g., sug-
ars, proteins, nucleic acids, lipids, disorganising their chemical structure and
altering their biological functions.

The ROS act non-specifically, so all molecules may be affected. However,
some are more sensitive than others, such as the unsaturated lipids, certain
amino acides, and aromatic compounds.

Main sources
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Fig. 4.4. Main sources of free radicals and consequences of oxidative stress.
From [23]
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For example, owing to their chemical composition, membranes are choice
targets for attack by radicals. When membrane lipid double bonds are
attacked, cascade peroxidation processes will result (rearrangement of the
double bonds, leading to conjugated dienes, followed by the formation of lipid
peroxides ROO®), ending up in the complete disorganisation of the membrane,
and thereby altering its exchange, barrier, and information functions [24].

The most sensitive proteins to attack by free radicals are undoubtedly
those carrying an amino acid with a sulfur atom (methionine, cysteine) or a
sulfhydryl (SH) group. This is the case for many cellular enzymes and trans-
port proteins which will thus be oxidised and deactivated. With regard to
aromatic amino acids, the addition of hydroxyl radicals on double bonds gives
rise to specific oxidation reactions. Apart from these oxidative lesions, frag-
mentation of polypeptide chains is also observed, causing irreversible lesions.
The toxicity of ROS, which also acts on proteins, can result in modifications of
the cell signalling mechanisms. Indeed, the ROS can act on receptors, nuclear
transcription factors, and certain protein kinase cascades. They can modify
the enzyme activity of the tyrosine kinases and serine/threonine kinases (such
as the mitogen-activated protein kinases or MAPK), thereby activating tran-
scription factors that initiate the expression of redox-sensitive genes. When
this domain is altered, phosphorylation is perturbed and signal transduction
modified.

For example, free radicals can deactivate or degrade the NF-xB inhibitor
IkB by activating phosphorylation cascades favouring proteolysis [9]. Other
transcription factors, such as AP-1, are also partly under the control of
reactive oxygen derivatives. AP-1 comprises two proteins, c-fos and c-jun,
and participates in the cell differentiation process, and in the modulation of
the expression of cytokines and other mediators with an immunological role
[25,26].

Oxidative damage induced by *OH can also affect DNA bases, generat-
ing intrachain adducts, strand breakage, and DNA—protein crosslinks [23,27].
Oxidative stress can attack the bond between the base and the deoxyribose,
creating an abasic site, or attack the sugar itself, creating a single-strand
break. Indirectly, damage can result from effects on lipids whose peroxida-
tion generates mutagenic aldehydes such as malondialdehyde (MDA), creating
adducts of the form MDA—guanine on the DNA bases or etheno derivatives.
Free radical attack can also affect structural chromatin proteins such as his-
tones, as well as replication and transcription factors and enzymes.

Oxidative stress can be measured directly by electron paramagnetic reso-
nance. It can also be done indirectly by measuring the metabolites resulting
from radical reactions, e.g., lipid peroxidation, protein oxidation, DNA oxi-
dation (see Fig. 4.5). However, the end products of oxidation formed for each
biomolecule are many and complex.

In addition, there are inherent difficulties due to the fugacity of radical
species. Free radical status is investigated by measuring the production of rad-
icals (pro-oxidant status), but also by measuring the specific biochemical dis-
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Fig. 4.5. Main methods for assessing the state of oxidative stress in humans.
From [28]

orders resulting from an antioxidant/pro-oxidant imbalance. The involvement
of oxidative stress can be measured by various methods, notably chemolu-
minescence techniques, or using fluorescent molecules such as dichlorofluo-
rescein diacetate (Ho-DCFDA). Another method uses a fluorescent lipophilic
compound called C11-BODIPY to quantify lipid oxidation of cell membranes
induced by NP exposure [29,30].

Evaluation of the defensive capacity of the organism by measuring the
antioxidant status is considered as an indirect proof of ROS production. The
concentration of antioxidants such as vitamin C, glutathione, SOD, and GPx,
is easily measured by spectrophotometry, as described in the presence of
fullerenes Cgg [29], silver nanoparticles [31], and titanium nanoparticles [32].

4.3.3 Nanoparticles, ROS production, and Oxidative Stress

Oxidation properties and biological responses depend on the environmental
particles tested. Atmospheric particles are difficult to study owing to the
extreme complexity and heterogeneity of their action mechanisms. Indeed,
it has been shown that inhaled atmospheric particles are sources of free radi-
cals, on the one hand because they exacerbate phagocytosis by macrophages
and on the other because their surfaces are covered with highly reactive ele-
ments, such as organic compounds, and in particular the polycyclic aromatic
hydrocarbons (PAH) and quinones, but also transition metals [33,34]. Li et al.
[35] observed a linear relation between the redox activity of particles, the level
of PAHs, and the ability to induce an antioxidant enzyme, namely heme oxy-
genase (HO-1). A higher level of free radicals is produced by UFP samples
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if they are compared with cruder samples of the same atmospheric parti-
cles [36,37]. These results thus emphasise the fact that the surface properties
of particles modulate their ability to induce oxidative stress, and that, the
smaller they are, the higher will be their specific surface area per unit mass
and hence the greater will be their ability to transport toxic substances and
to produce free radicals [36-38]. Indeed, for the same mass, the number of
surface atoms available to be oxidised or reduced is greater for NPs than for
larger particles. Some groups have observed much higher toxicity with, for
example, CeOy or TiO; NPs compared in vitro with particles of the same
chemical composition but much larger in size, with an increase in ROS pro-
duction, activation of caspase 3, and chromatin fragmentation resulting in cell
death by apoptosis [39].

With ultrafine TiOs, carbon black, or cobalt particles in vivo, more serious
and more persistent pulmonary lesions have been observed than with fine par-
ticles [40,41]. These biological alterations are likely to be due to the increase
in the number of particles for a given mass and the reduction in size, as has
already been observed for UFPs [40,42, 43].

At the present time, there is not enough experimental evidence to select
a measurement criterion that would serve to compare the effects of every
particle type: area rather than size, number, or mass, which is the criterion
currently preferred. However, it is very important to determine the best way of
expressing the data if we are to standardise assays for NP toxicity assessment.

Most available studies thus show a close link between nanoparticles and
oxidative stress, although this relationship is complex and depends on many
structural aspects of the nanoparticles, making it difficult to generalise results.

Different types of NPs have been studied on a range of biological targets to
determine the respective roles of the chemical makeup and size of the NPs in
relation with the cell type. For the epidermis, which is an important target for
NPs through their use in cosmetic products, the epidermic cell lines HT1080
and A431 were treated with silver NPs. This induced ROS production, and
lipid peroxidation with consequent dose-dependent cell death by apoptosis,
revealed by DNA fragmentation and increased caspase 3 activity [31]. Other
experimental studies on pulmonary cell cultures demonstrate just as clearly
the generation of oxidative stress leading to DNA damage (micronuclei, comet
test) [44].

Cytotoxicity with associated ROS generation has been confirmed on cul-
tures of many other cell types, e.g., human bronchial cells 16HBE, fibroblasts
NIH3T3, alveolar epithelial cell lines SV40T2, alveolar macrophages, and renal
epithelial cells LLC-PK;, and with other nanoparticles (TiO2, carbon black,
Zn0, CeOay, etc.) [45-49]. Cell cultures provide a good way of investigating
the mechanisms involved, and it may be possible in the near future to develop
standardised assays for high throughput screening of NP cytotoxicity and
oxidative stress.

In parallel, in vivo studies, mainly on rats, also reveal the existence of
NP-induced oxidative stress. Different biomarkers have been used, such as
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the expression of messenger RNA coding for manganese-dependent super-
oxide dismutase (MnSOD), an antioxidant enzyme involved in pulmonary
defence against ROS [50]. In contrast to fine particles with diameter 1 pum,
20nm TiO NPs caused a significant increase in the expression of mRNA cod-
ing for MnSOD. The increases were more moderate for other antioxidants
such as catalase, glutathione peroxidase, and CuZnSOD. MnSOD induction
may therefore provide a predictive indicator for pulmonary oxidative stress,
along with the reduction in intracellular glutathione levels and cell metabolic
activity [32,51].

4.4 Nanoparticles and Inflammatory Response

As we have seen, ROS production is generally considered to be one of the
key mechanisms in the toxicity of fine and ultrafine atmospheric particles,
as well as nanoparticles. It leads to an inflammatory response, as has been
revealed essentially in the respiratory system, since this has so far been the
most widely studied exposure route. This reaction is above all related to the
defence of the organism, and is in principle beneficial. However, many human
pathologies are linked with a chronic inflammatory state. It has been clearly
demonstrated that environmental particles, such as silica, asbestos, or carbon
black, when they accumulate in the tissues in a persistent way (overloading),
result in serious pathologies like fibrosis and cancer. This therefore raises the
same question rather urgently for manufactured nanoparticles, since some are
already widely used, while the occupational, consumer, and environmental
risks have not yet been properly evaluated. However, experimental data clearly
demonstrates that some of them give rise to an inflammatory response, but it
would be difficult to conclude for the moment as to whether it could lead to
the development of chronic pathologies in humans.

4.4.1 Fine and Ultrafine Atmospheric Particles,
Man-Made Nanoparticles, and Inflammation:
A Clearly Established Relationship

Over the last 20 years or so, the large amount of epidemiological data regard-
ing long and short term effects of atmospheric particles has encouraged active
experimental work to provide a causal explanation for the effects observed
either on the general public or on specific populations [52,53]. These studies
were mainly carried out with model particles, diesel particles (DiP), fine and
ultrafine particles of carbon black and metal oxides, and in some cases fine and
ultrafine fractions of atmospheric particles. They show a clear, general rela-
tionship between particle exposure and inflammatory response in the organ
in which the particles are deposited, viz., the lungs, but also remote effects,
notably on the cardiovascular system.
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Controlled Human Exposure and Inflammatory Effects
of Diesel Particles

Several controlled exposure studies have been carried out on humans with
diesel particles. There are two approaches: nasal instillation and inhalation
via an exposure chamber. Exposure of healthy volunteers to DiP by nasal
instillation induces an increase in the number of inflammatory cells, cytokines,
chemokines (signals responsible for chemotactism), and specific immunoglob-
ulin E (IgE) of the allergic response [54]. The result of an inflammatory pro-
cess is also observed in bronchoalveolar lavages (BAL) carried out on healthy
volunteers after exposure to dilute diesel exhaust fumes, representative of
environmental exposure [29]. The inflammatory infiltrate shows an increase in
neutrophils, cells playing a major role in chronic bronchitis, but also in asthma
and allergic rhinitis, B lymphocytes, mastocytes, T lymphocytes (CD4+ and
CD8+), and histamine, a molecule involved in the allergic response [55].

These different results on humans, following controlled exposure, all point
toward an inflammatory response induced by DiPs, while no study on manu-
factured NPs has yet been published. However, this inflammatory response is
complex, and animal and in vitro studies have led to an understanding of the
action mechanisms.

Pulmonary Exposure of Animals to Fine Particles
and Nanoparticles, and Associated Response

Fine and Ultrafine Atmospheric Particles, Nanoparticles,
and Pulmonary Pathologies

Models used here are rodents, mainly rats, which accumulate in a very different
way to what is observed in humans. In addition, exposure doses used in animal
experimentation are often significantly higher than those in the surrounding
atmosphere, or those used for human exposure. Care is therefore needed in
extrapolating from animals to humans. Notwithstanding, short term exposure
also causes an inflammatory response. For example, rat studies have shown
that exposure by instillation or inhalation to DiPs or atmospheric particles
induces oxidative stress and pulmonary inflammation, characterised in partic-
ular by an influx of polynuclear neutrophils, an increase in the amounts of pro-
teins in the BAL fluid, and an increase in the expression of pro-inflammatory
cytokines, i.e., a response that is quite comparable with the one observed
for controlled human exposure to DiPs [56-59]. The inflammatory reaction
is reduced in the presence of antioxidants like SOD and catalase [60], thus
revealing the role of ROS.

One major advantage with animal studies is the use of pathological models,
e.g., asthma, emphysema, cardiovascular pathologies, which imitate human
pathologies. Age and sex can also be taken into account, to assess possible
differences in sensitivity. These pathological animal models have revealed the
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role played by DiP and PM (particulate matter) exposure in asthma, allergic
rhinitis, and chronic bronchitis. Particles can play the role of an adjuvant, i.e.,
an amplifying cofactor, in association with an allergen. This is particularly
true of fine and ultrafine atmospheric particles which can adsorb biological
molecules from pollens, fungal spores, or bacterial cell walls, e.g., bacterial
lipopolysaccharide (LPS). When they penetrate the lungs as far as the alve-
oles, inhalable particles carry these molecules with them, exposing the subject
to a possible allergic reaction. The presence of bacterial LPS on certain parti-
cles causes an inflammatory response that is independent of ROS production
by the particles, inducing chemotactic signals of foreign body recognition.
These observations lead to the idea of a Trojan horse. The UFPs serve as a
carrier for molecules causing the biological response. Although such ideas have
not been published in the context of man-made NPs, it seems likely, depending
on their reactivity, that they too could serve as carriers for adsorbed biological
molecules, thereby allowing uncontrolled uptake of these molecules during the
phagocytosis process (see Sect.4.2).

Nanoparticles and Cardiovascular Effects

Over the past few years, several epidemiological studies have describe the short
term effects of exposure to atmospheric particles on cardiovascular patholo-
gies. For example, Peters et al. [61] have shown that 2h exposure increases the
risk of myocardial infarction. Furthermore, experimental data on rats suggests
that particles in the ultrafine fraction (UFP of diameter less than 100 nm) are
the ringleaders [62].

Current hypotheses regarding the mechanisms whereby inhaled particles
might have extrapulmonary effects tend in two directions, although proba-
bly not mutually exclusive. The first seeks out the possible consequences of
pulmonary inflammation for the heart and other systems, such as blood coag-
ulation and the cardiovascular system [38,63]. Increased heart rate and rate
abnormalities, arterial vasoconstriction, and an increase in neutrophils and
platelets in the peripheral blood have been linked to periods of particulate
pollution.

With regard to the other hypothesis, the fact that NPs translocate, even
in small amounts, from the lungs to the systemic circulation in rats suggests
possible direct effects on the vessels. However, the toxicological mechanisms
whereby these particles exercise their harmful effects on the extrapulmonary
compartments remain poorly understood at the present time.

Carbon Nanotubes and the Fibre Effect

Among the NPs studied in animals, carbon nanotubes raise specific problems.
Two recent publications have stimulated great concern over the risks associ-
ated with exposure to carbon nanotubes. The first [64] shows that nanotubes
injected into the mouse abdomen can induce inflammation and the forma-
tion of granulomas (fibrous cell clusters), similar to those induced by asbestos
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fibres. This response only arises when the nanotubes have certain length and
shape characteristics (lengths of a few um and straight) which make them sim-
ilar to asbestos fibres. This non-physiological administration route was chosen
after comparison with studies carried out on asbestos and fibres used as substi-
tutes for it. It gives fast biological responses on the peritoneum, a tissue similar
to the pulmonary mesothelioma. The suspected similarities between asbestos
fibres and carbon nanotubes have been corroborated by another study [65],
where intraperitoneal injection of a mouse line selected for its susceptibility
to develop tumours shows that carbon nanotubes induce mesotheliomas at a
higher rate than asbestos for equivalent doses.

This therefore raises a question of carcinogenic power through a fibre effect
for certain carbon nanotubes. It looks as though they may behave like fibres
from the point of view of the macrophages, cells responsible for eliminat-
ing particles by phagocytosis. If the fibre or nanotube were too long, this
would result in frustrated phagocytosis. The macrophage would be unable to
eliminate it, and this might result in persistence and accumulation in certain
tissues. Although this picture remains to be confirmed, it shows that it would
be advisable to enforce total confinement for any use of carbon nanotubes
that might result in aerosol formation.

4.4.2 Comparability of Cellular and Molecular Toxicity
Mechanisms for Fine and Ultrafine Atmospheric
Particles and Nanoparticles

As we have seen, currently available data on the inflammatory response asso-
ciated with nanoparticles deals mainly with the lungs, but that does not rule
out potential effects on other organs, depending on the uptake route and accu-
mulation points within the organism. In the lungs, the bronchial and alveolar
epithelia function as dynamical barriers by participating in the inflammatory
process induced by oxidative stress. ROS production by NPs may activate sig-
nalling pathways in the cell and nuclear transcription factors which regulate
the expression of genes involved in a range of biological processes, includ-
ing growth, apoptosis, inflammation, responses to stress (see Sects.4.3.1 and
4.3.2). The resulting ROS can induce pro-inflammatory mediators through
the activation of signalling pathways, in particular, the one for proteins in the
kinase family (MAPK) which are heavily involved in transduction of signals
and transcription factors sensitive to the redox status of the cell, in particu-
lar, AP-1 and NF-xB [66,67]. Furthermore, it has been observed on a human
monocytic cell line, and also on cells in rat bronchoalveolar lavage fluid, that
an increased concentration of calcium ions in the cytosol could be induced
by ultrafine carbon black particles [66,68]. These carbon black nanoparticles
might activate the opening of calcium channels via a mechanism inducing ROS
production. The rise in intracytosolic calcium concentrations might then result
in activation of genes controlling inflammation with increased production of
TNF-«, 1L-2, 1L-6, IL-8, ICAM-1, and E-selectin. This in turn would lead
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to functional changes by paracrine action of epithelial secretions (cytokines
and growth factors) on surrounding tissues. Notwithstanding, finer particles
may have a direct effect on neighbouring tissues by transcytosis through the
epithelia (see Fig.4.6).

The accumulation and persistence of particles in tissues may cause chronic
inflammation. In the lungs, it can lead to bronchial remodelling, charac-
terised by thickening of the smooth muscle tissue, mucous metaplasia, and
peribronchial fibrosis [53]. These modifications are also observed in patients
suffering from chronic obstructive bronchopneumopathy and asthma. If the
effects are too great, adaptive mechanisms cannot be implemented and the
cell moves towards death by apoptosis, or even necrosis. Induction of apop-
tosis has been observed in alveolar macrophages and bronchial epithelial cells
in culture in response to oxidative stress induced by ultrafine particles and
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Fig. 4.6. Nanoparticle toxicity mechanisms in the airways (see colour plate). From
[34]. Atmospheric particles and nanoparticles act by similar cellular and molecular
mechanisms. Mucociliary transport and phagocytosis by macrophages are the main
protection mechanisms against PM and NPs. However, their surface reactivity and
the presence of transition metals may initiate extracellular ROS production. Upon
contact with the epithelium, they may be phagocytosed and, possibly, cross the
barrier by transcytosis. In the cell, the signalling pathways involved in the pro-
inflammatory response are the same. One specificity of particulate stress concerns
activation of the epidermal growth factor receptor (EGFR) and the synthesis of its
ligands underlying paracrine action on neighbouring tissues
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nanoparticles. Reactive oxygen species may cause mitochondrial damage and
initiate pro-apoptotic cascade through a drop in the transmembrane potential
of the mitochondrion and cytosolic release of cytochrome C. Doubtless due
to their greater capacity for phagocytosis, macrophages are more sensitive to
induction of apoptosis than epithelial cells. This observation is important to
explain the persistence of particles in the deep lung associated with chronic
inflammation and remodelling.

The EGF receptor (EGFR) and its ligands might play a decisive role in
these responses, as has been shown for asbestos, diesel particles, and atmo-
spheric particles [34]. Indeed, they regulate the growth and differentiation
of epithelial and conjunctive cells in the lungs and are strongly expressed
in asthmatic patients, leading to an overproduction of mucus and thickening
of the basal membrane. Asbestos, PMs 5, and DiPs cause cytokine secretion
following EGFR activation. This might occur in the absence of specific lig-
ands by a mechanism known as transactivation, related to ROS. These par-
ticles also induce secretion of different EGFR ligands, such as amphiregulin,
heavily involved in bronchial remodelling. This essentially basolateral secre-
tion can explain a paracrine effect on neighbouring conjunctive and smooth
muscle tissues [34]. These mechanisms have not yet been demonstrated with
nanoparticles, but it seems likely that there is an interaction between the
affected epithelium and neighbouring tissues via molecular signals emitted by
the epithelial cells and/or macrophages, thereby initiating the physiopatho-
logical processes.

4.5 Conclusion

Oxidative stress plays a key role in cell responses induced by fine and ultrafine
atmospheric particles, and very likely also in those induced by nanoparticles.
The size, chemical composition, and surface reactivity of nanoparticles are
important features here. One criterion in the context of regulatory procedures
for the protection of exposed individuals might be obtained by determining
the oxidative potential of these particles. Finally, individuals are subject to
repeated exposure and it seems likely that nanoparticles can act in association
with other molecules such as gases in the atmosphere.

Appendix: Table of Acronyms

AP-1 Activating protein 1

BAL Bronchoalveolar lavage

CD4+, CD8+ Clusters of differentiation. Glycoproteins at the
surface of T lymphocytes

DCF Dichlorofluorescein

DCFDA Dichlorofluorescein diacetate
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DiP Diesel particles

DNA Deoxyribonucleic acid

DTT Dithiothreitol

EGF Epidermal growth factor

GM-CSF Granulocyte macrophage colony stimulating factor

GPx Glutathione peroxidase

HNE Hydroxynonenal

HO Heme oxygenase

ICAM Intercelluar adhesion molecule

IgE Immunoglobulin E

IL-13, 11-6, 1L-8 Interleukins 1, 6, and 8

iNOS Inducible nitric oxide synthase

kB Inhibitor of kappa B

LDL Low density lipoprotein

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MARCO Membrane receptor

M-CSF Macrophage colony stimulating factor

MDA Malondialdehyde

MnSOD Manganese superoxide dismutase

NAC N-acetylcysteine

NADPH Nicotinamide adenine dinucleotide phosphate
peroxidase

NF-xB Nuclear factor < B

NP Nanoparticle

PAH Polycyclic aromatic hydrocarbon

PG Prostaglandins

PM Particulate matter

ROS Reactive oxygen species

SOD Superoxide dismutase

TNF-« Tumour necrosis factor «

UFP Ultrafine particles

uv Ultraviolet
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Nanoparticle Toxicity Mechanisms:
Genotoxicity

Alain Botta and Lalla Benameur

Despite the relatively small amount of convincing experimental data, the
potentially genotoxic nature of certain nanoparticles seems plausible, owing
in particular to the presence of reactive oxygen species (ROS) such as the
superoxide anion O3~, the hydroxyl radical *OH, and singlet oxygen 'Oa,
and reactive nitrogen species (RNS) such as nitrogen monoxide NO, the per-
oxynitrite anion ONOQO™, the peroxynitrite radical ONOO®, and dinitrogen
trioxide N2 Og, a powerful nitration agent.

These species turn up in many studies of tissular and cellular nanopar-
ticle toxicity. The genotoxic potential of these nanocompounds would thus
appear to be closely linked to oxidative stress resulting from hyperproduction
of radical species.

Note. The appendix at the end of this chapter contains a table of acronyms
and a lexicon, among other things.

5.1 Mechanisms for Radical Species Production

Nanoparticle-mediated ROS and RNS production mechanisms have been thor-
oughly investigated and can be classified into three groups: intrinsic produc-
tion, production by interaction with cell targets, and production mediated by
the inflammatory reaction. The three groups share responsibility for most of
the genotoxic effects so far observed with nanoparticles.

5.1.1 Intrinsic Production

This encompasses the following cases:

e Reactivity of transition metals at the surface of nanoparticles, but also in
the presence of oxidising groups (e.g., quinones, silicon dioxide SiOs), or
free radicals.

P. Houdy et al. (eds.), Nanoethics and Nanotozicology, 111
DOI 10.1007/978-3-642-20177-6_5, (© Springer-Verlag Berlin Heidelberg 2011
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e Reactivity of certain particles in aqueous solution, leading to the produc-
tion of radical species.

e Electron transfer mechanisms in relation with the semiconducting proper-
ties of certain nanocompounds.

e Bioactivation of polycyclic aromatic hydrocarbons (PAH) and their
nitrated derivatives (nitro-PAH, much more genotoxic, mutagenic, and
carcinogenic than their unsubstituted counterparts) adsorbed at the
surface of nanoparticles. For the latter, nitroreductase involvement (futile
cycle) leads to direct ROS production.

5.1.2 Production by Interaction with Cell Targets

This concerns mitochondrial alteration (after distribution and accumulation
in mitochondria of nanoparticles resorbed by cells) involving interactions with
the respiratory electron transport chain and alteration of enzyme mechanisms
underlying antioxidant defence.

5.1.3 Production Mediated by Inflammatory Reaction

This appears to be the main process whereby nanoparticles generate oxida-
tive stress. This has featured in almost all studies so far described. It is
a complex defence process against all forms of endogenous and exogenous
attack on cell or tissue, in which macrophages and polynuclear neutrophils
(PNN) are activated, and chemical mediators (e.g., histamine, etc.), cytokines
(e.g., interleukines, interferons, TNF), prostaglandins, and leukotrienes are
brought into play. One of the main consequences of the inflammatory process,
related notably to PNN activation, is ROS and RNS production, the latter
by induction of iNOS (inducible nitric oxide synthase), myeloperoxidases, and
NAD(P)H-dependent oxidases.

5.2 General Genotoxicity Mechanisms

Genotoxicity resulting from the ROS and RNS produced by the three groups
of mechanisms described above will be referred to as primary (direct or indi-
rect) or secondary (see Fig.5.1). Primary genotoxicity is generally thought
to be without threshold, while it seems that thresholds can be specified for
secondary genotoxicity effects.

The genotoxic potentials of nanoparticles thus appear to be directly related
to oxidative damage to DNA and proteins caused by ROS and RNS. The mech-
anism may be clastogenic, direct or indirect (damage to the genetic material
itself during the interphase or during the mitotic process), or it may be aneu-
genic (alteration of proteins making up the mitotic apparatus, in particular
the spindle and nucleoli). Another consequence is DNA adducts, generated by
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Fig. 5.1. ROS and RNS production and nanoparticle genotoxicity

electrophilic metabolites resulting from bioactivation of PAH adsorbed onto
the nanoparticles and thereby delivered to the cytosol. Figure 5.2 summarises
these mechanisms.

5.2.1 Direct Clastogenic Mechanisms

These underlie many DNA lesions, such as base oxidisation to produce
8-hydroxy,2’-deoxyguanosine (8-OHdAG), for example, a lesion usually repaired
by base excision repair (BER), or base nitration by RNS, methylation, oxida-
tive deamination, depurination generating abasic sites, ring opening, and
finally, strand breakages, especially single strand breakages (SSB), but also
double strand breakages (DSB) by deoxyribose ring opening and breakage.
This mechanism may have carcinogenic consequences, since the mutations
resulting from oxidative DNA lesions, e.g., base pair mutations, deletions, and
insertions, often turn up in oncogenes and tumour suppressing genes silenced
in cancers [1].

5.2.2 Indirect Clastogenic Mechanism

This is relayed by the preliminary lipid peroxidation due to ROS which
generates electrophilic unsaturated a and § aldehydes such as malondialde-
hyde (MDA) and 4-hydroxynonenal (4-HN) underlying the production of exo-
cyclic DNA adducts (etheno and propano adducts).
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Fig. 5.2. Genotoxic potential of particles and probable mechanisms

5.2.3 Aneugenic Mechanism

This involves protein oxidative lesions, e.g., oxidation of cysteines or nitration
by RNS and their derivatives such as dinitrogen trioxide No O3 which results in
particular in nitrotyrosination. When lesions affect components of the mitotic
apparatus (achromatic spindle, microtubule organising centers, kinetochores),
this can lead to dysfunction of chromosome segregation and migration during
mitosis. The result may be non-disjunction in the anaphase and loss of the
chromosome.

5.2.4 Production of DNA Adducts

The possibility that polycyclic aromatic hydrocarbons (PAH) can be adsorbed
onto nanoparticles and delivered to the cytosol represents a particularly wor-
rying phenomenon, since it may produce an intracellular concentration of
mutagenic and carcinogenic genotoxic substances. Indeed, many PAH are
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bioactivated as electrophilic metabolites generating bulky DNA and pro-
tein adducts. It has been shown that certain nanoparticles, such as diesel
or carbon black particles, adsorb, transport, deliver, and salt out PAH like
benzo[a]pyrene (b[a]p), but also nitrated and hydroxylated PAH derivatives
that are much more genotoxic than their unsubstituted counterparts. For
example, one finds benzo[a|pyrenediol-epoxide-DNA (BPDE-DNA) adducts,
electrophilic metabolites of bla]p. These adducts are normally repaired by
nucleotide excision repair (NER), but the main worry is that the ROS and
RNS produced by PNN activation might themselves be enzymatic inducers
of electrophilic PAH bioactivation. This may in turn raise their biologically
effective dose (BED), as shown by the significant increase in the production of
BPDE-DNA adducts in the presence of activated PNN [2]. Furthermore, the
ROS and RNS produced by PNN activation might also inhibit nucleotide exci-
sion repair (NER), a process demonstrated on the human alveolar epithelial
cell line A549 [3].

5.3 Detection and Characterisation of Genotoxicity

Genotoxicity detection and characterisation appeals to short term assays
that fall into three main families depending on the type of abnormality
to be detected: primary DNA alterations, gene mutations, or chromosome
mutations.

5.3.1 Detecting Primary DNA Alterations

The tests conventionally used are the determination of sister chromatid
exchanges, the unscheduled DNA synthesis (UDS) test, and the comet test.
Here we shall discuss only the UDS and comet tests.

The UDS test reveals genotoxic lesions by measuring the intensity of DNA
synthesis required for repairs to the genotype. Although it still applies the
principle of base complementarity, this unscheduled synthesis differs from the
programmed synthesis carried out during DNA replication prior to mitosis.
The UDS test can be used in vitro, e.g., on primary cultured hepatocytes, and
in vivo, e.g., on rodent hepatocytes.

The comet test or single cell gel electrophoresis assay is a fast, repro-
ducible, and sensitive microelectrophoretic technique (4h), able to visualise
and evaluate single and double strand breakages, alkali-labile sites, crosslinks,
and sites not yet fully repaired (excision phase of the BER and NER systems)
in single prokaryote and eukaryote cells. It can be used in vitro on cell cul-
tures, ex vivo on human lymphocytes or epithelial cells, and in vivo on the
whole animal to pinpoint any organ specificity of the genotoxic substance.
But it can also be used to identify apoptotic cells and to test the cell’s capac-
ity to repair DNA lesions. In addition, the comet test can be carried out in
the presence of bacterial endonucleases, such as formamidopyrimidine DNA
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glycosylase (Fpg) or endonuclease III, which handle specific excision repair
of oxidative DNA lesions (with ensuing resynthesis of the eliminated strand),
and which thus give rise to SSB following the excision stage. This provides
indisputable evidence of oxidative lesions in the DNA bases created by ROS.

5.3.2 Detecting Gene Mutations

Gene mutations are either substitution of a base pair (point mutations) or
alterations (addition or deletion) of several base pairs (frameshift mutations).

The classic assays are the Ames test, the mouse lymphoma test, the HPRT
test, and the use of transgenic mouse strains.

The Ames test detects gene mutations in strains of Salmonella typhimurium
carrying a mutation in the operon governing the synthesis of the amino acid
histidine, making them unsuited to develop in a histidine-deficient culture
medium (auxotrophy). In the presence of a genotoxic substance, the reverse
mutation gives the bacteria the ability to synthesise histidine once again
(prototrophy), whereupon they can then develop in a medium deficient in
this amino acid. Various strains have been developed with different sensitiv-
ities to genotoxic substances. For oxidative lesions, the strain TA102 is the
most appropriate. The Ames test is a good tool for detecting gene mutations,
but it does not detect clastogenic or aneugenic chromosome mutations. One
major advantage of this test is that it lends itself just as well to detection of
gene mutations induced by directly genotoxic substances as to detection of
those induced by indirectly genotoxic substances, i.e., requiring some previous
bioactivation which gives rise to electrophilic metabolites, the true agents of
genotoxicity. To distinguish these two mechanisms, the test is carried out with
or without an in vitro metabolising mixture, S9 Mix, which is a rat liver frac-
tion induced by Aroclor (an enzyme inducer of CYP450 mono-oxygenases),
combined with NADP(H) generating cofactors.

The mouse lymphoma assay is carried out on the L5178Y mouse lymphoma
cell line, heterozygous at the thymidine kinase locus (tk+/—). Deactivation
of the tk+ allele induces resistance to trifluorothymidine, allowing selection of
the tk—/— mutants within the tk+/— cell population. This test reveals both
gene mutations and clastogenic and aneugenic chromosome mutations.

The HPRT assay detects gene mutations at the hypoxanthine guanine
phosphoribosyl transferase (HPRT) locus in the V79 cell lines of Chinese
hamster pulmonary fibroblasts or Chinese hamster ovary (CHO) cell lines.
The basis of the test is the catalysis by the enzyme HPRT of the phosphori-
bosylation of 6-thioguanine to produce a cytotoxic monophosphate derivative.
This property can be used to assess mutations at the HPRT locus by counting
clones resistant to 6-thioguanine.

The use of transgenic mouse strains has become a classic method for assess-
ing genotoxicity in vivo. The BigBlue model contains the gene Lac I as target
for the genotoxic substance and the gene Lac Z as reporter. Lac I represses
the activity of 8-galactosidase which normally hydrolyses the substrate X-Gal
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to produce galactose, resulting in the appearance of blue lysis plaques. Lac Z
yields a functional 8-galactosidase. Any gene mutation of Lac I will result in a
non-functional Lac*1 protein repressor, thereby allowing hydrolysis of X-Gal
by [-galactosidase and the appearance of blue plaques. Another model has
been developed, called Muta Mouse, which uses the gene Lac Z directly as
target. Based on the same principle as BigBlue, this method uses the toxi-
city of galactose for the bacterium Escherichia coli Cgal/E~, which cannot
develop in the presence of galactose. Any gene mutation of Lac Z prevents the
production of galactose and thus allows the bacteria to develop.

5.3.3 Detecting Chromosome Mutations

Chromosome mutations involve several tens of kilobases, or even whole chro-
mosomes. There are two cases:

e Structural (or qualitative) abnormalities generated by clastogenic geno-
toxic substances. These result from double strand DNA breakages.

e Numerical (or quantitative) abnormalities which consist in changes in the
number of chromosomes, induced by aneugenic genotoxic substances cre-
ating lesions in the proteins of the mitotic apparatus.

To detect and evaluate chromosome structure and number damage, the
micronucleus test is the most widely used. Micronuclei (MN) are nuclear enti-
ties independent of the main nucleus, numbering anywhere between 1 and 6
per cell, with diameters between 1/3 and 1/16 of the diameter of the main
nucleus. These micronuclei are formed during cell division and comprise either
acentric chromosome fragments which, not having a centromere, cannot posi-
tion themselves at the equator of the achromatic spindle (clastogenic effect),
or whole chromosomes that have been lost during the anaphase due to lesions
of the spindle proteins (aneugenic effect).

To distinguish these two types of occurrence and hence specify whether
the genotoxic substance induces a clastogenic and/or aneugenic effect, the
micronucleus test is combined with fluorescent in situ hybridization (FISH)
using pancentromeric DNA probes, which provide a precise fluorescent visu-
alisation of the presence (aneugenic) or absence (clastogenic) of centromeres
within the micronucleus. In certain cell types, the FISH technique can be
usefully replaced by immunocytochemistry, using a monoclonal antibody to
immunomark the constitutive centromere protein CENPA. The test can be
carried out in vivo, ex vivo, and in vitro on Chinese hamster ovary (CHO)
cell lines, mouse lymphoma L5175Y cell lines, V79 cell lines of Chinese ham-
ster pulmonary fibroblasts, and primary cultured human cells (lymphocytes,
fibroblasts, keratinocytes, melanocytes, enterocytes, etc.).

Figure 5.3 summarises the advantages of a conventional methodology asso-
ciating the comet test, micronucleus test, and FISH/CENPA.
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Fig. 5.3. Nanoparticle genotoxicity. Comet, micronucleus, and FISH assay protocols

5.4 Nanoparticle Genotoxic Action Mechanisms:
Current Data from the Main Scientific Studies

Most studies investigate ROS production by nanoparticles in abiotic and biotic
conditions, along with their harmful effects on proteins, lipids, and geno-
type [4]. The affinity of nanoparticles for DNA is illustrated by the ability
of single wall carbon nanotubes (SWCNT) to direct the self-assembly of DNA
using gold nanoparticles as binder [5], while fullerenes can bind to nucleotides
and deform the double helix, suggesting the potentially negative impact of
fullerenes on the structure, stability, and biological functions of DNA [6]. In
addition, the strong and non-specific adsorption of oligonucleotides onto metal
nanoparticles can inhibit hybridization of complementary DNA sequences [7].
This affinity of certain nanoparticles for DNA underpins certain therapeutic
strategies which exploit their genotoxic aspects. For example, functionalised
cationic carbon nanotubes are often used as specific cell vectors of functional
DNA or siRNA (silencer RNA or micro-RNA, short nucleotide sequences tak-
ing part in post-transcriptional regulation of gene expression) to specifically
modify the expression of a target gene [8].

While DNA lesions, caused either directly or indirectly by oxidative stress,
are now well documented, the precise mechanism by which nanoparticles pro-
duce ROS is still under investigation to assess the relative importance of the
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direct mechanism and the indirect mechanisms, particularly when mediated by
the inflammatory cell response to the presence of nanoparticles. Furthermore,
it seems possible that cells containing a high concentration of antioxidants,
e.g., reduced glutathione, or antioxidant enzymes, e.g., catalase, peroxidase,
superoxide dismutase, might be more resistant to the toxic action of nanopar-
ticles. Finally, our understanding of nanoparticle surface properties suggests
that very small particles might be more toxic than their larger counterparts,
owing to their greater specific surface area, entailing a greater bioavailabil-
ity [9].

The main mechanisms whereby cells interact with nanoparticles, genera-
tors of oxidative stress, fall into three categories, according to the most widely
accepted hypothesis:

Direct involvement of the surface effect.
Involvement of redox mechanisms due to transition metals salted out by
nanoparticles.

e Activation of membrane receptors such as epidermal growth factor recep-
tor (EGFR, a gene coding for a cell surface protein inducing prolifera-
tion, hyperexpressed in many cancers), by transition metals following their
intracellular diffusion.

In the first two cases, oxidative stress is accompanied by increased cytosolic
calcium concentrations and activation of signalling pathways inducing activa-
tion of transcription factors, notably, nuclear factor-x (NF-x3, a regulatory
pathway for genes important for the survival of the cell), involved in the tran-
scription of key genes.

In the third case, the activation of membrane receptors leads to the mito-
chondrial distribution of nanoparticles and concomitant production of oxida-
tive stress.

All in all, the involvement of oxidative stress discovered in in vivo and
in vitro studies for most nanoparticles would appear to be a key stage
in their genotoxicity mechanism. For example, ROS production has been
demonstrated for fullerenes, single wall carbon nanotubes, multiwall carbon
nanotubes, quantum dots, and metal-containing nanoparticles. This ROS pro-
duction is sometimes affected by simultaneous exposure to visible light or UV
radiation [10].

5.4.1 Carbon-Containing Nanoparticles
Single Wall Carbon Nanotubes

Genotoxic effects mediated by oxidative stress have been observed in in vitro
and in vivo experimental studies, but the exact mechanism remains to be
identified.

Single wall carbon nanotubes in cultures of immortalised human epider-
mal keratinocytes (HaCat cell line) induce ROS production, lipid peroxida-
tion, and antioxidant depletion [11]. In cultures of human embryo kidney cells
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(HEK293 cell line), single wall carbon nanotubes inhibited cell proliferation
and adhesion, arrested the cell cycle in the G1 phase, and induced apopto-
sis. Internucleosomal fragmentation and overexpression of proapoptotic genes
such as p53 and baz are observed [12]. In Chinese hamster lung fibroblasts
(V79 cell line), single wall carbon nanotubes purified for 3h and at 96 pg/cm?
induced single and double strand DNA breakages, as revealed by the comet
test, which also identified alkali-labile sites. However, for the same exposure,
the micronucleus test did not reveal any significant increase in the number
of micronucleated cells, and the Ames test (strains YG1024 and YG1029)
was negative. The genotoxicity of single wall carbon nanotubes is thus con-
firmed by the comet test, which assesses primary DNA lesions, while the neg-
ative micronucleus test suggests that these primary lesions were effectively
repaired [13].

In contradiction with these results, a study comparing samples of single
wall carbon nanotubes with different purities showed that the most highly
purified nanotubes of amorphous carbon lost their ability to induce acute
toxicity and oxidative stress. The latter result, reported as significant but not
supported by experimental data, led the authors to conclude that oxidative
stress, along with the induction of inflammation, seemed to be directly related
to the presence of metal impurities, including nickel, iron, and other persistent
heavy metals [14].

Finally, an in vivo study was carried out on C57BL/6 mice after admin-
istration of single wall carbon nanotubes of diameter 0.8-1.2nm and length
100-1000 nm, using two different forms of exposure: closed-chamber inhala-
tion (5mg/m? of single wall carbon nanotubes, 5h per day for 4 days) and
aspiration through the lungs of a particle suspension deposited in the phar-
ynx (5, 10, or 20 ug per mouse). Both exposure routes generated an immediate
inflammatory reaction, oxidative stress, fibrosis, and hyperplasia of bronchial
epithelium cells, but only inhalation exposure caused genotoxicity as eval-
uated by analysing mutations of the gene k-ras, persisting after 28 days of
exposure [15].

Multiwall Carbon Nanotubes

Multiwall carbon nanotubes at concentrations of 5 and 100 ug/ml induced
apoptosis of mouse embryo stem cells (ES cell line) by activating the pro-
tein p53. This protein can arrest the cell cycle in the case of DNA lesions,
thereby allowing the cell to implement DNA repair systems, but it can also
induce apoptosis if these repair systems are insufficient or if the lesions cannot
be repaired. In addition, on the same cell type, multiwall carbon nanotubes
produced hyperexpression of two isoforms of OGG1 (8-oxo-guanine DNA gly-
cosylase 1, a key enzyme in the base excision repair system for oxidative
DNA lesions), thus suggesting that multiwall carbon nanotubes may induce
oxidative DNA damage, notably on guanine, via ROS. Moreover, in the same
experiments, the multiwall carbon nanotubes used seemed to play a role in
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the hyperexpression of Rad51 and XRCC4, proteins involved in the repair
of double strand DNA breakages, but also in the increased phosphorylation
of the histone H2AX, a protein participating in the organisation of chro-
matin and the repair of double strand DNA breakages, and the sumoylation
of XRCC4. [Protein sumoylation is a SUMO-type transcriptional modification
(small ubiquitin-like modifier), involved among other things in transcriptional
regulation and promotion of the cell cycle.] Such results suggest that these
nanoparticles induce double strand DNA breakages.

Finally, mutagenesis studies using the endogenous molecular marker Aprt
(adenine phosphoribosyl transferase) show that multiwall carbon nanotubes
significantly increase the mutation rate compared with the spontaneous muta-
tion rate in mouse embryonic stem cells [16].

Applying the micronucleus test to rat lung epithelial cell cultures exposed
to multiwall carbon nanotubes at concentrations of 10, 25, and 50 pg/ml,
it was shown that this exposure leads to a significant increase in the num-
ber of micronucleated cells and the number of micronuclei per cell. In addi-
tion, a simultaneously clastogenic and aneugenic genotoxic mechanism was
identified using in situ hybridization of fluorescent pancentromeric probes on
human epithelial cell lines (MCF-7) exposed to multiwall carbon nanotubes.
Moreover, intratracheal instillation of multiwall carbon nanotubes (0.5 or
2mg) in rats over 3 days led to a dose-dependent increase in micronuclei
in type II pneumocytes [17]. Results obtained in vitro and in vivo thus
seem sufficiently concordant to conclude the genotoxicity of multiwall car-
bon nanotubes with both clastogenic and aneugenic mechanisms of genomic
mutation.

Fullerenes

Fullerenes (Cgp) are responsible for various dysfunctions in human cells, e.g.,
dermal fibroblasts, hepatocarcinoma cells, and neuronal astrocytes, mediated
by excess ROS production causing lipid peroxidation. When an antioxidant
(L-ascorbic acid) is added to the culture medium, oxidative damage resulting
from the presence of Cg is completely averted [18].

Exposure of FE1-Muta mouse lung epithelial cell lines to Cgg, single wall
carbon nanotubes, and carbon black nanoparticles induced ROS production.
Applying the comet test to cells exposed to compact aggregates of Cgg (n-Cgp)
and to single wall carbon nanotubes did not reveal any increase in the rate
of DNA strand breakages, but combining the comet test with a preliminary
treatment by the endonuclease FPG demonstrated that there were oxidative
DNA lesions. Furthermore, n-Cgp and single wall carbon nanotubes did not
induce mutagenic effects as evaluated by measuring the mutation rate at the
cIl locus in the FE1-Muta mouse [19].

It has been demonstrated that photoactivation is relevant in the ini-
tial stages of the oxidative stress production at the root of the genotoxic
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mechanism. In the presence of UV or visible irradiation, Cgy molecules
(complexed with cyclodextrin) induced oxidative damage in rat liver micro-
somes [20]. In contrast, without light irradiation, the Cgy molecules behave
as antioxidants [21]. The mutagenicity of pure Cgy (> 99.9%) dissolved in
polyvinylpyrrolidone has been investigated using the Ames test with and with-
out S9Mix on the strains TA102, TA104, and YG3003 (mutation of TA102).
No mutagenic effect was observed on the strain TA102 (with or without
metabolic activation) except when the preparation was first irradiated by
visible light. The level of mutagenicity was then dose dependent and varied
with the time of irradiation. The same results were obtained with the strain
YG3003 and to a lesser extent with the strain TA104 [22].

A different result was obtained with a mixture of Cgg and Crg. Indeed,
the Ames test on strains TA100, TA1535, TA98, and TA1537, with and
without metabolic activation, and a test carried out on FEscherichia coli
(WP2uvrA/pKM101) revealed no mutagenic effect, even at fullerite concen-
trations above 5mg per dish. In addition, a chromosome aberration assay on
Chinese hamster lung cell lines (CHL/IV) showed no abnormality of number
or structure, and no clastogenic effect, even at concentrations of 5 mg/ml [23].

The difficulty in interpreting experimental results and the need to stan-
dardise methodologies are well illustrated by the following two studies. The
first involved exposure of fish to colloidal suspensions of Cgg dispersed in
tetrahydrofurane (THF). A significant level of lipid peroxidation was induced
in the brain, together with a depletion of reduced glutathione (GSH) in
the liver and gills but no oxidative lesions, notably in proteins [24]. Today
this study is the subject of some controversy, since it seems that the effects
attributed to Cgp may have been caused by a decomposition product of the
THF [25]. Another study prepared stable aqueous colloidal suspensions of Cgg
using two methods, first by dispersing Cgp in ethanol and then redispersing
it in water, the other by directly dissolving it in water. A primary culture
of human lymphocytes was exposed to these two preparations and primary
DNA lesions were then identified by the comet test. Both types of suspen-
sion induced a dose-dependent increase in DNA damage, but the suspension
prepared by direct dispersion in water turned out to be more genotoxic than
the one first prepared in ethanol. The reason given was the formation of an
ethanol-Cgo complex, together with hydroxylation of the Cgq, thereby limiting
its reactivity and hence its toxicity [26].

Also in the literature are studies demonstrating the antioxidant potential of
the fullerenes, comparable with those of vitamins C and E, which might there-
fore by relevant in the prevention of cellular oxidative stress! This dichotomy
highlights the need to perfect research methods for dealing with the interac-
tions between nanomaterials and their cell targets, especially with regard to
standardising the doses used, exposure conditions, and the biological effects
that need to be identified [9].
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Carbon Black

It has been demonstrated that oxidative stress plays a key role in the geno-
toxic potential of carbon black. Subchronic inhalation of nanometric car-
bon black (16 and 70 nm) results in increased levels of 8-oxo-deoxyguanosine
(8-0x0dG) in rat lungs [27]. Carbon black nanoparticles of diameter 14 nm,
co-administered to mice with bacterial endotoxins caused a pulmonary edema
and worsened the inflammatory state of the animals. This state, associated
with an increased level of pro-inflammatory markers and 8-OHdG in the lungs
independently of the effects of the endotoxins, suggests that carbon black
nanoparticles may also facilitate the effects of other environmental stimuli [4].
Primary genotoxic lesions have been identified in lung epithelial cells of trans-
genic FE1-Muta mice, where carbon black nanoparticles increased rates of
DNA SSB, notably in the presence of Fpg. On the other hand, long term expo-
sure to low concentrations of these nanoparticles only resulted in a slightly
increased mutation rate for the genes cII and Lac Z.

Carbon black nanoparticles would thus appear to be genotoxic for eukary-
otic cell lines, the mechanism being relayed by oxidative stress [28]. In addi-
tion, carbon black nanoparticles non-functionalised and functionalised by
benzo[a]pyrene induced SSB, identified by the comet test, in human lung
epithelial cells, as well as activating p53 proteins and inducing the production
of the transcription factors NF-x3 and AP-1 (regulation factor for expression
of the target gene, comprising a combination of the proteins Jun and Fos) [29].
Finally, comparing carbon black nanoparticles of the same size and composi-
tion, but with different specific surface areas (300 vs. 37m?/g), it was found
that the resulting biological effects, e.g., inflammation, genotoxicity, depend
on the specific surface area rather than the mass of the particles. Furthermore,
similar work on the carcinogenic effects of inhaled particles has shown that
tumour incidence is more closely correlated with specific surface area than
with particle mass [30].

5.4.2 Metal-Containing Nanoparticles
Cobalt

The genotoxic effects of cobalt-containing nanoparticles have been investi-
gated on pure cobalt, but also cobalt—chromium and cobalt—iron mixtures.
These studies have aimed to assess the influence of particle size on the nature
and strength of the effects. A comparison between the genotoxic effects of
100nm cobalt nanoparticles and cobalt ions Co?T in human leukocytes from
voluntary donors has shown a very significant level of intracellular internal-
isation of cobalt nanoparticles. The micronucleus test revealed a significant
increase in the number of micronucleated cells under exposure to Co?* ions,
whereas the comet test shows that cobalt nanoparticles induce instead primary
DNA lesions. This suggests that genotoxic effects leading to SSB are proba-
bly well repaired, but modulated by the salting out of Co?* ions. Moreover,
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the genetic polymorphism of the donors, especially in the repair gene hOGG1
(a gene coding for a protein that excises the oxidised base 8-oxo-guanine), may
also modulate the genotoxic response by more or less completely repairing all
the ROS-induced SSB [31].

The influence of size has been studied by comparing the cytotoxic and
genotoxic effects of nanoparticles (30nm) and microparticles (2.9um) of
cobalt—chromium alloys in human fibroblast cultures. The nanoparticles were
internalised by the fibroblasts and induced more DNA damage, as assessed by
the comet test, than the microparticles. However, the micronucleus test did not
reveal any significant difference between the micronucleated cells produced by
the two types of particle, whereas the nanoparticles induced more aneuploid
lesions than the microparticles [32]. One can hypothesise that the two types
of particle induce different genotoxic action mechanisms, even though they
have the same chemical composition: clastogenic CSB could be fully repaired,
leaving only aneugenic effects.

In addition, analysis of the potential cytotoxic and genotoxic effects of
cobalt—ferrite nanoparticles (CoFez04) of nanometric (5.6 nm) and micromet-
ric (10 and 120 um) sizes has been carried out in cultures of human peripheral
lymphocytes. The nanoparticles significantly reduced the cell proliferation
index (attesting to diminished cell viability) and a significant increase in
the frequency of micronucleated binucleated lymphocytes (MBNL), while the
10 um microparticles only increased the frequency of MBNL. In addition, to
see whether the genotoxicity might not have been caused by salted out ions,
the nanoparticles were coated, precisely to block this effect. The results showed
that there were micronucleated cells, but that they were four times less com-
mon than for exposure to bare nanoparticles. This tends to corroborate the
hypothesis that Co?t ions play a role in the genotoxicity of cobalt-ferrite
nanoparticles [33].

Silver

The genotoxicity of two types of silver nanoparticle, functionalised, i.e.,
coated, by surface polysaccharides, and non-functionalised, i.e., uncoated, was
investigated on two types of mouse embryo cells: stem cells (mES) and fibrob-
lasts (MEF). The two types of nanoparticle induced the expression, in both cell
types, of Rad51, a protein involved in the repair of DNA DSB. The hypothesis
that they cause DSB was confirmed by immunofluorescence and immunoblot.
Furthermore, the two types of nanoparticle raised the level of expression of
p53. Finally, the different surface chemistries led to different alterations in the
DNA. The functionalised nanoparticles had more effect on the DNA than the
non-functionalised ones. It thus seems logical to assume that the function-
alised nanoparticles were barely agglomerated, and hence well distributed,
while the non-functionalised nanoparticles were highly agglomerated, leading
to lower availability and limited access to organelles [34].
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Cerium

Cerium nanoparticles seem to display redox cycles, especially in the presence
of hydrogen peroxide. This might result in ROS production through Fenton-
like reactions [35]. In addition, exposure of primary cultured human fibroblasts
to cerium dioxide (CeOz) nanoparticles revealed a dose-dependent production
of DSB (evaluated by the comet test), significantly reduced in the presence of
the antioxidant L-ergothioneine, but also a significant induction of micronu-
clei. Furthermore, when nanoparticles were incorporated into the cell culture
medium, 25-30% of the surface atoms were reduced from Ce** to Ce3*. This
reduction could generate ion and electron transfers underlying the oxidative
stress and genotoxicity observed in human fibroblasts [36]. On the other hand,
the Ames test applied to 9 nm CeO, nanoparticles gave negative results both
with and without metabolic activation, at all tested concentrations [37].

Titanium

Titanium dioxide (TiO2) nanoparticles, coated or uncoated, have been the
subject of much experimental work, on both cultured animal cells and cultured
human cells. Studies of the influence of photoactivation of these nanocom-
pounds on the strength of the genotoxic response have led to some contradic-
tory results, and no formal conclusions are yet possible.

After a 1h inhalation of an aerosol of 22nm TiO5 nanoparticles, on aver-
age 24% of these nanocompounds ended up within the epithelial barrier, but
also in the main compartments of the pulmonary tissue, in the cell cytoplasm
and nucleus [38]. TiO2 nanoparticles in anatase form, coated with vanadium
pentoxide V5035, induced a higher level of cytogenotoxicity than the same par-
ticles when they were not coated, as evaluated by the micronucleus test on V79
cells, Chinese hamster lung fibroblasts. Furthermore, the coated particles pro-
duced more ROS and unsaturated «, aldehydes (resulting from lipid peroxi-
dation) than the uncoated ones. Anatase nanoparticles coated with V205 are
thus more genotoxic than bare nanoparticles, and their genotoxicity is medi-
ated by oxidative stress [39]. After UVA irradiation, these nanoparticles induce
DNA strand breakages and reduce the integrity of lysosomal membranes in
fish cell lines [40]. Likewise, in goldfish skin cells exposed to concentrations of
1, 10, and 100 ug/ml of TiO2 nanoparticles (anatase form, 5nm), with and
without UVA radiation, much greater genotoxic damage was observed after
irradiation, including reduced cell viability and increased number of DNA oxi-
dation sites (comet test in the presence of Fpg and endonuclease IIT). More-
over, using the analytic technique known as electron spin resonance (ESR),
it was shown that ROS production (including the hydroxyl radical *OH) was
greater after UVA irradiation [41].

The genotoxicity mechanism was investigated by studying Syrian hamster
embryo (SHE) fibroblasts in which TiO3 nanoparticles with diameters smaller
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than 20 nm and concentrations in the range 0.5-10 ug/cm? produced micronu-
clei by a clastogenic mechanism demonstrated by analysing kinetochores in
the micronuclei using CREST antibodies (centromeric antiprotein antibodies
common in certain autoimmune disorders). Furthermore, these nanoparticles
induced apoptosis via internucleosomal cleavage and chromatin compaction.
The mechanism put forward appeals to interactions between the nanoparti-
cles and the fibroblast cell membranes. These would induce ROS production,
which would in turn induce lipid peroxidation, disturb intracellular Ca2*
homeostasis, and alter the metabolic pathways. Disturbing Ca2* activates
endonucleases which may in turn initiate chromatin fragmentation, a key fea-
ture of apoptosis [42].

The importance of form has also been demonstrated by studying the pho-
toclastogenic effects of three types of titanium dioxide nanoparticle, viz.,
anatase, rutile, and a mixture of both, in coated, doped, and uncoated forms in
Chinese hamster ovary cells (CHO-WBL), with and without UV irradiation.
Results show that not all forms of titanium dioxide induce an increased rate of
chromosome aberrations (photochemical genotoxicity) with and without UV
irradiation [43].

Contradicting all previous data, a study carried out in vivo by instilling
rats with different doses (0.15, 0.3, 0.6, and 1.2mg) of two types of 20 nm TiO4
nanoparticle (hydrophilic, with untreated surface, and hydrophobic, with sur-
face silanised by trimethoxyoctylsilane) for 90 days did not reveal any evidence
of 8-oxoguanine production in the DNA of alveolar epithelial cells [44].

Studies on cultured human cells have brought some progress in under-
standing the genotoxicity mechanisms of TiOs nanoparticles. For example,
in human lymphoblastoid cell lines, they reduce cell viability, induce DNA
damage as measured by the micronucleus and comet tests, and increase the
mutation rate in the HPRT test [45]. In addition, TiO3 nanoparticles doped
with cerium IV have been found on human hepatoma cell membranes and
resorbed in the cytosol by phagocytosis. If these nanoparticles are first irradi-
ated by visible light, they induce micronuclei and internucleosomal fragmen-
tation of DNA, probably by activation of endogenous endonucleases bringing
about apoptosis [46].

In 2008, a genotoxicity study of 25nm TiOs nanoparticles (Degussa P25:
70-85% anatase/30-15% rutile) was carried out on cultured peripheral human
lymphocytes, using the comet and micronucleus tests. The lymphocytes
treated with nanoparticles exhibited dose-dependent production of micronu-
clei and DNA strand breakage, but also increased ROS production which
could cause breakage or loss of genetic material in the lymphocytes. In addi-
tion, pretreating the lymphocytes with N-acetylcysteine (NAC), an antioxi-
dant reduced glutathione precursor, itself a free radical scavenger, significantly
inhibited ROS production and oxidative DNA damage.

Apart from this, TiOy nanoparticles induced the accumulation and acti-
vation of P53 proteins, but without affecting expression of the molecular tar-
gets of P53, viz., P21 and BAX. The results of this study demonstrate the
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genotoxicity of TiO2 nanoparticles in human lymphocytes mediated by oxida-
tive stress and the activation of P53 but without concomitant stimulation
of its transactivation activity, required to arrest the cell cycle and produce
apoptosis [47]. Finally, another study has shown that, without photoactiva-
tion, 10-20 nm anatase induces oxidative DNA lesions, lipid peroxidation, and
formation of micronuclei in human bronchial epithelial cell lines (BEAS-2B).
On the other hand, larger particles (anatase 200nm) did not induce oxida-
tive stress under the same conditions. This seems to confirm that particle size
reduction is the sole factor leading to oxidative damage [48].

Iron

Nanoparticles of maghemite (yFeaOg) coated with dimercaptosuccinic acid
(DMSA) have been found adsorbed onto the outer membranes of fibroblasts,
then internalised via endocytosis vesicles. In this case, no cytotoxicity or geno-
toxicity were observed. The stability of the DMSA coating was monitored
during contact between the nanoparticles and the fibroblasts. The DMSA
remained chemically adsorbed to the surface of the maghemite nanoparticles,
thus forming a stable organic layer which protects the cells from direct contact
with the surface of these nanoparticles [49].

Iron—platinum (FePt) nanoparticles coated with tetraethylammonium
hydroxide (9nm) were subjected to the Ames test on strains TA98, TA100,
TA1535, and TA1537, and also on Escherichia coli WP2uvrA/pKM101
strains, with and without metabolic activation. All tested concentrations
gave negative results, except the strain TA100 [50].

Magnetoliposomes (14 nm nanoparticles made from magnetite FesO4 and
coated with a lipid bilayer) were administered intravenously to SWISS mice.
The micronucleus test applied after 12, 24, and 48h to (anucleated) polychro-
matic erythrocytes showed a tendency for micronucleus induction, but only
at 24h [51]. The same test applied to magnetite nanoparticles coated with
polyaspartic acid (8.5nm), administered from 1 to 30 days, showed micronu-
cleus induction at 1 to 7 days [52]. The presence of magnetic nanoparticles
located in hematopoietic stem cells may constitute a cancer risk and increase
the frequency of leukaemias caused by prolonged exposure to electromagnetic
fields [53].

Zinc

The genotoxicity of zinc oxide nanoparticles coated with tetraethylammonium
hydroxide has been assessed using the Ames test on the strains TA98, TA100,
TA1535, and TA1537, and on the Escherichia coli strains WP2uvrA(—), both
with and without metabolic activation. The results were negative at all tested
concentrations [54].
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5.4.3 Quantum Dots

There have not been many genotoxicity studies here. Some investigate the
possibility of using quantum dots for targeted therapy, especially against
cancers. Human breast carcinoma cells (MCF-7) treated with cadmium tel-
luride quantum dots revealed the following phenomena in the nucleus: nuclear
reorganisation, hypoacetylation of histone H3, reduced expression of genes
involved in preventing cell death [heat shock protein 70 (Hsp70) and the
apoptosis inhibitor cIAP-1], totally inhibited expression of genes for glu-
tathione peroxidase, and overexpression of apoptotic genes controlled by P53
[p53-upregulated modifier of apoptosis (PUMA) genes and NADPH oxidase
activator 1 (NOXA) genes]. In mitochondria, these quantum dots induce mem-
brane damage and increased intracytosolic ROS production, causing accu-
mulation of Bel-2 associated X (BAX) proteins involved in salting out pro-
apoptotic factors. These quantum dots thus induce both a genotoxic response
via P53 and a global epigenetic response, which will lead in the long term
to genetic reprogramming [55]. Likewise, photoactivated CdSe-ZnS quantum
dots produced strand breakage and nucleobase (purine and pyrimidine) dam-
age in a plasmid. This damage to plasmid DNA (pDNA) is correlated with
ROS production under photoactivation conditions. The authors of this study
show how these quantum dots might be used to target cancer cell nuclei in
photodynamic therapies [56].

5.4.4 Other Types of Nanoparticle
Cationic Polystyrene Nanospheres

Cationic polystyrene nanospheres are inert and do not produce ROS in abiotic
media. However, when these nanoparticles enter a biological medium, e.g.,
when they are placed in contact with murine macrophages, they induce super-
oxide anions O3~ , mitochondrial damage, lysosome loss, and in some cases
apoptosis [4].

Silica-Containing (SiO2) Nanoparticles

Results of studies on both colloidal and crystalline silica are not always fully
consistent, but on the whole it looks as though these nanocompounds do have
genotoxic potential.

Low-dose instillation of ultrafine colloidal silica in ICR mice produces a
moderate to severe inflammation in lung epithelial cells and macrophages,
together with apoptosis and tissue lesions which seem to be related to induc-
tion of 8-OHdG, an oxidative stress marker [4]. These silica nanoparticles can
also enter into human and rodent neuronal and epithelial (nasal, pulmonary)
cell nuclei, where they cause an alteration of the nuclear structures, induc-
ing the formation of aberrant clusters of nucleoplasmic topoisomerase II, and
aggregation of proteins such as ubiquitin, huntingtin, and proteasomes.



5 Nanoparticle Toxicity Mechanisms: Genotoxicity 129

One consequence of the formation of intranuclear protein aggregates would
be inhibition of replication, transcription, and cell proliferation, without sig-
nificantly altering proteasomal activity or cell viability [57].

Administered to transgenic Lac I rats, crystalline silica particles (croci-
dolite) induced transversion mutations G—T in the gene Lacl, correlated
with 8-OHdAG production [58]. Genotoxicity was investigated by exposing
human lymphoblastoid cells (WIL2-NS) to SiOs nanoparticles (< 100nm)
at concentrations of 0, 30, 60, and 120 ug/ml for periods of 6, 24, and 48 h.
The micronucleus test pinpointed two dose-dependent effects: an increased
level of micronucleated cells and a reduced cell proliferation index, while the
comet test gave no significant results, making it very difficult to understand
the genotoxic mechanism. However, at a concentration of 120 ug/ml, these
nanoparticles induced a significant increase in the number of mutants detected
by the HPRT test [59]. On the other hand, the genotoxic effects did not
turn up in all studies. For example, commercial laboratory-synthesised silica
nanoparticles (Glantreo, 30 and 80nm) in contact with 3T3-L1 fibroblasts for
periods of 3, 6, and 24 h at concentrations of 4 and 40 ug/ml did not generate
a detectable genotoxic effect under the comet test.

These apparently surprising results have nevertheless been independently
validated in two different laboratories [60]. Moreover, a genotoxicity study
of light-emitting silica nanoparticles in human lung epithelial cells (A549)
showed no genotoxic effects below a concentration of 0.1 mg/ml [61]. Finally,
in a study that demonstrated ROS and RNS induction by bare crystalline
silica particles in rat lung cells, at much higher levels than for the same parti-
cles coated with polyvinylpyridine-N-oxide, it was shown that this production
of radical species was not associated with higher 8-OHdG levels. On the other
hand, hyperexpression of the genes APE/Refl coding for a protein mediat-
ing base excision repair (BER) of DNA lesions was detected. The inflam-
matory process may therefore be accompanied by a compensatory induction
of APE/Refl translation, and hence effective repair of oxidative DNA lesions
[62]. Finally, with regard to the possibility of nanoparticles carrying and deliv-
ering pollutants, a Trojan horse effect has been suggested for the way silica
nanoparticles can facilitate cell penetration by associated heavy metals. The
resulting oxidative stress was some eight times greater than for the heavy
metals alone in an aqueous solution [63].

Diesel Particles

When BigBlue Lac I transgenic rats are exposed to diesel particles contain-
ing various concentrations of nanoparticles, it causes transversion mutations
G—T in the gene Lac I, correlated with 8-OHdG production and induction of
mRNA for CYP4501A1 (isoform of CYP450 monooxygenases) [64].
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5.4.5 Comparative Studies Between Different Nanoparticles

Crystalline silica, carbon black, and titanium dioxide particles induced muta-
tions of the gene HPRT in rat alveolar cells for doses at which they also
produce an inflammatory reaction through accumulation of polynuclear neu-
trophils [65].

Single wall carbon nanotubes and carbon black, ZnO, and SiOs nanopar-
ticles in contact with primary mouse fibroblast cultures induced a significant
depletion of GSH, inhibition of superoxide dismutase activity, and dose-
dependent production of ROS and MDA. Comparative analysis shows
that the nanoparticle composition probably plays a key role in cytotoxic
effects, while genotoxic potential seems to be more closely related to
form [66].

Human lung epithelial cell lines (A549) were exposed to metal oxide
nanoparticles (CuO, TiOg, CuZnFesOy4, FesOy4, and FesO3) and multiwall
carbon nanotubes. The CuO nanoparticles were the most active, causing cyto-
toxicity, DNA damage, oxidation lesions (assessed by the comet test), and
intracellular ROS production. The ZnO nanoparticles reduced cell viability
and caused DNA damage. The TiOs (rutile and anatase) and CuZnFe;O4
nanoparticles caused DNA damage. Iron oxide (Fe2Os, FesO,4) nanoparticles
exhibited little or no toxic effect. Finally, the multiwall carbon nanotubes
induced DNA damage at the lowest tested doses [67].

5.4.6 Review of Genotoxicity Mechanisms

Figure 5.4 summarises the possible ROS production mechanisms in relation
with nanoparticle genotoxicity, while Fig.5.5 reviews our present state of
understanding of genotoxic mechanisms. Tables 5.1, 5.2, and 5.3 summarise
all genotoxicity mechanisms so far identified for the various nanoparticles that
have been investigated.

5.5 Conclusion

Investigations carried out to date on the genotoxic potentials of nanoparticles
seem to justify concern. Observed effects are probably mediated by oxidative
stress, although direct genotoxic effects should not be excluded, and nor should
combined effects involving the delivery of adsorbed pollutants. The inflamma-
tory reaction seems to be an important relay mechanism for genotoxicity, but
it is certainly not the only one that needs to be considered. Furthermore, the
disagreement between certain results raises some doubts about the validity
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of conventional toxicological methods where nanoparticles are concerned. The
relevance of current assays needs to be reassessed, and more suitable meth-
ods are likely to be developed, not only to shed light on biological barrier
crossing mechanisms, but also to understand processes leading to accumula-
tion in target tissues and the exact nature of the interactions with biological
macromolecules. Likewise, cell models, sample preparations, doses, and con-
tact times must all be reconsidered, taking into account on the one hand vari-
ations in the compositions and impurity levels of the given nanocompounds,
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and on the other the influence of the new length scale relevant to nanoparti-
cles, not to mention the two-phase results sometimes found as a function of
the concentration. A significant example is provided by the fullerenes. These
prove to be antioxidant at low doses, but generate oxidative stress, relayed by
inflammation, at high doses. Finally, genotoxic mechanisms are unlikely to be
the only ones to carry the cell toward mutagenesis and carcinogenesis. Certain
epigenetic mechanisms such as the impact on gene expression regulators like
histones or micro-RNA also deserve further investigation.
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Appendices

A. Table of Acronyms

BED Biologically effective dose

BER Base excision repair

DSB Double strand breakage

FISH Fluorescent in situ hybridization

HPRT Hypoxanthine phosphoribosyl transferase
iNOS Inducible nitric oxide synthase

MDA Malondialdehyde

MN Micronucleus

MWCNT Multi-wall carbon nanotube

NER Nucleotide excision repair

NF-x0 Nuclear factor k(3

8-OHdG 8-hydroxy-2’-deoxyguanosine

PAH Polycyclic aromatic hydrocarbon

PNN Polynuclear neutrophil

ROS Reactive oxygen species

SSB Single strand breakage

SWCNT Single-wall carbon nanotube

THF Tetrahydrofuran

TNF Tumour necrosis factor (cytokine inducing cell necrosis)
uv Ultraviolet

B. Mutagenesis Assays

Unscheduled DNA Synthesis (UDS) Assay. This reveals lesions in the genome
by identifying unprogrammed DNA repairs.

Comet or Single Cell Gel Electrophoresis Assay (SCGEA). Electrophoretic
technique revealing single and double strand breakages in isolated cells. Appli-
cable in vitro, ex vivo, and in vivo, there are several versions of this test
depending on pH conditions during DNA melting and electrophoresis, since
these modulate the sensitivity of the test. For example, the neutral version
reveals double strand breakages, whereas the alkaline version detects single
and double strand breakages, alkali-labile sites, and gaps induced by repairs.
Adding stages of digestion by specific glycosylases increases the sensitivity
and specificity of the test.

Ames Test. This detects point mutations and frameshift (shifted read frame)
mutations induced by genotoxic substances.

Mutation Assay sur FEscherichia coli. Variant of the Ames test using the
Escherichia coli strain WP2/uvrA /pKM101, designed to detect the defective
SOS response.
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Hypozanthine Phosphoribosyl Transferase (HPRT) Assay. Assesses mutations
by counting cell clones resistant to 6-thioguanine.

Micronucleus Assay. Usually the cytokinesis blocked micronucleus assay
(CBMN). This assesses damage to chromosome structure and number in
culture cells observed during mitosis after blocking cytokinesis, in order
to consider only binucleated cells, i.e., cells that have just divided their
genetic material. Associated with fluorescent in situ hybridization (FISH),
this method can identify the clastogenic or aneugenic mechanism underlying
micronucleus production.

Fluorescent in Situ Hybridization (FISH) Technique. Hybridization of alphoid
probes, represented by complementary DNA fragments, with the relevant
DNA sequences. For example, when pancentromeric DNA probes, i.e., present
in all centromeres of all chromosomes, are applied to micronuclei, fluorescent
spots reveal the loss of one or more whole chromosomes, thus signalling an
aneugenic event.

C. Strains Used for the in Vitro Ames Test

Classic strains derive from Salmonella typhimurium LT2. They are aux-
otrophic for the amino acid histidine (his), i.e., they cannot grow in the
absence of histidine. They carry a specific mutation (His—) in one of the
genes of the operon governing the synthesis of this amino acid, and in the
presence of mutagenic agents, this mutation (His—) can revert to the wild
type (His+), which is prototrophic for histidine. In addition, to increase
their sensitivity, further mutations have been introduced into the His operon:
rfa mutation increasing permeability of the bacterial membrane and AuvrB
mutation neutralising excision repair and thus favouring the error-prone SOS
repair. Likewise, introducing the plasmid pKM 101 which carries the genes
mucA and mucB in the strains TA97, TA98, TA100, and TA102 increases
the error-prone SOS response and thus favours errors in the DNA repair.
Depending on the genetic characters of the strains, a certain level of speci-
ficity can be defined with regard to genotoxic substances. For example, the
strains TA1535, TA1538, TA97, and TA98 preferentially detect mutagens
causing frameshift mutations (inserting or deleting pairs of bases), whereas
the strains TA1535, TA100, and TA102 tend to detect mutagens inducing
base pair substitutions (transversion or translation). The strain TA102 which
carries the specific mutation hisG428 and the rfa mutation mainly detects
oxidising mutagens, such as the radical species responsible for cell oxidative
stress. Finally, specialised strains have been created to detect certain environ-
mental genotoxic substances, such as nitrated PAH derivatives and aromatic
amines carcinogenic for the bladder. For example, the strains YG1021 and
YG1026 contain the plasmid pY G216, which carries the gene for nitroreduc-
tase, the strains YG1024 and YG1029 contain the plasmid pYG219, which
carries the gene for O-acetyltransferase, and the strains YG1041 and YG1042
contain the plasmid pYG233, which carries both genes.
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D. Lexicon

Anaphase. Third stage of cell division, following the prophase and metaphase.
During the anaphase, the chromosomes split, separate, and move towards the
cell poles.

Aneugenesis. Chromosome number mutations resulting from alteration of
protein structures involved in the migration of the chromosomes during mitosis
(centromeres, mitotic spindle, kinetochore, nuclear membrane) by aneugenic
agents.

Apoptosis. Set of cell phenomena during which the cell dies under physiologi-
cal conditions. This really is a programmed cell death, involving in particular
the proteins P53 and BAX. This active programme of self-destruction should
be contrasted with death by necrosis, which occurs when a cell finds itself in
extreme non-physiological conditions.

Clastogenesis. Induction of chromosome structure mutations, also called chro-
mosome rearrangements, resulting from double strand breakages in the DNA
molecule caused by clastogenic agents.

Fibroblasts. Cells of the conjunctive tissues responsible for producing the col-
lagen fibres that make up the muscles and skin.

p53. Tumour suppressor gene coding for the protein P53 involved in arresting
the cell cycle, apoptosis, and repairing DNA lesions.

Ozidative Stress. Physiological and pathological effects induced by the cellular
and molecular consequences of accumulating reactive oxygen and nitrogen
species.

DNA Repair Systems. Efficient and faithful repair systems protecting the
integrity and stability of the genome. The main system is excision repair.
There are two variants, base excision repair (BER), which deals with damage
that does not lead to significant modifications in the spatial conformation of
the DNA double helix, and nucleotide excision repair (NER), which repairs
bulky adducts causing significant distortion of the double helix.
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Elements of Epidemiology

Agnes Lefranc and Sophie Larrieu

6.1 Generalities

Epidemiology is defined as the study of the distribution of diseases and their
determining factors [1,2]. In the field of environmental health, it thus investi-
gates the relationship between different aspects of environmental exposure and
human health. Epidemiology does not consider individuals, but rather groups
of individuals specified by some common characteristic, e.g., exposure to some
given substance, a pathology, etc. It then compares these groups of individu-
als, for example, to answer a question like: when individuals are exposed to a
given substance, are they more often affected by a certain pathology?

While this approach provides important information about the relationship
between environmental exposure and health, it does not of course inform as
to the mechanisms that may underlie those relationships on the individual
level. So epidemiological and experimental studies are complementary, and
mutually supportive when they lead to concordant results.

In addition, the observation of significant correlation between exposure
and health in the context of epidemiological studies alone is not sufficient
to draw conclusions about the causal nature of the observed relation. This
question has been widely debated, and lists of criteria put forward to define
situations in which causality can be reasonably inferred. The best known are
those specified by Hill in 1965 [3], which include the following:

e Constancy of observed associations: the findings of an epidemiological
study must be confirmed by other epidemiological studies, if possible using
different methods.

Temporality: exposure must precede appearance of the effect.

Biological plausibility: known or plausible biological mechanisms should
explain the ways exposure affects health. Toxicology is in this respect a
major source of support or refutation for any causal hypothesis.

e Consistency of results: Findings obtained should be consistent with those
available from other sources referring to the same subject.

P. Houdy et al. (eds.), Nanoethics and Nanotozicology, 147
DOI 10.1007/978-3-642-20177-6_6, (© Springer-Verlag Berlin Heidelberg 2011
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Consequently, to avoid risk of overinterpretation, it is crucial to consider the
findings of epidemiological studies in the light of this kind of criterion.

6.2 Studies of Ultrafine Particles
and Lack of Data for Nanoparticles

At the present time, there have been no epidemiological studies of expo-
sure to nanomaterials. To illustrate this, it is instructive to submit the
request (Nanoparticles OR Nanostructures OR Nanotubes OR Nanomaterials)
AND Epidemiology to the Medline data base. At the time of writing
(31 December 2009) only 53 publications corresponded to these criteria,
but closer examination revealed that none of them constituted a genuine
epidemiological study of exposure to nanomaterials.

In contrast, the health consequences of exposure to airborne particles have
been investigated in a great many epidemiological studies. These particles sus-
pended in the atmosphere form a heterogeneous mix, not only in terms of size
and chemical composition, but also in terms of their sources. There are several
coexisting classifications, but the most commonly used is based on the mean
aerodynamic diameter of these particles, disregarding their nature and origin.
For example, a distinction is generally made between different sizes of partic-
ulate matter: PM;o with diameters less than 10 um, coarse particles PMs 5 19
with diameters in the range 2.5-10um, fine particles PMs 5, smaller than
2.5 um, and ultrafine particles (UFP) PM, ; with diameters less than 0.1 pm.
Owing to their nanometric dimensions, the latter correspond to the definition
of nanoparticles and thus exhibit some similar properties to the products of
the nanotechnologies. However, they arise from a wide range of both natural
and anthropic sources, and their chemical compositions thus vary enormously,
in contrast to the specifically engineered materials in nanotechnology.

The findings of many epidemiological studies [4], together with the con-
clusions of experimental studies on animals and humans, tend to suggest a
causal relation between exposure to fine particles (PMs5) and short or long
term health effects, mainly of a cardiorespiratory nature. Ultrafine particles,
with aerodynamic diameters less than 0.1 um, i.e., 100nm, are suspected of
playing an important role in effects observed with PMs 5, bearing in mind
that UFPs fall within the PMs 5 category. There are several reasons for this
suspicion:

e They pass through the nasopharyngeal region, where some are deposited [5].
They then enter the deepest confines of the respiratory system, where they
may once again be deposited, and all the more so if the subject suffers
from some preexisting respiratory pathology, e.g., asthma [6] or obstructive
pulmonary disease [7], or when the subject is taking physical exercise [6].

e They can also very quickly cross the epithelial wall to the pulmonary
interstitium, thanks to their small size [8], and enter the blood circulation,
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whereupon they will be distributed to target organs like the heart, the
liver, or even the brain, where they may have toxic effects [9,10].

e For the same mass, their number and global specific surface area are much
higher than those of larger particles. This increases their capacity to induce
pro-inflammatory and allergic phenomena [11].

e They may contain many toxic substances, such as oxidising gases, organic
compounds, metals, and so on. These may be included within the particle
itself, or adsorbed onto the particle surface. These substances may modify
the properties of the particles, and at the same time the particles may
assist in the uptake of the toxic substance by the organism.

Ultrafine particles have many sources. They may be directly emitted (so-called
primary particles), in particular by combustion phenomena occurring in indus-
trial processes or domestic activities, or in vehicle engines. But they may also
form in a secondary manner by condensation, at the surface of existing parti-
cles or by homogeneous nucleation, of compounds emitted in gaseous form at
a higher temperature than the surrounding atmosphere, leading to the forma-
tion of compounds with low saturated vapour pressure, which are thus likely
to condense. The diversity of UFP sources is what results in the wide range
of concentrations and chemical compositions, both in time and in space [12].

6.3 Review of Epidemiological Studies of Ultrafine
Particles Suspended in the Surrounding Atmosphere

Considering the special case of nanoparticles suspended in the ambient air, a
search on (ultrafine particles OR UFP) AND Epidemiology picked up 79 pub-
lications as of 31 December 2009, once again carefully inspecting the results
in order to select only those publications which actually presented original
epidemiological studies of the health effects of UFPs. This systematic search
was complemented by using the references cited in the selected papers. The
few available epidemiological studies thus identified all postdate 1997 (see
Table 6.1). The vast majority were carried out in towns taking part in two
multicenter research programmes:

e The Exposure and Risk Assessment for Fine and Ultrafine Particles in
Ambient Air study (ULTRA), carried out in three northern European
towns, viz., Erfurt in Germany, Helsinki in Finland, and Amsterdam in
Holland, investigated the associations between UFP exposure and many
health parameters [13-31].

e The Health Effects of Air Pollution on Susceptible Subpopulations study
(HEAPSS), carried out in five European towns, viz., Augsburg in
Germany, Barcelona in Spain, Helsinki in Finland, Rome in Italy, and
Stockholm in Sweden, investigated mortality and hospital admissions
[32-34].
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6.3.1 Assessing Exposure

The main difficulty in epidemiological studies is to characterise the extent
to which individuals are exposed to UFPs [12], especially given the spatial
and temporal variability already mentioned. Moreover, the methods used for
routine surveillance of the mass concentrations of fine or coarse particles in
the atmosphere [37] cannot be directly applied to UFPs, in particular due
to their very low mass. Since UFP concentrations in the surrounding air are
currently subject to no form of regulation, they are not measured on a routine
basis. As a consequence, the identified epidemiological studies are all based
on specifically implemented UFP measurements.

In every case covered in Table 6.1, a single UFP measurement site is avail-
able per town, while the measured levels are used to evaluate the exposure of
all subjects within a certain zone, usually the town or corresponding conur-
bation, which may extend to some distance from this measurement site.

It should be noted that, while UFPs constitute only a very small fraction of
the total mass of atmospheric particles, they are extremely numerous among
them. In addition, they possess a much higher reactive surface than coarser
particles for the same mass. Since UFP mass measurements with relatively
high temporal resolution, e.g., 24 hours, are particularly problematic from a
methodological standpoint, owing to the very small masses coming into play,
ultrafine particles have thus been assessed in terms of number concentration
in all the studies listed here, while PM;y and PMs 5 are generally assessed in
terms of mass concentration.

In all the studies in Table 6.1, the measurement station is described as
being implanted in a background situation, i.e., away from any immediate
influence of a source of pollution. The underlying idea of most of these stud-
ies is to seek a link between daily variations in the level of some exposure
indicator and the incidence of some kind of health effect. In this context, an
exposure indicator is acceptable, in the sense of not introducing bias, if the
daily variations are reasonably well correlated with daily variations in the
average individual exposure (even if the two variables have rather different
values). So the use of a single measurement station to describe UFP expo-
sure levels for a population living in a given zone, which may be relatively
extensive (a town or conurbation), is likely to introduce bias when assessing
the exposure of subjects included in the study if the temporal variations of
the levels it measures are not correlated with those of the average individual
exposure levels. This may happen, in particular, due to the spatial variabil-
ity of pollution levels [38]. For UFPs, only one recent epidemiological study
makes a formal comparison between the levels measured at different sites, i.e.,
in a background situation, near road traffic, and rural, and it concludes that
a central measurement site is not in fact very representative [35,36]. However,
the rare evidence available also shows that the levels measured at different
background sites in the same conurbation exhibit rather well correlated tem-
poral variations from one to the other (in Barcelona, Rome, and Stockholm
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for a measurement campaign in the HEAPSS study [39], and also in Helsinki
[40]). Other parameters may nevertheless contribute to reducing the correla-
tion between UFP levels measured in a background station and the average of
individual exposures. For example, sources inside buildings affect individual
exposure, and the diffusion of such particles from the outside in is relatively
low [12].

Finally, in some studies, UFP measurements are not available for the
period over which the health indicators were gathered [32-34]. Linear regres-
sion models are then constructed for the period over which measurements of
UFPs and other pollutants (but also climatic parameters) are simultaneously
available, and these models are used to infer UFP levels retrospectively over
the period of health data acquisition. The use of such models may of course
introduce further uncertainties, on top of those mentioned above. These stud-
ies also investigate links between the levels of particles of different sizes, and
they also show that UFP number concentrations were weakly correlated to
PMs 5 and/or PM;g mass concentrations (< 0.5) [26,32-34].

6.3.2 Health Indicators

The epidemiological studies listed in Table 6.1 were concerned with short
term effects of UFP exposure. In the light of accumulated knowledge of the
health effects of fine particles [4], almost all the studies target respiratory or
cardiovascular effects. In addition, a large majority of them are concerned
with these effects in populations that are likely to be more sensitive to the
effects of particulate atmospheric pollution, notably because they suffer from
preexisting chronic respiratory or cardiovascular pathologies.

The health indicators studied cover events with different levels of serious-
ness, from changes in subclinical! markers [16-18,20-22,25,27,30,31], through
symptoms [13,15,23,24,28,29,36], use of medication [15,23,24], and hospitali-
sation [33-35], to death [14,19,21,26,32]. Analyses using morbidity indicators
in the ULTRA study [15-18,20-25,28-31] are based on panels of patients
suffering from cardiovascular or respiratory disease, from whom much data
is collected by means of questionnaires (symptoms or use of medication) or
during medical examinations (electrocardiogram, respiratory function param-
eters). In addition, analysis of blood samples provides levels of inflammatory
and coagulation markers.

In the HEAPSS study, the aim was to target populations considered to be
particularly at risk of being affected by UFP exposure. Subjects with patholog-
ical histories liable to increase their sensitivity were identified and monitored
using preexisting registers and administrative medical data bases [32,33].

! Subclinical means not clinically manifest, but which can be brought to light by
laboratory tests or imaging.
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6.3.3 Different Types of Analyses Carried out

Results concerning the links between UFP exposure and health come from
three types of study, as shown schematically in Fig.6.1: time series studies,
panel studies, and case cross-over studies.

Time series studies investigate correlations between ambient UFP levels in
a zone within which pollution background levels can be considered uniform,
usually a town or its conurbation, and daily variations in the number of health
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events, e.g., deaths, emergency admissions, hospital admissions, etc., among
the population living in this same zone. So the daily number of health events
is modelled as a function of the daily UFP exposure indicator, taking into
account potential confounding factors, i.e., parameters which may be linked
both to the health indicator and to ambient UFP levels, e.g., seasonal and
long term variations, day of the week, climatic factors, etc. It thus becomes
possible to estimate the increase in the risk of suffering the given health event
following an increase in the UFP levels in the study zone [14,19,21,26,33-36].

Panel studies follow a cohort of subjects over time for a given period and
collect individual health data repeatedly, at regular intervals of time, from the
members of this cohort. In parallel, UFP exposure is estimated with the same
time interval, but collectively, in the same way as in time series studies. In this
way, one can estimate correlations between individual variations of the chosen
health indicator and those of the UFP exposure indicator [13,15-18, 20,22~
25,27-31].

Finally, case cross-over studies only involve subjects who have suffered
the chosen health event. This method, developed in the 1990s [41], compares
UFP exposure levels observed over the period immediately preceding the stud-
ied event, the so-called case period, with exposure levels observed over one
or more periods prior to or subsequent to the event, the so-called control
period(s) [32]. These control periods can be chosen randomly or predeter-
mined, e.g., 7 days before and/or after the case period, inserting at least
a few days between the two (usually one week in the case of atmospheric
pollution). If an increased UFP level is indeed a trigger for the health event,
a significantly higher level should be recorded on case days than on control
days. This hypothesis is tested using a conditional logistic regression model
which delivers an odds ratio? (OR) fitted to the potential confounding factors
(notably meteorological conditions). On the other hand, since each subject
acts as their own control, individual characteristics not depending on time
do not play the role of confounding factor and do not therefore need to be
taken into account. This method is particularly well suited to identifying the
possible effects of time-variable exposure, such as the effects of atmospheric
pollution, on occurrence of an acute health event.

6.3.4 Results

Findings vary rather significantly from one study to another. Regarding mor-
tality, significant correlations, or at the limit of being significant, are rather
consistently observed between high UFP levels on a given day and an increased
risk of death on the following days. Investigations into the delay that may
occur between exposure and the occurrence of death have observed effects
that persist for 4-5 days, sometimes with greater effects for a delay of a few
days [14,19], sometimes with greater effects immediately after exposure [32].

2 The odds ratio is a measure of the correlation between exposure and risk.
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Finally, taking into account cumulative exposure over 6 and 15 days, greater
effects are demonstrated [21]. The observed relationships are generally slightly
stronger for mortality due to respiratory or cardiovascular causes than when
all non-accidental causes of death are taken into account [14,19]. It seems
that the presence of high blood pressure or an obstructive pulmonary disease
increases the risk of coronary death after exposure to UFPs [32]. Likewise, the
season seems to modify the correlation between UFP levels and mortality, but
the observed variations would not appear to be consistent from one study to
the next [14,26]. Finally, it should be noted that, although the study carried
out over the first period at Erfurt [14] showed higher relative risk of com-
parable death in relation with interquartile increases® in the levels of PMs 5
(by mass) and UFPs (by number), the continuation of the study over a longer
period [19] revealed much higher risks associated with UFPs than with PMy 5.
These quantitative variations in the relation between UFP levels and the rela-
tive risk of death over one decade have also been found in a subsequent study
of data gathered at Erfurt [21]. Finally, regarding coronary deaths occurring
outside hospital, the higher relative risk observed in relation with UFPs is
much greater than with PMyq [32].

Results concerning the relationship between UFP exposure and hospital
admissions for cardiovascular reasons are more varied. The two HEAPSS stud-
ies of admissions for a first myocardial infarction and readmissions for this
same pathology reveal significant correlations [33,34]. In contrast, Andersen
et al. [35] observed no link between UFP number concentrations and cardio-
vascular hospital admissions in the elderly (65yr or more), whereas signifi-
cant links were observed with PM;y mass concentrations. When indicators
concerning cardiorespiratory symptoms are studied (questionnaire to evalu-
ate the quality of life of patients suffering from angina pectoris [28]), PMa 5
mass levels are associated with many symptoms, and also with avoidance of
physical exercise. But UFP levels are significantly correlated only with the
latter.

Contrasting results are also observed for inflammatory and coagulation
markers, blood pressure, and parameters describing cardiac activity (heart
rate and its fluctuations, ventricular repolarisation, etc.). For example, Ibald-
Mulli et al. [30] observed no significant link between UFP number concen-
tration and blood pressure or heart rate, whereas, among the same subjects,
Timonen et al. [31] found significant correlations between this concentration
and reduced heart rate variability, a factor that is strongly correlated with
cardiac mortality in predisposed patients. A significant association is also
observed between UFP number concentrations over the 2 days prior to taking

3 The interquartile range is the interval between the first and third quartiles
(percentiles 25 and 75), the three quartiles dividing a statistical distribution into
four equal groups of observations.
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the electrocardiogram and the risk of ST segment depression,* a marker for
myocardial infarction [25]. However, this association does not show up when
the levels taken into account are limited to just a few hours immediately
prior to taking the electrocardiogram [27]. Still other relationships have been
noted between UFP number levels and blood concentrations of C-reactive pro-
tein, a systemic inflammatory marker [17], the protein sCD40L, released dur-
ing platelet activation [18], and fibrinogen, a protein involved in coagulation
mechanisms [20]. Such relationships are not observed systematically, however.
Finally, for other biological markers, e.g., markers of endothelial dysfunction
or coagulation, no significant correlation has been identified [17].

Regarding respiratory effects of UFP exposure, a single study deals with
hospital admissions, and it is only concerned with asthma admissions for chil-
dren (5-18yr) [35], where associations lie just within the significance limit.
Furthermore, panel studies of asthmatic adults converge globally, suggest-
ing correlations between UFP number concentrations and various respira-
tory health indicators, such as peak expiratory flow rate (PEFR) [13], use of
asthma treatments [15,23], and respiratory symptoms [23]. However, in certain
asthmatic panels (children [22] and adults [24]), opposite but non-significant
relationships were observed between UFP levels and PEFR, whereas signifi-
cant correlations were observed in relation with PM;y mass concentrations or
number concentrations of particles with diameters in the range 0.1-1 um.

6.3.5 Interpretation of Findings

All things said, the results obtained from epidemiological studies reveal a
certain variability. However, the following points should be noted:

e In all these studies, exposure levels are evaluated from measurements car-
ried out at only one measurement station per town. The small amount
of data available about UFP measurements made at different background
sites across the same town show that temporal concentration variations at
these different sites are relatively well correlated [39,40]. However, given
the high spatial variability of UFP levels, their low levels of penetration
into living areas, and the significance of internal sources, some authors
suggest that, in the context of time series studies, using measurements all
of which were made at the same station would introduce a more signifi-
cant bias in the case of UFP number measurements than is the case, for
example, for PMs 5 mass measurements [42]. On the other hand, since this
bias is in principle non-directional, it would lead one to underestimate the
relationship between ambient UFP levels and health indicators, and this
might in part explain the absence of any significant correlation in some
studies.

4 The ST segment is part of the electrocardiogram plot corresponding to a ventric-
ular repolarisation phase, in which a modification may reflect a cardiovascular
pathology.
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e The exact nature of the UFPs may vary with the relative importance
of their different sources. This variability in their chemical composition
might in part be responsible for the differences observed in the findings of
epidemiological studies, especially when there are differences in time and
place. Indeed, the intrinsic toxicity of UFPs may vary with their chemical
composition, and hence also with the time of year and location.

e Biological markers generally exhibit a high level of interindividual vari-
ability. In this context, it may be difficult to identify significant effects
of UFP exposure on these parameters in the framework of an epidemi-
ological study, even assuming these effects exist. In particular, given the
complexity of the methods of data collection (questionnaires, samples, and
medical examinations) implemented in most of the studies discussed here,
the number of subjects is extremely small, and this limits the statistical
power of such studies.

While the results of epidemiological studies are sometimes inconsistent for
some health indicators, they do emphasise the significance of the health risk
due to UFP exposure, since several studies have demonstrated an effect on
mortality. In addition, comparison with experimental findings tends to corrob-
orate the hypothesis, especially the ability of UFPs to cross epithelial barriers
(see, for example, [5,42] for reviews).

In short, the findings of epidemiological studies remain somewhat incom-
plete, especially due to the relative rarity of ambient UFP measurements
that are suitable for use in the framework of these studies, i.e., recorded over
long enough periods, under conditions allowing a reasonable chance of infer-
ring exposure levels from the measured values. In addition, they come from
studies carried out exclusively in European conurbations, so they cannot be
extrapolated to the whole population. Indeed, a better understanding of the
size dependence of particle effects can only be obtained by studying them
in different geographical contexts, with different sources and different levels
of pollution. However, even though these findings highlight the difficulties
involved in such studies, they must nevertheless be taken as an encourage-
ment to pursue research in this area. They show that there is a need for close
collaboration with experts in the fields of atmospheric pollution and metrology
to develop appropriate methods for measuring UFPs in the air and to describe
the spatial and temporal variability in their levels. In addition, a permanent
exchange must always be maintained with toxicology, whose results can be
used to clarify and orient epidemiological work, in particular, the selection of
suitable exposure indicators (granulometric range, chemical species, etc.) and
health indicators. For example, some experimental studies stress the poten-
tial action of inhaled UFPs, apart from respiratory and cardiovascular effects.
Indeed, it is suspected that they may be able to enter the central nervous
system and deposit themselves there [10]. In the face of such evidence, it
seems particularly important to set up epidemiological studies to study the
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connections between chronic exposure to UFPs in the surrounding air and
certain neurodegenerative pathologies.

6.4 Drawing Conclusions
about Intrinsic Nanoparticle Effects

The first epidemiological findings about health risks due to UFP exposure
suggest a significant effect in terms of morbidity and mortality. These con-
clusions support the findings of a great many epidemiological studies on fine
particles [4], which provide robust and clear evidence of a strong link between
exposure to particles in the ambient air and both short and long term health
effects, mainly of a cardiorespiratory nature. These results, added to the con-
clusions of experimental studies on animals and humans, strongly suggest an
effect that increases as the particle size diminishes. Furthermore, a panel of
experts has recently concluded that the likelihood of a causal relation between
UFP exposure and short term health effects, such as increased mortality and
hospital admissions for respiratory and cardiovascular pathologies, is medium
to high [43].

As a consequence, even though no epidemiological study has yet been
specifically carried out on nanotechnological products and byproducts, all
currently available evidence regarding the effects of particles tends to suggest
that these entities could indeed induce cardiorespiratory effects in exposed
populations, just like the ultrafine particles they so closely resemble through
their nanometric dimensions.

On the other hand, the findings of these studies on ambient UFPs are
not yet sufficient to fully understand the whole range of potential effects
of nanoparticles, since they correspond to quite different situations to those
expected in the development and use of nanotechnologies:

e Ultrafine particles are mainly produced unintentionally, and their chemical
composition may for this reason differ significantly from certain nanopar-
ticles manufactured for some precisely defined application. So some manu-
factured nanoparticles with a specific chemical composition may be totally
absent from UFPs suspended in the ambient atmosphere, whence they will
not be taken into account in epidemiological studies of the latter.

e Occupational exposure of people working in industries using nanoprocesses
may reach much higher levels than those measured in the ambient air, and
these exposure levels would not then be represented in studies concerning
the general population.

e Exposure to UFPs suspended in the ambient air occurs mainly by
inhalation. Other exposure routes, such as ingestion and cutaneous con-
tact, which may be relevant depending on the context for manufactured
nanoparticles, e.g., during the fabrication process or the use of products
in which the materials have been integrated, are not therefore prop-
erly accounted for in epidemiological studies on atmospheric UFPs so



160 A. Lefranc and S. Larrieu

far available. But these other exposure routes may not only contribute
to increasing global exposure levels. They may in fact generate specific
effects. In particular, studies have shown that orally ingested nanoparticles
may be able to enter the blood circulation in significant amounts, and
thereby attack target organs such as the liver, kidneys, or spleen [44].

For these reasons, even though the currently available epidemiological studies
tend to confirm a significant health risk associated with exposure to nanopar-
ticles present in the ambient air, they are not sufficient either to quantify or
to conclude as to the exact nature of the resulting health effects. Potential
effects on organs like the kidneys or liver, as revealed by toxicological studies,
have never yet been considered by epidemiological studies, since these have
all focused on cardiorespiratory effects up to now.

In parallel with implementing the necessary safety measures, it is essential
to accompany the current expansion in the manufacture and voluntary use of
nanoparticles by epidemiological studies monitoring the consequences for the
most exposed individuals. Only this kind of study could watch over the whole
range of potential health consequences for these populations and evaluate the
risks associated with exposure to manufactured nanoparticles. To achieve this,
even though many measures have been planned or implemented to prevent or
at least reduce their exposure, those working with these products probably
constitute the most suitable population, at least to begin with, not only to
study the more acute effects of nanoparticle exposure, but also to monitor its
longer term consequences.
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Monitoring Nanoaerosols
and Occupational Exposure

Olivier Witschger

As for any new form of technology, it is essential to assess the potential
risks involved in the nanotechnologies, and more exactly, those raised by
nanoparticles and nanomaterials. The very chemical and/or physical prop-
erties, sometimes unprecedented, on which nanomaterials and resulting prod-
ucts are based, some of them extremely interesting, may lead to new risks for
the environment and for human health [1].

The risk for human health refers to the probability, low or high, of a per-
son being affected by (exposed to) a hazard [2]. The hazard due to a chemical
compound is the set of all its properties with the potential to cause toxic
effects that are harmful to health. An intrinsic property of the compound, its
toxicity is only one aspect of the risk. Indeed, the risk derives from a com-
bination of toxicity and exposure. In the presence of a dangerous compound,
the risk is nevertheless zero if there is no exposure. For this reason, a good
appreciation of the exposure, and that includes the available collective and
personal means of protection, is essential to controlling exposure and manag-
ing risk, as well as setting up suitable preventive measures [3,4]. Quantitative
assessment of exposure is also a crucial aspect of epidemiological studies look-
ing for links between a given form of particulate air pollution and its effects
on health [5].

Regarding the risk to human health, there are three possible exposure
routes: ingestion, the percutaneous route, and inhalation. The latter is con-
sidered to be the main form of exposure, especially in the workplace, and will
thus be the subject of the present chapter. Exposure of the general population
to nanoparticles and the consequent question of public health will be discussed
in Chap. 8.

The general body of knowledge produced internationally over the past
15 years by studies of toxicology and effects on humans contains evidence
attesting to certain harmful consequences of the specific properties of some
nanoparticles. The resulting hypotheses regarding respiratory and cardiovas-
cular effects, and consequences for the central nervous system and immune
system, suggest that caution is in order when handling nanoparticles [6-11].

P. Houdy et al. (eds.), Nanoethics and Nanotozicology, 163
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Published evidence also throws doubt on toxicological notions developed over
a long period of time now for known substances, e.g., titanium dioxide.

Regarding exposure to aerosols of nanoparticles, referred to as nano-
aerosols, our knowledge remains scant. One reason for this is the lack of
agreement over measurement criteria, but this is compounded by a panoply
of largely inappropriate instrumentation and non-standardised measurement
strategies. Apart from this, the production and uses of nanoparticles and
nanomaterials throughout the world of research and industry remain largely
unknown, cooperation between specialists measuring exposure levels and
industrial installations or research laboratories can be a delicate matter to
set up, and results are sometimes difficult to publish and hence remain poorly
advertised among the scientific community.

The aim of this chapter is to provide an overview of the main points regard-
ing exposure to nanoaerosols, and in particular to summarise the possibilities
provided by nanoaerosol measurement tools and strategies for characterising
exposure. We also examine different ways of establishing reference exposure
levels. Finally, we review research requirements for the years to come.

It is no easy matter to describe the whole issue of exposure to aerosols
of nanoparticles today, given the many facets of the problem, each with its
own potential significance in a context of scientific uncertainty. This chapter
cannot therefore claim to be exhaustive. For instance, the instruments and
their performance will not be described in full detail, and the reader is referred
to various papers or books (or chapters in books) which go into greater depth,
particularly regarding the measurement of aerosols [12-18].

7.1 Terminology and Definitions

Despite the many committees and reports set up worldwide, the question of
definitions remains controversial, and disagreement is still mainly over the
frontiers of the fields covered by the terms ‘nanoparticle’ and ‘nanomaterial’.
The meaning of these terms is different depending on who is using them,
viz., researchers, institutions, or companies, but also the area of science, viz.,
physics, chemistry, or biology, and the technology being considered [19]. The
list of documents published by various institutions over the past 5 years [20-25]
gives a false impression of consensus, something not yet achieved. The aim
in this section will thus be to set out explicitly what is meant by the terms
‘nanoparticle’ and ‘nanomaterial’ in the context of occupational health, and
more precisely, the characterisation of exposure.

7.1.1 Nanoparticles

In a document published recently [25], the technical committee ISO/TC 229 of
the International Standards Organisation (ISO) devoted to nanotechnologies
proposed to adopt the term ‘nano-object’ as the generic term for any material
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Fig. 7.1. Three possible shapes of nano-object

(functionalised matter) in which at least one external dimension is nanomet-
ric, and whose physicochemical properties are specific to this field. Here the
nanometric length scale is roughly 1-100nm, and there are three families of
nano-objects depending on their approximate shape, as shown in Fig.7.1:

For spherical nano-objects, the three dimensions must be nanoscale.
For cylindrical or tubular nano-objects, i.e., nanotubes with hollow interior
in the latter case, the longest external dimension (the length) must be
greater by a factor of at least 3 compared with the other two dimensions,
and the length itself can be greater than 100 nm.

e For flat nano-objects, i.e., nanoplatelets formed by certain clays, only the
thickness, the shortest dimension, need be nanometric.

For many reasons related to their behaviour and environment, e.g., during
their fabrication [26,27], nano-objects rarely occur in free form, i.e., isolated
from one another. They tend to group together into more or less stable but
disordered clusters, some dimensions of which may be significantly longer than
100nm. The term ‘primary particle’ is also used to designate the elements
making up a cluster [22]. There are two types of cluster:

e If the sum of the surface areas of the nano-objects making up the cluster,
i.e., the primary particles, is close to the outer surface area of the cluster,
this means that the nano-objects adhere to one another by weak physical
bonds, e.g., Van der Waals forces, or else are merely tangled up, e.g., as
happens with nanotubes. This kind of cluster is called an agglomerate.

e If the cluster comprises nano-objects (primary particles) connected by
strong chemical bonds (covalent bonds), or if indeed they have partially
coalesced, the resulting external surface area of the cluster may be signif-
icantly less than the sum of the surface areas of the nano-objects taken
individually. In this case, the cluster is referred to as an aggregate.

While low energy processes such as shaking and ultrasound can dislocate
agglomerates (deagglomeration), disaggregation requires higher energy pro-
cesses, when it is possible at all [28,29].

Another point, not specified in the ISO document, is that a nano-object
may comprise different chemical elements or compounds. This compositional
heterogeneity may occur in a range of different ways, e.g., core—shell, inclu-
sions, and so on.
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Fig. 7.2. Typology of nanostructured particles for the purpose of assessing occu-
pational exposure. Adapted from [30]. Colour differences illustrate a difference of
composition

The term ‘nanostructured particle’ is used to refer to the nano-object
ensemble, aggregate or agglomerate. It indicates a particle whose structural
features (or primary particles) have at least one nanometric dimension, i.e.,
less than 100 nm, and can influence its chemical, physical, or biological proper-
ties [30,31]. Nanostructured particles can have varying degrees of complexity
and one dimension significantly greater than 100 nm. Figure 7.2 illustrates the
typology of nanostructured particles in their individual or cluster forms.

To indicate that an aerosol is made up of nanostructured particles, the
term ‘nanoaerosol’ is used [22].

7.1.2 Nanomaterials

The term ‘nanomaterial’ refers to a material, i.e., functionally specific matter,
which, owing to its nanometric structure, has a modified chemical or physical
property (or combination of properties) that is improved, adapted, or new
compared with the bulk material of the same composition [32].

In a recently published document [23], the British Standards Institution
(BSI) makes the more precise definition of a nanomaterial as being either a
nanoparticle (in the sense of a nano-object), or a nanostructured material
whose dimensions exceed the nanometric scale. The latter is said to be nanos-
tructured either because it has some intrinsic nanometric structure, e.g., a
nanoporous material, or because it contains nano-objects. In both cases, this
nanostructure can be uniformly distributed throughout the piece of matter,
or localised at the surface of it, for example. To refer to a nanomaterial con-
taining nano-objects like nanotubes or metal nanoparticles in polymers, the
generic term is ‘nanocomposite’ [24]. Figure 7.3 illustrates the different cate-
gories subsumed under the term ‘nanomaterial’.

To simplify the discussion, we shall hereafter include nanostructured
particles under the generic term ‘nanoparticle’, unless otherwise specified,
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Fig. 7.3. Classification of nanomaterials. Adapted from [23,30,33]

e.g., when discussing nanotubes or nanofibres. Likewise, we shall use the term
‘primary particle’ to refer to the elements making up an agglomerate or aggre-
gate.

Finally, it should be borne in mind that the appellation ‘nanoparticle’ is
reserved for all intentionally produced nanostructured particles manipulated
for industrial or commercial purposes. When referring to particles of nanomet-
ric size, the aggregates and agglomerates naturally present in the environment
or else in industrial sources such as solder fumes, diesel emissions, etc., we shall
use the term ‘ultrafine particle’.

7.2 Characterising Occupational Exposure

Although the ultimate aim of aerosol measurements in occupational health is
to inform about worker safety, there are nevertheless several other objectives:

e To evaluate personal exposure for comparison with some regulatory occu-
pational exposure limit (OEL).

e To obtain exposure data for studies assessing exposure—effect or dose—effect
relationships in humans.

e To identify and characterise emission sources in the context of a general
assessment.

e To evaluate the effectiveness of existing or new means of controlling
exposure, e.g., extraction systems, fume hoods, and so on.



168 O. Witschger

For each of these objectives, there is generally a type of instrument, several
methods, and a strategy.

Exposure to a substance can be defined as the amount of particles of the
given substance likely to be inhaled and to reach a target organ or tissue.
In the present case, the target is the walls of the respiratory tract. Many
parameters will be important here, depending on the exposure conditions
(duration, frequency, air flow, etc.), the respiration (inhalation, deposition,
etc.), and the characteristics of the aerosol (granulometry, concentration, etc.).

The concentration is the amount of particles in a given volume of air. There
are several possible metrics for this: mass per unit volume of air, with units
mg/m? or pg/m3, or number per unit volume, with units 1/cm?, or again
surface area per unit volume, with units pm?/m?. In almost all occupational
contexts, the aerosol is polydisperse, i.e., involves several different particle
sizes, and the concentration will vary with particle size.

Exposure is a more precise notion than simply the contact concentration
that may occur between the airways of the worker and the aerosol particles
in which the worker is working and breathing. In principle, any measure of
occupational exposure should produce a result that can be interpreted in terms
of the level of occupational health risk.

7.2.1 Conventional Approach to Aerosols

For more than half a century, occupational exposure has been characterised
quantitatively by the mass concentration, in units of mg/m? or pug/m?, asso-
ciated with the size ranges of particles entering different regions of the res-
piratory system (inhalable, thoracic, and alveolar fractions [34]), with the
exception of fibres, where the concentration criterion is based on the number
of fibres per unit volume of air. This approach applies to any chemical sub-
stance in the form of an aerosol and whatever the size of the particles that
originally made up the aerosol.

The reason for this choice of criteria, viz., chemical composition, mass
concentration in the air, and specific fraction of the ambient aerosol, is just
that positive correlations could be established between them and toxic effects
in animals (inhalation toxicology studies), or indeed harmful effects in humans
(epidemiological studies).

Exposure assessment is also based as far as possible on a so-called personal
measurement, i.e., using a portable instrument able to make the measurement
as close as possible to the airways of the individual and right through the
working day.

All the methods and arrangements made regarding chemical risk assess-
ment and control are based on these fundamental principles [35]. In particu-
lar, in France and in many other countries, all occupational exposure limits
(OEL) are based on the measurement of one of these health-related frac-
tions. In the vast majority of them, it is in fact the inhalable or alveolar
fraction. It is important to note that there are OELs even for poorly soluble
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solid inorganic aerosols, said to be without specific effects, since inhalation of
excessive amounts of particles likely to enter the airways, deposit themselves
in the lungs, and remain there for a certain length of time creates a pulmonary
overload that can weaken the organism’s defences.

There is a range of instruments which meet the requirements for mea-
suring occupational exposure to aerosols [36,37]. These instruments must
have certain levels of sampling efficiency depending on the particle size
(expressed by the equivalent aerodynamic diameter) as close as possible to
one of the three curves describing the so called conventional fractions (see
Fig.7.4).

In the panoply of portable commercial instruments, some are designed to
sample the inhalable fraction, e.g., the IOM Sampler, the Button Sampler,
or the CIP 10-I, while others sample the alveolar fraction, e.g., the Dorr-
Oliver cyclone, or the thoracic fraction (CIP 10-T) [36]. There are also portable
instruments able to measure several fractions simultaneously, like the Respicon
[38]. In addition, instruments have been designed to make measurements of
the conventional fractions at a fixed position, e.g., the CATHIA device [39].
The performance of all these instruments has been widely studied in different
configurations over the last few years [40,41]. Our understanding has thus

reached a relatively stable level, even though there are still some questions,
e.g., effects of the electrical charge of the particles on sampling, and there are
still some improvements to be made with a view to reducing detection limits,
miniaturising instruments, acquiring data in real time rather than averaging

over the measurement period, and establishing simplified test protocols for
the instruments [42].



170 O. Witschger

All occupational exposure data acquired in France, Europe, and North
America has been based for many years on the inhalable, thoracic, and alveolar
conventions. While these conventions were set up to be linked to health
through experimental data concerning particle inhalation, penetration, and
deposition in the airways [15], this is not so for those used in the public health
field under the appellations PM1g or PMs 5, which refer to particles of equiv-
alent aerodynamic diameter less than 10 and 2.5 um, respectively. Initially set
up to characterise particulate pollution sources in the general environment,
the PM;p and PMs 5 curves do not resemble any of the conventional inhal-
able, thoracic, or alveolar fraction curves. Occupational exposure to aerosols
and nanoaerosols should not therefore be assessed on the basis of these PM,,
indicators. Indeed, data produced on the basis of different standards could in
future result in interpretive problems that would be hard to solve.

7.2.2 Measurement Criteria for Exposure to Nanoaerosols

Even though the subject of nanoparticle toxicity is far from being exhausted,
the current body of knowledge in this area throws doubt on the conventional
approach to assessing exposure. In addition, given the increasing number of
people expected to be exposed in their workplace, a critical evaluation of the
conventional approach is justified, together with a reassessment of criteria
that were original treated as of secondary importance, but which may now
predominate, in view of certain properties specific to nanoparticles. The ques-
tion as to which measurement criteria should be chosen to assess exposure to
nanoaerosols inevitably requires us to identify the parameters of nanoaerosols
that are relevant when assessing effects on health, and which of these are
measurable.

Many factors are potentially relevant to the toxic effects of nanoparticles
[6,8,9,11]: chemical composition, size distribution, shape, porosity and den-
sity of the particles, level and stability of agglomeration or aggregation, total
surface area and surface reactivity, crystal structure, solubility and electric
charge in biological media, and so on. Some of these factors were already
identified for particles of micrometric size, e.g., chemical composition, size,
crystal structure, but others take on much greater importance, and still oth-
ers are quite novel for nanoparticles, such as surface area, level and stability
of agglomeration, and so on.

Furthermore, it is useful to bear in mind that at least two conditions must
be satisfied before we can consider that there is a risk due to nanoparticle
inhalation [31]:

e The nanoparticle must be able to interact with the body in such a way
that its nanostructure becomes biological accessible.

e The particle must have the potential to produce a biological response asso-
ciated with its nanostructure.
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While the second condition relates to toxicity considerations, the first indicates
that, to a first approximation, any inhaled nanostructured particle should be
taken into account as soon as contact can be set up between the particle and
some deposition area in the respiratory tract.

Finally, three main criteria should be retained for exposure measurements:
they relate to the particle size range, the aerosol fraction, and the concentra-
tion in the air, in particular, its metric.

Nanoparticle Size Range

As we saw in Sect. 7.1.1, in most institutional publications, the upper limit of
the standard size range for nanoparticles is ~ 100nm, since it is below this
value that the specific physical and chemical properties of the nanometric scale
tend to appear [20-22,25]. However, this upper limit needs to be reconsidered,
since one must:

e specify the relevant equivalent diameter,
e integrate biological considerations into the specification of this limit,
e take into account agglomerates and aggregates.

Quite generally, the result of a diameter measurement depends on the method
used. In the context of aerosol monitoring and exposure characterisation, sev-
eral equivalent diameters can be used: Stokes, aerodynamic, electrical mobil-
ity, diffusion, projected area, etc. [13,14]. At the present time, there is no
consensus regarding the choice of standard equivalent diameter. Such a con-
sensus could only exist if there were validated instrumentation, designed to
suit the constraints of an exposure measurement, which is not yet the case
(see Sect. 7.2.3).

Since in the vast majority of cases the particles making up nanoaerosols
are neither spherical nor of density 1g/cm?, the various equivalent diameters
do not result in the same value. As an example, Fig. 7.5 shows the theoretical
ratio between two standard equivalent diameters used in aerosol measure-
ments, viz., the equivalent aerodynamic diameter (AD) and the equivalent
electrical mobility diameter (MD), for three combinations of particle den-
sity (p) and dynamic shape factor (y). Note that the deviations between
the equivalent diameters are significant and not monotonic. For example,
MD = 100nm corresponds to AD ~ 310 nm for a spherical particle of density
p=5g/cm3.

A first biological argument for specifying the upper size limit is that parti-
cle deposition must be possible in the respiratory tract, and particularly in the
alveolar region (deep lung). As shown in Fig. 7.4, there is a minimum on the
alveolar deposition curve, lying between ~ 300 and ~ 500 nm. This deposition
minimum also corresponds to the minimum of the total deposition curve [43].
A second biological argument is the fact that inhaled particles deposited in
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Fig. 7.5. Theoretical ratio of the equivalent electrical mobility diameter (MD) and
the equivalent aerodynamic diameter (AD) for three combinations of particle mass
density (p) and dynamic shape factor (x)

the alveolar region would not be recognised by alveolar macrophages if they
have one dimension greater than ~ 500nm [44].

It is also essential to integrate the question of aggregates and agglomerates
into the specification of the limit, since the biological impact is likely to be
very different depending on their ability to decompose into smaller objects
[5]. We may thus assume that, even if the aggregates and agglomerates are
stable, they can induce a specific effect due to the nanostructuring of the
ramifications entering into contact with the pulmonary tissue. Likewise, if
the biological response is associated with the surface, it is crucial to take
aggregates and agglomerates into account, and all the more so in that their
morphology remains open (3D fractal dimension less than 2). In any case, it is
clear that aggregates and agglomerates need to be taken into account if they
manage to reach the alveolar region.

The presence of nanoparticles (and hence of nanoscale features) must also
be envisaged in a size range that differs from the one in which they were orig-
inally emitted. Indeed, microscale particles — not nanostructured — already
present in the work atmosphere and emitted from different sources, can play
the role of attractor for nanoparticles under certain conditions (heterogeneous
coagulation). This point, recently demonstrated experimentally under labora-
tory conditions representative of those encountered in the work environment
[45], tells us that the upper limit of the nanoparticle size range should be
placed well above the value usually cited, viz., 100 nm, when assessing occu-
pational exposure.

Given the points just discussed, in a context of uncertainty and lack of
consensus, one must apply the principle of precaution. As a consequence,
when the problem is to characterise occupational exposure, one must integrate
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the whole length interval specified by the alveolar region, viz., approximately
1-5000 nm. However, two situations can be distinguished:

e When the nanoparticles are in their free form, the upper limit will be
roughly 500 nm.

e For aggregates and agglomerates, the upper limit is extended to around
5000 nm.

This proposal agrees with one recently published (see Sect. 7.3.2).

Aerosol Fraction

The question of the aerosol fraction is fundamental since, quite generally, not
all particles present in the respiratory tract of an individual are inhaled, and
not all inhaled particles are deposited. The particles that are not inhaled or
those that are exhaled do not interact with the respiratory tract and thus
should not be included in the exposure.

While the specification of the inhalable, thoracic, and alveolar conven-
tions was indeed an improvement in the field of exposure assessment, these
conventions are still not fully satisfactory, since the existence of differences
between penetrating and deposited fractions for the same region of the res-
piratory tract leads to biases of varying degrees when evaluating doses [43].
In nanoaerosol exposure assessment, it is thus necessary to integrate a depo-
sition criterion rather than a penetration criterion for a given respiratory
compartment (the principle underlying the conventions). In practice, this can
be done through suitable measurements, e.g., granulometry, concentration,
and a deposition calculation using a model, such as the one proposed by
the International Commission on Radiological Protection (ICRP) [46], on the
understanding that the model does indeed correspond to experimental data
obtained recently for humans [47].

Metric (Concentration in the Air)

As discussed in Sect. 7.2.1, concentration measurements in units of mass per
unit volume of air, i.e., mg/m? or pg/m?, are the norm for occupational expo-
sure assessment, with the exception of fibres, where the number concentration
per unit volume of air is preferred.

Given our current understanding based on epidemiological and toxicolog-
ical studies, it is becoming ever clearer that, for insoluble or poorly soluble
substances like titanium dioxide, exposure to nanoaerosols cannot be assessed
purely on the basis of the two indicators provided by mass and chemical
composition [9]. But specifying just how it should be assessed in these cases
remains an ambitious objective today, because the list of determining factors
is long, and the number of substances studied in the nanoparticle state is still
limited. However, it seems fairly clear that [30]:
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e It is appropriate to measure the concentration in terms of surface area
per unit volume (i.e., in units of wm?/m?) in many circumstances, but it
cannot be generalised to all.

e It is appropriate to measure the number concentration (i.e., in units of
em~3) when surface area is not the main factor underlying toxicity. In
addition, since this measure brings out the finer fraction of any polydis-
perse aerosol, it is useful for identification purposes.

e It is still useful to measure the mass concentration in certain situations,
provided that a suitable granulometric selection has been carried out
upstream. In addition, since this measure remains the norm for aerosols,
it provides a modicum of continuity with historical exposure data.

At the present time there is still no certainty about which concentration (sur-
face, number, or mass) or which parameter (particle shape, surface reactivity,
solubility, charge, etc.) to measure apart from the size, composition, and chem-
ical structure. Research is ongoing for many nanoparticles to determine the
relative importance of these different factors. Eventually, only a few of them
should be retained in the framework of a methodology tailored to measure
occupational nanoaerosol exposure.

In this context, the consensual approach here is therefore to adopt as
far as possible a measurement strategy that can characterise several comple-
mentary nanoaerosol parameters. The aim is to obtain results that could be
interpreted in their entirety in the light of future knowledge of toxicity and
health consequences. From a practical standpoint, this involves determining
the area, number, and mass concentrations of the nanoaerosols, but also if
possible their size distribution, particle shape, chemical composition, crystal
structure, and so on.

7.2.3 Instrumentation and Methods

In the field of aerosol monitoring, there currently exist instruments and meth-
ods to achieve the following objectives:

e To measure particles in the length range between the nanometer and a few
tens of micrometers. Different equivalent diameters can be measured, e.g.,
Stokes, aerodynamic, electrical mobility, diffusion, etc.

e To measure directly or indirectly the area, number, and mass concentra-
tions.

e To obtain information concerning parameters that cannot be directly mea-
sured in the aerosol phase, such as the particle density, shape (through the
fractal dimension), and electric charge.

e To obtain samples by granulometric class or otherwise for gravimetric, elec-
tron microscope, or physicochemical analyses, the latter including X-ray
diffraction, inductively coupled plasma mass spectrometry (ICPMS), spe-
cific surface area measurements using the Brunauer—-Emmett—Teller (BET)
method, etc.



7 Monitoring Nanoaerosols and Occupational Exposure 175

Some of these instruments can make measurements in real time while others
require post-processing analysis, i.e., weighing, chemical analysis, etc., before
obtaining the result.

Most of these instruments and methods were developed for research appli-
cations to the physics of aerosols and nanoparticles, atmospheric aerosols,
and so on, or to meet specific industrial requirements, such as engine emis-
sions, processes for synthesising nanopowders, etc., with the consequence that
none of them is designed to match the constraints of occupational exposure
assessment. An ideal instrument for such measurements would be one with
the following attributes:

e Able to provide information in real time for a range of parameters, includ-
ing surface, number, and mass concentrations, particle size distribution,
and particle charge, while distinguishing the relevant nanoparticles from
other nanoscale particles in the ambient air of the workplace (either of
natural origin or produced by engine emissions).

e Small and portable, so that measurements can be made as close as possible
to the worker’s airways.

e Qualified for use in an industrial environment, i.e., autonomous and autho-
rised in potentially explosive environments.

e Relatively cheap for use by a large number of companies and research
centers for routine measurements.

Such an instrument does not yet exist. It will be one of the major challenges in
the field of nanoaerosol measurement over the next few years [7]. On the Euro-
pean level, the research programme NANODEVICE, a collaboration between
26 partners, has just been launched to try to meet this challenge [48].

For each of these metrics (number, area, and mass), Table 7.1 lists the
instruments or methods available to characterise exposure to nanoaerosols.
The table is an updated version of several published sources [22,49,50]. In the
table, coupling refers to whether or not coupling is incorporated for chemical
or microscopic analysis.

Area concentration measurement is currently an important subject of
research, since it may well turn out to be a relevant exposure indicator for cer-
tain exposure situations. Just as there are several definitions of particle surface
area, there are several methods for measuring it. The best known approach
is based on the specific surface area obtained using the BET method. While
this robust technique remains the reference in the field of powder character-
isation and experimental toxicology, it is not today suitable for the case of
nanoaerosols in the work place atmosphere, since a relatively large amount of
matter has to be collected, and the sampling time would be much too long for
this kind of measurement. However, further work could be done along these
lines. In nanoaerosol metrology, surface area measurements are mainly made
by ion diffusion charging—electrometer (DCE), where the area is obtained by
measuring the level of collisions between atoms (or molecules) and particles
(current measurement). In particular, an active area is defined as the area
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subjected to interactions with the ions of the carrier gas. As a consequence,
it is important to note that the geometric area is not equal to the active area.
Recently, a study has been carried out on different nanoparticles (C, Al, Ag,
and Cu) to discover the response functions of three commercially available
instruments [52].

7.2.4 Sampling and Deposition of Particles

In all these methods, measurements are made by continuous air sampling,
i.e., each instrument requires an internal or external pump. Once captured
by the sampling orifice, the nanoaerosol particles are transported by the flow
of air and processed in various ways inside the instrument, e.g., electrical
charging, drying, condensation of a vapour, or subjected to various forces,
e.g., impaction, electrophoresis, thermophoresis, before passing into a detec-
tor, e.g., laser, electrometer, or else collected on a substrate of some kind,
e.g., a filter or plate. Instruments are usually some distance from the mea-
surement site for reasons of accessibility (see Fig.7.8), so sampling tubes of
various lengths must be used to guide the aerosol to them.

In general, sampling and transport tend to modify the initial character-
istics of the aerosol in such a way that the concentration and granulometry
may have significantly changed before it finally enters the measurement instru-
ment. For nanoparticle aerosols, the effects are mainly confined to transport
through the various tubes and connectors by diffusion or electrostatic effects.
There are several ways to estimate and calculate the biases introduced by
the sampling itself [12-14]. To illustrate this, Fig. 7.6 shows the effect of sam-
pling tube length on deposition for a typical setup (tube diameter 6 mm and
volume sampling rate 51/min). For the calculation, only deposition due to
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Fig. 7.6. Effect of sampling tube length on deposition for different particle diame-
ters. The calculation takes into account sedimentation and diffusion of particles to
the walls
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sedimentation and diffusion to the walls have been considered, i.e., no electro-
static effect. Note that there are losses even for the shortest length, whereas
the particle transit time is very short (~ 0.7s). For length L = 2m, the depo-
sition remains less than 10% over the interval from roughly 20nm to 4 um.
This interval reduces to 50 nm-2um for length L = 8m. With this length,
the sampling efficiency for a 10 nm particle is only 50%. It is essential to take
deposition into account when characterising exposure.

7.2.5 Sampling and Physicochemical Analysis

A common feature of all the instruments mentioned in Sect. 7.2.3 is that they
give no indication of the chemical nature or shape of the particles, their crystal
structure, or their degree of aggregation or agglomeration. Only physicochemi-
cal analysis can provide this kind of information, and this must be carried out a
posteriori using laboratory techniques. Such techniques are transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), scanning probe
microscopy (SPM), mass spectrometry, X-ray diffraction, atomic absorption
spectrometry, etc. Samples must be collected and prepared in certain ways
before they can be implemented. This stage is not always straightforward,
because each analysis technique has its own constraints, e.g., uniform particle
deposition, minimal overlap, presence of elements in the collection medium
that can perturb the analysis or increase the quantification limit of the given
element, etc. This means that specific instruments and collection media must
be used. Since it is often impossible a priori to know the concentration lev-
els at a given work station, it is a delicate matter to optimise the sampling
period. The problem is to obtain an amount of sample that is sufficient to
guarantee efficient analysis while avoiding an excess of sample that might
compromise it.

For transmission electron microscopy, the sample can be collected by
several methods, ranging from simple filter sampling (followed by specific
processing or simply placing a TEM support grid on it [53]), to the use of
systems specially designed for direct collection on TEM grids. Some instru-
ments exploit electrostatic precipitation, in which case the nanoparticles must
first be charged with the right sign [54,55], while others use thermophoretic
precipitation, where the nanoparticles are taken from a hot stream then pre-
cipitated on a cold plate where the TEM grid is located [56]. Very recently, an
instrument has been developed to collect nanoparticles smaller than a certain
size (typically less than about 200nm) on a TEM grid. This system exploits
the joint effects of diffusion and thermophoresis [57]. Each of these collec-
tion techniques is characterised by its own intrinsic efficiency which is often
difficult to identify precisely. More research is thus needed here.

Other new developments are coming up which can analyse the elemental
composition of the particles in the aerosol phase. One technique known as
laser induced breakdown spectroscopy (LIBS) uses a microplasma to vaporise
and dissociate the particles. The elemental composition of the aerosol particles
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is then obtained by analysing specific atomic emissions from the bulk of the
plasma. The performance of this device has recently been investigated, and
the limiting size of the detected particles is around 60 nm [58].

7.2.6 Measurement Strategies and Interpretation of Results

Measurement strategy is a key point in the characterisation of nanoaerosols
in the work place. This strategy must be able to identify and characterise the
likely emission source(s) of nanoparticles, picking them out from the back-
ground, i.e., those nanometric particles present in the work atmosphere that
are not related to the studied activity, e.g., ultrafine particles [59].

At the present time, there is no single strategy for carrying out expo-
sure measurements. However, there is a common feature of all the strate-
gies described in published studies, namely, the adoption of a multifaceted
approach, incorporating different techniques and complementary methods
among those mentioned in Sects.7.2.3 and 7.2.5. Given the complexity of
some of these, experimental studies are the prerogative of specialists in the
field of nanoaerosol measurement. For this reason, it seems useful to propose
a two-level strategy:

e An initial assessment determining number and mass concentrations and
obtaining some indication of particle size and shape. This first assessment
would use portable instruments, sampling devices to obtain samples for
gravimetric analysis, and identification and characterisation by electron
microscopy.

e A main assessment to characterise the many parameters insofar as possi-
ble (see Sects.7.2.3 and 7.2.5), for the specific emissions observed in the
first stage. This evaluation uses specific means and people specialised in
nanoaerosol metrology to carry out the measurement campaign, analyses,
and processing and interpretation of data.

The initial assessment was first described by the National Institute of Occu-
pational Safety and Health (NIOSH) [60], then taken up by the Organisation
for Economic Cooperation and Development (OECD) [61]. The process is
presented in Fig.7.7.

This initial assessment begins with an observation of the work station
and its immediate and more distant environment (both inside and outside
the building). The main aim here is to understand the different stages of the
processes under assessment in order to locate the different possible sources
of nanoparticles. At the same time, it is useful to seek sources of ultrafine
particles, either inside or outside (combustion, lifting equipment, etc.), to
evaluate the general air flow, and in particular any air arriving from neigh-
bouring rooms or outside the building, so as to select suitable measurement
points. Measurements are made using a condensation nucleus counter (CNC)
or an optical particle counter (OPC) operating in parallel, to begin with when
there is no activity, i.e., the process is stopped, if possible, then with activity,
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v If possible E
Observation of work Process OFF Process ON
station and its Measure the background Measure according
environment with CNC and OPC > to the same
(inside and outside) in parallel procedure as before
at several points (5-10)
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(alveolar fraction)
in parallel at the source
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Fig. 7.7. Flow chart describing the initial assessment around a process or operation
fabricating or involving nanoparticles. CNC condensation nucleus counter, OPC
optical particle counter. Background refers to the ambient air background at the
work station. Adapted from [60,61]

i.e., when the process is running. If a significant rise is observed in the aver-
age concentration relative to the background (greater than 10%), samples are
taken at a fixed station (possibly personal samples) with devices for measuring
the alveolar fraction at the same time, for gravimetric analysis, identification,
and characterisation by electron microscope. If more detailed granulometric
information is required, cascade impactors can be used. Likewise, samples of
surface deposits can be taken and analysed. During this initial assessment,
other portable instruments can be brought in, such as a diffusion charger,
providing real time measurements of surface concentrations (um?/m?), or a
photometer, whose response is correlated with the mass concentration. The
use of relatively simple techniques means that this first stage could if necessary
be conducted by people who are not aerosol measurement specialists, but
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who have nevertheless already handled aerosol sampling equipment, e.g., in
the context of conventional exposure measurements. However, it should be
stressed that the strategy based on measurements made with and without
activity is only valid when the ambient air background is low and does not
fluctuate.

For its part, the main assessment is a more sophisticated matter, given
the instruments and methods used here to acquire data on a wide range of
parameters, e.g., diameter by various techniques, real time granulometry from
a few nanometers to several micrometers, number, mass, and area concentra-
tions, specific samples for electron microscope analysis and chemical analysis
techniques, etc. No typical general strategy can be laid down here, since one
of the aims is precisely to adapt the experimental setup as a whole to the
relevant nanoparticles, the work station, and its environment. As an example,
Fig.7.8 shows an experimental setup incorporating specific sampling lines,
including where necessary conditioning stages such as drying, cooling, and

Conditioning

(if necessary) ®

L]
.o .. ...

m(_ .’3:’ Wy
‘e

Aerosol
Preselector
(impactor
or cyclone)
Dilutor HEPA
Surface DC < (if necessary) filter
[
Number CNC <
Granl — e
ranulometry Aerosol HEPA MFC
(10 nm to 10 pm) -4_ flow splitter filter
Collection for _)
offline sampling _4— -I
(electron
microscope,
chemical
analysis) Pump .
~

Fig. 7.8. Example of an experimental setup for simultaneous measurement of num-
ber and area concentrations and granulometry, and also to collect samples for var-
ious analyses, such as electron microscopy, X-ray diffraction, mass spectrometry,
and so on. DC: diffusion charging. CNC: condensation nucleus counter. ELPI: elec-
trical low pressure impactor. MFC: Mass flow controller. P: precipitator — simple
filter or instrument using thermophoresis, diffusion, electrophoresis, etc. Adapted
from [62]
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so on, preselection stages removing particles with diameters above a certain
cutoff diameter, dilution, and particle flow distribution.

In most work situations, the events leading to nanoparticle emission in the
air may be short-lived or unstable and, in some cases, multiple emission condi-
tions coupled with natural air movements, or air flow due to ventilation, may
be encountered. These elements can increase the spatiotemporal variability of
the aerosol with regard to concentration and granulometry. In addition, oper-
ators are often mobile, which makes it difficult to determine exactly when they
are working at given fixed points. This is why the nanoaerosol data obtained at
fixed points — and this represents today almost all studies, given the available
instrumentation — cannot be directly transformed into exposure data.

Moreover, care must be taken in interpreting data obtained using the tech-
niques described in Sect. 7.2.3, especially with regard to detection limits on
particle sizes and concentrations, measured equivalent diameters, etc. For
example, the result of a number concentration measurement is particularly
sensitive to the efficiency of the counting instrument.

On top of this, all the techniques or methods described use computational
tools of varying degrees of complexity to process the data, such as signal pro-
cessing or data inversion algorithms, or data coupling when different physical
principles are used.

Finally, the current concern with parameters that were until recently con-
sidered to be of secondary importance means that instrumental performances
are being reassessed. This is the case for example with regard to nanoparticle
morphology for the two important instruments known as the scanning mobil-
ity particle sizer (SMPS) [63] and the electrical low pressure impactor (ELPI)
[64]. While the results have been published in the scientific literature, these
corrections are not yet available from the instrument makers, so users must
themselves integrate such adjustments into the data interpretation scheme.

7.3 Occupational Exposure

Exposure due to processes that are not designed deliberately to fabricate or
manipulate nanoparticles is discussed in the next section. However, thermal
processes, such as soldering, laser cutting, smelting, etc., together with certain
mechanical processes involving conventional materials, e.g., milling, grinding,
drilling, etc., produce more or less significant amounts of nanometric particles,
aggregates, and agglomerates (ultrafine particles) to which many workers are
exposed [16,49].

7.3.1 Exposure Factors and Scenarios: Qualitative Aspects

Exposure factors are generally related to the work station (material, physical,
human, and organisational), the specific task to be carried out, and the mate-
rials and tools used to do so, but also the operators and supervisors involved
in the work [2].



184 O. Witschger

For an operator to be exposed, there must be nanoparticle emission into
the air, i.e., formation of a nanoaerosol at the source, followed by dispersion
into the neighbouring environment, and transfer to the respiratory region.
Furthermore, the question of exposure must be considered throughout the
lifetime of a product [65,66]:

e During fabrication (opening the reactor, collecting the product, condition-
ing, etc.) and handling (sampling, decanting, emptying hoppers, mixing,
etc.) of nanoparticles.

e During synthesis of nanocomposites (incorporation in matrices) and their
transformation (milling, grinding, etc.).

e During cleaning and maintenance of equipment (reactors, fume cupboards,
glove box, filtering equipment, etc.).

e During waste disposal or recycling.

Exposure must be investigated during normal operations, but also during slow-
downs, or incidents [3,10,18]. There are thus different situations that should
be listed, depending on the immediate environment of the nanoparticles, as
depicted in Fig.7.9.

A first case concerns nanoparticles when they are dispersed in a gas
(aerosol). This situation is encountered specifically in processes involving gas
phase synthesis. Since such processes are carried out in closed environment
such as a spray tower or reaction chamber in order to maintain the required
experimental conditions, nanoparticle emission is only possible when a prob-
lem of some kind occurs with the equipment or synthesis protocol, e.g., a leak
or accidental opening. After synthesis, if the reactor has not been completely
emptied, the nanoparticle recovery stage is another potential source, and so
is the final stage when the installation is cleaned out.

Many processes for synthesising nanoparticles produce nanopowders
[26,67]. Naturally, these also constitute a potential source of exposure when-
ever they are handled, or simply exposed to an air flow that may lead to their
being suspended in and transported by the air. This means that any opera-
tion like decanting, sampling, recovery, weighing, mixing, drying, packaging

Nanoparticles
' v ,
Aerosol Powder Liquid Bound Incorporated

suspension to a surface in solids

m O N

Fig. 7.9. Situations that may give rise to occupational exposure to nanoparticles.
Adapted from [33]
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(e.g., Big Bag packaging) may give rise to exposure. However, regarding
nanopowders, a distinction should be made between those that have been
fabricated, i.e., handled and incorporated, for several decades, such as carbon
black, titanium dioxide, and silica, and those that have only recently been
synthesised, such as carbon nanotubes and fullerenes [68]. For nanopowders
that can be qualified as long-established, there already exists a significant
body of knowledge concerning exposure scenarios and conditions, but it is
based solely on the conventional ways of assessing exposure. It would thus be
a mistake to assume that, just because titanium dioxide and silica, to name
only two substances, have been produced and used for years now, exposure
risks are fully understood. As discussed in Sect. 7.2, the characterisation of
nanoaerosols appeals to specific and recent instrumentation, which has only
been implemented in the field for at most a few years. Furthermore, the sudden
interest in nanoparticles in general will result in new industrial applications,
or increase some existing applications of long-established nanoparticles which
may give rise to new types of exposure. In fact, exposure data is currently
lacking for established nanopowders. As far as the more recent ones are
concerned, a great deal of work is under way in research laboratories, and
industrialisation is only just beginning. As a consequence, knowledge of real
scenarios is still rather poor [18].

When nanoparticles are suspended in liquid phase, exposure is in principle
reduced, as compared with nanopowders. However, decanting, gas bubbling,
or sparging, along with spraying or atomisation, are operations leading to the
formation of droplets which may include nanoparticles. Depending on how
the droplets are generated and the environmental conditions of the opera-
tion, e.g., the humidity, the properties of the liquid and the nanoparticles,
e.g., the concentration in the suspension, size, charge state, etc., the result-
ing aerosol may comprise a more or less significant fraction of nanoparticles
(single, aggregated, or agglomerated) which could be inhaled and end up in
the alveolar region. This has been demonstrated experimentally in laboratory
studies [69,70].

When nanoparticles are incorporated in a nanocomposite matrix, or
deposited on a surface in the form of composite metal-polymer thin films,
for example, the question of emission is relevant during fabrication and han-
dling as a result of physical interventions like drilling, cutting, grinding, etc.
This question is also relevant right through the lifetime of the final product,
since damage may occur to it, e.g., abrasion [71]. For example, it has been
shown recently that TiO5 nanoparticles can be emitted by wall paints in single
or aggregated form [72]. Bearing in mind the many current and future appli-
cations of nanocomposites and thin films incorporating nanoparticles, stud-
ies have already been launched for the development of experimental setups
[73,74].

As can be seen from Table 7.2, there are in principle many situations
where nanoparticle exposure is possible. If the nanoparticles emitted in the
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form of nanoaerosols have any properties suggesting that they may constitute
a hazard, then the risks must be assessed as a matter of priority.

On the question of estimating the size of the working population poten-
tially exposed, several studies have been made recently [75-80]. Globally, the
figures vary from a few thousand for research and production and several
hundred thousand when the activities of nanoparticle users are included. The
chemical industry seems to be the sector in which the highest percentage of
companies have recourse to nanoparticles, e.g., about 20% in Switzerland.
While these studies attest to the existence of nanoparticles in industry, they
rarely give any quantitative information about the nature and extent of expo-
sure (concentration levels, duration, size of nanoparticles, etc.), since these
studies are not generally accompanied by measurement campaigns in the field.
However, they are still invaluable, since they do provide information about
amounts used and stored, uses, safety strategies implemented at the work
station to protect operators and the environment, etc.

So far only a few processes have reached a high level of industrial maturity,
and a few relatively easy to make products can be found in industry or are
commercially available (the cosmetics, textile, sports, building, and transport
industries) [81]. However, given the huge potential of nanomaterials and ever
increasing research effort, a large part of current industrial activity is situated
well upstream. This means that those populations that have been identified
and recorded as of today are quite certain to grow. The identification of pop-
ulations, exposure scenarios, and safety methods to be implemented through-
out the life cycle of nanomaterials must therefore remain an important line of
research.

7.3.2 Practical Approach to Identify the Nanoparticulate
Character of a Work Context

In a recently published document [44], the Swiss Federal Office for Public
Health proposes a way to determine whether a situation should be consid-
ered as a specific risk with regard to nanoparticles. This approach takes into
account several factors related to the sizes of the primary particles (PP), the
aggregates, and the agglomerates, but also the stability of the latter under the
given conditions (at emission, during transfer in the air, and once deposited
in the respiratory tract).

Regarding the upper size limit for primary particles, this approach suggests
that 500nm would be preferable to 100nm, which is the reference value in
most publications [20-25]. There are several reasons for taking this value of
500 nm, as indicated in the discussion of the nanoparticle size range on p. 171.

Figure 7.10 is a flow chart for determining whether a given scenario involves
any risk of nanoparticle exposure. The very minimum knowledge required with
regard to the nanoparticle characteristics is the size of the primary particles,
the presence and size of agglomerates and aggregates, and the stability of
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Nanoparticle
characterisation

Is the size of
the primary

Non-specific
particles < 500 nm ? P

Are there
any agglomerates
between
500 nm and ~3 pm ?,

Yes ¢

Are the
agglomerates stable under
the conditions of use?

'Nano'
relevant

'Nano'
relevant

Can the
agglomerates be inhaled
by the operator?,

'Nano'

relevant
Fig. 7.10. Flow chart for assessing a specific risk scenario involving nanoparticles.
Adapted from [44]

Non-specific

the latter, especially if they are able to break up, but also the existence of a
realistic particle inhalation scenario.
This method can be implemented in the following kinds of situation:

Research and development in state run research centers and industry.
Production, including storage, packaging, and transport.

All forms of use.

Waste disposal or recycling.

If the situation is classified as a specific risk with regard to nanoparticles, a
subsequent measurement campaign can be organised (see Sect. 7.2.6).
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7.3.3 Emission of Nanoparticles by Powdered Materials.
Nanopowders

The emission into the air of powdered materials in the form of nanopowders
is a scenario suspected of giving rise to nanoparticles in the work place (see
Sect. 7.3.1). There are various forms of emission: falling powders, air flows
picking them up from a deposit or pile, vibration of a contaminated surface,
etc. They may be found generically in a great many industrial sectors, from
the chemical industry to the electronics, food, pharmaceutical, and nuclear
power industries, among others.

Any given type of emission will result from competition between adhesive
forces and aerodynamic or shear forces acting on the whole sample of powder
particles. Many parameters come into play, such as the size, shape, and charge
state of the particles, the transmitted energy, and so on. The physics involved
is extremely complicated, and it is thus very difficult to make theoretical
predictions about aerosol suspensions [49].

For conventional powder materials, there is a notion of the propensity
of powders stored in bulk to form an aerosol, referred to as dustiness. This
is in fact an index obtained from measurements on the aerosol generated
by shaking the powder up in an experimental laboratory device. The test
procedure is the subject of a European norm [82]. It describes two dispersion
methods: shaking in a rotating drum, or in free fall in a vertical duct. The
concentrations of the aerosols generated are characterised by the inhalable,
thoracic, and alveolar fractions, and an index is calculated relative to the
initial mass of powder used for the test (in units of mg/kg). This index provides
a way of classifying powders with regard to their ability to emit dusts. It thus
has a special interest for those responsible for health and safety at work,
since protective measures can then be designed. But it also has advantages
for industry, since it serves to optimise properties of the powder in such a way
as to limit dust emissions, for example. In addition, some studies show that
this index is a major determinant in occupational exposure, making it a useful
parameter for a priori characterisation of exposure potential [83]. Indeed, it
is for this reason that this index is included in risk assessment methods [84],
even if the classification of powders may evolve depending on the method
selected.

Recently, several studies have been made to adapt this idea to nano-
powders, i.e., to develop a concept of nanodustiness, since the methods pro-
posed in the European standard are unsuitable as they stand. In these studies,
various approaches have been examined:

e Integrating a sampling line and specific measurements into the European
method (rotating drum) [85].

e Designing a miniaturised version of the European method (rotating drum)
and a sampling/measurement train [86].

e Designing a new device which integrates a specific sampling train. This
new device is called the vortex shaker method (VSM) [87].
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Fig. 7.11. Experimental arrangement of the vortex shaker method for studying the
aptitude of a nanopowder to create an aerosol. Adapted from [62] (source INRS)

To illustrate this, Fig. 7.11 shows the experimental setup for the vortex shaker
method. In a recent study, this method was used to confirm the presence of
nanoparticles when handling metal oxide nanopowders produced by mechan-
ical synthesis [62].

These different approaches have already been applied to several sub-
stances in the form of nanopowders, such as single wall and multiwall carbon,
fullerenes, TiOg, ZnO, SiO4, Al;O3, and clays, to name but a few [85-89).

These devices and conditions of use have not yet been perfected, and
studies must be carried out to check their performance, but also on sam-
ple trains and the measurements that should be made. In addition, it seems
important to be able to integrate the determination of certain key param-
eters for nanopowders, such as the charge on emitted particles [89], and
to set up suitable tools for systematic collection of samples for analysis by
electron microscope, among other things. Finally, there is still no consen-
sus on how to present and interpret the results. These different approaches
are currently under discussion on the international level, e.g., by the Part-
nership for European Research (PEROSH), which includes health and safety
research institutes such as the INRS in France, the IFA in Germany, the
NFA in Denmark, the HSL in the United Kingdom, and the TNO in Hol-
land, to name but a few. Furthermore, the technical committee ISO/TC 229
devoted to nanotechnologies is currently producing a document on this prior-
ity area [90].
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7.4 Setting Up Reference Concentrations

At the present time there is no official occupational exposure limit (OEL) for
nanoparticle exposure in French or European regulations. However, it seems
important to set reference concentration values (RC) right away, in order to
situate results obtained in measurement campaigns. The OEL indicates the
average concentration in the air of a given pollutant which, in the current
state of understanding, poses no threat to the health of the vast majority of
healthy workers who are exposed to it, and this for a daily duration of 8 hours,
over long periods of time. In the present case, the pollutant in question is in
the form of an aerosol.

In France, for dusts with no specific effects (a category which includes
TiOs), a restrictive daily average OEL of 10mg/m? has been laid down for
the inhalable fraction and 5 mg/m? for the alveolar fraction. In addition, other
OELs have been specified for various substances or types of aerosol, e.g.,
solder fumes [35]. It is interesting to note that the values for non-specific
dusts (still qualified as inert) are the highest in Europe. For comparison, the
concentrations for the inhalable and alveolar fractions are 4 and 1.5mg/m?
in Germany.

In a detailed analysis, it has been suggested that France should move
toward new, lower values, viz., 5 and 2mg/m?, but these have not yet been
adopted [91]. In this same analysis, it was also indicated that more work should
be done to set up a reference value for nanoparticles. Note that, regarding the
value proposed for the alveolar fraction, i.e., 2g/m3, it was stipulated that
this should contain a very low proportion of nanoparticles.

Since the end of 2005, the NIOSH has proposed a specific limit for so-
called ultrafine or nanostructured titanium dioxide, corresponding to the frac-
tion less than 100nm in diameter [92]. This concentration is RV(nano) =
0.1mg/m?, fifteen times lower than the value corresponding to the alve-
olar fraction OEL(Alv) = 1.5mg/m?. This recommendation resulted from
an exhaustive and critical analysis of toxicological and epidemiological data
for nanoscale and pigmentary TiOs. It is interesting to note in this docu-
ment that the best metric would have been area concentration, but that,
in the absence of any validated instrument, and considering the urgent
need to recommend a reference value, a mass concentration was specified
instead.

More recently, the British Standards Institution (BSI) has produced a doc-
ument in which reference concentrations (RC) are specified for nanoparticles
of all types [93]. The values here would not appear to result from as rigor-
ous and careful an investigation as the NIOSH TiOs limits. They should thus
be treated with great caution. For all products in insoluble form, the BSI
report suggests using the ratio RC(nano)/OEL(Alv) obtained by the NIOSH
for TiOa, viz.,

OEL(Alv)

RC(nano) = 15

(mg/m?) . (7.1)
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In the same document, the BSI also suggests using a reference number con-
centration equal to 20 000 /cm®, which must be distinguished from the back-
ground. As before, this value does not seem to be based on any toxicological
argument. Other values have also been proposed for soluble products, fibre
products, etc.

Recently, a rigorous investigation has been carried out to adapt current
OEL:s for products in their standard forms to the same products in nanometric
form [94]. The authors indicate that, even in the absence of precise data
regarding the toxicity of the products they consider, it is possible to adjust
OELs by considering that the micro and nano forms of the same product
differ with regard to several parameters that can be determined as a result
of measurement or computation, such as the specific surface area (SSA), the
deposited fraction (DF), either total or localised in the respiratory system,
and the surface reactivity (SR), e.g., radical activity. A simple quantitative
model then leads to the following formula:

SSAmicro X DFmicro X SRmicro 1

_ - L 3
RC(nano) = OEL(micro) x SSA. »x DF... xSR.._ X BF (mg/m?) .
(7.2)

The protection factor (PF) is not actually known, but it expresses the degree of
certainty that one attributes to using the micro OEL value for nanoparticles.

Finally, another pragmatic approach can be envisaged which leads to
specific mass concentration reference values. It is based on the following
assumptions:

e The toxicity does not change.

e The exposure remains the same.

e The effect of nanoparticles can be related to their surface area or their
number.

When the effect is related to their area, the following formula is obtained:

RC(nano) = RC(micro) x nano X Pnano_ (mg/m?) . (7.3)

dmicro X Pmicro
When it is related to their number, we obtain:

d3 nano
_%nano X Prano_ (mg/m?) . (7.4)

3
dmicro X Pmicro

RC(nano) = RC(micro) x

The advantage is that this approach provides two alternatives regarding the
potential health effects, i.e., they may be related to surface area or to number.
For example, this means that, if the diameter of the particles is divided by 10,
then OEL(micro) must be divided by 10 if it is the surface area that drives
toxicity, but by 1000 if it is the number.

In recent risk assessment guidelines [44], the Swiss Federal Office for Public
Health used a simplified version of (7.3) as a tool for determining the daily
amount to which an operator can be safely exposed.
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It seems important that a committee of experts in aerosol toxicology and
metrology should be set up to evaluate these different approaches, because
it has become urgent to be able to situate the results of measurement cam-
paigns in the field. More work also needs to be done to associate well designed
measurement methods with these reference concentrations.

7.5 Conclusion and Prospects

It is crucial to be able to characterise exposure when assessing occupational
health risks due to nanoparticles and nanomaterials. Only studies carried
out in the field in companies and research centers will be able to identify
the true scenarios in which people are exposed during their work activities,
and characterise exactly what these people are really exposed to in terms of
nanoaerosol composition, quantity, size, structure, and so on, and with what
frequency. Without such exposure data from the field, it is difficult to make a
fair characterisation of the work environment, emission sources, and exposure.
Furthermore, such data is also needed to set up proper risk management,
optimise processes, choose and assess collective or personal protection, train
staff, and raise awareness of good practice with a view to reducing exposure.

Today, instruments and methods are available to characterise nanoaerosols,
most of which have been developed for research applications rather than for
measurements in the field. This is why one of the most important challenges
in nanoaerosol monitoring over the next few years will be the development of
simple and robust techniques for measuring exposure that procure a whole
range of parameters, e.g., number, area, size, etc., in real time, together
with samples for analysis by electron microscope, or to determine elemental
composition, and so on.

The general context of scientific uncertainty regarding nanoparticle toxic-
ity and its effects on human health associated with many developments involv-
ing nanomaterials in research and industry and with the high level of concern
expressed on all sides have ensured that a great many work situations are at
present considered as potentially at risk, including situations that have been
known for decades and where measures taken to protect health and safety
at work have demonstrated their effectiveness for chemical products already
in use. It thus seems an opportune moment to develop our understanding of
the nanoaerosols present in our companies and research centers, and this over
their entire life cycles.

An essential line of investigation remains the identification of populations,
exposure scenarios, and preventive measures implemented in the world of
research and industry over the whole life cycle of nanomaterials, because more
detailed information about these various elements will make it possible to tar-
get the most relevant lines of investigation in terms of research, assistance,
information, and training. In the same way, it is essential to adapt meth-
ods for assessing and managing chemical risks associated with nanomaterials,
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integrating in particular proposals for reference concentrations and related
methods. Moreover, all this research effort should be carried out on a national
and international level in a coordinated, mutualised, and transparent way.
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