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General introduction

1.1 THE NANOTECHNOLOGY ERA

On December 29th 1959, professor Richard Feynman gave a talk at the annual meeting of
the American Physical Society at the California Institute of Technology, entitled “There’s
Plenty of Room at the Bottom”, in which he outlined how much there is to discover yet in
the science of manipulating and controlling materials on a small scale (Feynman 1960).
More than 50 years have passed since that 29th December and Professor Feynman’s so-
called “Plenty of Room”, has now been partially discovered. What Professor Feynman
was calling the “Bottom” can now be defined as Nanotechnology: the technology of
manipulating and controlling 10° m materials, or engineered nanomaterials (ENMs).

With the rise of nanotechnology, there was a dramatic increase in pharmaceutical
discoveries, including new methods for delayed and controlled release of drugs. One of
the first scientists integrating ENMs into pharmacology was Professor Peter Paul Speiser at
the ETH (Swiss Federal Institute of Technology) in Ziirich, Switzerland. His research group
investigated polyacrylic beads — microcapsules for oral administration of different drug
formulations (Speiserand Khanna 1970). In parallel, the Department of Radiological Science
at the Johns Hopkins Medical Institutions in Baltimore, US developed albumin particles of
sizes ranging from 300 to 1000 nm which were labelled with 99mTc and investigated them
for drug delivery purposes using the cytostatic mercaptopurine (Kramer 1974; Scheffel
et al. 1973). Some vyears later in Japan, building upon this work, Sugibayashi et al. (1979)
bound 5-fluorouracil to albumin particles. After intravenous injection into Ehrlich Ascites
Carcinoma-bearing mice, he found a 20% increase in life span. These experiments sparked
the interest in the development of particles for biomedical applications.

Due to their specific design, ENMs may possess physicochemical properties that
distinguish them from other well known man induced (welding fume, diesel exhaust) and/
or environmental particulates, for example due to their controlled size, mass, chemical
composition, active surface or charge. Nowadays, ENMs or the use of nanotechnology
can be found in a wide variety of products such as electronics, automotives, health and
fitness, food and beverages, goods for children and many other product categories. A
total of 1317 products are already listed in an inventory of nanotechnology-based
consumer products currently on the market, and show a steady, fivefold increase since
March 2006 (Woodrow Wilson International Center for Scholars 2010). Considering
the vast increase in nanotechnology-based products available to consumers, it is self-
evident that the interaction of ENMs with biological systems should be investigated,
using an interdisciplinary approach combining expertise from biology, medicine, physics,
engineering and chemistry.

A lot of uncertainty exists on the potential adverse effects of ENMs, due to information
that is still incomplete or missing altogether. Many institutional organizations such as
the Environmental Protection Agency (EPA), the World Health Organization (WHO), the
National Institute for Occupational Safety and Health (NIOSH), the European Commission
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(EU), and the Organization for Economic and Commercial Development (OECD) have
addressed the need of dedicated research in order to ensure citizen protection from
adverse environmental and health risks potentially caused by ENMs. For example, in
its Communication ‘Towards a European Strategy for Nanotechnology’, the EU calls for
research on appropriate methodological assays for assessing ENM toxicity (EC 2004). The
NIOSH, in collaboration with the Centre for Disease Control, recommends that specific
precautions should be taken to protect workers who might be exposed to any level of
ENMs or ENM-containing materials (NIOSH 2009). Meanwhile, documents are drafted
by the International Organization for Standardization (ISO) for the safe and responsible
production and use of ENMs (ISO 2011).

1.2 DEFINITION AND NOMENCLATURE

In most documents and (working) definitions, the scale describing the size of ENMs
is defined as the size range between (approximately) 1 nm and 100 nm (Health Canada
2010; ISO 2010; NICNAS 2010; OECD 2008; SCENIHR 2010). Although they did not provide
a regulatory definition, the FDA has also recently published a draft guidance document in
which the size of approximately 1 nm to 100 nm is referred to as a first reference point
to consider whether an FDA-regulated product contains nanomaterials, or otherwise
involves application of nanotechnology (US-FDA 2011). In the various documents (standards
and technical reports) of the I1SO the word ENM covers all materials and constructs at the
nanoscale (ISO 2010). In addition to ISO/TS 80004-1:2010 there will be a whole series of
documents on the vocabulary to be used for the description of specific ENMs. Individual
primary structures are designated ENM that can have one, two or three dimensions in the
nanoscale. Agglomerates and aggregates of single primary nanomaterials are considered to
be nanostructured materials and are included in the definition of ENMs. It will be obvious
that when a material is specifically designed to have a size below 100 nm that this is an ENM.
However, although the scientific community agrees on the use of the term ENMs, it becomes
less clear when the definition of an ENM is discussed from a regulatory point of view. So far,
regulatory definitions of ENMs are mainly limited to descriptions in governmental statements
or working definitions (Health Canada 2010; NICNAS 2010; OECD 2008; SCENIHR 2010) and
in one official regulation; the EU Cosmetics Directive (EC 2009). An ENM can generally be
described by its nominal, primary particle size. However, any ENM is heterogeneous, i.e.
not all particles in an ENM have the same size, but rather consist of particles with a specific
size distribution. In case only part of the material’s size distribution is below the 100 nm
threshold, the question arises at what point one should consider a material to be an ENM. In
addition, there is debate on whether the size distribution should be expressed as part of the
mass or as a number size distribution. The use of number size distributions clearly indicates
how many of the particles are below 100 nm and thus may pose a size related risk.
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General introduction

Since ENMs may be particularly attractive to use because they obtain specific
characteristics with diminishing size, some proposals for regulation also include a change
in physicochemical properties in the definition of ENM (Health Canada 2010; NICNAS 2010;
OECD 2008). For some specific types of ENMs, such as inorganic metal and metal oxides, a
threshold of approximately 20-30 nm has been distinguished for a change in physicochemical
properties (Auffan et al. 2009). However, for other materials this threshold was much higher,
even 200-300 nm, or absent altogether (SCENIHR 2010). This indicates that there is no
universal size for all ENMs at which nanospecific properties are beginning to emerge.

1.3 PHYSICAL AND CHEMICAL PROPERTIES

The same physical and chemical properties that confer to them great potential for industrial
and biomedical applications, such as size, shape, surface chemistry and solubility (Figure
1.1) are reason for ENMs to be in the spot light of regulators and scientists in the area of
public and environmental health (Nel et al. 2006)

One of the main characteristics distinguishing ENMs from bulk materials is nanoparticle
size, or more specifically, surface to volume ratio. ENMs possess a large surface area
compared to their respective bulk materials and this is thought to make ENMs considerably
more biologically reactive. For example, a 300 nm NP has 5% of its atoms on the surface while
the remaining atoms reside inside. In comparison, a 30 nm NP has 50% of its atoms on the
surface. The atoms at the surface, which are not bonded on one side, are more active than
the atoms residing inside. An increase in surface area therefore likely leads to an increase in
surface reactivity, and may result in an increase in biological (toxicological) activity.

With regard to shape, ENMs can be roughly distinguished into high- and low-aspect-
ratio nanoparticles, HARN and LARN respectively. High-aspect ratio ENMs include
nanotubes and nanowires, with various shapes, such as helices, zigzags, belts, and may
vary in length. LARN morphologies include spherical, oval, cubic, prism, helical, or pillar.
A shape-dependent biological response was reported by Tarantola and coworkers (2011)
who demonstrated that coated spherical AuNPs with identical surface functionalization
were generally more efficiently ingested and more toxic than rod-shaped particles.

Other physicochemical properties that may contribute to the behaviour and biological
responses of ENMs are the stability and agglomeration state. In aerosols and in colloidal
suspensions, ENMs can exist in a well-dispersed or in an agglomerated state, depending on
the chemistry and electromagnetic properties of both the ENMs and their surroundings.
For example, magnetic ENMs tend to cluster, forming an agglomerated state, unless their
surfaces are coated with a non-magnetic “shell”. Aggregation or agglomeration state could
influence the deposition, toxicokinetics, and local toxicity of ENMs, due to significant
variations in the aerodynamic radius and total surface area of the ENMs that tends to be
reduced (Borm et al. 2006; Tsuji et al. 2006; Wick et al. 2007).
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Figure 1.1 Physicochemical properties of nanomaterials that have been demonstrated to influence their
toxicity (from Johnston et al. (2010), with permission from Oxford Journal).

ENMs may also vary in their surface charge, with consequences for the biological effects
they induce. For example, positively and negatively charged gold (Au) NPs displayed toxicity
at concentrations at least 2.5 fold lower than neutral NPs (Schaeublin et al. 2011). Factors
such as particle size, shape and surface properties have also been shown to play a role in the
toxicity of silver (Ag) NPs (Carlson et al. 2008; El Badawy et al. 2011; Pal et al. 2007).

1.4 INTERACTIONS WITH BIOLOGICAL SYSTEMS

When ENMs come into contact with biological systems, anano—bio-interfaceis generated. This
interface comprises the dynamic physicochemical interactions, kinetics and thermodynamic
exchanges between the surfaces of ENMs and biological components, such as proteins
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and phospholipids (Lynch et al. 2009; Nel et al. 2009). The solid-liquid interface is a key
issue in ENMs-cell interactions, but an understanding of this interface is often lacking. It is
the amount and presentation of the biomolecules on the surface rather than the particles
themselves that is suggested to be the cause of numerous biological responses (Lynch et al.
2009; Nel et al. 2009). In other words, it is the outer layer of biomolecules that is seen by the
cells, and leads to the interaction of the particles with the cell.

The most abundant biomolecules, which interact with ENMs in biological environments,
are proteins (Cedervall et al. 2007; Lynch et al. 2009). There are some studies that have
characterized and identified the adsorbed proteins - the corona - on different ENMs. A major
outcome is that the NPs size and surface properties determine the protein composition of the
corona and by that influence the biological activity and molecular targeting of ENMs (Dutta
et al. 2007; Lundqvist et al. 2008). Interaction with ENMs may also have an effect on protein
assembly and fibrillation (Cabaleiro-Lago et al. 2010). Protein binding to nanoparticles is not
a static process, but rather a dynamic exchange of the adsorbed proteins with the biological
environment of the ENMs. Modelling of such binding processes may offer a more detailed
understanding of the solid-liquid interface (Bertolazzi et al. 2010; Dell’Orco et al. 2010).

The possible portals where ENMs may enter the human body are the lungs via
inhalation, the gastro-intestinal tract via digestion, the skin, and the blood vessels via
intravenous injection (Krug and Wick 2011). However, the most critical (human) exposure
route for ENMs is thought to be the pulmonary system. Upon deposition, ENMs come in
initial contact with the pulmonary surfactant, which is located at the air-liquid interface.
Surfactant contains 85 — 90% phospholipids and ~ 10% surfactant proteins (Gasser et al.
2010). Inarecent study with functionalized multi-walled carbon nanotubes (MWCNT) it was
shown that pulmonary phospholipid coating has the potential to alter the plasma protein
coating of the tubes. This change in the pattern of adsorbed proteins is hypothesized to
significantly influence the interaction and subsequent effects of the MWCNT on biological
systems (Gasser et al. 2010; Schleh et al. 2011). Understanding the time evolution of nano-
bio interface in a given biological environment, and in particular the understanding of
the dynamic exchanges of biomolecules may help to predict the particle’s fate, biological
activity or even its life time in an organism.

1.5 TRANSPORT INTO THE CELL

Phagocytosis is recognized as an important process in cell entry of particles (Conner and
Schmid 2003). However, other mechanisms too are responsible for the uptake of metals,
metal oxides, or other particulate nanosized systems by the cell (Limbach et al. 2007), and
for the different biological reactions that may follow. Although particles with diameter
below 100 nm are capable of getting into the cell by almost any vesicle transport pathway
(Geiser et al. 2005; Limbach et al. 2005; Oberdorster et al. 2005a), further options are
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to be considered, for example transport of ENMs into cells due to receptor binding
(Dobrovolskaia and McNeil 2007; Kanno et al. 2007) or even “diffusion” through the
plasma membranes, which is referred to as an adhesive interaction (Geiser et al. 2005;
Rothen-Rutishauser et al. 2006). It was demonstrated that ENMs could advance into the cell
interior of erythrocytes, whereas larger particle were unsuccessful (Rothen-Rutishauser et
al. 2006). This is surprising, as the erythrocytes lack the conventional uptake mechanisms.
Regardless of how the ENMs gain entry into a cell, the process of infiltration is indeed
reminiscent of a Trojan horse invasion because a veritable material package is delivered by
introduction of only one particle into the cell (Figure 1.2) (Krug and Wick 2011).

Microparticle

Nanoparticle

&b

o

Figure 1.2: Comparison of the possible uptake of nanoparticles and microparticles via vesicular pathways
(caveolae). Only small particles with a diameter of less than 100 nm fit into vesicular structures such as
caveolae, by which they will be transported into the plasma. Within the cells, these vesicles may fuse to build
up a lysosome with an acidic interior, facilitating the dissolution of materials such as ZnO. The ions can move
relatively freely inside the cells. The transmission electron microscopy (TEM) image shows a situation where
two nanoparticles (22 nm) are located within the caveolae of a lung epithelial cell (A549) in culture. (From
Krug and Wick (2011) with permission from Angewandte Chemie Int Ed).
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The biological response of cells to ENMs is influenced by the different uptake processes.
Free transport through the membrane allows particles to achieve direct contact with the
plasma proteins and with other molecules of the cell. Dependent on the material properties
of the ENMs, this may have fatal consequences for the cells, and is therefore considered
to be more critical than vesicular uptake, where particles are sheathed by membranes.
Once taken up, soluble ENMs such as ZnO may dissolute and generate a hot spot of free
zinc at a much higher level than the surrounding average concentration would be (Xia et
al. 2011). Particles that do not dissolve but remain catalytically ‘active’ have the potential
to stress the cell or tissue as well (Limbach et al. 2007). Even inert particles may affect
cell responses by introducing xenobiotics adsorbed on the particle surface, which detach
after cellular uptake. This piggy-back transportation is well known for combustion derived
particles where different types of polycyclic aromatic hydocarbons (potential mutagenic
compounds) were identified on these particle surfaces (Kocbach et al. 2006). The uptake
of certain non-reactive materials may be particularly critical when they are nanosized:
particle distribution within an organism is differently controlled than the transport of ions
or the corresponding bulk material, indicating that ENMs may reach other types of cells
and tissues in an organism. As indicated below, the body has a very efficient reticulo-
endothelial-system (RES) to remove particulate matter from the circulation.

1.6 BIODISTRIBUTION, BIODEGRADATION AND BIOPERSISTENCE

The biodistribution, biodegradation and biopersistence, in short, the kinetic properties
of ENMs can be described by four processes: absorption, distribution, metabolism, and
excretion (ADME). In general, four main routes of exposure can be distinguished i.e. oral,
inhalation, dermal and systemic intravenous (1V) injection. The route of human exposure,
with the exception of medical treatment, will not likely be the IV route. Nevertheless,
many experimental in vivo studies have been performed using IV administration in order
to avoid problems with (lack of) barrier passage in the gastro-intestinal (Gl)-tract, lung or
skin, and as such to simulate worst case (exposure) scenario purposes. In addition, studies
using IV administration are used to evaluate the tissue distribution for ENMs that become
systemically available, in order to determine which organs may be at risk for ENMs toxicity.
It should be realised that the route of entry itself also may affect the tissue distribution.
Especially when comparing IV with inhalation administration, the translocation through
the air/blood barrier may result in alterations of the ENMs (Oberdorster 2010; Semmler-
Behnke et al. 2008). IV administration results in direct contact with blood, upon which
the particle surface becomes coated with numerous proteins including immunoglobulins
that can enhance recognition and uptake by cells of the reticuloendothelial system (RES)
(Aggarwal et al. 2009; Dobrovolskaia et al. 2009; Lacerda et al. 2010). This results in
entrapment of the ENMs mainly in organs of the RES with a high content of mononuclear

21



Chapter 1

phagocytes (macrophages) such as liver and spleen (De Jong et al. 2008; Sadauskas et
al. 2007). The sequestration of the particles into the liver and spleen is rapid, and can
occur within minutes (Lankveld et al. 2010; Lankveld et al. 2011; Lipka et al. 2010). For
more specific applications such as drug targeting, modification of the surface area by
coatings or antibodies may be used. Cellular binding may be increased by the use of
carbohydrates (Weissenbock et al. 2004), whereas the use of certain antibodies enables
a more specific immunological targeting of the ENMs (Nobs et al. 2004; Prinzen et al.
2007). Cellular entrapment in macrophages can be avoided by surface modification of
the ENMs with polyethylene glycol (PEG), which increases their circulation time in the
blood by inhibiting recognition and phagocytosis by macrophages (Akiyama et al. 2009;
Lankveld et al. 2011; Lipka et al. 2010; von Maltzahn et al. 2009). The use of PEG as a
particle coating may also result in a change in local tissue exposure (Lankveld et al. 2011;
Lipka et al. 2010).

The size of ENMs can also be a significant determinant of particle tissue distribution, as
shown for spherical Auand Ag NPs, Au composite nanodevices (Balogh et al. 2007; De Jong et
al. 2008; Hirn et al. 2011; Semmler-Behnke et al. 2008), polystyrene ENMs (Wick et al. 2010),
and Ag nanoparticles (Lankveld et al. 2010). For example, 20 nm Ag NPs distributed mainly
to liver, followed by kidneys and spleen, whereas 80 and 110 nm Ag NPs distributed mainly
to spleen followed by liver and lung. In the other organs evaluated, no major differences
between the sizes were observed (Figure 1.3). In addition, 20 nm Ag NPs appeared to be
excreted (or dissolved) at a faster rate compared to the larger NPs (Lankveld et al. 2010).

IV administration of quantum dots with a hydrodynamic diameter <5.5 nm resulted in
rapid and efficient urinary excretion and elimination of the quantum dots from the body,
whereas for larger quantum dots excretion was reduced and retention in the body was
increased (Choi et al. 2007).

The systemic bioavailability of ENMs after exposure via other routes is generally much
lower. After exposure of the lung by either inhalation or instillation, only a small but
significant fraction of the dose of ENMs was found to be absorbed into the body (Ji et al.
2007; Kreyling et al. 2002; Lipka et al. 2010; Semmler-Behnke et al. 2008; Sung et al. 2011).
Such translocation may be rapid and size dependent (Kreyling et al. 2002). With prolonged
inhalation exposure to Au ENMs, a notable increase in systemic organ distribution was
observed between 5 and 15 days, indicating ENM accumulation (Yu et al. 2007). The
elimination half time for both fine and ultrafine (nano)particles in rats was found to be
around 65 days (Pauluhn 2009; Pauluhn 2011). Translocation of ENMs into the brain after
inhalation exposure may take place via the olfactory nerve pathway, similar to what was
found for nanosized polio virus particles (reviewed by Oberdorster et al. 2005b).

Oral uptake of ENMs may occur when nanosized formulations are used to increase the
systemic availability of food components and drugs (Bowman and Leong 2006; Muchow
et al. 2008; Powell et al. 2010). For these particular applications, the biodegradation of the
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nanoformulations is an inherent prerequisite. Although the risks of these biodegradable
ENMs need to be assessed as well, there is more concern about the potential adverse
effects of non-degrading ENMs that may accumulate in the body. Uptake from the Gl-tract
after oral administration was demonstrated for several types of ENMs, including relatively
large (500 nm) titanium dioxide (TiO,) particles (Jani et al. 1994; Kim et al. 2008; Park et al.
2010a; Wang et al. 2007).

In vitro studies investigating penetration of intact skin by ENMs have reported
contradicting results (Larese Filon et al. 2011; Ryman-Rasmussen et al. 2006; Smijs and
Bouwstra 2010; Wu et al. 2009). In vivo studies reported uptake via the skin of silica (SiO,)
NPs (70 nm), quantum dots (35 nm), and TiO, NPs (4 nm and 60 nm) (Nabeshi et al. 2011;
Wau et al. 2009), although oral uptake via grooming could not be excluded in these studies.
Subcutaneously injected Ag NPs were mainly found to distribute to liver, kidney, spleen,
lung and brain (Tang et al. 2009). In humans, a minimal uptake of Zn was observed after
application of a ZnO containing sunscreen preparation, but whether this was taken up as
Zn ions or ZnO ENMs could not be identified (Gulson et al. 2010).

The indication of systemic availability of ENM after exposure via the Gl-tract or the skin implies
that these exposure routes need to be considered when evaluating the safety of ENMs.

For most ENM:s, it is doubtful that actual metabolism occurs, especially in case of solid ENMs.
Yet, some ENMs such as polymeric constructs and phospholipid liposomal formulations can
be specifically designed to be degradable for release of incorporated drugs (De Jong and
Borm 2008; Duncan 2006; Irache et al. 2011). Potential solubility or insolubility is the key
factor that determines whether a nanomaterial has the potential for bioaccumulation in
cells and organs. Ag, copper oxide (CuO) and ZnO NPs are known to release ions that are
considered to be responsible for part of their toxicity, indicating that degradation does occur
to some extent (Dimkpa et al. 2011; Park et al. 2010b; Wijnhoven et al. 2009).

The potential biopersistence of non-degradable ENMs is considered one of the concerns
in relation to possible long term chronic effects of ENMs. However, in the absence of chronic
studies, there is a lack of information on the biopersistance of ENMs. There are indications
that Ag, aluminum oxyhydroxide and TiO, NPs may indeed be biopersistent, warranting
further long-term studies (Fabian et al. 2008; Lankveld et al. 2010; Pauluhn 2009).

1.7 POTENTIAL ADVERSE EFFECTS

Due to the relatively recent introduction of nanotechnology in industry, epidemiological
studies, case studies and other human data on potential adverse effects of ENMs are virtually
absent. Any existing information on potential adverse effects is largely based on animal
and in vitro studies with (human) cell lines, generating much information on the potential
interactions of ENMs with the cell and mechanisms of action of ENMs (Figure 1.4).
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Figure 1.3 Tissue distribution and kinetics of Ag nanoparticles of 20 nm, 80 nm and 110 nm. Animals received 5
consecutive IV administrations, n=3, error bar indicates standard deviation (From Lankveld et al., (2010), with

permission from Elsevier).
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General introduction

Since inhalation exposure is thought to be the most relevant exposure route to ENMs,
adverse effects are mainly expected to occur in the lung. A large body of literature already
exists on inflammatory effects in the lung as a result of exposure to ambient particulate
matter, and not coincidentally, this is also one of the most investigated and reported effects
for engineered ENMs in the published literature (Ayres et al. 2008; Madl and Pinkerton
2009; Napierska et al. 2010; Oberdorster et al. 2005b). Numerous short term studies report
the induction of inflammation markers in rats after instillation with and inhalation of metal
(oxide) ENMs and in many in vitro models representing the human (Cho et al. 2010; Gosens
et al. 2010; Hsiao and Huang 2011; Kasper et al. 2011; Sager and Castranova 2009; Sung et
al. 2009). The pulmonary inflammatory properties of low solubility ENMs such as titanium
dioxide (TiO,) and carbon black have been suggested to be related to particle surface area
rather than mass (Sager and Castranova 2009), although other physicochemical properties
such as ENMs surface chemistry and crystallinity also play a role (Duffin et al. 2007; Warheit
2010). Local persistence in the lung of low toxic particulates resulting in chronic inflammation
may be a cause for non-genotoxic induction of lung tumors in the rat as suggested for both
fine and ultrafine (nano) TiO, (NIOSH 2011). In addition to eliciting inflammatory responses
in the lung by themselves, ENMs have also been shown to aggravate endotoxin-elicited lung
inflammation and airway hypersensitisation in mice by acting as adjuvants (de Haar et al.
2006; Inoue and Takano 2011). Conversely, immunosuppressive effects have been reported
in mice after inhaling carbon nanotubes (Mitchell et al. 2009).

As discussed previously, exposure routes other than inhalation are also relevant for
ENMs, for example when applied in cosmetics and in food, leading to exposure via the skin
and the digestive tract, respectively. Especially the use of ENMs for biomedical applications
such as intravenous diagnostic tools or drug carriers will lead to relatively high levels of
systemic bioavailability, which often is even targeted at a specific organ or tissue. The ideal
design of an ENM that is used for these medical purposes is aimed to be quickly removed
from the body after it has completed its task, and as such, the potential risk of systemic
bioavailability of these particular ENMs may not outweigh the benefits (De Jong and Borm
2008; Duncan 2006; Hahn et al. 2011; Irache et al. 2011; McNeil 2009). Nevertheless,
any application that may lead to systemic bioavailability of ENMs will need to address
potential systemic toxicity in their safety assessments.

An example of a toxic endpoint relevant for systemic exposure is the potential of ENMs
to cause DNA damage. ENMs have been reported to induce genotoxic effects in vitro
(Colognato et al. 2008; Migliore et al. 2010), but very few in vivo studies are available to
evaluate these effects at relevant exposure levels (Gonzalez et al. 2008; Landsiedel et al.
2009; Singh et al. 2009). Similarly, information on the effects of ENMs on reproduction and
embryonic development are very scarce and mostly limited to in vitro studies, or in vivo
studies using very high doses, for which the relevance of the results to humans is difficult
to interpret (Ema et al. 2010; Hougaard et al. 2011). One study in pregnant mice inhaling
surface coated TiO, at concentrations relevant to human occupational exposure limits
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resulted in lung inflammation in adult females and neurobehavioral changes in offspring
(Hougaard et al. 2010).

In general, while acute effects resulting from short-term exposure to high levels of
ENMs, such as the inflammatory effects or DNA damage in vitro, have been investigated to
areasonable extent, little information exists on the effects of chronic exposure to low levels
of persistent ENMs. Epidemiological studies have associated exposure to ambient ultrafine
particular matter with systemic effects such as cardiovascular and neurodegenerative
diseases and adverse birth outcomes (Brook et al. 2010; Shah and Balkhair 2011; Simko
and Mattsson 2010). The generation of oxidative stress (discussed in the next section)
that is believed to play an important role in at least some of these effects has also been
observed in studies with ENMs and suggest that these effects may be relevant for ENMs,
which warrants further investigation (Simko and Mattsson 2010; Xia et al. 2009).

1.8 MECHANISMS OF ADVERSE EFFECTS

The generation of reactive oxygen species (ROS) and oxidative injury is considered to play a
significant role in many of the observed biological responses to ENMs (Figure 1.4). Due to the
large surface area of ENMs, relatively more reactive groups are located on the surface and
as such may be available for electron transfer to oxygen, forming superoxide, a precursor of
other ROS (Nel et al. 2006). ROS may also be generated as a result of ENM-cell interactions,
even in the absence of reactive groups on the surface (Xia et al. 2006). During normal cellular
processes such as mitochondrial respiration, low levels of ROS are also generated, but these
are immediately neutralized by the cell’s antioxidant machinery. However, when the generation
of ROS exceeds the cell’s antioxidant capacity, a state of oxidative stress is induced in the cell.
ENM size, surface area and surface chemistry (i.e. reactive groups) are thought to play a role
in the generation of ROS. Apart from the damaging effects to cellular proteins, lipids and DNA,
an increasing level of ROS triggers the cell to respond by inducing pro-inflammatory signalling
cascades, and ultimately induces programmed cell death (Nel et al. 2006).

Additionally, ENMs may induce or aggravate inflammatory and allergic responses by
directly influencing immune related cell populations in the lung (Inoue and Takano 2011).
After lung exposure ENMs recruit neutrophilic granulocytes to the lung and partially end up
in lung macrophages (Gosens et al. 2010; Oberdorster et al. 2005b; Semmler-Behnke et al.
2008). In turn, persistent oxidative stress and inflammation in lungs and brain tissue after
exposure to particulate matter are thought to be the underlying cause for lung fibrosis and
neurodegenerative diseases, respectively (Brook et al. 2010; Simko and Mattsson 2010).

As discussed previously, the very same properties that make ENMs interesting to
enhance target delivery of pharmaceutical drugs, antigens for vaccination or diagnostic
contrast agents may also enhance transport of undesirable compounds to tissues and cell
components. For example, cytotoxicity of Ag and Cu ENMs was reported to be due in part
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by shuttling their respective ions into the cell (Dimkpa et al. 2011; Park et al. 2010b; Studer
et al. 2010; Wijnhoven et al. 2009).
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Figure 1.4 Possible interactions of ENMs with the cell and subcellular structures. Suggested mechanisms
underlying nanoparticle induced responses at the cellular level, which at sufficiently high or persistent levels
can potentially lead to altered tissue function and damage.

In addition, trace amounts of TiO, ENMs synergistically increased the genotoxic effects of
dichlorodiphenyltrichloroethane (p,p’-DDT) in human hepatocytes, presumably by adsorption
of p,p’-DDT to the surface of the ENMs (Shi et al. 2010). In a similar way, ENMs may act as
adjuvants for antigens, aggravating allergic responses, or they may act as antigens or haptens
themselves (Zolnik et al. 2010). Conversely, the immunosuppressive effects of inhaled carbon
nanotubes on B cell function in mice was reported to be mediated by the production of TGF-
by alveolar macrophages, which activated cyclooxygenase enzymes in the spleen (Mitchell et
al. 2009). The changes in neurobehavioral patterns observed in offspring of mice exposed to
TiO, are another example of potential indirect toxicity of ENMs. Since the transfer of TiO, over
the placenta after inhalation was expected to be low, the effects may have been caused by
release of the coatings of the ENMs or by cytokines released in the inflammatory response in
the lungs of the pregnant mice (Hougaard et al. 2010).
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Effects of ENMs on the integrity of DNA can result from both direct interaction of ENMs
with the DNA, the generation of ROS or as a consequence of persistent inflammation. In
addition, ithas beenshown especially for carbon nanotubes thatthe presence of production
residues such as metal ions (used as catalysts), structural defects and the aspect ratio are
important properties relevant to (geno)toxicity. The mechanisms underlying the toxicity of
fibre-like ENMs are discussed in more detail in the next paragraph.

1.9 THE FIBRE PARADIGM

The experience with certain HARN (fibres) such as asbestos highlighted that types of
ENMs similar to asbestos may pose an additional hazard to the lung beyond that produced
by conventional compact particles and gave rise to the discipline of fibre toxicology
(Donaldson et al. 2010a,b). Several decades of fibre toxicology have led to an overarching
fibre toxicology structure activity paradigm involving length (> 20 um), diameter (< 3um)
and biopersistence. Such fibres can be deposited in the lung beyond the ciliated airways
but then they cannot be completely removed by the alveolar macrophages resulting in
what is now designated as frustrated phagocytosis. If the fibres, due to a rigid structure,
retain their fibrous shape during residence in the lung, the total fibre dose may accumulate
(Donaldson 2009). Single- and multi-walled carbon nanotubes (SWCNTs and MWCNTs) are
used increasingly in different materials science applications. They have been attracting
major attention owing to their alleged hazards to health. These hazards have been
attributed to their morphological properties based on their likeliness to asbestos. Recent
studies demonstrated that aerosolized CNTs could reach the sub-pleura and induced
fibrosis in mice up to 6 weeks following a single exposure of 6 hours (Ryman-Rasmussen et
al. 2009). Although such findings are of interest towards understanding the human health
effects of CNTs, extreme caution should be taken in regards to the conclusions drawn
since the doses applied were relatively high, probably causing an overload situation and
furthermore, were arguably unrealistic in terms of possible human exposure, especially
considering the findings of Maynard and coworkers (Maynard et al. 2004). The potential
underlying mechanisms of the behaviour of long fibres in the lung and parietal pleura is
extensively reviewed by (Donaldson 2009; 2010a).

1.10 SUMMARY

The possibility to design ENMs with preferential physicochemical properties such as high
electric or heat conductivity, increased catalytic activity, or mechanical resistance, make
nanomaterials the future investments for companies in order to implement their usage both
for industrial, commercial and biomedical applications. The increasing use of ENMs has also
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resulted in an increasing awareness for the potential adverse effects of ENMs. There are clear
indications that after inhalation and oral exposure ENMs can become systemically available.
The uptake as percentage of administered dose is not always determined in the various studies,
but seems in general to be rather low with exception for the oral route, for which the uptake
might be considerable depending on the actual composition of the ENM preparation. Some
studies indicate that smaller ENMs are more easily taken up and show a more widespread
organ distribution. However, for the Gl-tract the effect of size is less clear. When systemically
available, the main target organs are those with a high RES content, being mainly liver, spleen
and lung, but ENMs have been demonstrated to distribute to other organs as well.

The potential toxicity of ENMs has been demonstrated in numerous in vitro studies.
Information on in vivo toxicity and human epidemiological studies is mainly limited to
inhalation exposure. There is sufficient evidence that acute inhalation exposure to high
levels of ENMs may lead to adverse inflammatory effects in the lung. At the moment
insufficient information exists on potential effects of chronic exposure to low levels
of ENMs, by exposure via routes other than inhalation, and toxicity endpoints such as
carcinogenicity, reproductive toxicity and immunotoxicity.

OBIJECTIVES AND OUTLINE OF THE THESIS

Due to the fact that ENMs may have different biological activities compared to bulk
material, their risks should be assessed separately. Nevertheless, it is both undesirable
from an animal welfare point of view and unrealistic in terms of time and resources
for industry and regulators to make a separate evaluation of the safety of every single
different type of ENM, requiring a whole arsenal of experimental animal studies for each
assessment. The main aim of this thesis is therefore to aid the risk assessment of ENMs,
by means of the following three approaches:

1) Evaluate the value of in vitro assays for risk assessment of ENMs.

One way forward in the risk assessment procedures of ENMs would be to enhance the role
of in vitro toxicity studies. In Chapter 2, a comparative analysis of published in vitro data with
ENMs is given, revealing a number of issues that require attention when using in vitro assays

as a screening approach to determine which ENMs are more hazardous than others.

2) Investigate the possibility to extrapolate safety data between particles of different
sizes

The common denominator that sets ENMs apart from other materials is their scale. NPs
have the capability to cross biological barriers and reach cells and tissues which were not
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exposed by their macroscopic form, and there are clear indications that after inhalation
and oral exposure ENMs can become systematically available. Yet, the role of particle size
inthe biological response to ENMs is not entirely clear. In Chapter 3 to 6, the role of particle
size in ‘systemically relevant’ in vitro assays for cytotoxicity, inflammation, inhibition of
stem cell differentiation and genotoxicity is investigated for two of the most commonly
used ENMs in consumer products: silica (SiO,) and silver (Ag) NPs. A solid understanding
of the role of particle size in various biological responses may help determine whether it is
possible to extrapolate safety data between particles of different sizes.

3) Evaluate various dose metrics of ENMs

Doses in safety studies and exposure limits for ‘ordinary’ chemicals are generally based on
mass concentrations. However, for different ENMs of the same chemical composition, the
mass concentration leading to a specific critical effect may be very different from one ENM
to another. It is expected that ENMs consisting of smaller NPs will have a larger surface
area and a larger number of particles compared to ENMs consisting of larger NPs, and this
will affect their biological activity. This leaves regulators with the problematic situation
where one exposure limit based on mass is not appropriate for all ENMs consisting of
the same chemical composition. It has therefore been suggested that particle number
or surface area concentrations may be more appropriate metrics for ENMs to describe
doses for regulatory purposes, but there is no consensus on which one of these is most
appropriate. In Chapter 7, a graphical method to systematically investigate dose metrics of
NPs is presented, and applied to data from in vitro studies with SiO, and Ag NPs described
in Chapter 5 and 6. This method helps to understand whether mass, particle number,
surface area or an entirely different metric is appropriate to describe the dose of ENMs
for regulatory purposes.
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Chapter 2

ABSTRACT

Nanotechnology applications, already on the market or in development, promise great
benefits for humans as well as the environment. Simultaneously, the pressure to advance
the development of fast methods for evaluating the potential risks of increased human
exposure to ENMs is augmented. One way forward would be to enhance the role of in
vitro toxicity studies in risk assessment procedures of ENMs. However, to maximize the
use of in vitro assays for this purpose, their values and limitations need to be revealed.
Even in risk assessment frameworks for regular chemicals, in vitro studies play a minor
part. A comparative analysis of published in vitro data with ENMs demonstrates that there
is a number of issues that need resolving before in vitro studies can play a role in risk
assessment of ENMs.

2.1 THE NEED FOR IN VITRO STUDIES IN RISK ASSESSMENT OF ENMs

A vast variety of new materials is being developed by means of nanotechnology and is
already applied in many every day products. It can be anticipated that human exposure to
ENMs, both by the use of such products and via the environment, will be steadily increasing.
The risks of ENMs may differ from their regular chemical counterparts due to their altered
physical chemical properties (SCENIHR 2007). Traditional risk assessment procedures will
unlikely be able to keep up with the rapid development of new ENMs and the cost, in
terms of both money and animal lives, would be tremendous (Service 2008). On the other
hand, the uncertainties that exist regarding the safety of applying nanotechnology may
put a hold to marketing and further development of new and promising ENMs (Nel et al.
2006; Service 2008). For the moment, it is advocated that risk assessment requirements
for a new nanotechnology application should be defined on a case by case basis (SCENIHR
2007). Once sufficient knowledge on the risks of ENMs becomes available, it is proposed
that a risk assessment paradigm for ENMs can be developed, potentially with possibilities
to extrapolate from one nanoform to another (SCENIHR 2007).

Screening ENMs by means of in vitro studies has been suggested by many as a
fast approach to distinguish between low and high toxicity ENMs (Nel et al. 2006;
Service 2008; Shaw et al. 2008). In vitro assays may also be useful to evaluate specific
mechanistic pathways such as reactive and inflammation potential and cellular uptake of
ENMs (Oberdorster et al. 2005; SCENIHR 2007). Ultimately, the aim is to develop a risk
assessment paradigm consisting of a tiered approach, where potential toxic properties can
be predicted based on physicochemical properties, a (limited) number of in vitro assays
and no or a few in vivo assays. However, to be applicable as acceptable methods within
risk assessment procedures, in vitro assays need to be validated and their relevance for in
vivo hazard identification needs to be demonstrated (SCENIHR 2009). This paper provides
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an overview of in vitro assays commonly used in nanotoxicology research and factors that
determine their outcome. Based on this overview, the potential for these in vitro studies
to be used as validated tools within risk assessment of ENMs will be discussed.

2.2 ASSAY PROTOCOL CHOICES INFLUENCING THE OUTCOME OF IN VITRO
STUDIES WITH ENMs

In vitro studies have revealed that subtle changes in size, shape, surface area, surface
reactivity, solubility and crystal structure of ENMs may influence their cellular uptake and
activity (Brunner et al. 2006; Duffin et al. 2007; Sayes et al. 2006; Yang et al. 2009). For
example, titanium dioxide (TiO,) nanoparticles in anatase form were found to be 100 times
more cytotoxic than TiO, in rutile form (Sayes et al. 2006). Consequently, it is increasingly
emphasized that meaningful comparisons of experimental results across different studies
are impossible without appropriate ENM characterization (Murdock et al. 2008; Warheit
2008). Much less consideration is given to the fact that experimental assay protocol choices
may be equally if not more important than ENM characterization when comparing results
across different studies. The influence of various assay protocol choices on the outcome
of in vitro experiments with ENMs is illustrated by a number of recent comparative studies
discussed below.

2.2.1 Effect of exposure and dispersion methods on the outcome of in vitro studies
Humans may be exposed to ENMs in many forms, including airborne nanoparticles, or
ENMs embedded in liquid or solid matrices. In vitro assays mostly use systems where
single cell cultures are exposed to ENMs dispersed in cell culture medium. This often does
not mirror realistic exposure situations. For example, exposure of cells to ENMs dispersed
in cell culture medium poorly reflects exposure in the lung, where cells are exposed to
inhaled ENM s at the air-liquid interface. In addition, it has been shown that different lung
cell types influence each other in their response to inhaled particle exposure (Alfaro-
Moreno et al. 2008; Herseth et al. 2008). A recent review describes many efforts done so
far to overcome these problems, for example by the establishment of air-liquid exposure
systems for ENMs and the use of co-culture systems (Rothen-Rutishauser et al. 2008).
Nevertheless, not one single model appears to be adequate to completely replace animal
and/or human experiments.

Another limitation of in vitro test systems is that ENMs need to be suspended in
physiological solutions, which may not always correspond to the matrix in which the ENM
occurs in its ultimate application. The characteristics of the matrix of a ENM, for example
the pH and ionic strength of a ENM dispersion affects the aggregation status of ENMs
(French et al. 2009). This in turn can be anticipated to play a major role in the extent of
human exposure and the ultimate bioavailability of the ENMs. In general, dispersions of
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ENMs can be prepared in various ways, which result in differences in size distributions
and stability of the ENMs. Factors that have been shown to affect dispersions are different
dispersion media, ultrasound energies, various (concentrations of) dispersion stabilizers
and different sequences of preparation steps (Bihari et al. 2008; Murdock et al. 2008).
Possibly, size distribution and stability of the particles in turn affect the toxicity results of
in vitro experiments.

Most in vitro toxicity studies with ENMs are carried out with sonificated ENMs suspended
in standard cell culture medium containing 10% fetal calf serum (FCS) (Brunner et al. 2006;
Diaz et al. 2008; Park et al. 2008; Sayes et al. 2007; Sayes et al. 2006; Yamamoto et al. 2004).
Sonification has been shown to reduce particle size and zeta potential in distilled water,
although it is unknown whether these effects are lasting and whether toxic responses to
ENMs are affected by sonification (Murdock et al. 2008). Dispersion of most ENMs in cell
culture medium without serum considerably increased their agglomeration compared to
dispersion in distilled water only (Monteiro-Riviere et al. 2009; Murdock et al. 2008). In
contrast, the addition of serum or serum albumin to ENM dispersions has been shown to
reduce agglomeration for most ENMs (Bihari et al. 2008; Foucaud et al. 2007; Murdock et
al. 2008; Schulze et al. 2008). For example, the average hydrodynamic diameter of poly-
saccharide coated silver nanoparticles with primary size 10 nm dispersed in distilled water
was 72.8 nm, but increased to 431 nm when dispersed in RPMI cell culture medium. When
20% fetal bovine serum was added to the cell culture medium, the average hydrodynamic
diameter decreased to 49.4 nm (Murdock et al. 2008). (Table 2.1). It is possible that
components present in the serum pacify the ENM surface, as has been suggested for TiO,
(Xia et al. 2006). A limited number of studies have used dipalmitoyl phosphatidyl choline
(DPPC), a phospholipid found in lung surfactant, to improve particle suspensions (Foucaud
et al. 2007; Kang et al. 2008; Sager et al. 2007). The ROS production by carbon black ENMs
was significantly increased when particle suspensions were improved by adding DPPC
(Foucaud et al. 2007). In contrast, the cytotoxicity of Min-U-Sil 2 silica was not altered by
the addition of DPPC to the dispersion medium, despite the improved particle suspension
(Sager et al. 2007) (Table 2.1).

Several types of ENMs have been reported to adsorb proteins and micronutrients
from their dispersion medium (Casey et al. 2008; Dutta et al. 2007; Guo et al. 2008). The
amount of protein associated with the surface area of polystyrene particles (the ‘protein
corona’) was shown to depend on the plasma concentration in the dispersion, while the
composition of the proteins was reported to depend on the size and surface charge of the
particles. Possibly, the composition of the proteins in the corona around nanoparticles is
of influence on biological processes (Lundqvist et al. 2008). These findings in turn imply
that the composition of the proteins in the dispersion medium may influence the results
of in vitro toxicity studies.
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Reference Nanomaterial Dispersion Method Key findings
Aisaka et al. Tio, Erythrocytes in isotonic Addition of less than 2%
(2008) buffer, with or without serum, albumin or

plasma, albumin or
y -globulin

y —globulin almost
completely abolished
hemolysis caused by TiO,.

Foucaudetal. CB Cell culture medium with Addition of BSA and DPPC
(2007) or without Bovine Serum significantly increased ROS
Albumin BSA and/or DPPC formation in cells exposed

to CB.

Murdock et al.  Al, AlLO,, Ag, Cell culture medium with or  Addition of serum

(2008) Cu, TiO, without FCS moderated cytotoxicity
caused by Ag and Cu, but did
not modify cell viability after
Al, ALO, or TiO, exposure.

Sager et al. Cs® Serum-free cell culture No significant differences

(2007) medium containing between different CS

CS suspended in

suspensions on cytotoxicity.

PBS, BALF or DPPC

® The material used in this study was Min-U-Sil quartz, which technically is not a nanomaterial,
but fine sized crystalline silica.

TiO,: titanium dioxide; CB: carbon black; Al: aluminum; Al,O,: aluminum oxide; Ag: silver; Cu:
copper; CS: crystalline silica; BSA: bovine serum albumin; DPPC: dipalmitoyl phosphatidyl choline;
FCS: fetal calf serum; PBS: phosphate buffered saline; BALF: bronchoalveolar lavage fluid; ROS:
reactive oxygen species.

Table 2.1 Comparison of in vitro toxicity results from studies with ENMs using two or more dispersion
methods.

In summary, a major limitation of in vitro assays is that the exposure and dispersion methods
mostly used do not adequately reflect the exposure as it occurs in vivo. Apart from simplified
exposure systems, the inevitable use of physiological dispersion media may affect ENM
characteristics and their biological impact. Often, interpretation of in vitro data is complex
due to aggregation or agglomeration issues of ENMs in dispersion media. Sonification and
the addition of serum or surfactants to ENM suspensions may improve particle dispersions
by reducing their agglomeration. Addition of serum to the dispersion medium has been
shown to decrease toxicity in in vitro studies, but this may be the result of pacifying the
ENM surface rather than due to a better dispersion of the ENMs. Alternatively, the biological
impact of ENMs may be governed by the type proteins in the dispersion, which associate
with the surface of the ENMs. Clearly, exposure systems and dispersion methods need to be
optimized for various ENMs to better reflect different in vivo routes of exposure. Until then,
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even for merely identifying potential hazards or studying the mechanism of action of ENMs,
in vitro data needs to be interpreted with caution.

2.2.2 Effect of endpoint readout system on outcome of in vitro toxicity studies

Much of the research so far conducted on ENMs takes advantage of the vast knowledge
already obtained from particulate matter research. Consequently, nanotoxicology research
focuses mainly on the same toxicity endpoints: cytotoxicity, oxidative stress, inflammation
and genotoxicity. Other toxicity endpoints such as reproductive and developmental toxicity,
immunotoxicity, sensibilisation, and non-genotoxic carcinogenicity receive little or no
attention, though these endpoints may well be relevant for many applications of ENMs. For
cytotoxicity, oxidative stress, inflammation and genotoxicity, various readout systems exist
and those that are most commonly used in nanotoxicology research will be discussed below.

2.2.2.1 Cytotoxicity readout systems

To date, the vast majority of in vitro studies performed with ENMs are cytotoxicity studies.
Many different cytotoxicity assays are readily available as commercial test kits which are
relatively easy to perform. The Interagency Coordinating Committee on the Validation of
Alternative Methods (ICCVAM) evaluated the ability of a number of in vitro cytotoxicity
test methods to predict appropriate starting doses for in vivo acute toxicity studies
(ICCVAM 2001). The use of the neutral red uptake assay in combination with 3T3 cells was
deemed most suitable for this specific purpose. Nevertheless, this assay is rarely used in
nanotoxicology research compared to other assays. Cytotoxicity assays most encountered
in studies with ENMs include tetrazolium salt (MTT and WST-1) cleavage assays, lactate
dehydrogenase (LDH) assay, Trypan blue exclusion assay, and DNA contents assay. The
outcome of these tests all correlate to the number of viable, active cells, although each
test uses a different readout system. The MTT test and the WST-1 test are quite similar
in that both tests involve the enzymatic reduction of tetrazolium salts into a formazan
dye. However, there is an important difference between the MTT and the WST-1. The
tetrazolium salt in the MTT test has a net positive charge and readily enters the cell where
it can be metabolized by cellular enzymes. In contrast, the tetrazolium salt used in the
WST-1 test has a net negative charge and is largely cell-impermeable. Its reduction most
likely occurs at the cell surface, or at the level of the plasma membrane via trans-plasma
membrane electron transport (Berridge et al. 2005). Nevertheless, the outcomes of both
assay types correlate to the number of metabolically active cells.
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Reference

Brunner et al.

Nanomaterial
Asbestos, SiO,,

Readout system
MTT, DNA in MSTO and

Key findings

Cytotoxicity results similar

(2006) Zn0, Fe,0,, 3T3 cells for both readout systems
Ca,(PO,),, TiO,, for all nanomaterials, except
CeO,, ZrO, ZrO, where results of DNA
assay indicated cytotoxicity
in 3T3 cells after 3 days, but
results of MTT assay did not.
Carlson et al. Ag MTT, LDH in alveolar Cytotoxicity detected by both
(2008) macrophages readout systems, although
EC,, values were lower when
calculated from LDH results.
Chang et al. Si0,, SiO,- chitosan MTT, LDH in WS1, CCD- Similar cytotoxicity to SiO,
(2007) 996sk, MRC-5, A549, detected by both readout
MKN-28, HT-29 systems. Both readout
systems detected no
cytotoxicity to SiO,- chitosan.
Diaz et al. Fe graphite, MTT, Trypan Blue in Results between readout
(2008) magnetite SiO,, tumoral and normal systems did not correlate
(PEG-ylated) SiO,,  human blood cells well for any of the
magnetite AlSiO, nanomaterials.
Hussain et al. CdO, Ag, MoO,, MTT, LDH in BRL3A For all nanomaterials, EC,
(2005) Fe,0,, Al, MnO,, W values calculated from

results of MTT and LDH were
less than a factor 2 apart.

Jin et al. (2007)

Luminescent SiO,

MTT, Trypan Blue in A549

Cytotoxicity detected at
similar concentrations by
both readout systems.

Lison et al. Sio, MTT, LDH in A549, Very good agreements
(2008) EAHY926, J774 between EC, values as
determined by MTT and LDH.
Monteiro- CB, SWCNT, C,, MTT, MTS, Trypan Blue, In general, presence or
Riviere et al. QD LDH and others in HEK absence of cytotoxicity
(2009) similarly detected by most
readout systems, but at
different concentrations.
Sayes et al. Cl, Cs?, Sio,, ZnO®  MTT, LDH in L2, AM and Poor correlation between
(2007) co-culture results of readout systems

for all nanomaterials.
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Reference Nanomaterial Readout system Key findings
Simon-Deckers MWCNT with Fe, MTT, LDH and XTT in Cytotoxic effects of
et al. (2008) ALO,, TiO, A549 nanomaterials apparent

after 1 hour of exposure as
measured with MTT, but only
after 48 hours of exposure
when measured with LDH or

XTT.
Wang et al. TiO, MTT, Trypan Blue in Very well correlating
(2007) WIL2-NS cytotoxicity findings between
readout systems.
Yang et al. CB, CNT, CS, ZnO MTT, WST, LDH in PMEF Findings of cytotoxicity
(2009) correlated well between

MTT and WST assays for SiO,
and ZnO, but not for CB and
CNT. In contrast to the MTT
and WST assay, there was no
statistical difference between
nanomaterials in the LDH
assay.

Si0,: silica; ZnO: zinc oxide; Fe,O,: iron oxide; Ca,(PO,),: tricalcium phosphate, TiO,: titanium
dioxide, CeO,: ceria; ZrO,: zirconia; Ag: silver; Zn: zinc; Si: silicon; Fe: iron; PEG: polyethylene-
glycol; AlSiO,: aluminum silica; CdO: cadmium oxide; MoO,: molybdenum; Fe,0,: iron oxide;
Al: aluminum; MnO,: manganese oxide; W: tungsten; CB: carbon black; SWCNT: single walled
carbon nanotube; C,: fullerene; QD: quantum dot; Cl: carbonyl iron; CS: crystalline silica;
MWCNT: multi-walled carbon nanotube; AlO,: aluminum oxide; CNT: carbon nanotube; MTT:
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MSTO: human mesothelioma cell;
3T3: rodent 3T3 fibroblast; WS1: human skin fibroblast; CCD-996sk: human skin fibroblast; MRC-
5: human lung fibroblast; A549: human lung epithelial cell; MKN-28: human gastric epithelial
cell; HT-29: human colon epithelial cell; BRL3A: rat liver cell; EAHY926: human endothelium
cell; J774: mouse monocyte-macrophage; HEK: human epidermal keratinocyte; L2: rat lung
epithelial cell; AM: rat primary alveolar macrophage; XTT: sodium 3’-[1-(phenylaminocarbonyl)-
3,4-tetrazolium; WIL2-NS: human lymphoblastoid cell; PMEF: primary mouse embryo fibroblast;
LDH: lactate dehydrogenase; MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium. EC.: 50% effective concentration, in this case exposure
concentration resulting in 50% loss of viability compared to control.

Table 2.2 Comparison of in vitro cytotoxicity results from studies with ENMs using two or more different
readout systems.

LDH and Trypan blue exclusion assays are both based on the integrity of the cell membrane.
In the Trypan blue exclusion assay, blue dye enters dead and leaky cells, and the number
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of dyed cells is an indicator of cell death. In the LDH assay, LDH leaks out of dead and
leaky cells and amount of LDH in cell culture medium is therefore inversely correlated to
cell viability. Total LDH, measured after lysing the cells, is a measure of cell proliferation.
Assays measuring DNA contents provide a direct correlation to the number of cells, but do
not necessarily give information on the viability of the cells.

While many studies using two or more different cytotoxicity assays have reported
reasonable agreement in the results (Brunner et al. 2006; Carlson et al. 2008; Chang et
al. 2007; Hussain et al. 2005; Jin et al. 2007; Lison et al. 2008; Simon-Deckers et al. 2008;
Wang et al. 2007; Yang et al. 2009), large discrepancies have also been reported (Diaz
et al. 2008; Monteiro-Riviere et al. 2009; Sayes et al. 2007; Simon-Deckers et al. 2008)
(Table 2.2). It is possible that ENMs affect one cytotoxicity endpoint, but not another. For
example, the cell membrane of a cell undergoing apoptosis remains largely intact, and
this type of toxicity may not be picked up by assays based on compromised membrane
integrity such as the LDH. Discrepancies in results between different cytotoxicity assays
may also be the result of incompatibility of certain assays with the ENMs or the cell types
used, as will be discussed in more detail later.

Regardless of the cause, the large discrepancy frequently encountered between
cytotoxicity assays with ENMs indicates that selection of the most appropriate readout
system for risk assessment purposes is not a straightforward procedure, and likely differs
for various ENMs.

2.2.2.2 Oxidative stress and inflammation readout systems

The role of oxidative stress in the toxicity of ambient and engineered ENMs and the
pathways involved in a cellular oxidative stress response have been reviewed elsewhere
(Li and Huang 2008; Nel et al. 2006; Xia et al. 2006). Briefly, ROS are generated by cells
as by-products of normal cellular activity and are neutralized by cellular antioxidant
defenses. Oxidative stress is induced if exposure of the cell to reactive oxygen species
exceeds the neutralizing capacity of the cellular antioxidant defense. The cellular response
during oxidative stress includes the induction of a number of redox-sensitive signaling
cascades according to the following proposed three tiered model (Li and Huang 2008). At
low levels of oxidative stress, the tier 1 protective ‘phase 2 response’ induces antioxidant
enzymes such as glutathione S-transferase isoenzymes to restore redox homeostatis.
A further increase in ROS production or a failure of the phase 2 response to provide
adequate protection can result in proinflammatory (tier 2) and cytotoxic (tier 3) effects.
Proinflammatory effects include the expression of cytokines, chemokines and adhesion
molecules, while cytotoxic effects involve mitochondria which may release proapoptotic
factors and induce apoptosis.
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Reference Nanomaterial Readout system Key findings

Carlson et al. Ag ROS, GSH 15 nm Ag significantly increased ROS

(2008) in alveolar and decreased GSH, while 55 nm Ag

macrophages did not. 30 nm Ag also decreased GSH

without increasing ROS.

Carlson et al. Ag ROS, GSH in BLR3A Both 15 and 100 nm Ag similarly

(2008) increased ROS and decreased GSH.

Park et al. CeO, ROS, GSH and CeO, increased ROS production,

(2008) others in BEAS-2B  decreased GSH levels and induced
oxidative stress related genes.

Yang et al. CB, CNT, CS, ROS, GSH and Results of ROS and GSH correlated well

(2009) Zn0 others in PMEF for SiO, and ZnO, but less for CB and

CNT. GSH results correlated well with
measurements of SOD activity and
MDA concentrations.

Ag: silver; CeO,: ceria; CB: carbon black; CNT: carbon nanotubes; CS: crystalline silica, ZnO: zinc
oxide; ROS: reactive oxygen species; GSH: reduced glutathione; BLR3A: rat liver cell; BEAS-2B:
human bronchus epithelial cells; PMEF: primary mouse embryo fibroblasts; SOD: superoxide
dismutase; MDA: malondialdehyde.

Table 2.3 Comparison of in vitro oxidative stress results from studies with ENMs using two or more different
readout systems.

The induction of oxidative stress and resulting inflammation is thought to be a plausible
mechanism by which ENMs may induce toxicity, similar to fine and ultrafine particulate
matter (Li and Huang 2008; Nel et al. 2006). ENMs may induce oxidative stress via a
number of pathways. For example, generation of O, and OH" radicals may result from the
formation of electron hole pairs by photoactivation of TiO, or from an electron jumping
from the conduction band of semiconductor ENMs. In addition, dissolution of ENMs
releasing metal ions and the presence of transition metals such as Fe, Ni, Cu, Co and Cr on
the ENM surface can generate O," via the Fenton reaction. Finally, even inert ENMs may
give rise to ROS production by lodging in mitochondria and perturbing their function (Li
and Huang 2008).

Many in vitro studies with ENMs have therefore focused on assays measuring markers
of oxidative stress and inflammation. For oxidative stress, the two most commonly used
assays in nanotoxicology research are measurement of intracellular ROS generation and
reduced glutathione (GSH). ROS is mostly measured by means of a fluorometric assay
based on intracellular oxidation of 2,7-dichlorofluoroscein diacetate (H,DCF-DA), while
GSH is measured with assays based on the production of a fluorescent or colored dye
upon reaction with GSH. The results of ROS and GSH assays correlated remarkably well
(Carlson et al. 2008; Hussain et al. 2005; Park et al. 2008; Yang et al. 2009) (Table 2.3).
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Reference Nanomaterial Readout system Key findings
Carlson et al. Ag TNF-a, MIP-2, IL- Ag significantly increased TNF-a, MIP-2
(2008) 1B, IL-6 in alveolar and IL-1B, but not IL-6.
macrophages
Kang et al. Tio,? TNF-a, MIP-2 in Ultrafine TiO, significantly increased
(2008) RAW 264.7 both TNF-a and MIP-2. Effects of fine
TiO, were less on both markers of
inflammation.
Sayes et al. Cl, cs®, Sio,, TNF-a, MIP-2, IL-6  In co-cultures exposed to Cl and CS,
(2007) Zn0O? inL2, AM and co-  reasonable agreement was found
culture between the three markers. For other

nanomaterials and individual cell types,
results between markers varied widely.

® Both fine and nanosized materials were used in this study.

® The material used in this study was Min-U-Sil quartz, which technically is not a nanomaterial,
but fine sized crystalline silica.

Ag: silver; TiO,: titanium dioxide; Cl: carbonyl iron; CS: crystalline silica; SiO,: amorphous silica;
Zn0: zinc oxide; TNF-a: tumor necrosis factor a; MIP-2: Macrophage Inflammatory Protein-2;
IL-1B: interleukin 1-B; IL-6: interleukin 6; RAW 264.7: mouse peritoneal macrophage; L2: rat lung
epithelial cell; AM: rat primary alveolar macrophage

Table 2.4 Comparison of in vitro inflammation results from studies with ENMs using two or more different
readout systems.

In vitro markers of inflammation mostly encountered in nanotoxicology research are
tumor necrosis factor a (TNF-a), macrophage inhibitory protein (MIP-2) and interleukin
6 (IL-6), mostly measured by enzyme linked immunosorbent assays (ELISA). Reasonable
agreement in results of multiple inflammation markers have been found (Carlson et al.
2008; Kang et al. 2008), although wide discrepancies have also been reported (Sayes et al.
2007) (Table 2.4). It is unknown which type of cytokines are most relevant to investigate
after cell exposure to ENMs, although the cell type used probably plays an important role.
In general, the reasons for the selection of the cytokine types included in the studies are
not reported.

2.2.2.3 Genotoxicity readout systems

The potential ability of many ENMs to transport across the cell membrane and even
enter the nucleus in combination with findings of oxidative stress induction has led to the
concern that exposure to ENMs may cause (oxidative) DNA damage. To investigate this,
studies with ENMs have mostly utilized the micronucleus assay and the Single Cell Gel
Electrophoresis assay, often referred to as the comet assay. The comet assay detects DNA
double- and single strand breaks, alkali-labile sites and delayed repair-site detection in
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individual eukaryotic cells. It is a commonly used assay for regular chemicals, although no
validated assay protocol guideline is available. In addition to damage to chromosomes, the
micronucleus test also detects damage to the mitotic apparatus of cells. The development
of a test guideline by the OECD for the in vitro micronucleus test is ongoing. Of the two
assays, the comet assay probably detects most genetic damage, as it also picks up repairable
defects which may disappear during the mitotic cycle included in the micronucleus assay.

Despite the differences in sensitivity, results from the few studies using both the
micronucleus and the comet assay correlate reasonably well when the same ENMs are
studied in the same cell type (Colognato et al. 2008; Kisin et al. 2007; Wang et al. 2007)
(Table 2.5). A third commonly used genotoxicity assay for regular chemicals is the Ames
test, which detects genetic point mutations by base substitutions or frame shifts in bacterial
cells only. This test has not been used often for ENMs, and may not be adequate because
many ENMs may be unable to transport across prokaryotic cell membranes. For example,
genotoxicity of SWCNTs was detected by both the comet and micronucleus assay, while no
mutations were found in the Ames test (Kisin et al. 2007).

In summary, for the evaluation of oxidative stress, inflammation and genotoxic potential
of ENMs there appears to be a general agreement between different readout systems. In
contrast, large discrepancies have often been reported for cytotoxicity readout systems. For all
toxicity endpoints, generation of dose-response data that are uniform across different readout
systems is problematic, as can be anticipated due to differences in sensitivity between assays.

Reference Nanomaterial Readout system Key findings

Colognato et Co Micronucleus, comet  Both readout systems detected

al. (2008) in PBL genotoxicity of Co at similar

concentrations.

Kisin et al. SWCNT Micronucleus, Genotoxicity of SWCNT was

(2007) comet in V79, detected with comet and
Ames in Salmonella micronucleus assay, although the
typhimurium latter was not significant. Ames test

was negative.

Wang et al. TiO Micronucleus, comet  Genotoxicity of TiO, was detected
(2007) and HPRT in WIL2-NS  with all three readout systems, at
similar concentrations.

Co: cobalt; SWCNT: single walled carbon nanotube; TiO,: titanium dioxide; PBL: human
peripheral blood leukocyte; V79: Chinese hamster lung fibroblast; HPRT: hypoxanthine-guanine
phosphoribosyl transferase gene mutation assay; WIL2-NS: human lymphoblastoid cell.

Table 2.5 Comparison of in vitro genotoxicity results from studies with ENMs using two or more different
readout systems.
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2.2.3 Effect of cell type choice on outcome of in vitro studies

Logically, in vitro particulate matter research has focused mainly on lung epithelial cells and
macrophages. Physicochemical characteristics and the form in which humans are exposed
to airborne nanoparticles determines to a great extent the location of deposition of the
nanoparticles in the lung and the cell type that interacts with these nanoparticles (International
Commission on Radiological Protection (ICRP) 1994; Yang et al. 2008). In fact, manipulating
the dosage form of drug carrying ENMs is a major focus of research in the development of
effective pulmonary drug delivery vehicles, for both local and systemic drug targets (Yang et
al. 2008). Recent studies provide evidence that the response of the lung to particles may be
an effect of the combined responses of various cell types (Alfaro-Moreno et al. 2008; Herseth
et al. 2008). For example, a co-culture of lung epithelial cells, macrophages and mast cells
exposed to particulate matter released more cytokines than the sum of the single cultures
(Alfaro-Moreno et al. 2008). For exposure to ENMs via inhalation, the use of co-cultures of
macrophages and other lung cells may better reflect the in vivo response. Nevertheless, one
study comparing in vivo inhalation toxicity of various ENMs with in vitro results in a co-culture
of macrophages and lung epithelial cells showed little correlation (Sayes et al. 2007).

Due to the wide variation in nanotechnology applications, beside inhalation practically all
existing routes of exposure could be relevant for engineered ENMs, as is the case for regular
chemicals. As a consequence, many toxicity endpoints and an even greater number of cell
types or tissues may need to be considered in safety evaluations of ENMs. The choice of the
most relevant cell type for in vitro toxicity studies on ENMs is therefore a difficult one. This is
clearly reflected by the myriad of cell types that have been used in nanotoxicology research.

2.2.3.1 Cell types and uptake, localization and removal of ENMs

In vivo studies remarkably demonstrate that the cell types interacting with ENMs
depends on the route of entry. In studies where ENMs were administered intravenously,
intraperitoneally or intra-abdominally, ENMs were mainly taken up by the mononuclear
phagocyte system which includes macrophages in liver, lung, spleen and bone marrow
(Chen et al. 2003; Fischer and Chan 2007; Hamoir et al. 2003; Sadauskas et al. 2007). In
fact, avoidance of rapid clearance of drug carrying ENMs by phagocytic cells is a main aim
in the development of novel therapeutic agents (Li and Huang 2008).

Reference Nanomaterial Cell types Key findings

Chung et al. MSN with 3T3-L1, hMSC MSN was efficiently taken up by

(2007) various surface both cell types. Uptake of MSN
charges with high positive surface charge

occurred via clathrin dependent
endocytosis in 3T3-L1, but via an
unknown, clathrin independent

pathway in hMSC.
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Reference

Diaz et al.
(2008)

Nanomaterial
Fe graphite,
magnetite SiO,,
(PEG-ylated)
Si0,, magnetite
AlSiO,

Cell types

Human monocytes,
lymphocytes,
erythrocytes,

U937, PC3, mouse
primary peritoneal
macrophages, Jurkat,
HMY

Key findings

Rapid uptake of nanomaterials in
human monocytes, PC3 and mouse
macrophages was observed, but
human lymphocytes, erythrocytes,
Jurkat and HMY were less efficient.
U937 did not appear to take up
ENMs at all.

Jin et al. (2007)

Luminescent
SiO

2

A549, rat primary
alveolar macrophages

Compared to the A549 cells,
ENMs penetrated rat alveolar
macrophages much faster.

Lorenz et al.

Polymeric

Hela, hMSC, Jurkat,

Uptake of ENMs was related to

(2006) particles with ~ KG1la
various surface

charges

surface charge in Hela cells, but not
in hMSC cells. ENMs were located

in intracellular compartments
resembling endosomes, whereas for
Jurkat and KG1a, ENMs appeared to
be located mostly on the outer cell
membrane.

MSN: mesoporous silica nanoparticles; SiO,: silica; PEG: polyethylene-glycol; AlSiO,: aluminum
silica; 3T3-L1: mouse embryonic fibroblast; hMSC: human mesenchymal stem cell; U937: human
myeloid-monocytic cell; PC3: human prostatic cell; Jurkat: human T cell; HMY: human B cell;
A549: human lung epithelial cell; HeLa: human cervical cancer cell; KG1a: CD34+ hematopoetic
stem cell

Table 2.6 Comparison of in vitro studies on cell uptake, localization and removal of ENMs using two or more
cell types.

Airway and alveolar macrophages are highly effective in the clearance of micrometer-sized
particles from the lung. In contrast, inhalation studies have shown that lung macrophages
were rather inefficient in the uptake and clearance of ENMs from the alveolar region (Geiser
et al. 2008; Semmler-Behnke et al. 2008; Yang et al. 2008). For example, analysis of BALF
from rats obtained 24 hours after inhalation of TiO, nanoparticles of 20 nm demonstrated
uptake of only 0.06 to 0.12% of the particles by lung-surface macrophages (Geiser et al.
2008). Inhaled ENMs that are not cleared by macrophages may interact with other cells of
the lung alveolar lining such as lung epithelial cells and dendritic cells (Blank et al. 2008).
Dendritic cells are involved in the adaptive immune response of the respiratory tract and
have been demonstrated to play a role in allergy-stimulating effects of particulate matter (de
Haar et al. 2008). ENMs in the alveolar region may also be translocated to secondary organs,
where they are now available to interact with many other cell types (Yang et al. 2008).

In in vivo studies where ENMs were administered intravenously or intra-abdominally
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uptake of ENMs by various cell types other than macrophages has also been demonstrated.
Fluorescent labeled SiO, ENMs were taken up by splenic cordic cells, neuronal cells of the
brain, pulmonary alveolar cells, hepatocytes, epithelial cells of the small intestine and in
testicle, gland and interstitial cells of the testis (Chen et al. 2003).

In vitro studies have also demonstrated uptake of ENMs by various cell types, including
mouse macrophages, mouse embryonic fibroblasts and human mesenchymal stem cells
(Chen et al. 2003; Chung et al. 2007; Diaz et al. 2008; Jin et al. 2007; Lorenz et al. 2006),
but large differences in uptake and subcellular localization were observed (Table 2.6). For
example, mouse macrophages were very efficient in taking up ENMs of various compositions.
More surprisingly, human prostatic cells were almost as efficient, while human myeloid-
monocytic cells (U937) did not show any internalization of ENMs (Diaz et al. 2008). For
some, but not all cell types, the uptake efficiency appears to be related to the surface charge
of the ENM (Chung et al. 2007; Lorenz et al. 2006) (Table 2.6). Even if uptake of ENMs by
certain cell types is relatively low, little research has been published on the removal of ENMs
by cells. Information on the persistence of ENMs in cells is essential in risk assessment, as
accumulation in cells may potentially lead to toxic effects in the long term.

2.2.3.2 Effect of cell type choice on outcome of in vitro cytotoxicity studies

With the existing differences in uptake, intracellular localization and removal of ENMs
between cell types it can be expected that the extent of toxicity observed for a particular
ENM varies from one cell type to another. Indeed, studies comparing cytotoxicity of various
ENMs between macrophages and other cell types found that the macrophage cell line was
more sensitive to the cytotoxic effects of ENMs than other cell types (Jin et al. 2007; Lison
et al. 2008; Yamamoto et al. 2004) (Table 2.7).

Reference Nanomaterial Cell type Key findings

Ahamedetal. Ag MES, MEF Similar sensitivity to cytotoxic

(2008) effects of ENMs

Brunneretal.  Asbestos, SiO,, MSTO and 3T3 cells In general, MSTO cells were

(2006) Zn0, Fe,0,, more sensitive to cytotoxic
Ca,(PO,),, TiO,, effects of ENMs, especially of
CeO,, ZrO, asbestos and Fe,0,.

Chang et al. Sio,, SiO,- WS1, CCD-996sk, MRC-5, Cancer cell lines (A549, HT-29,

(2007) chitosan A549, MKN-28, HT-29 and MKN-28) had a higher cell

viability than lung and skin
fibroblast cell lines (MRC-5,
WS1, and CCD-966sk) when
incubated with ENMs.

55



Chapter 2

Reference Nanomaterial Cell type Key findings

Diaz et al., Fe graphite, Human monocytes, While HMY cells were most

(2008) magnetite SiO,, lymphocytes, sensitive to cytotoxic effects of
(PEG-ylated) erythrocytes, U937, Fe graphite, magnetite SiO,, and
Si0,, magnetite PC3, mouse primary SiO,, Jurkat cells appeared more
AlSiO, peritoneal macrophages, sensitive to magnetite AISiO,.

Jurkat, HMY

Jin et al. (2007) Luminescent A549, MHS Compared to A549, luminescent
SiO, SiO, was more cytotoxic to MHS.

Lison et al. SiO, A549, EAHY926, J774 J774 was most sensitive to

(2008) cytotoxic effects of SiO,,

EAHY926 was least sensitive.
Sayes et al. Cl, Cs?, sio,, L2, AM and co-culture AM appeared to be resistant
(2007) Zn0° to cytotoxicity of ENMs as

measured by LDH, in contrast to
L2 and co-culture.

Yamamotoet  TiO,, 1774A.1, 1929 EC,, values for J774A.1 tend to
al. (2004) ALO,, ZrO,, be smaller than those for L929,
Si,N,, SiC indicating that J774A.1 is more

sensitive.

® The material used in this study was Min-U-Sil quartz, which technically is not a nanomaterial,
but fine sized crystalline silica.

® Both nano- and fine sized zinc oxide particles were used in this study.

Ag: silver; SiO,: silica; ZnO: zinc oxide; Fe,0,: iron oxide; Ca,(PO,),: tricalcium phosphate, TiO,:
titanium dioxide, CeOQ,: ceria; ZrO,: zirconia; Fe: iron; PEG: poly-ethylene glycol; AlSiO,: aluminum
silica; Cl: carbonyl iron; CS: crystalline silica; Al,O,: aluminum oxide; Si,N,: silicon nitride; SiC:
silicon carbide; MES: mouse embryonic stem cell; MEF: mouse embryonic fibroblast; MSTO:
human mesothelioma cell; 3T3: rodent fibroblast cell; WS1: human skin fibroblast; CCD-998sk:
human skin fibroblast; MRC-5: human lung fibroblast; A549: human lung epithelial cell; MKN-
28: human gastric epithelial cell; HT-29: human colon epithelial cell; U937: human myeloid-
monocytic cell; PC3: human prostatic cell; Jurkat: human T cell; HMY: human B cell; MHS: alveolar
macrophage; EAHY926: human endothelium cell; J774: mouse monocyte macrophage; L2: rat
lung epithelial cell; AM: rat alveolar macrophage; L929: mouse embryonic fibroblast; EC,: 50%
effective concentration compared to control.

Table 2.7 Comparison of cytotoxicity results from studies with ENMs using two or more cell types.

In contrast, Sayes et al. demonstrated that rat alveolar macrophages were less sensitive
to the toxic effects of various ENMs than L2 lung epithelial cells or a co-culture of the two
cells (Sayes et al. 2007). Moreover, one study demonstrated that ENM cytotoxicity did not
correlate well with the extent of ENM uptake in the cell. While human prostatic (PC3) cells
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were very efficient in ENM uptake, cytotoxicity in this cell line to various ENMs was not
higher than that found in human myeloid-monocytic U937 cells, which did not show any
internalization of ENMs (Diaz et al. 2008).

ENM toxicity may also be targeted on the specific cellular function of a particular cell
type. However, as discussed before, most published in vitro studies have focused on general
cytotoxicity endpoints only, with readout systems based on DNA content, cell membrane
integrity and metabolic activity. Still, even when using these general cytotoxicity assays,
cell-specific properties such as proliferation rates and metabolic activities may lead to
different outcomes between cell types (Table 2.7). It has been suggested that cytotoxicity
in three different normal fibroblast cell lines to SiO, ENMs was higher than cytotoxicity
found in three epithelial carcinoma cell lines due to the longer doubling times of the
fibroblasts (Chang et al. 2007). In contrast to these findings, 3T3-L1 fibroblasts were much
less sensitive to the cytotoxic effects of ferric oxide (Fe,O,) ENMs than faster proliferating
mesothelioma cells (Brunner et al. 2006). Seemingly, the factors involved in the sensitivity
of cell types to the cytotoxic effects of ENMs have not all been elucidated. This complicates
the choice of an appropriate cell type for in vitro studies in risk assessment procedures.

2.2.3.3 Effect of cell type choice on outcome of oxidative stress and inflammation studies
While there is considerable agreement in results of different readout systems for oxidative
stress, large differences are found when multiple cell types are used. A factor to consider
in the selection of cell type for studying the induction of oxidative stress by ENMs is that
not all cell types may be equally equipped to handle oxidative stress induced by ENMs. For
example, high levels of reactive oxygen species were produced by murine macrophages,
but not by human peripheral blood cells upon exposure to the same panel of ENMs (Diaz
et al. 2008). Production of reactive oxygen species by human carcinoma cell lines varied
with the origin of the cell line (Diaz et al. 2008). With regard to inflammation markers,
different cell types may induce different levels of cytokines upon the same exposure. For
example, production of IL-8 increased in human lung epithelial cells (A549) exposed to
titanium dioxide ENMs, but not in human dermal fibroblasts (Sayes et al. 2006).

2.2.3.4 Effect of cell type choice on outcome of genotoxicity studies

Only two recent studies were found that compared genotoxicity of ENMs in more than
one different cell type using a single readout system. Using the micronucleus test, an
increase in genotoxicity was found in both human breast carcinoma cells (MCF-7) and rat
lung epithelial cells (RLE) exposed to multi-walled carbon nanotubes, although the dose
dependency in the MCF-7 was not clear (Muller et al. 2008). Exposure to polysaccharide
coated silver ENMs induced expression of phosphorylated p53 in mouse embryonic stem
cells, but not in mouse embryonic fibroblasts. Apoptosis was induced in both cell types,
although embryonic stem cells appeared to be more sensitive (Ahamed et al. 2008).
Results from these two studies imply that cell types may differ in their sensitivity to the
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genotoxic effects caused by ENMs. However, to gain more insight in cell specific responses
with regard to genotoxicity, more data from experiments including multiple cell types
need to become available.

In general, for all toxicity endpoints, the choice of cell type appears to be a major
contributing factor underlying the differences observed in toxic responses to ENMs. These
differences are likely in part due to different uptake and removal of ENMs by cells, but
could also be related to the inherently different ‘equipment’ of various cell types to deal
with ENMs, such as antioxidant levels or DNA repair mechanisms.

2.2.4 Effect of exposure duration on outcome of in vitro studies

Standard protocols with recommendations for exposure durations are not available for
every toxicity assay in every cell type, and this is reflected by the variety of exposure
durations encountered in nanotoxicology research.

2.2.4.1 Effect of exposure duration on outcome of in vitro cytotoxicity studies

In its guidance documents for cytotoxicity studies, the ICCVAM states that chemical
exposure should last at least one full cell cycle (ICCVAM 2001). Exposure durations
encountered in cytotoxicity studies with ENMs, carried out in many different cell lines,
range from 1 hour to 6 days. In most studies, observed cytotoxicity increased with exposure
duration up to 96 hours (Ahamed et al. 2008; Diaz et al. 2008; Park et al. 2008; Sayes et
al. 2006; Simon-Deckers et al. 2008; Wang et al. 2007) (Table 8). However, some studies
reported a decrease in cytotoxicity when incubation periods were increased to 48 hours
or longer (Brunner et al. 2006; Diaz et al. 2008; Sayes et al. 2007). It has been suggested
that the decrease in cytotoxicity was due to sealing or detoxification of particles in cellular
compartments (Brunner et al. 2006).

2.2.4.2 Effect of exposure duration on outcome of in vitro oxidative stress and
inflammation studies

Most studies investigating cellular oxidative stress response to ENMs have used a single
exposure duration of 4 or 24 hours (Carlson et al. 2008; Hussain et al. 2005; Karlsson et al.
2008; Limbach et al. 2007; Park et al. 2008; Yang et al. 2009). Studies measuring reactive
oxygen species after multiple exposure durations reveal that increased levels of ROS after
4 hours of exposure or less may decline toward levels of untreated control cells when the
exposure duration is increased, possibly due to an adaptive antioxidant response of the
cell (Diaz et al. 2008; Kang et al. 2008). Production of inflammation markers is measured
mostly after approximately 24 hours (Duffin et al. 2007; Sayes et al. 2007; Sayes et al. 2006;
Waldman et al. 2007), and no studies were found that included more than one exposure
duration. It is therefore unknown whether the induction of inflammation markers such as
cytokines after ENM exposure changes with longer exposure durations.
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2.2.4.3 Effect of exposure duration on outcome of in vitro genotoxicity studies

The OECD draft guideline for the in vitro micronucleus assay states that most aneugens and
clastogens will be detected by a short term exposure duration of 3 to 6 hours, followed by
a sampling time approximately 1.5 normal cell cycles from the beginning of the exposure.
Exposure durations in genotoxicity studies with ENMs vary from 3 to 72 hours. In two
studies reporting genotoxicity after multiple exposure durations, the effects were more
profound after longer exposure durations (Ahamed et al. 2008; Kisin et al. 2007).

In summary, exposure duration plays an important role in the results of toxicity assays in
vitro. Noteworthy, alonger exposure duration does not necessarily imply increased toxicity.
After initial toxicity, a response similar to that of untreated cells after longer exposure
durations has been observed in both cytotoxicity and oxidative stress studies, possibly due
to an adaptive response of the cells. For many readout systems, it is important to consider
the doubling time of the cell type when deciding upon the duration of the exposure period
and the sampling time. For example, the formation of micronuclei after mitosis may go
undetected when short sampling times are used in slow proliferating cells. In addition,
ENMs may themselves affect cell doubling times, which needs to be taken into account
in the interpretation of assay results. For example, measurement of LDH leaking out of
damaged cells may be underestimated if the ENM also inhibits cell proliferation, leading
to a decrease in total LDH available to leak out of cells. Measurement of LDH after ENM
exposure therefore always needs to be corrected for total amount of LDH available in the
ENM exposed cells.

Long term in vitro studies, i.e. with exposure durations over 72 hours, are difficult to
carry out, especially when cells with short doubling times are used. The cells may exceed
100% confluence in the experimental wells and cell culture medium may become depleted.
Seeding cells at lower initial cell concentrations may help resolve this, although it needs to
be realized that cell concentration may in itself affect cell viability (Diaz et al. 2008).

2.3 DOSE RESPONSE ANALYSIS OF IN VITRO RESULTS

As discussed before, the use of multiple readout systems for the same toxicity endpoint
may in many cases provide corresponding information on the absence or presence of
a toxic response to ENMs. However, for all toxicity endpoints, the concentrations at
which the toxic response is observed mostly vary too widely between readout systems to
generate unequivocal dose response data.

An ongoing point of discussion is the most appropriate dose metric i.e. the unit of
expressing the concentration of ENMs in in vitro assays. Although in most studies,
concentrations are expressed in mass per volume, some have claimed that the number or
volume of particles determines cytotoxicity of ENMs (Di Pasqua et al. 2008; Yamamoto et
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al. 2004). There are also several observations that the induction of inflammation markers
by so called low-toxicity and low-solubility (LTLS) ENMs is related to surface area rather
than mass, volume or number of ENMs (Duffin et al. 2007; Monteiller et al. 2007). For
example, Duffin et al. have demonstrated a linear relationship between surface area dose
and production of IL-8 protein (a marker of inflammation) by A549 cells for a panel of
engineered nanoparticles of different sizes. The authors therefore suggested that for the
purpose of benchmarking particles for regulatory purposes, data should be expressed as
ENM specific surface activity (Duffin et al. 2007). Others have taken this approach one step
further in suggesting the expression of in vitro concentrations as surface area dose per
unit cell culture surface area.(Donaldson et al. 2008).

The use of the dose metric surface area may have an important advantage for regulatory
purposes. It can be anticipated that there may be various issues regarding the introduction
and enforcement of regulations specific for ENMs, currently defined as materials with at
least one dimension below 100 nm. The primary and especially hydro- or aerodynamic size
distributions of ENMs may be quite broad, and it is unclear whether the cut-off dimension
of 100 nm should be based on mean, median or other measures of size, or even the
5% lower end of the relevant size distribution. Therefore, it has been suggested that the
current definition of ENMs based on physical size should be extended by the addition of a
limit of the specific surface area, i.e. the surface area per mass (SCENIHR 2009).

Regardless whether concentrations are expressed as surface area or mass, there has
been some discussion whether the nominal concentration is proportionate to the actual
dose delivered to the cells for every ENM. In published in vitro studies with ENMs, the
toxicity results are generally represented as nominal concentrations of the ENMs in cell
culture medium. However, Teeguarden et al. (2007) suggested that the cellular dose of
ENMs depends on gravitational settling and diffusion of the ENMs in suspension. At similar
nominal concentrations, the cellular dose of one ENM may be much smaller than another,
depending on size, density, and surface physicochemistry of the ENMs. Reliance on
nominal concentration may therefore lead to incorrect conclusions regarding comparative
toxicity of the ENMs (Teeguarden et al. 2007). For example, when nominal concentrations
of a study on silver ENMs by Hussain et al. (2005) were adjusted for gravitational settling
and diffusional transport, the difference in toxic potencies between different sized ENMs
appeared less obvious (Teeguarden et al. 2007). In contrast, Lison et al. (2008) postulated
that the presence of convection forces in suspensions will cause the majority of ENMs in
the suspension to interact with cells and that these forces play a more important role than
gravitational settling and diffusion behavior.

Lison et al. also reported that for a fixed concentration, the toxic response of various
cell lines to SiO, ENMs increased with dispersion volume (Lison et al. 2008). In other
words, the response of ENMs in in vitro studies depended on total mass, number and
surface area of ENMs administered to the cells. This complicates comparison of results
between studies that have used cell culture dishes with different exposure volumes, for
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example 24- versus 96-well plates. In addition, the results indicate that the determination
of for example the concentration at which 50% of the cells are affected by the ENM (EC
depends on the volume of the ENM dispersion used for the exposure.

50)

Apparently, the factors determining the actual dose of ENMs delivered to cells in in
vitro systems are not entirely elucidated. Even less is known about how to extrapolate
from nominal concentration in vitro to the actual dose at target organs in vivo, as will be
discussed later. Study reports need to specify the volume of ENM dispersion used for the
exposure and include all necessary information to be able to convert between different
dose metrics.

2.4 ARTIFACTS IN IN VITRO TOXICITY ASSAYS WITH ENMs

Theinvitrotest methods described above have been established for hazard characterization
of chemicals, but their compatibility for ENMs may be limited. A now well known example of
poor compatibility is the interaction of single walled carbon nanotubes with the substrate
of the MTT assay, leading to a false positive result of reduced cell viability (Worle-Knirsch
et al. 2006). A comprehensive overview of less well known limitations and challenges of
in vitro toxicity assays in general and for ENMs in particular was recently published (Kroll
et al. 2008). These include, but are not limited to, the interference of metal ions possibly
released from certain ENMs, pH dependency and the reduced absorbance or fluorescence
signal in various assays such as the MTT and LDH assay.

Furthermore, the adsorptive properties of ENMs may lead to artifacts due to direct
interactions of the particles with assay substrates or cytokines (Monteiro-Riviere et al.
2009; Veranth et al. 2007), or more indirectly due to depleting the cell culture medium of
essential nutrients and growth factors (Casey et al. 2008; Guo et al. 2008). These artifacts
have been mostly demonstrated for carbonaceous ENMs. While the depletion of the cell
culture medium of essential nutrients and growth factors may be an important effect of
ENMs causing toxicity in in vitro studies, it is questionable whether this effect is relevant
for the in vivo situation.

Reports of interferences of ENMs with the comet and micronucleus genotoxicity assays
are lacking. However, the Ames test may not be reliable for detecting mutagenic activity of
ENMs, as they may not be able to enter prokaryotic cells (Kisin et al. 2007).

Some in vitro toxicity assays may not be compatible with the cell type under
consideration. To ensure that the cell type, readout system, incubation time and other
protocol choices are adequate, a positive control should always be included in each
experiment. Where available, the positive control should be in particulate form. For
example, DQ12 quartz is known for its highly reactive surface and may serve as a positive
control in in vitro oxidative stress and inflammation studies.
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A potentially large artifact in the outcome of in vitro toxicity studies with ENMs arises
from the presence of contaminants associated with ENMs, such as unknown surfactants,
production residues or bacterial endotoxins. For example, the production of carbonaceous
ENMs generally involves iron as a catalyst and the presence of iron in ENMs has been
demonstrated to enhance oxidative stress and inflammation responses in macrophages
(Kagan et al. 2006; Waldman et al. 2007). Commercially available ENM preparations may
contain dispersants unspecified by the manufacturer, which may contribute to toxic effects
observed (Murdock et al. 2008). In addition, most ENMs are not necessarily produced under
sterile conditions and may at some point become contaminated with bacteria. Especially
macrophages and dendritic cells become activated in the presence of endotoxins, possibly
resulting in an increase in oxidative stress and production of inflammation markers such as
cytokines. For example, phenotypic maturation and cytokine production of dendritic cells
by gold ENMs was shown to be caused almost entirely by the presence of endotoxins in
the ENM (Vallhov et al. 2006). Testing of ENMs on the presence of endotoxins is therefore
of utmost importance, but results should be interpreted with caution as certain ENMs
may interfere with the endotoxin test system (Schulze et al. 2008).

2.5 CONCLUSIONS

From both ethical and economical viewpoints there is no doubt that it would be desirable
if the safety assessment of ENMs could be largely based on in vitro studies. However, from
a scientific point of view, even for the purpose of screening ENMs for hazard identification
or to investigate their mechanism of toxicity, there are numerous issues that need to be
resolved before granting such an important role to in vitro studies within risk assessment
procedures.

To begin with, relevant toxicity endpoints for ENMs need to be identified. Much can be
learned from the vast scientific knowledge already obtained on inhalation toxicology of
fine and ultra fine particulate matter. However, one should not forget that exposure routes
other than inhalation may play an equally large or even larger role in the potential risks of
ENMs. These exposure routes may result in a different systemic exposure and distribution
of ENMs throughout the body compared to exposure via inhalation. Therefore, a safety
evaluation of ENMs needs to consider many different toxicity endpoints relevant for
different organs, depending on the application of the ENM (Nel et al. 2006; Oberdorster
et al. 2005).

Much of the current in vitro research focuses on cytotoxicity, oxidative stress,
inflammation and genotoxicity. Reproductive toxicity, immunotoxicity, sensitizing capacity
and non-genotoxic carcinogenicity are potentially relevant toxicity endpoints that have
gained relatively little attention, if any at all.

Once all relevant toxicity endpoints have been identified, appropriate in vitro assay
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protocols need to be developed which will need to be validated. The development of an
appropriate in vitro assay protocol for ENMs starts with the choice of a suitable readout
system, a relevant cell type and apt exposure durations. For regular chemicals, validated
in vitro readout systems only exist for a limited number of toxicity endpoints such as skin
corrosion. Other validated in vitro assays, for example genotoxicity assays, often need to
be complemented with in vivo data for a complete evaluation of the toxicity endpoint.
None of the validated in vitro assays for regular chemicals have formally been validated
for use with ENMs.

Depending on the application of the ENM under consideration, many different cell types
may be relevant to include in safety assessments, but it may not be feasible to include them
all. For the purpose of prioritizing ENMs based on their hazardous properties, it would be
favorable to select the most sensitive of the relevant cell types, but these may not always
be available. Moreover, there appears to be no consensus on which cell properties or
functions make one cell type more sensitive to the potential various toxic effects of ENMs
than another. Differences in particle uptake and removal will obviously play a role, but
specific cell functions will likely also be involved. Co-cultures may better reflect the in vivo
exposure situation, although none of the currently described models can be used as a
stand alone model, replacing the need for in vivo testing.

With regard to exposure duration, in vitro studies are only suitable to study effects
of ENMs after relatively short exposure periods. However, many ENMs are specifically
designed to be virtually undegradable and may accumulate in cells over time, making long
term studies indispensable in risk assessment of these ENMs. A serious lack of information
exists onthe behavior of ENMsin cell culture medium evenin short term studies. In general,
effects of various ENM exposure and dispersion methods on the outcome of in vitro studies
are largely unknown. This knowledge gap complicates the use of in vitro studies to identify
potential hazards and mechanisms of action of ENMs, as certain dispersion protocols may
pacify ENM surfaces, thereby concealing a potential effect.

It has been suggested that using more than one assay and cell type in a test battery
will likely improve the predictive value of the test battery (Service 2008; Shaw et al. 2008).
Nevertheless, it needs to be realized that including multiple assays and cell types will
also introduce more variation in the results. In addition, the chance of finding toxicity of
ENMs increases with the addition of more assays, and potentially leaves more room for
false positives. Compatibility of the assays with the cell types needs to be confirmed. For
example, a positive control in the experiments needs to be included to ensure the ability of
a cell type to produce specific markers of toxicity. Interference of the ENM with the assays,
such as scattering light in assays using absorbance as a readout system, or adsorbing assay
reaction products to the ENM surface needs to be experimentally excluded. In addition,
assay protocols need to include a check list of required ENM characterization to avoid
false positives due to ENM contamination with, for example, toxic production residues
and bacterial endotoxins.
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More importantly, results from in vitro studies mean nothing if not predictive for
the in vivo situation. Studies comparing in vitro with in vivo toxicity data are limited to
intratracheal instillation or inhalation studies. Two studies found reasonable concordance
between the induction of interleukin-8 in A549 cells and number of polymorphonuclear
neutrophils in bronchoalveolar fluid after inhalation or intratracheal instillation of various
ENMs (Donaldson et al. 2008; Duffin et al. 2007). In contrast, a recent study demonstrated
little correlation between the results of in vitro and in vivo measurements of cytotoxicity
and inflammation after exposure to five different ENMs, despite the use of variations in
the in vitro assay protocols such as cell types, measured end points and exposure duration
(Sayes et al. 2007).

A major shortcoming of in vitro studies in general is that dose response data cannot
readily be extrapolated to the in vivo situation. For ENMs in particular, there is a debate
about the most appropriate dose metric to be used for in vitro studies. An important point
of discussion in this debate is whether nominal concentrations are proportionate to the
cellular dose for every ENM.

A further limitation of in vitro studies is the difficulty to study the biodistribution and
clearance of ENMs in the body, which complicates the extrapolation from the in vitro cellular
dose to the in vivo dose at target tissues. For example, the recruitment of inflammation
cells in the lung cannot be simulated in vitro, at least not in a single immortalized cell
culture (Sayes et al. 2007). In addition, the size of a ENM is one determining factor in
the uptake and extrusion from different tissues, but for every tissue, the optimum size
differs due to differences in pore sizes in the local endothelial wall (Li and Huang 2008).
The presence of macrophages also determines the uptake of ENMs in for example liver,
spleen and bone marrow (Li and Huang 2008). All in all, the biodistribution and clearance
of ENMs in vivo appears too complicated to be fully captured in in vitro models, as it
involves multiple tissues and cell types. Hence, even if validated in vitro toxicity assay
protocols become available, they can merely be used for potential hazard identification
and studying toxic mechanisms of action. Information on bioavailable concentrations of
ENMs at target tissues will still need to be obtained by means of in vivo studies.

Ideally, by screening a wide variety of ENMs in various in vitro assays for many toxicity
endpoints, one will eventually be able to determine which ENMs are more hazardous
than others based on their physical and chemical properties. Not surprisingly however,
by applying hierarchical clustering of biological activity data from over 50 different
ENMs, Shaw et al. have demonstrated that biological activity of ENMs arises from the
combined effects of many aspects of ENM composition and is therefore difficult to predict
a priori (Shaw et al. 2008). It is becoming increasingly clear that more than one single
physicochemical characteristic determines the toxicity of ENMs. Another perhaps more
feasible approach would be to group ENMs according to their biological activity in a test
battery, and compare this biological activity to that of a ENM that has been proven safe
(Shaw et al. 2008).
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Either approach can only reliably be developed over time, when standard in vitro
protocols are developed and validated and more data from studies using these protocols
become available and are organized appropriately. In the meantime, as each ENM
behaves differently and is accompanied by their own challenges, it may be worthwhile to
invest in guidelines preventing common pitfalls encountered when using in vitro assays in
nanotoxicology research.

2.6 FUTURE PERSPECTIVES

As the development of new nanotechnology applications continues to increase
exponentially, the pressure to gain knowledge on the potential hazards of ENMs will rise.
This will boost further development of validated in vitro assay protocols. At the same time,
as more in vivo studies with ENMs become available, the values and limitations of in vitro
studies as predictive tools in risk assessment of ENMs will come to light. Over the next 10
years, a balance will be sought between decreasing the use of in vivo studies by replacing
them with in vitro studies and reliably predicting the risks of ENMs.
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ABSTRACT

While research into the potential toxic properties of ENMs is now increasing, the area
of developmental toxicity has remained relatively uninvestigated. The embryonic stem
cell test is an in vitro screening assay used to investigate the embryotoxic potential of
chemicals by determining their ability to inhibit differentiation of embryonic stem cells
into spontaneously contracting cardiomyocytes.

Four well characterized SiO, NPs of various sizes were used to investigate whether
ENMs are capable of inhibition of differentiation in the embryonic stem cell test. NP size
distributions and dispersion characteristics were determined before and during incubation
in the stem cell culture medium by means of transmission electron microscopy (TEM) and
dynamic light scattering.

Mouse embryonic stem cells were exposed to SiO, NPs at concentrations ranging from 1
to 100 pg/ml. The embryonic stem cell test detected a concentration dependent inhibition
of differentiation of stem cells into contracting cardiomyocytes by two SiO, NPs of primary
size 11 and 34 nm while two other particles of primary size 34 and 248 nm had no effect
up to the highest concentration tested.

Inhibition of differentiation of stem cells occurred below cytotoxic concentrations,
indicating a specific effect of the particles on the differentiation of the embryonic stem
cells. The impaired differentiation of stem cells by such widely used particles warrants
further investigation into the potential of these NPs to migrate into the uterus, placenta
and embryo and their possible effects on embryogenesis.

3.1 INTRODUCTION

There is an ongoing debate whether current risk governance systems are appropriate for
ENMs, including the nanoforms of common materials such as SiO, (Renn and Roco 2006).
To facilitate a faster risk assessment procedure for promising nanotechnology products,
the use of in vitro studies has been suggested as a rapid approach to distinguish between
low and high toxicity ENMs (Nel et al. 2006; Service 2008; Shaw et al. 2008). Numerous
in vitro studies investigating the cytotoxic, oxidative stress and inflammation potential of
ENMs are now published, although their value for predicting in vivo toxicity still remains
to be demonstrated (Park et al. 2009; Sayes et al. 2007). Other toxicity endpoints such
as carcinogenicity, immunotoxicity, reproductive and developmental toxicity are scarcely
investigated. Evaluation of these types of toxicity endpoints often require long in vivo
exposure studies, but are nonetheless relevant endpoints to include in risk assessments
of ENMs.

An inventory of nanotechnology-based consumer products currently on the market lists
various products that claim use of ENMs, including paint, cosmetics, personal care products
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and food supplements, although the presence of nanoscale entities in these products has
not been verified (Woodrow Wilson International Center for Scholars 2008). Emerging
applications of ENMs in biomedical and biotechnological fields include biosensors (Zhang
et al. 2004), biomarkers (Santra et al. 2001), cancer therapy (Hirsch et al. 2003), DNA
delivery systems (Bharali et al. 2005), drug delivery systems (De Jong and Borm 2008) and
enzyme immobilization (Qhobosheane et al. 2001). Hence, human exposure to ENMs may
involve inhalation, ingestion and dermal routes. Moreover, these particles may be directly
injected into the human body for medical purposes. Once systemically available, various
types of ENMs appear capable of distributing to most organ systems and even may cross
biological barriers, such as the blood-brain and blood-testis barriers (Kwon et al. 2008;
Semmler et al. 2004). Since the number of applications of ENMs is expected to rise even
more in the future, long term exposure and potential accumulation of these ENMs in the
human body may result.

Scarce and inconsistent information exists on the ability of ENMs to penetrate across
the placental barrier and evoke embryotoxic effects. Sadauskas et al. (2007) injected
pregnant mice intravenously with either 2 nm or 40 nm Au NPs in their 16-18" day of
pregnancy. No NPs could be detected in either the placenta or the fetuses (Sadauskas
et al. 2007). These findings were supported by Challier et al. (1973) who demonstrated
impermeability of rat placenta to 4 - 200 nm radio labeled Au colloid particles in both
directions, i.e. mother-fetus and fetus-mother (Challier et al. 1973). However, when rats
were exposed intravenously to 5 nm and 30 nm **Au particles a limited transfer of these
particles to the fetus was found, i.e. 0.018 and 0.05% for 5 and 30 nm particles, respectively
(Takahashi and Matsuoka 1981). Additional evidence that small amounts of radiolabeled
Au can transfer across the placenta in rats was recently published (Semmler-Behnke et al.
2008). Malformations found in embryos after intravenous exposure of pregnant mice to
fullerene C, also indicate transfer of these particles to the conceptus (Tsuchiya et al. 1996).
In addition, exposure of zebrafish embryos to fullerene C ; NPs resulted in malformations
and mortality (Usenko et al. 2008; Zhu et al. 2007). In contrast, Bosman et al. demonstrated
that in vitro exposure of mouse embryos to polystyrene-based NPs did not affect the
development to the blastocyst stage (Bosman et al. 2005). These contradicting results may
be attributable to the use of different ENMs, but also to the exposure occurring during
different stages of embryo development as well as differences in experimental models.

The embryonic stem cell test (EST) was validated as an in vitro developmental toxicity
test discriminating between chemicals in three classes of embryotoxicity (Genschow et
al. 2004b). It investigates the potential of test compounds to inhibit the differentiation
of embryonic stem cells (D3 cells) into spontaneously contracting cardiomyocytes and
is regarded as a promising alternative in vitro method to in vivo developmental toxicity
studies (Genschow et al. 2004a). To our knowledge this assay has not previously been
applied to test ENMs. The aim of this study was to investigate the effect of four well
characterized SiO, NPs of different sizes in the embryonic stem cell test.
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3.2 MATERIALS AND METHODS

3.2.1 Nanoparticles

The NPs used in this study were spherical amorphous SiO, NPs of four different nominal
sizes obtained from Glantreo Ltd., Cork, Ireland. These SiO, particles were synthesized
via the Stober method without any stabilizer (Stober et al. 1968). The manufacturer’s
specifications indicated that the particle solutions contained spherical SiO, NPs with an
average primary particle size of 10, 30, 80 and 400 nm, respectively.

In order to clean the particle suspensions from synthesis residues and solvents that
may affect toxicity, the NPs were dialyzed extensively against a very large excess of pure
MilliQ water. Sample concentration after dialysis was determined by freeze drying three
aliquots of the dialyzed nanoparticle sample for 48 h and weighing the final SiO, material.
Endotoxin concentration was below the detection limit as analyzed by the Limulus
Amoebocyte Lysate (Gel-clot) assay. Moreover, NP stock solutions were void of bacterial
and/or fungal infections, as tested by inoculation on Columbia sheep blood agar plates
(Oxoid Ltd).

The morphology, mean diameter and aggregation status of the dried SiO, particles
was assessed using transmission electron microscopy (TEM) using methods described
previously (Barnes et al. 2008). In brief, particles were deposited in suspension onto carbon
film TEM grids and left to dry in air. Mean particle size was determined by measuring more
than 100 randomly sampled individual particles.

3.2.2 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements using a Malvern 3000HS Zetasizer photon
correlation spectrophotometer were carried out to determine the hydrodynamic particle
size of the SiO, particles in deionized water shortly after dispersion as described previously
(Barnes et al. 2008) and in D3 cell culture medium as a function of time (shortly after
dispersion, 24 hours and 5 days after dispersion). For these studies, particles were
dispersed in D3 cell culture medium at 100 pg/ml, corresponding to the highest particle
concentration studied in the embryonic stem cell test.

3.2.3 Cell culture

The D3 murine embryonic stem cell line was purchased from American Type Culture
Collection (ATCC, Rockville, USA). Cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, cat. nr. 41965, Breda, The Netherlands) supplemented with 20%
FCS (HyClone, Logan, USA), 2 mM L-glutamine (Gibco, Breda, The Netherlands), 50 U/ml
penicillin and 50 pg/ml streptomycin (Gibco, Breda, The Netherlands), 1% non-essential
amino acids (NEAA, Gibco, Breda, The Netherlands) and 0.1 mM B-mercaptoethanol (Sigma-
Aldrich, Schnelldorf, Germany) in the presence of 1000 U/ml murine Leukemia Inhibiting
Factor (mLIF; ESGRO, Chemicon, Billerica, USA) in a humidified atmosphere of 5% CO, and
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37°C. The addition of mLIF serves to inhibit spontaneous differentiation of the embryonic
stem cells into major embryonic tissues. The D3 embryonic stem cells were routinely cultured
in 35x10 mm culture dishes (Corning, Sigma-Aldrich, Schnelldorf, Germany) coated with a
0.1% gelatin solution and sub-cultivated using non-enzymatic cell dissociation buffer (Gibco,
Breda, The Netherlands) upon reaching 60-80% confluence. Particle exposure experiments
were performed using D3 cells between passages 11 and 25.

3.2.4 Embryonic stem cell test

The embryonic stem cell test was applied to predict the embryotoxic potential of the four
SiO, NPs. This in vitro developmental toxicity test is based on the culture of D3 embryonic
stem cells in hanging drops of cell culture medium. Under these conditions, cells will form
embryoid bodies and upon plating onto tissue culture plastics, they will differentiate into
contracting cardiomyocytes (Scholz and Spielman 2000). This differentiation process may
be impaired by toxic agents.

Stock solutions of SiO, NPs were diluted serially in distilled water (AD) to yield
concentrations ranging from 10 to 1000 pg/ml. These samples were then thoroughly
vortexed before dilution 10 times with cell culture medium, immediately before use. The
embryonic stem cells were thus exposed to end concentrations ranging from 1 to 100 ug/
ml, throughout the entire 10-day test period of the differentiation assay. As a positive
control, cells were exposed to 5-fluorouracil at an embryotoxic concentration of 0.045 ug/
ml. On day 0 of the assay, embryonic stem cells were harvested and a cell suspension of
15x10* cells/ml was prepared. Subsequently, 500 pl cell suspension was added to 1.5 ml
freshly prepared cell culture medium containing SiO, particles, AD or 5-fluorouracil and
suspensions were placed on ice. Subsequently, cells in the suspension (3.75x10" cells/
ml) were allowed to aggregate by preparing so called “hanging drops”. For each exposure
concentration, 70 drops of 20 pl cell suspension were placed on the lid of a cell culture
dish (Greiner, Sigma-Aldrich, Schnelldorf, Germany) filled with 5 ml phosphate buffered
saline (PBS). These hanging drops were then cultured in a humidified atmosphere at 37°C
in 5%CO0,. On day 3, the cell aggregates (embryoid bodies) were transferred with 5 ml cell
culture medium containing SiO, particles, AD or 5-fluorouracil to a bacterial petri dish
(Greiner, Sigma-Aldrich, Schnelldorf, Germany) and further cultured in suspension. On day
5, the embryoid bodies were plated in 24-wells plates (TPP, Sigma-Aldrich, Schnelldorf,
Germany) containing 1 embryoid body in 1 ml cell culture medium with SiO, particles,
AD or 5-fluorouracil per well. For analysis of cell differentiation, on day 10 the number
of wells containing embryoid bodies with spontaneously contracting myocardial foci
was determined by phase contrast microscopy and expressed as the percentage of wells
containing spontaneously contracting cardiomyocytes. For each exposure concentration,
24 embryoid bodies were evaluated for the presence of muscle contracting activity. The
data of an individual embryonic stem cell test were considered valid when at least 75%
of the embryoid bodies had differentiated to contracting myocardial cells in the solvent
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control. When the solvent control showed contracting activity of 70.8-87.5% (17 of 21 —
21 of 24), assays were accepted when in the lowest test concentrations the limit of 87.5%
was reached. At least three independent experiments were performed for each SiO, NP.

3.2.5 Uptake of silica nanoparticles in embryoid bodies

To determine whether SiO, NPs were taken up in the cells of the embryoid bodies,
the embryonic stem cells were allowed to form embryoid bodies following the same
procedures of the embryonic stem cell test up to day 3, as described above. During the
formation of the embryoid bodies, embryonic stem cells were exposed to concentrations
of 100 pg/ml of each SiO, nanoparticle, or to 10% AD. On day 3, the embryoid bodies were
transferred to Karnovsky fixative containing 2% paraformaldehyde, 2.5% glutaraldehyde,
80 mM sodiumcacodylate buffer, 0.25 mM calcium chloride, 0.5 mM magnesiumchloride
and adjusted to pH 7.4. Following a wash in phosphate buffered saline (PBS) the embryoid
bodies were post-fixed in 1% osmium tetroxide (Agar Scientific) for 1 hour. The embryoid
bodies were rinsed in PBS and subsequently dehydrated in a graded ethanol series (70%,
80%, 90%) for 30 mins each and twice in 100% ethanol for 15 mins. The samples were then
infiltrated in increasing proportions of Low Viscosity Spurr resin (SPI Supplies) (3:1, 1:1,
1:3) for 1 hour each before a final infiltration step in 100% resin. The samples were placed
in a vacuum (4 kPa) for 30 mins during the last infiltration step. Fresh resin was then added
and the samples were allowed to polymerize at 70 ° C for 24 hours. 100 nm thin sections
were cut in an ultramicrotome (RMC, PowerTomeXL) using a diamond knife (Drukker).
Samples were imaged with a transmission electron microscope (FEI company, Tecnai G2
Spirit Biotwin) at an operating voltage of 120 kV.

3.2.6 WST-1 cell metabolic activity assay

The metabolic activity of the D3 cells was determined after both 24 h and 10 days of
exposure to the SiO, NPs, using a standard WST-1 assay. The WST-1 cytotoxicity test is
based on the cleavage of the tetrazolium salt 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate (WST-1) to soluble formazan dye by a complex cellular
mechanism depending on the glycolytic production of NAD(P)H in viable cells.

The stock solution of the SiO, NPs was diluted serially in AD to yield concentrations
ranging from 3 to 1000 pg/ml for the cytotoxicity assays. These samples were then
thoroughly vortexed before dilution 10 times with cell culture medium, immediately
before the start of the experiment. The end concentrations of the NPs in the cell culture
medium thus ranged from 0.3 to 100 pg/ml. As a positive control for cytotoxicity, cells
were incubated with 5% dimethyl sulfoxide (DMSO). Cells exposed to 10% AD served as
solvent controls in each cytotoxicity experiment.

For the 24 hour cytotoxicity assays, the D3 cells were seeded in 96-well tissue grade
microtiter plates at a density of 2x10* cells/well and cultured for 24 h in a humidified
atmosphere at 37°C and 5% CO, to obtain a confluent monolayer. Then, the cell culture
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medium was removed and 100 pl of the cell culture medium containing test substances
was immediately applied to the each well. After 24 h exposure in a humidified atmosphere
at 37°C and 5% CO,, the cytotoxicity was evaluated. The morphological changes and cell
confluence were observed under an inverted phase-contrast microscope. Next, 10 pl Cell
Proliferation Reagent WST-1 (Roche, Almere, The Netherlands) was added to each well.
The 96-well tissue grade microtiter plates were placed in a humidified atmosphere of 5%
CO, and 37°C and incubated for 3 h. Subsequently, absorbance of the wells was measured
using a SpectraMax® 190 scanning multiwell spectrophotometer (Molecular Devices,
Sunnyvale, USA) at a wavelength of 440 nm and a reference wavelength of 620 nm. Data
were acquired by applying SoftMax Pro 5 software (Molecular Devices, Sunnyvale, USA).
To express the cytotoxicity, the average absorbance of the wells containing cell culture
medium without cells was subtracted from the average absorbance of the solvent control,
5% DMSO or SiO, NP treated cells. The percentage cell viability was calculated using the
following equation:

Absorbance

treated

x 100%
Absorbance

solvent control

For the 10 day cytotoxicity assays, D3 cells were seeded in 96-well tissue grade
microtiter plates at a density of 5x10” cells/well and allowed to attach for at least 2
h in a humidified atmosphere at 37°C and 5% CO,. Next, 150 ul cell culture medium
containing test substances was added to the D3 cells and the cells were cultured in a
humidified atmosphere of 5% CO, and 37°C. On days 3, 5 and 7 the cell culture medium
was aspirated and D3 cells were exposed to 200 pl of freshly prepared cell culture
medium containing particles or control substances. Metabolic activity of the cells was
assessed on day 10 as described above. At least three independent experiments were
performed for each SiO, nanoparticle.

3.2.7 Interference of nanoparticles with the WST-1 assay

There are various ways in which the SiO, NPs may interfere with the WST-1 based cytotoxicity
assay. Therefore, two different WST-1 interference tests were performed. Thefirstinterference
test is designed to assess whether SiO, NPs 1) scatter or absorb light or 2) interfere with the
WST-1 reagent. In a 96-well tissue grade microtiter plate either 100 pl of cell culture medium
or cell culture medium containing SiO, NPs in the three highest test concentrations (10, 30
and 100 pg/ml) was added to the wells (without cells). Next, the plate was placed for 24 h in
a humidified atmosphere of 5% CO, and 37°C. Following this incubation period, 10 pl of Cell
Proliferation Reagent WST-1 (Roche, Almere, the Netherlands) was added to each well and
the plate was incubated for 3 h in a humidified atmosphere of 5% CO, and 37°C. Absorbance
of each well was measured as described above.
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Figure 3.1 Transmission electron microscopy images of (a) 10 (11) nm, (b) 30 (34) nm, (c) 80 (34) nm and (d)
400 (248) nm silica nanoparticles deposited from deionized water.

The second interference test was designed to determine whether SiO, NPs interfere
with the WST-1 reaction product (formazan). For this test, RAW 264.7 cells were seeded
in 96-well tissue grade microtiter plates at a density of 2x10* cells/well and cultured
for 24 h at 37°C in 5% CO,. The following day, cell culture medium was removed from
the cells and replaced by 100 ul fresh cell culture medium. Next, 10 pl Cell Proliferation
Reagent WST-1 (Roche, Almere, The Netherlands) was added to each well. Following an
incubation of 3 h in a humidified atmosphere of 5% CO, and 37°C, the supernatant was
removed from the cells and transferred to a new 96-well tissue grade microtiter plate.
Subsequently, absorbance of each well was measured as described above. Next, 10 ul
DMEM, AD or freshly prepared SiO, nanoparticle dispersions in AD such that the final
concentration in the well was 100 pg/ml was added to the wells and the absorbance
was determined once more. The results of both interference tests indicate that the
interference of the different SiO, NPs with the WST-1 reagent and the WST-1 product
was negligible (data not shown).
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3.2.8 Data analysis
Data are expressed as mean + standard deviation (SD). Statistical analysis of the data was
performed using SPSS 15.0 software (SPSS Inc., Chicago, USA). Differences in metabolic
activity (WST-1) between the NP concentrations and the control were tested by the
Kruskal-Wallis and Mann-Whitney non-parametric tests. A p-value of <0.05 was considered
statistically significant.

The results of the embryonic stem cell test were analyzed using PROAST software
version 14.2b (RIVM, Bilthoven, The Netherlands) (Slob 2002). For the test results from
each NP the following log-logistic dose-response model was fitted to the quantal data:

y=a+(1—a)/(1+exp(cIn(b/x))

where y denotes the fraction of embryonic stem cells differentiated in spontaneously
contracting myocardial cells, and x the concentration of the test compound. The ID.,was
defined as the concentration resulting in a 50% inhibition of differentiated cell, taken from
the differentiated fraction in the solvent control group. In the Benchmark dose (BMD)
approach this is equivalent to the dose with 50% extra risk, so that the BMD software
Proast was directly applicable for this analysis. An effect of the particle size on the
concentration-differentiation relationship was assessed by comparing the log-likelihood
values associated with the model fits with and without defining particle size as a covariate
(Slob 2002). A p-value of <0.05 for the associated likelihood-ratio test was considered as a
statistically significant effect of particle size.

3.3 RESULTS

3.3.1 Physicochemical characterization

A complex interplay exists between a particle’s surface chemistry and its dispersion
medium, involving attractive or repulsive forces amongst particles, between particles and
ions, and between particles and biological substances in the dispersion medium such as
proteins. These factors affect both the hydrodynamic size and the surface charge (zeta
potential) of the particles, and can impact on the agglomeration/aggregation status of the
particles, which may in turn affect the extent of toxicity. In analogy with bulk materials,
larger agglomerates/aggregates are considered less likely to be toxic than individually
dispersed particles or smaller agglomerates/aggregates, which can enter cells (Cedervall
et al. 2007; Dutta et al. 2007; Murdock et al. 2008). It has therefore been emphasized
that thorough physicochemical characterization of the NPs should be performed in the
relevant dispersion medium prior to conducting hazard studies (Oberdorster et al. 2005;
Warheit 2008).
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Nominal TEM® zeta pH DLS” PDI

size size potential size

[nm] [nm] {[mV] [nm]

10 10.96 £ 2.21 -43.3+11.8 7.2 103.1+1.9 0.792 £0.011
30 33.73£4.00 -33.7+£3.0 6.5 779+1.1 0.259 £ 0.094
80 33.71+£6.12 -10.6 £ 0.9 6.3 659+1.7 0.374 £ 0.068
400 247.91 £ 24.05 -49.1+0.5 8.7 269.0+7.1 0.049 +£0.020

Values given are mean * standard deviation. “Transmission Electron Microscopy measurements
are the average of at least 100 nanoparticles “Dynamic Light Scattering (DLS) measurements
are the average of at least 5 runs each containing 10 sub-measurements. ‘PDI = polydispersity
index.

Table 3.1 Characterization of silica nanoparticles shortly after dispersion in deionized water.

All SiO, NPs examined by TEM showed spherical morphologies and no substantial
aggregation, except for the 10 nm particles (Figure 3.1). The measured diameters for the
10 and 30 nm particles corresponded well with the manufacturer’s specifications: 11
nm and 34 nm, respectively (Table 3.1). In contrast, the measured diameters of the NPs
specified as 80 nm and 400 nm by the manufacturer were quite different: 34 and 248
nm, respectively. The zetapotentials of the two 34 nm NPs were quite different, indicating
considerable differences in surface properties between the two particles (Table 3.1). For
the remainder of this report, the NPs will be referred to as 11 nm, 34A, 34B and 248 nm
SiO, NPs.

3.3.2 Dispersion characteristics

Dispersion characteristics of SiO, NPs over 5 days were studied to understand the nature
and evolution of the system over the time course of the cell tests, where the cell culture
medium is present for a maximum of 5 days.

DLS data of cell culture medium alone shows the presence of very significant
agglomerates/aggregates of sizes ranging from 10 to 100 nm (Figure 3.2). These are
protein clusters likely consisting of apolipoprotein complexes, which typically have sizes
in the range of 10-100 nm. The presence of these protein aggregates of this size range
complicates the determination of NPs of similar dimensions, therefore the data must be
interpreted with caution.

Consistent with the TEM images, the high polydispersity index (PDI) value of the 10
(11) nm particles dispersed in water indicates the presence of agglomerated or aggregated
particle clusters with a wide range of sizes (Table 3.1). The agglomeration/aggregation
of the 11 nm particles appears to persist in the D3 cell culture medium (Figure 3.2a)
immediately following dispersion.

In the data for all particles shortly after dispersion in cell culture medium, the first
peaks in the region between 10-100 nm overlap with the peak of D3 cell culture medium
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only. The changes in the peak in this region, when compared to cell culture medium only,
may be explained by a change in the cell culture medium composition due to adsorption of
cell culture medium components onto the SiO, NPs. For example, a nanoparticle-protein
corona may be formed, as described by Lundqvist et al. (2008).
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Figure 3.2 Dynamic light scattering of 11 nm (a), 34A (b), 34B (c) and 248 nm silica particles dispersed at 100
ug/mlin D3 cell culture medium shortly after dispersion, 24 hours after dispersion and 5 days after dispersion,
and for comparison the scattering of the D3 cell culture medium alone is also shown.
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For the larger 248 nm particle, it is likely that the additional peak represents the dispersed
particles. This is less clear in the case of the 11 nm and the two 34 nm particles, where
the peaks for dispersed particles and protein clusters are in overlapping regions, between
10-100 nm.

Shortly after dispersion, 34B NPs had a wider size distribution compared to the 34A NPs,
indicating that the 34B NPs were more agglomerated/aggregated in cell culture medium.
In contrast, for the 11 nm NPs, a second peak appears in the 10-100 nm region after 24
hours, possibly representing a significant fraction of dispersed particles. The coating of the
11 nm NPs with cell culture medium proteins may act to disperse a fraction of the NPs,
which were still highly agglomerated/aggregated immediately following dispersion.

After 24 hours, one main peak is clearly visible for the 34A particles at around 130-160
nm, while the first peaks observed shortly after dispersion have almost disappeared. The
same trend is observed for the other particles, but only at 5 days after dispersion. At this time
point, the data for all particles look remarkably similar. TEM images of particles 5 days after
dispersion in D3 cell culture medium show that only a few particles are present in their original
state (images not shown) and that the particles are now more agglomerated/aggregated.

Thus, a dynamic interaction between the SiO, particles and the D3 cell culture medium
is apparent, starting immediately upon contact, and continuing throughout the duration
of the study. The two 34 nm NPs behaved very differently in cell culture medium up to 24
hours after dispersion, despite their nearly identical TEM measured diameters.

It has to be noted that there is a significant limitation to these experiments, which
complicates the interpretation of the data. This limitation is the well known limitation of the
DLS method whereby it is a weight-averaged measurement biased towards larger particle
sizes and especially towards agglomerates/aggregates. Thus, the observed curves could
actually contain very high numbers of small particles which are simply not very well detected
and resolved by the measurement method. However, given these concerns, there seem to
be significant amounts of the 11 nm and the 34A NPs becoming “bioavailable” shortly after
dispersion in cell culture medium, which can interact with the D3 embryonic stem cells.

3.3.3 Embryonic stem cell test

In the embryonic stem cell test, at least 75% of the 24 embryoid bodies in the controls
displayed contractility in every experiment, while differentiation of embryoid bodies
exposed to 5-fluorouracil was inhibited (data not shown). Both the 11 nm and the 34A
Si0, NPs were embryotoxic in vitro as reflected by a dose dependent inhibition of the
differentiation of the D3 cells into myocardial cells (Figure 3.3). The 34B and 248 nm SiO,
particles did not exhibit any inhibition of the differentiation at concentrations up to 100
ug/ml. The differentiating inhibiting potency of the 34A SiO, particles was significantly
higher than that of the 11 nm particles as evidenced by the estimated 1D, values of 29 pg/
ml and 59 ug/ml, respectively (p<0.01). The relation between the ID,, expressed as mass,
number concentration and surface area is presented in Table 3.2.
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TEM size® Mass Number Surface area
[nm] [ug/ml] [#particles/ml] [cm?/ml]

11 59 3.9x 10" 146

34A 29 6.4 x 10" 23

34B >100 >2.2 x 10" >80

248 >100 >5.7 x 10° >11

*TEM: Transmission Electron Microscopy

Table 3.2 The ID,  dose inhibiting embryonic stem cell differentiation expressed as mass, number concentration
and surface area.
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Figure 3.3 Dose-response curves of the fraction of embryoid bodies (EBs) differentiated into spontaneously
contracting cardiomyocytes as a function of the nanoparticle concentration for 11 nm (a) 34A (b) 34B (c)
and 248 nm (d) silica particles. Data was with a fitted log-logistic dose-response model: y = a+(1-a)/(1+exp(c.
In(b/x))). Dashed lines represent ID,, values of 59 and 29 ug/ml for 11 nm and 34A NPs, respectively. Different
symbols represent different experiments.
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3.3.4 Uptake in embryoid bodies

Uptake of the SiO, NPs was studied in cells of embryoid bodies at day 5 of the embryonic
stem cell test by means of TEM. SiO, NPs of 248 nm were clearly visible inside vacuoles of
the embryoid body (Figure 3.4). TEM tomography demonstrated that the 248 nm particles
were indeed in the section and not on top or underneath. Vacuoles containing particles
also appeared to be present in cells of embryoid bodies exposed to both 34 nm NPs,
although the TEM images were less conclusive (images not shown). However, in view of
the uptake of a large number of 248 nm particles it seems likely that also the smaller
NPs were taken up by the cells. Possibly, the smaller SiO, NPs were partially degraded
in cellular vacuoles such as lysosomes or during the fixation procedure of the embryoid
bodies for TEM. In general, the ability of transmission electron microscopy to detect small
particles with relatively low electron density against the heterogeneous background of
cells is limited compared to larger, more electron dense ENMs.

Figure 3.4 Transmission electron
microscopy image of 248 nm particles
in vacuoles of cells of embryoid
bodies at day 5 of the embryonic
stem cell test.

3.3.5 Cytotoxicity after 24 hours and 10 days (WST-1)

We investigated whether the observed embryotoxic effects of the SiO, NPs in this study
were the direct result of cytotoxicity of the D3 cells caused by exposure to the NPs.
Therefore, we assessed the effect of the SiO, NPs on the metabolic activity of the D3 cells,
a parameter commonly used to reflect cytotoxicity.

Microscopic evaluation of the D3 cells showed no major changes in cell morphology
after 24 h exposure to 100 pg/ml SiO, NPs as compared to unexposed D3 cells. Addition of
34B and 248 nm SiO, NPs to the cell culture medium did not affect the metabolic activity
of D3 cells after exposure for either 24 h or 10 days (Figure 3.5). However, the two SiO,
particles displaying developmental toxicity in the embryonic stem cell test (11 nm and 34
A) did modify the metabolic activity of the D3 cells. The effects observed were remarkably
different between the two time points. Treatment with 11 nm and 34A SiO, NPs for 24 h
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significantly increased the metabolic activity of the D3 cells at concentrations starting from
1 pg/ml. In contrast, when treatment was extended to 10 days, exposure to 100 pg/ml of
the same particles caused a reduction in metabolic activity to 60% and 57% respectively
compared to solvent control. This may be the result of a second burst of NPs being dispersed
following the cell culture medium change after 3, 5 and 7 days, finally leading to toxic
concentrations. The initial stimulation of metabolic activity after 24 hours of exposure may
be an adaptive response of the cell to the NPs.
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Figure 3.5 Metabolic activity of D3 cells after 24 h (a) and 10 days (b) incubation with 0.3-100 pg/ml silica
nanoparticles. Values given are mean + SD of three independent experiments. *Indicates a statistically
significant difference compared to the solvent control (p<0.05).

3.4 DISCUSSION

To date, a limited number of experimental studies have investigated the toxic effects of
NPs in general during embryo development.The embryonic stem cell test is a formally
validated test to predict the embryotoxic potential of chemicals (Genschow et al. 20043;
2004b). Using this test for the first time on ENMs, we have demonstrated that SiO, NPs of 11
nm and 34 nm inhibited differentiation of mouse embryonic stem cells into spontaneously
contracting cardiomyocytes.

AmorphousSiO, microparticlesare biologicallyinert particleswithnumerousapplications,
and one could assume that nanoscale versions would also be biologically inert. However,
the reduced scale may introduce new properties to the NPs and suggests that the safety
of these materials may need to be re-assessed. Many studies on SiO, NPs focus on their
potential to induce cytotoxicity, oxidative stress and inflammation reactions (Chang et al.
2007; Lin et al. 2006; Lison et al. 2008). For example, Lin et al. showed dose-related effects
of amorphous SiO, NPs in human lung cancer cells, including reductions in cell viability,
membrane damage, depletion of intracellular glutathione levels and enhanced generation
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of reactive oxygen species (Lin et al. 2006). Moreover, in vivo intratracheal instillation of
amorphous SiO, NPs resulted in transient inflammatory responses in the lungs of rats 24
h after exposure as evidenced by increased lactate dehydrogenase release and increased
presence of neutrophils in the bronchial lavage fluid (Sayes et al. 2007). Experimental
studies investigating the effects of SiO, NPs on the developing embryo are not available.

In the EST, two of the four tested SiO, NPs inhibited the differentiation of embryonic
stem cells into spontaneously contracting cardiomyocytes. The differentiation inhibiting
effects were only observed for the SiO, particles that were specified by the manufacturer
to have nominal diameters of 10 nm and 30 nm. SiO, NPs with specified nominal diameters
of 80 and 400 nm had no effect on either stem cell differentiation into cardiomyocytes or
on the metabolic activity of the stem cells, despite the identical chemical compositions
and production processes of the particles. In the absence of characterization data, one
may have concluded that the toxicity of these NPs observed in this test system was related
to the number of particles available to the cells or particle size. At equal mass per volume
concentrations, the number of particles available to the cells is higher for small particles
than for larger ones. In addition, compared to larger NPs, smaller NPs have a relatively
larger surface area available to interact with the cells, proteins or other components
essential for differentiation into cardiomyocytes.

However, particle characterization by means of TEM revealed that SiO, particles
that were specified as 400 nm were in effect 248 nm. Moreover, the particles that were
specified by the manufacturer to have nominal diameters of 30 nm and 80 nm were in
effect of almost identical size, i.e. approximately 34 nm. These results emphasize that
characterizing the ENMs before use in biological studies is of utmost importance for
correct interpretation of the data.

Electron microscopy of embryoid bodies at day 5 revealed internalized 400 (248) nm
particles in vacuoles of the cells. Notwithstanding their bioavailability, these particles did
not inhibit the differentiation of the stem cells. In addition, despite their identical primary
size, only one of the 34 nm particles was cytotoxic and differentiation inhibiting in D3
cells. These results indicate that primary size is not the only factor determining the toxic
properties of ENMs.

A main difference between the two ENMs consisting of 34 nm particles was the
zetapotential. Of 34A SiO, particles had a zetapotential of -33.7 mV, while 34B SiO,
particles had a zetapotential of -10.6 mV (Table 3.1). It is well established that dispersions
of NPs with zetapotentials between the range of -30 and +30 mV are less stable (Everett
1988), and this may explain the different behavior of the two SiO, ENMs in D3 cell culture
medium as a function of time. The DLS data show that shortly after dispersion in D3 cell
culture medium, the amount of particles that are dispersed as free particles in the 10-100
nm size range appears to be higher for 34A than for 34B NPs. In addition, the interaction
between particles and cell culture medium components appears to take place at a faster
rate for 34A NPs compared to 34B NPs.
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An ongoing point of discussion is the most appropriate dose metric i.e. the unit of
expressing the concentration of ENMs in toxicity assays. Although in most studies,
concentrations are expressed in mass per volume, it has been suggested by several
researchers that the number, volume or surface area of NPs determines the toxicity of
ENMs (Di Pasqua et al. 2008; Duffin et al. 2007; Yamamoto et al. 2004). However, the
mathematical conversion of mass concentration into particle number or surface area
concentration assumes monodispersions of spherical particles. The DLS data of this study
demonstrate that all particles are to some extent agglomerated/aggregated in cell culture
medium, and the state of agglomeration/aggregation varies with different time points
after dispersion. The relevant time point for determining the particle number or surface
area concentration is unknown.

Even if monodispersions of spherical particles are assumed, it is often impossible to
test the same particle number concentrations for all particles. For example, the particle
number concentration of 11 nm particles resulting in a 50% inhibition of differentiation
was 3.9 x 10" particles/ml. For the 248 nm particles, this particle number concentration
equals a mass concentration of approximately 685 mg/ml, which would unlikely be a
stable dispersion.

To start investigating the mechanism underlying the inhibition of differentiation of the
embryonic stem cell test by SiO, NPs, the WST-1 cytotoxicity assay was performed in the
embryonic stem cells at different time points. In the embryonic stem cell test, D3 cells
were exposed to the SiO, NPs for 10 days. Using the same exposure period in the WST-1
test, the number of metabolically active D3 cells was markedly decreased after exposure
to 11 nm and 34A nm particles, but only at higher concentrations as compared to the
exposure concentrations that impaired myocardial differentiation. The differentiation
inhibiting effects of the 11 nm and 34A particles were therefore, at least at the lower
exposure concentrations, not due to a decrease in cell metabolic activity, but appeared to
be specific effects on the differentiation of the D3 cells.

The interaction between SiO, NPs and cell culture medium components may offer an
alternative explanation for the inhibition of differentiation into myocardial cells. Several
in vitro studies have confirmed that various NPs are able to adsorb serum proteins from
tissue culture media, which affected the toxicity of the NPs (Barrett et al. 1999; Casey et
al. 2008; Cedervall et al. 2007; Dutta et al. 2007). Results of one study even indicated that
the reduced cell viability observed after exposure to carbon nanotubes was an indirect
form of toxicity, caused by adsorption of nutrients to the ENMs which in turn lead to the
depletion of the cell culture medium (Casey et al., 2008). The composition of the protein
corona associated with the surface of polystyrene NPs was reported to depend on the
size and surface charge of the particles (Lundqvist et al. 2008). In the present study, the
DLS data reveal an interaction between the SiO, particles and the D3 cell culture medium
components. Further studies are needed for identification of the proteins associated
with each type of SiO, NPs. These studies may shed light on the pathways involved in the
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inhibition of differentiation observed for the SiO, NPs. Experiments with well characterized
NPs of other chemical compositions may determine whether the observed effects are
specific for the SiO, NPs, or whether other NPs exert the same effects.

In general, extrapolation of in vitro results to in vivo may be complex, even more so
for NPs than for ordinary chemicals due to their intricate interaction with surrounding
proteins and other components. Indeed, one study demonstrated that in vitro cytotoxicity
of various NPs did not always correlate with in vivo results (Sayes et al. 2007). Therefore,
the results of the embryonic stem cell test for the SiO, NPs have to be interpreted with
caution until the underlying mechanism of toxicity is understood and in vivo data becomes
available. More importantly, the observed potential embryotoxic effects of the SiO, NPs
are only relevant if these particles are able to transfer from the mother to the fetus across
the placenta, but information on this is currently lacking for SiO, NPs and contradicting for
other ENMs.

In conclusion, inhibition of the differentiation of D3 cells by SiO, NPs was observed
in the in vitro embryonic stem cell test. The four SiO, NPs demonstrated differences in
cytotoxic and embryotoxic effects despite their identical chemical composition. Taken
together, our results indicate that the widespread application of amorphous SiO, NPs may
not be without any health hazards. Long term exposure of humans to high concentrations
of these NPs could potentially result in particle accumulation and subsequently, induce
acute or chronic toxicity. A relatively high systemic exposure to SiO, NPs might also be
harmful to the embryo. Therefore, more research is warranted investigating the underlying
mechanisms of these effects and the potential of these NPs to migrate into the uterus,
placenta and embryo.
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In vitro genotoxicity evaluation of silica nanoparticles

ABSTRACT

We investigated the potential of four well-characterized amorphous silica nanoparticles
to induce chromosomal aberrations and gene mutations using two in vitro genotoxicity
assays. Transmission electron microscopy (TEM) was used to verify the manufacturer’s
nominal size of 10, 30, 80 and 400 nm which showed actual sizes of 11, 34, 34 and 248
nm, respectively. Both 34 nm silica nanoparticles (A and B) induced gene mutations
in mouse embryonic fibroblasts carrying the lacZ reporter gene and the 34B silica
nanoparticles induced chromosomal aberrations in the micronucleus assay using 3T3-L1
mouse fibroblasts. TEM imaging demonstrated that the majority of nanoparticles were
localized in vacuoles and not in the nucleus of 3T3-L1 cells, indicating that the observed
DNA damage was most likely a result of indirect mechanisms. Further studies are needed
to reveal these mechanisms and to determine the biological relevance of the effects of
these particular silica nanoparticles in vivo.

4.1 INTRODUCTION

The element silicon (Si) mainly exists as silicon dioxide (silica, SiO,) with either amorphous
or crystalline molecular structures (Figure 4.1). As the main component of sand and rocks,
silica is one of the most abundant materials on earth (Merget et al. 2002). Amorphous
silica can be synthetically produced and has a wide commercial use in various applications.
Amorphous silica products such as gels and sols (colloidal suspensions) are manufactured
for applications such as food additives and microelectronics (Barik et al. 2008). Due to its
relative biocompatibility, silica has also been used in the formulation of artificial implants
(Areva et al. 2007).

Figure 4.1 Structural representation of
crystalline (a) and amorphous (b) silica.

Since the development of nanotechnology, the nanoform of SiO, materials has gained
interest for a wide variety of applications. Surface charge modified hydrophobic
amorphous SiO, NPs have qualified for approval as a novel form of nanobiopesticides for
horticultural and crop plants (Barik et al. 2008). SiO, ENMs are in the top five of ENMs
explicitly referenced in nanotechnology consumer products, mostly in sporting goods and
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cosmetics (Hansen et al. 2008; Woodrow Wilson International Center for Scholars 2009).
Their inert nature and small size make SiO, ENMs particularly useful to the pharmaceutical
industry as drug carriers, bio-imaging agents and gene transfection vectors (Barik et al.
2008; Bharali et al. 2005; Gemeinhart et al. 2005; Santra et al. 2004; Slowing et al. 2008;
Trewyn et al. 2007). The diversity of these applications can be anticipated to result in an
increased level of exposure to a heterogeneous mixture consisting of SiO, NPs differing
in size, structure, specific surface area, shape, charge and other properties. Several of
these characteristics have been claimed to play a role in determining the toxic effects of
NPs, particularly size and surface area, but there appears to be no consensus (Duffin et al.
2007; Hamoir et al. 2003; Limbach et al. 2005; Monteiller et al. 2007; Yang et al. 2009).
As a consequence of not knowing which NP properties may play a role in eliciting toxic
effects, regulatory frameworks are contemplating whether the safety of all these different
types of NPs should be evaluated separately, or whether extrapolation of safety data from
one type to another is possible. In view of the existing uncertainty a case by case approach
is advocated (SCENIHR 2009).

Our current research is focused on investigating whether NP size might be one of those
properties determining the toxicity of amorphous SiO, NPs. We have previously evaluated
four well-characterized amorphous SiO, NPs of the same source in the embryonic stem cell
differentiation assay (Park et al. 2009a). This assay is validated as an in vitro developmental
toxicity test discriminating between chemicalsin three classes of embryotoxicity (Genschow
et al. 2004). While SiO, NPs of 11 nm inhibited the differentiation of embryonic stem
cells into contracting cardiomyocytes, those of 248 nm elicited no effect. In addition, this
study included two SiO, NPs of 34 nm with different zetapotentials (A and B), and only
one of these (34A) inhibited the differentiation of embryonic stem cells into contracting
cardiomyocytes, indicating that factors other than NP size contributed to the biological
effects in this assay.

We have now evaluated the potential size-related effects of these same SiO, NPs in a
series of genotoxicity studies. We have previously reported that none of these SiO, NPs
elicited a response in the single cell gel electrophoresis (comet) assay using 3T3-L1 mouse
fibroblasts, performed by two independent laboratories (Barnes et al. 2008). This indicator
test is commonly used to assess whether chemicals induce single- or double- strand DNA
breaks, which may or may not be reversible.

In the current study, we further investigated the genotoxic potential of these SiO, NPs
by performing two genotoxicity assays which are commonly used in regulatory frameworks
to measure chromosomal aberrations and gene mutations; both irreversible genotoxic
endpoints. The micronucleus assay detects chromosomal aberrations and was performed
in 3T3-L1 mouse fibroblasts, while gene mutations were measured in mouse embryonic
fibroblasts isolated from pU288 plasmid LacZ mice, containing lacZ as a reporter gene
(MEF-lacZ). To our knowledge, these two assays have not previously been applied to test
whether amorphous SiO, NPs induce genotoxic effects.
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4.2 MATERIALS AND METHODS

4.2.1 Silica nanoparticles

The spherical amorphous SiO, NPs used in this study were obtained from Glantreo, Ltd.,
Cork, Ireland. The particles were synthesized via the Stober method without any stabilizer
(Stober et al. 1968). To avoid potential interference from synthesis residues and solvents,
NPs were dialyzed extensively against a very large excess of pure MilliQ water. The obtained
NP stock solutions tested negative for the presence of endotoxin and bacterial or fungal
infection, as determined by the Limulus Amoebocyte Lysate (Gel-clot) assay and inoculation
on Columbia sheep blood agar plates (Oxoid Ltd), respectively (data not shown).

NP size® zeta potential { Hydrodynamic size” PDI*

[nm] [mV] [nm]

11.0 (2.2) -43.3 (11.8) 103.1 (1.9) 0.792 (0.011)
33.7 (4.0) -33.7(3.0) 77.9 (1.1) 0.259 (0.094)
33.7 (6.1) -10.6 (0.9) 65.9 (1.7) 0.374 (0.068)
247.9 (24.1) -49.1 (0.5) 269.0 (7.1) 0.049 (0.020)

Values given are mean (standard deviation). °As measured by Transmission Electron Microscopy;,
average of at least 100 nanoparticles "As measured by Dynamic Light Scattering, average of at
least 5 runs each containing 10 sub-measurements. ‘PDI: polydispersity index.

Table 4.1 Characterization of silica nanoparticles shortly after dispersion in deionized water.

Primary size of the four tested SiO, NPs was determined by means of TEM. Hydrodynamic
size by means of DLS and the zetapotential in deionized water were determined with
the Malvern 3000HS Zetasizer photon correlation spectrophotometer (Table 4.1). TEM
measurements revealed that the diameters of the particles were 11 nm, 34 nm, 34 nm and
248 nm, respectively. The two 34 nm particles had significantly different zeta-potentials,
so both materials were included in the assays. Furthermore, the polydispersity index and
dynamic light scattering measurements revealed that the 11 nm SiO, NPs were highly
aggregated in distilled water.More details on the characterization methods have been
described earlier (Barnes et al. 2008).

Shortly before the start of each experiment, SiO, NPs were thoroughly vortexed (20s at
1500/min), diluted in distilled water and dispersed in the same cell culture medium used
to routinely culture the cells, i.e. containing 10% Fetal Calf Serum.

4.2.2 Cell culture

The mouse embryonic fibroblast cell line 3T3-L1 was obtained from the Nofer Institute
of Occupational Medicine, Lodz, Poland, and was the same cell line used for the comet
assay published previously (Barnes et al. 2008). The 3T3-L1 cell line is derived from a Swiss
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albino mouse and to the best of our knowledge this cell line has not been genetically
modified. Therefore we expect the 3T3-L1 cell to have a normal genetic background and
to be genetically stable.

Cells were routinely cultured at 37°C and 5% CO, in DMEM, high glucose with glutamax
(Gibco 61965-059) supplemented with 10% FCS (Gibco 16010-159), 1% Penicillin-Streptomycin
solution (10000 U/mL / 10000 pg/mL, Gibco 15140), and 1% NEAA (Gibco 11140).

Mouse embryonic fibroblasts (MEF-LacZ) were isolated from 13.5 day old embryos
from transgenic C57BL/6 mice containing multiple copies of the pUR288 plasmid with the
bacterial lacZ gene as a reporter gene in their genome, as described previously (Mahabir
et al. 2009). Aliquots of 3x10° cells in 1 ml cell culture medium were kept at -80 °C for
at least 24 h and were then stored in liquid nitrogen. Before the start of the experiment,
cells were thawed and cultured for one week in 175 cm? flasks at 37 °C under 10% CO,
and 3% O,, undergoing 1 passage. The cell culture medium used for both cell culture and
experiments with MEF-LacZ consisted of DMEM (Gibco 31885) supplemented with 1%
Modified Eagles Medium NEAA (Gibco 11140), 2% Penicillin-Streptomycin (Gibco 15070)
and 10% Fetal Bovine Serum (FBS, Biocell).

4.2.3 Cytotoxicity in MEF-LacZ

The effect of the SiO, NPs on the metabolic activity of the MEF-LacZ cells after 24 h exposure
to SiO, NPs was evaluated using the WST-1 cytotoxicity assay. Cells were seeded in 96-well
tissue grade microtiter plates at a density of 5-8 x 10° and cultured for 24 h in a humidified
atmosphere at 37 °C, 10% CO, and 3% O,. The following day, cells were exposed to SiO,
NPs in cell culture medium containing 10% FCS at concentrations ranging from 0.3 to 100
ug/ml SiO, NPs in triplicate wells. In each cytotoxicity experiment, cells exposed to 10%
distilled water or 5% DMSO served as solvent and positive controls, respectively. After
24 h exposure, cells were incubated with 10 ul Cell Proliferation Reagent WST-1 (Roche,
Almere, The Netherlands) at 37°C for 3 h. The absorbance of the wells was measured
using a SpectraMax® 190 scanning multiwell spectrophotometer (Molecular Devices,
Sunnyvale, USA) at a wavelength of 440 nm. Data were acquired using SoftMax Pro 5
software (Molecular Devices, Sunnyvale, USA). Interference of the SiO, NPs with the WST-
1 assay was experimentally excluded, as reported previously (Park et al. 2009a). At least
three independent experiments were performed.

4.2.4 Nanoparticle uptake in 3T3-L1 fibroblasts

To study the uptake of SiO, NPs in 3T3-L1 fibroblasts, cells were seeded into 25 cm?’ cell
culture flasks at a density of 1-2 x 10° cell/cm* and allowed to grow for 24 h (37°C, 5%
CO,). Subsequently, cells were exposed for 16h to SiO, particles in cell culture medium
containing 10% FCS at a concentration of 50 pug/ml. Control samples were not exposed
to NPs. After incubation with NPs the cells were dislodged and centrifuged into a pellet.
The pellet was chemically fixed with a pre-warmed combination of 2.5% glutaraldehyde
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and 2% formaldehyde prepared in 0.1M sodium cacodylate buffer before post-fixation
in 1% aq osmium tetroxide (Agar Scientific). The cells were rinsed with PBS and
subsequently dehydrated in a graded ethanol series. The samples were then infiltrated
in increasing proportions of Low Viscosity Spurr resin (SPI Supplies) and were allowed to
polymerise at 70 °C for 24 h. After polymerisation of the resin block, 100 nm to 300 nm
sections (depending on the NPs size) were cut with a diamond knife (Diatome) using an
ultramicrotome (PowerTome XL, RMC). The sections were transferred onto standard TEM
grids and imaged in a Transmission Electron Microscope (Tecnai G* Spirit, FEI).

4.2.5 In vitro micronucleus test in 3T3-L1 fibroblasts

The in vitro micronucleus test is commonly used to evaluate whether chemicals have the
potential to induce chromosomal aberrations consisting of clastogenic (chromosome breaks)
or aneugenic (chromosome loss) effects. During mitosis, these chromosomes or chromosome
fragments become separated from the nucleus in nuclear envelopes, which are visible as
micronuclei (MN)inthe cell. Exposure of the cells to the cytokinesis blocking agent cytochalasin
B enables the identification of MN in binucleated cells, representing chromosomal damage.
In addition, the percentage of cytostasis based on the cytokinesis block proliferation index
(CBPI) represents a measure of cytotoxicity resulting from the treatment.

Approximately 1 x 10° 3T3-L1 cells were seeded in a volume of 5 ml cell culture medium
in a 25 cm” tissue culture flask. The cells were incubated for 24 h at 37°C under 5% CO,
to form a semi confluent monolayer. Before treatment with NPs, cells were washed once
with Dulbecco’s phosphate-buffered saline, containing KCI, KH,PO,, NaCl, Na,HPO, without
calcium or magnesium (DPBS). Cytochalasin B (6 pg/ml) and SiO, NPs in cell culture
medium containing 10% FCS were added simultaneously for 24 h at final concentrations
of 4, 40 or 400 pg/ml in single cultures. The cell and NP test concentrations 4 and 40 ug/
ml are the same as the concentrations used in the comet assay published earlier (Barnes
et al. 2008). We also included an extra concentration of 400 pg/ml to enable testing up to
cytotoxic concentrations. Cells treated with distilled water and cytochalasin B served as a
negative control. Bleomycin (BLM) was included as a positive control clastogen at a final
concentration of 2 pg/ml. Cells were incubated for 1.5 cell cycles, i.e. 24 h.

After treatment, cells were harvested with trypsin (0.5%) and transferred to 15 ml vials.
Cytospin preparations (5 min at 500 rpm) were made using a Cytospin 3 (Thermo Shandon
Limited, U.K.). The optimal cell volume for the cytospin was determined based on the cell
density of a number of test slides, and was generally 100 pl. After drying, the slides were
fixed with methanol (70%) for 5 minutes and stained for approximately 20 min with a 6%
Giemsa solution.

For a reliable measurement, MN were scored in at least 1000 binucleated cells for every
treatment. Results were obtained from three independent experiments. Simultaneously,
the effect of a treatment on cell division was measured by assessing the percentage
cytostasis scored in at least 2000 cells per treatment.
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The percentage cytostasis was calculated as:

(CBP/treated-l)

100-100Xx —————
(CBPIcontrol-l)

Where:

([# mononucleates] + [2 x # binucleates] + [3 x # multinucleates])

CBPI =
# cells

total

4.2.6 LacZ gene mutation test in MEF-LacZ cells

In vitro gene mutation tests in mammalian cells are routinely used to detect gene mutations
induced by chemicals. For the current experiments, embryonic fibroblasts isolated from
pU288 plasmid LacZ mice were used because they contain multiple copies of the pUR288
plasmid with the bacterial lacZ gene as a reporter gene in their genome. The advantage of
using these particular cells compared to other commonly used cells is that they are capable
of detecting various mutagenic events, including point mutations and deletions induced
by chemicals (Mahabir et al. 2009). After exposure of the cells to the test substance (SiO,
NPs in this case), plasmids are isolated from the genome and transfected into Escherichia
coli (E. coli) C (Alacz/ galE) cells (Figure 4.2). The E. coli cells are plated onto both a non-
selective and a mutant selective plate. The non-selective plate contains 5-bromo-4-chloro-
3-indolyl-R-D-galactopyranoside (X-gal) and is used to determine overall plasmid rescue
efficiency. Blue colonies are formed when X-gal is metabolized by R-galactosidase present
in cells containing an intact /lacZ product from the transfected plasmid. The selective
plate contains phenyl-R-D-galactopyranoside (P-gal), which is toxic to the cells when
metabolized by R-galactosidase and subsequent enzymes. The colonies growing on the
selective plate result from cells carrying a plasmid with a mutation in the lacZ gene, which
hampers R-galactosidase activity (Dollé et al. 1996).

MEF-lacZ cells were seeded in 10 cm petri dishes containing 1 x 10° cells and a final
volume of 5 ml cell culture medium. The cells were incubated for 24 hours at 37°C under
10% CO, and 3% O,. Subsequently, the cells were washed once with DPBS and fresh cell
culture medium containing 10% FCS and SiO, NPs at concentrations ranging from 4 to
400 pg/ml was added in duplicate cultures per experiment. Distilled water was used as
a vehicle control and N-nitroso-N-methylurea (MNU) as a positive control. After 16 h
treatment, cells were collected in 1 ml phosphate buffered saline (PBS) using a cell scraper.
The cell suspension was centrifuged at 1200 rpm and 4 °C for 5 min and the pellet was
stored at -20 °C until the lacZ plasmid rescue assay was performed.

The lacZ plasmid rescue and determination of the mutant frequency was performed as
described previously (Dollé et al. 1996). Briefly, total genomic DNA containing (parts of)
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the lacZ gene was isolated from the cells using phenol extraction, followed by digestion
with the restriction enzyme Hindlll. The lacZ containing plasmids were rescued from
the digest using magnetic beads coated with the lacZ/lacl fusion protein. After elution
from the beads, the plasmids were transfected into an electrocompetent E. coli strain C
(Alacz /galE-). Small fractions of the bacterial samples (dilution factor 200, 400 or 1000)
were incubated on non-selective X-galactosidase plates to determine the plasmid rescue
efficiency. The remainder was incubated on selective P-glycosidase plates to select for
mutants. The lacZ mutant frequency was calculated by dividing the number of mutants by
the total number of rescued colonies x dilution factor. Results were obtained from at least
three independent experiments.

genome rearrangement
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Precipitation /
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Figure 4.2 Schematic representation of the plasmid LacZ gene mutation assay.
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4.2.7 Acellular redox activity of silica nanoparticles
The acellular redox activity of the NPs was evaluated using the dithiothreitol (DTT) assay.
The DTT assay determines the general redox activity of a sample by measuring the stimulus
(Si0, NPs in this case) dependent oxidation of DTT, a dithiol. The assay measures the
formation of reactive oxygen species (ROS) by a known amount of DTT. During this reaction,
DTT is consumed, followed by its reaction with 5,5’-dithiobis-(2-) nitrobenzoic acid (DTNB)
to form 2-nitro-5-mercaptobenzoic acid which can be measured by a spectrophotometer.
SiO, NPs (10 pg) were incubated with 100 nM DTT in a 0.5M potassium phosphate buffer
at pH 7.4 for 0, 15, 30 or 45 minutes at 37°C with a total volume of 1 ml per time-aliquot
and transferred to an equal volume of cold 10% trichloroacetic acid solution after the
indicated incubation time. Aliquots were transferred to 1 ml 0.4M Tris-HCI buffer (pH 8.9)
containing 25 pl 10 mM 5,5’-dithiobis-(2-)nitrobenzoic acid (DNTB) and the absorbance
was read at 412 nm on a spectrophotometer within 30 minutes. Results were obtained
from two independent experiments.

4.2.8 Generation of ROS in MEF-LacZ cells

ROS are generated by cells as by-products of normal cellular activity, but an increase in
ROS in response to stress factors may lead to an overload of the anti-oxidant capacity,
and may result in cell damage. Non-fluorescent 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCF-DA) can be used to measure the generation of ROS. Upon entering the cell, the
acetate groups are cleaved off, and the remaining compound H,DCF remains inside the
cell where it is oxidized by reactive species to the fluorescent compound DCF.

MEF-LacZ cells were seeded in 96-well tissue grade microtiter plates at a density of
5 x 10° cells per well and cultured in a humidified atmosphere at 37°C, 3% 0, and 10%
CO,. When the wells had reached approximately 80% confluence, cell culture medium
was removed and cells were exposed to 100 ul of nanoparticle suspension in cell culture
medium containing 10% FCS (0.3 to 100 ug/ml) for 4 h, in triplicate wells. The 4 h time
point was selected after pilot studies using exposure periods ranging from 15 min to 24 h,
and is in agreement with many other published studies using this assay (reviewed by Park
et al. 2009b). In each experiment, cells exposed to 10% distilled water served as solvent
control. Cells exposed to cell culture medium containing 10 ug/ml lipopolysaccharide (LPS)
and 10 pg/ml phorbol myristate acetate (PMA) served as a positive control.

The stock solution of H,DCF-DA (40 uM in DMSO) was diluted 4000 times with PBS to
yield a 10 uM working solution. After 4 h exposure to SiO, NPs, the cell culture medium was
removed, cells were washed with warm PBS and incubated with freshly prepared 10 uM
H,DCF-DA probe in PBS for 45 minutes at 37°C, 3% O, and 10% CO,, while protected from
light. Subsequently, probe that was not taken up by the cells was removed by washing the
cells with warm PBS. A final aliquot of 100 pl of PBS was added to each well and fluorescence
was measured at an excitation wavelength of 485 nm and an emission wavelength of 520
nm using a FLUOstar OPTIMA microplate reader (BMG LABTECH, Offenburg, Germany).

104



In vitro genotoxicity evaluation of silica nanoparticles

At these wavelengths, SiO, NPs alone in PBS did not affect fluorescence. Results were
obtained from at least two independent experiments.

4.2.9 Data analysis

Data from the LacZ gene mutation test in MEF-LacZ cells were analyzed by means of the
non-parametric Kruskall-Wallis test and Mann-Whitney test where appropriate. Data from
the micronucleus test were analyzed by means of the Pearson’s chi square test. Data from
the WST-1 test were analyzed using PROAST software version 23.2 (RIVM, Bilthoven, The
Netherlands) (Slob 2002). The following exponential dose-response model was fitted to
the data:

y=a* exp(bx)

where y denotes the metabolic activity of the cells, and x the concentration of the SiO,
NPs. Experiment (n=3) was defined as a covariate for a in the model. The IC,  was defined
as the SiO, NP concentration resulting in a 20% decrease of metabolic activity as compared
to the solvent control group.

Figure 4.3 TEM images demonstrating uptake of 11 nm (a), 34A (b), 34B (c) and 248 nm (d) silica nanoparticles
by 3T3-L1 cells.
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4.3 RESULTS

4.3.1 Silica nanoparticle uptake in 3T3-L1 cells

TEM images of 3T3-L1 cells show that SiO, NPs of all sizes tested were taken up into the
cells after 16 hours of exposure to 50 pg/ml. The NPs appeared to be mainly located in
vesicles and although these vesicles were sometimes detected near the cell nucleus, no
NPs were actually observed in the cell nucleus (Figure 4.3).
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4.3.2 In vitro micronucleus results in 3T3-L1 cells

The purpose of the micronucleus test is to identify chromosome aberrations by measuring
the formation of micronuclei (MN) containing lagging chromosome fragments (clastogenic
effects) or whole chromosomes (aneugenic effects). These chromosomal fragments are not
able to migrate to the spindle poles during mitosis (nuclear division). Anuclear envelope forms
around (each of) the chromosome fragment and is noticeable as a small micronucleus.

4

Figure 4.5 Mutant
frequencies in MEF-LacZ
cells exposed to 11 nm (a),
34A (b) 34B, (c) and 248
nm (d) silica nanoparticles.
*Indicates a statistically
significant difference
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As indicated by the increased cytostasis, cell proliferation was significantly inhibited in
3T3-L1 cells at the highest test concentration of 400 pg/ml for all SiO, NPs, but not at
lower concentrations (Figure 4.4). At non-cytotoxic concentrations, a minor but statistically
significant and dose-related increase in binucleated cells with MN was observed in cells
exposed to the 34B SiO, NPs only. Exposure to the positive control bleomycin resulted in
an approximately 4-fold increase in binucleated cells with MN compared to the solvent
control in every experiment (data not shown).

4.3.3 LacZ gene mutation test in MEF-LacZ cells

Gene mutations such as point mutations or base shifts are not detected by the micronucleus
assay. Therefore, a gene mutation test was performed in mouse embryonic fibroblasts (MEF-
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lacZ) containing lacZ as a reporter gene. This test is capable of detecting various mutagenic
events, including point mutations and chromosomal rearrangements (Mahabir et al. 2009).

SiO, NPs 11 and 248 nm did not induce an increase in mutant frequencies (Figure 4.5).
A dose related increase in mutant frequency was observed in MEF-LacZ cells exposed to
both 34 nm SiO, NPs, which was statistically significant for the 34A only. Compared to the
solvent control, the increase was at most 3-fold for the 34A particle and 2-fold for the
34B particle. The positive control MNU induced a 7-fold increase in mutant frequency
compared to the solvent control (data not shown).
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Figure 4.6 Metabolic activity of MEF-LacZ cells exposed to 34A (a) and 34B (b) silica nanoparticles, as measured
by the WST-1 assay.

4.3.4 Cytotoxicity in MEF-LacZ cells

To determine whether the observed genotoxic effects of the two 34 nm SiO, NPs occurred at
concentrations below cytotoxic concentrations, a WST-1 assay was performed. Metabolic activity
of MEF-LacZ cells was slightly decreased after exposure to 34A SiO, NPs (Figure 4.6). Modelling of
the WST-1 dose response data in MEF-LacZ cells showed that metabolic activity of exposed cells
was decreased to 80% of that of control cells at a concentration of 85 ug/ml (Figure 4.7).

1.2 Figure 4.7 Dose-response curves of the metabolic activity of
MEF-LacZ cells as a function of the 34A silica nanoparticle
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4.3.5 Redox potential and generation of reactive oxygen species

The potential contribution of reactive oxygen species to the observed increase in the
occurrence of mutant frequencies in MEF-LacZ cells after exposure to the two 34 nm SiO,
NPs was investigated by determining the induction of ROS both in an acellular and in a
cellular system. The metabolism of H,DCF by ROS in MEF-LacZ cells exposed to the two 34
nm SiO, NPs was not increased at concentrations up to 100 pg/ml (Figure 4.8). However,
the positive control (10 pg/ml LPS and 10 pg/ml PMA) only induced a two-fold increase in
ROS, indicating the assay was not very sensitive in this cell type. The metabolism of DTT in
the acellular system was not increased by any of the SiO, NPs (data not shown).
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Figure 4.8 Generation of reactive oxygen species in MEF-LacZ cells exposed to 34A (a) and 34B (b) silica
nanoparticles, as measured by the H,DCF-DA assay.

4.4 DISCUSSION

In the current study, we investigated the potentially size-dependent effects of SiO, NPs in
two genotoxicity assays. Animportantissue recently re-emphasized is that genotoxic effects
are not relevant at high cytotoxic concentrations, as high levels of cytotoxicity may induce
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chromosomal damage as a secondary effect (Rossman 2009). For the micronucleus assay,
cytotoxicity in 3T3-L1 cells was determined by assessing cytostasis for each treatment,
which provides an accurate method of quantifying the effect on cell proliferation and the
cytotoxic activity of a treatment. At the highest concentration tested (400 pg/ml) of each
SiO, nanoparticle, cytostasis was significantly increased compared to solvent control,
indicating high cytotoxicity at this concentration. Cytostasis at the other test concentrations
was not affected, confirming earlier results using a variety of cell viability tests of the same
30 (34), 80 (34) and 400 (248) nm SiO, NPs in the same 3T3-L1 cells, as reported together
with the comet assay (Barnes et al. 2008). In the absence of cytotoxicity, the 4 and 40 pg/
ml test concentrations were relevant for genotoxicity evaluation.

Cytotoxicity of SiO, NPs in MEF-/acZ cells was also low or absent at concentrations up
to 100 ug/ml when determined with the WST-1 assay. However, the WST-1 and analogous
assays used to assess cytotoxicity have been claimed to underestimate cytotoxicity because
the metabolic activity of cells undergoing apoptosis does not necessarily decrease until
the last stage of apoptosis (Rossman 2009). The use of the clonal survival assay may be
a more appropriate assay for cytotoxicity, but is not compatible with the MEF-lacZ cells
used in our studies, which are difficult to clone in the absence of intercellular contact.
Nevertheless, our cytotoxicity results are in agreement with results of various other
in vitro studies with SiO, NPs (Adili et al. 2008; Brunner et al. 2006; Chang et al. 2007;
Chung et al. 2007; Fahmy and Cormier 2009; Lu et al. 2009). Using a number of different
cytotoxicity assays, these studies reported minimal cytotoxicity of amorphous SiO, NPs
in epithelial cells and fibroblasts at concentrations of up to 100 pg/ml. Evaluation of
genotoxicity at concentrations up to 100 pg/ml of SiO, NPs in MEF-LacZ cells is therefore
unlikely influenced by high cytotoxicity.

We previously reported that these SiO, NPs elicited no response in the comet assay at
concentrations up to 40 ug/ml (Barnes et al. 2008). The comet assay gives an indication of
the potential of chemicals to induce single- or double-strand DNA breaks. Our results were
consistent with the negative outcome in the comet assay after exposure of A549 human
lung epithelial cells to luminescent SiO, NPs (50 nm) for up to 72 hours (Jin et al. 2007).
In contrast, SiO, NPs were found to be genotoxic in cultured breast cancer cells (MCF-7)
(Pacheco et al. 2007). The comet assay is a highly sensitive test, and positive responses
in the comet assay do not necessarily point toward genotoxicity since the DNA strand
breaks detected may be reversible. On the other hand, a negative outcome of the comet
assay does not necessarily prove the absence of genotoxicity, since DNA strand breaks are
only one form of DNA damage that a chemical may induce. Therefore, evaluation of the
genotoxic potential of chemicals or, in this case, NPs requires the use of assays detecting
additional and irreversible genotoxicity endpoints.

The micronucleus assay is a commonly used test for evaluating the potential of
chemicals to induce chromosomal aberrations, which may consist of chromosome breaks
or whole chromosome loss. To the best of our knowledge, this is the first study to evaluate
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amorphous SiO, NPs in this assay. Using the same cell type, storage and exposure protocol
asthe previously reported comet assay, 34B SiO, NPs induced a minor, but dose related and
statistically significant increase in chromosomal aberrations in 3T3-L1 mouse fibroblasts,
while the other SiO, NPs elicited no effect. Similar to our studies with amorphous SiO,
NPs, Wang et al. (2007) reported genotoxicity of crystalline SiO, particles in the in vitro
micronucleus assay, while the comet assay was negative. It needs to be emphasized that,
although both these assays detect DNA strand breaks, the endpoints do not completely
overlap. In a different type of chromosomal aberration assay, SiO,-coated magnetic NPs of
50 nm did not induce chromosomal aberrations in Chinese hamster lung fibroblasts (Kim
et al. 2006).

The different outcome for the 34B NPs in our study is surprising, since the TEM
measured diameter of this nanoparticle was similar to that of the 34A NPs, which did not
induce chromosomal aberrations. We have previously reported that these two NPs also
elicited different responses in the embryonic stem cell test (Park et al. 2009a), suggesting
that characteristics other than primary particle diameter contribute to the potential of
these NPs to elicit effects in these assays.

Our micronucleus assay protocol involved the use of cytochalasine B as a cytokinesis
blocker, which may inhibit the endocytosis of certain NPs (Papageorgiou et al. 2007).
However, using a protocol similar to the one used in our study, increased frequencies of
binucleated cells with MN were also found after exposure to aluminum oxide and anatase
TiO, NPs (Di Virgilio et al. 2009; Falck et al. 2009). This indicates that endocytosis of these
NPs was not completely inhibited, although the effects of these NPs may have been
underestimated.

The gene mutation assay is regularly used to evaluate a different genotoxicity endpoint
than the micronucleus assay, specifically the potential of a chemical to induce gene
mutations. This genotoxicity endpoint is commonly evaluated in vitro in a mammalian
cell gene mutation tests with a reporter gene or in the bacterial reverse mutation assay
(Ames test). We have evaluated for the first time the potential of SiO, NPs to induce gene
mutations in mouse embryonic fibroblasts containing LacZ as a reporter gene, which is
capable of detecting various mutagenic events such as point mutations and deletions
induced by chemicals (Mahabir et al. 2009). Both 34 nm SiO, NPs (A and B) induced a
dose related increase in gene mutations in MEF-LacZ cells, while those of 11 nm and 248
nm did not. Similar methodology was used in studies investigating the mutagenicity of
single walled carbon nanotubes, C, fullerenes, carbon black and diesel exhaust particles,
but only the latter two induced an increase in mutant frequencies (Jacobsen et al. 2008;
Jacobsen et al. 2007). In addition, SiO,-coated magnetic NPs of 50 nm were not genotoxic
in the Ames test (Jin et al. 2007). However, the Ames test has been claimed to be less
suitable for the evaluation of NPs, since not all particles may be able to cross the bacterial
membrane (Landsiedel et al. 2009).

The lack of genotoxicity observed in NPs of 11 nm and 248 nm may be attributed to

111



Chapter 4

their larger hydrodynamic size in cell culture medium. We have previously assessed and
reported the agglomeration status of these SiO, NPs by means of DLS in cell culture medium
containing FCS at different time points (shortly after dispersion, 24 hours and 5 days after
dispersion). The DLS data demonstrate that all particles are to some extent agglomerated/
aggregated in cell culture medium, and the state of agglomeration/aggregation varies with
different time points after dispersion. Therefore, rather than a permanent agglomeration
‘status’, the agglomeration in cell culture medium actually appears to be a very dynamic
process, and the relevant time point for determining the agglomeration ‘status’ is not
straightforward. Nevertheless, the 11 nm SiO, NPs were highly aggregated in distilled water
and this aggregation persisted in cell culture medium for embryonic stem cells (Park et al.
2009a). In the current study, the larger particle size of the 248 nm particles and the high
level of aggregation of the 11 nm particles did not appear to prevent their uptake in 3T3-
L1 cells. However, at equal-mass concentrations for all particles, the number of particles
(aggregates) available in the cell culture medium is lower for larger or highly aggregated
particles. This in turn may lead to a lower number of cells in the cell population being
affected by the 11 nm and the 248 nm particles compared to the two better dispersed 34
nm particles.

Our TEM studies further demonstrated that SiO, NPs taken up by 3T3-L1 cells were
mainly located in vacuoles, but the presence of SiO, NPs in the cell nucleus could not be
confirmed. In the micronucleus assay, the presence of micronuclei was scored in at least
1000 binucleated cells for every treatment in each of the three experiments. On average,
micronuclei were observed in 3.3% of the 3T3-L1 cells treated with 40 ug/ml 34B SiO, NPs,
i.e. in approximately 100 cells. Several thousands of cell transects have been examined
by means of TEM throughout our studies, but SiO, NPs have never been observed within
a nuclear profile. It should be noted that individual 11 nm SiO, NPs are too small to be
visualized in a nuclear profile by means of TEM. Nevertheless, our findings are consistent
with others using fluorescently labeled or luminescent amorphous SiO, NPs and crystalline
SiO, particles, which were found to be almost exclusively located in lysosomes in regions
near to but not in the cell nucleus (Gemeinhart et al. 2005; Jin et al. 2007; Kayle et al. 2010;
Li et al. 2007). In contrast, one study reported the nuclear translocation of fluorescently
labeled SiO, NPs sized between 40 and 70 nm(Chen and von Mikecz 2005).

For the time being, we are uncertain of the mechanism(s) that would explain the
genotoxic responses observed with the two 34 nm SiO, NPs when their localization was
primarily observed in vacuoles outside the cell nucleus. We can only postulate from
the literature that NPs may alter two pathways that may result in indirect DNA damage
(Gonzalez et al. 2008; Singh et al. 2009).

Firstly, the release of transition metal ions and/or the high surface area associated with
NPs can promote the generation of ROS, resulting in oxidative DNA damage. This pathway
can be attained without the presence of the NPs themselves in the cell nucleus, as has
been demonstrated for CoCr particles (Papageorgiou et al. 2007). Exposure of human lung
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epithelial cells (A549) to amorphous SiO, NPs did not induce an increase of 7,8-dihydro-
xodeoxyguanine, a marker of oxidative damage (Jin et al. 2007). In addition, results from
both acellular and cellular assays indicated that the reactivity of SiO, NPs used in our study
was low and did not result in generation of high levels of ROS either in solution or inside cells.
However, given that the methodology used to measure ROS is rather insensitive, we cannot
rule out the possibility that ROS may be involved in the induction of genotoxic effects.

Secondly, indirect DNA damage may result from mechanical hindrance of the mitotic
processofthecellsratherthanthedirectinduction of DNAstrand breaks, duetothe presence
of vacuoles containing NPs in the cytoplasm of the cells during mitosis. Interferences with
mitotic processes have been reported for various NPs, including SiO, NPs (AshaRani et al.
2009a; AshaRanietal. 2009b; Pernodet et al. 2006; Villanueva et al. 2009; Wang et al. 2009).
For instance, exposure of human lung fibroblasts and glioblastoma cells to starch-coated
silver NPs induced the formation of chromosomal aberrations and micronuclei, which was
associated with significant cytoskeleton deformations, down-regulation of actin binding
proteins and cell cycle arrest in the gap2/mitosis phase (AshaRani et al. 2009a; 2009b).
Modification of the actin structure of human dermal fibroblasts exposed to citrate/gold
NPs was suggested to be the result of mechanical hindrance by the unusually large number
of vacuoles (Pernodet et al. 2006). Mechanical hindrance may also induce indirect DNA
damage by affecting microtubules, which are important in cellular transport of proteins
required for DNA repair processes (Gonzalez et al. 2008). In our study, differences in
number of vacuoles between control cells and those exposed to 50 ug/ml NPs of different
sizes were not qualitatively obvious. However, detailed quantitative studies of vacuole
numbers are needed to exclude the contribution of mechanical hindrance by NPs to the
observed effects in the genotoxicity assays.

So far, our studies indicate that two 34 nm amorphous SiO, NPs may not be as inert
as previously thought. In light of the current and anticipated applications of SiO, NPs
in the pharmaceutical industry and in the food sector, in vivo studies are needed to
further evaluate the relevance of the effects found in vitro. The 11 and 248 nm SiO, NPs
did not show any genotoxic effect in either assay. Therefore, it needs to be emphasized
that not all SiO, NPs have the potential to be genotoxic, and this may rather depend on
as yet unidentified specific nanoparticle characteristics. NPs which are similar in both
chemical composition and primary size exerted different effects in embryonic stem cell
differentiation and micronucleus assays, suggesting that safety evaluation of NPs needs
to consider additional NP characteristics. The identification of additional characteristic(s)
of NPs that may determine their response in toxicity assays would help to assess the
relevance of our findings to human exposure to these and other types of SiO, NPs. A better
understanding of the mechanism by which these effects occurred may help to identify
these NP characteristics. Identification of toxicity-determining NP characteristics can also
aid producers in the development of safe SiO, NPs. In the meantime, caution is needed
when comparing results across studies using different types of SiO, NPs.
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In summary, genotoxic effects of 34B SiO, NPs were observed in 3T3-L1 cells and of the
34A and 34B SiO, NPs in MEF-/acZ cells as determined by the micronucleus assay and the
LacZ gene mutation assay, respectively, at non-cytotoxic concentrations. The effects were
not observed for all four SiO, NPs, despite their similar chemical composition. In addition,
even SiO, NPs of similar TEM measured primary size (34 nm) elicited different effects in
the micronucleus assay, suggesting that nanoparticle characteristics other than chemical
composition and primary size play an important role. All NPs were taken up by 3T3-L1
cells, but the presence of SiO, NPs in the cell nucleus could not be demonstrated by TEM
imaging, indicating that the effects were not caused by a direct interaction of the SiO, NPs
with the DNA, but rather by an indirect mechanism. The involvement of ROS cannot be
excluded, although the SiO, NPs had low redox potential and exposure of the MEF-LacZ
cells did not result in the generation of high levels of ROS. The possibility of mechanical
hindrance of mitotic processes as an indirect mechanism underlying these effects needs
to be investigated. The question remains whether the observed effects are biologically
relevant for human exposure to these 34 nm SiO, NPs. In vivo studies may reveal whether
the effects found in vitro can be reproduced in vivo at relevant exposure concentrations. In
addition, the nanoparticle characteristics determining these effects need to be elucidated
in order to assess the relevance of these findings for human exposure to a wide variety of
SiO, NPs.
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In vitro cytotoxicity and inflammation of silica nanoparticles

ABSTRACT

The biological response to four well-characterized amorphous silica nanoparticles was
investigated in RAW 264.7 macrophages in view of their potential application as drug
carriers to sites of inflammation. All silica nanoparticles induced cell membrane damage
(LDH), reduced metabolic activity (WST-1), generated ROS and released various cytokines,
but to different extents. Two silica nanoparticles of 34 nm (A and B) with different
zetapotentials were more cytotoxic than (aggregated) 11 nm and 248 nm nanoparticles,
while cytokines were mostly induced by the (aggregated) 11 nm and only one of the 34
nm nanoparticles (34A). The results indicate that specific silica nanoparticles may have
counterproductive effects, for example when used as carriers of anti-inflammatory
drugs. The physicochemical properties determining the response of nanoparticles vary
for different responses, implying that a screening approach for the safe development of
nanoparticles needs to consider the role of combinations of (dynamic) physicochemical
properties and needs to include multiple toxicity endpoints.

5.1 INTRODUCTION
In the biomedical field, much research effort is directed towards the development of
amorphous silica (SiO,) ENMs as carriers for diagnostic labels, non-viral DNA transfection
agents, enhanced intracellular delivery or more specific targeting of drugs (see for example
reviews by Agasti et al. 2010; Jarzyna et al. 2010; and Roy et al. 2008). An interesting
aspect of NPs biodistribution is that they tend to accumulate at sites of inflammation due
to increased vascular permeability (Moulari et al. 2008). In addition, inflamed areas are
marked by the presence of high numbers ofimmune related cells such as macrophages, and
various in vivo studies have shown that macrophages play an important role in scavenging
particles from the systemic circulation, resulting in an accumulation of NPs in macrophage
rich organs such as the liver, lung, spleen and bone marrow (Chen et al. 2003; De Jong et
al. 2008; Fischer and Chan 2007; Hamoir et al. 2003; Lankveld et al. 2010; Sadauskas et
al. 2007). Taking advantage of this accumulation, drug research is exploring possibilities
for use of amorphous SiO, NPs as drug carriers specifically targeting sites of inflammation
(Ulbrich and Lamprecht 2010). For example, the selective delivery of the inflammatory
bowel disease drug 5ASA to inflamed intestinal tissue in mice was significantly enhanced
by covalently binding the drug to the surface of SiO, NPs (Moulari et al. 2008). Noteworthy
in this perspective is that a number of different NPs, including SiO,, Ag, TiO, and other NPs,
have been shown to induce biomarkers of oxidative stress and inflammation, such as ROS
and cytokines (Carlson et al. 2008; Dutta et al. 2007; Kang et al. 2008; Sayes et al. 2007;
Veranth et al. 2007), which may counteract the benefits of using NPs as drug carriers in the
treatment of inflammatory diseases.

To ensure development of ENMs that are safe to use, it would be beneficial to identify
the physico-chemical characteristic(s) that determine their hazardous properties, such
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as chemical composition, primary or hydrodynamic size, shape and surface composition
and charge. Several in vitro cytotoxicity studies assessing the potential hazards of SiO,
ENMs have been published, but outcomes are not always in agreement with each other
(Akhtar et al. 2010; Nabeshi et al. 2010; Napierska et al. 2009; Shi et al. 2010; Tao et al.
2009; Thomassen et al. 2010; Waters et al. 2009). Direct comparisons between studies
are often difficult as they use ENMs from different suppliers and produced via different
synthesis methods, which may lead to differences in impurities and detailed surface
chemistry of the NPs, and this may have an impact on their toxicity. Indeed, even batch-
to-batch differences in ENMs from the same supplier may exist, as many ENM production
processes are not yet sufficiently standardized and controlled. SiO, NPs are not necessarily
produced, stored or handled under sterile conditions, yet few studies report testing
their SiO, (or indeed other) NPs for the presence of potent inflammatory agents such as
lipopolysaccharides (LPS), which has been shown to increase the cytotoxic effects of SiO,
NPs (Shi et al. 2010). This variability in SiO, ENMs underlines the necessity of thoroughly
characterizing ENMs used in toxicity studies. Lack of ENM characterization leaves room
for suggestive or erroneous interpretation of the results, complicates comparison across
studies and hinders addressing the issue of whether one type of SiO, ENM may be more
hazardous than others.

The aim of this study was to investigate the differences in the hazardous potentials
of a variety of well-characterized, solid amorphous spherical SiO, NPs. In view of the
envisioned application of amorphous SiO, NPs as drug carriers to sites of inflammation
containing high numbers of immune related cells, a mouse peritoneal macrophage cell
line, RAW 264.7 was selected to study potentially counterproductive cellular responses
and inflammation properties of the SiO, NPs.

5.2 MATERIALS AND METHODS

5.2.1 Silica nanoparticles
The four different solid, spherical amorphous SiO, NPs used in this study were obtained
from Glantreo, Ltd., Cork, Ireland. The particles were synthesized via the Stéber method
without any stabilizer (Stober et al. 1968). To avoid potential interference from synthesis
residues and solvents, NPs were dialyzed extensively against a very large excess of pure
MilliQ water. The post-dialysis concentration of NPs was determined gravimetrically after
freeze-drying a known volume of the dialyzed suspension. The endotoxin levels in the
obtained particle stock solutions were below the detection limit of <0.0625 IU/ml in
the Limulus Amoebocyte Lysate (Gel-clot) assay and tested negative for the presence of
bacterial or fungal infection, as determined by inoculation on Columbia sheep blood agar
plates (Oxoid Ltd), respectively (data not shown).

Details on the characterization of these NPs have been reported previously (Barnes et
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al. 2008; Park et al. 2009a; Park et al. 2011) and are summarized in Table 5.1. Transmission
Electron Microscopy (TEM) measurements revealed that the primary diameters of the
four different NPs were 11, 34, 34 and 248 nm, respectively. The two 34 nm particles
had significantly different zeta potentials in deionized water, and will be designated as
34A (T -33.7) and 34B (T -10.6). The polydispersity index and dynamic light scattering
measurements revealed that especially the 11 nm SiO, NPs were highly aggregated in
deionized water, and both 34 nm particles were aggregated to a smaller extent. The 248
nm particles were relatively well dispersed.

Shortly before the start of each experiment, SiO, NPs were thoroughly vortexed (20s at
1500 rpm), diluted in distilled water and dispersed in the same cell culture medium used
to routinely culture the cells.

NP size® zeta potential { Hydrodynamic size” PDI*

[nm] [mV] [nm]

11.0 (2.2) -43.3 (11.8) 103.1(1.9) 0.792 (0.011)
33.7 (4.0) -33.7 (3.0) 77.9 (1.1) 0.259 (0.094)
33.7 (6.1) -10.6 (0.9) 65.9 (1.7) 0.374 (0.068)
247.9 (24.1) -49.1 (0.5) 269.0(7.1) 0.049 (0.020)

Values given are mean (standard deviation). °As measured by Transmission Electron Microscopy;,
average of at least 100 nanoparticles "As measured by Dynamic Light Scattering, average of at
least 5 runs each containing 10 sub-measurements. ‘PDI: polydispersity index.

Table 4.1 Characterization of silica nanoparticles shortly after dispersion in deionized water.

5.2.2 Cell culture

The murine peritoneal macrophage RAW 264.7 was obtained from ATTC and routinely
cultured at 37°C and 5% CO, in DMEM/F12 + GlutaMAX'-1 (Gibco 31331) supplemented
with 10 vol% FCS (Gibco 16010-159), 1 vol% Penicillin-Streptomycin solution (10000 U/mL
/ 10000 pg/mL, Gibco 15040), and 1 vol% 100 mM sodium pyruvate (Gibco 11360).

5.2.3 Cellular metabolic activity (WST-1)

The metabolic conversion of WST-1 by the macrophages after 24 h exposure to 0.03 — 100
ug/ml SiO, NPs was evaluated using the WST-1 Cell Proliferation Reagent (Roche, Almere,
the Netherlands), as described earlier (Park et al. 2009a; Park et al. 2011). A decrease in
cellular metabolic conversion of WST into a colored formazan dye may be caused by cell
death, a decrease in enzyme activity, a decrease in cellular proliferation, or a combination
of thereof, and is commonly referred to as reflecting cytotoxicity. Briefly, cells were seeded
in 96-well tissue grade microtiter plates at 2x10°, leading to near confluent monolayers
after 24 h. Upon reaching near confluency, cell culture medium was removed and fresh
cell culture medium containing 0.3 — 100 pg/ml SiO, NPs (100 pl per well) was added. Each
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96-well plate also included cells exposed to 5 vol% DMSO as a positive control. After 24
h, cells were incubated with WST-1 reagent for 3 h and absorbance was measured using a
SpectraMax® 190 scanning multiwell spectrophotometer (Molecular Devices, Sunnyvale,
USA) at a wavelength of 440 nm and a reference wavelength of 620 nm. Interference of
the SiO, NPs with the WST-1 assay was experimentally excluded, as reported previously
(Park et al. 2009a). At least three independent experiments were performed.

5.2.4 Cellular membrane integrity (LDH)

The LDH assay measures metabolic conversion of lactate to pyruvate by lactate
dehydrogenase (LDH). LDH activity after 24 h exposure to 0.3 — 100 ug/ml SiO, NPs was
determined using the CytoTox-ONE™ Homogeneous Membrane Integrity Assay (Promega,
Leiden, The Netherlands) according to the manufacturer’s specifications. A decrease
in total LDH activity measured in lysed cells and their cell culture supernatant together
represents cell death, a decrease in enzyme activity, a decrease in cellular proliferation,
or a combination of thereof. LDH is a stable cytoplasmic enzyme present in all cells, which
is rapidly released into the cell culture supernatant upon damage to the cell membrane.
Therefore, an increase in LDH activity measured in the cell culture supernatant alone is
representative for cell membrane damage which, similar to the WST-1, is commonly referred
to as reflecting cytotoxicity. Extracellular LDH is corrected for the total LDH activity in the
cells undergoing the same treatment, to avoid false negative results in cases where the NP
treatment caused an inhibition of cell proliferation and as such caused a lower amount of
LDH to be available to leak out of damaged cells (Park et al. 2009b; Stone et al. 2009).

Cells were exposed to SiO, NPs in the same way as for the WST-1 assay. Each 96-well
plate also included cells exposed to 5 vol% DMSO as a positive control. At the end of the 24
h exposure period, 96-well plates were equilibrated to room temperature and LDH activity
was measured. One set of triplicate wells was used to determine total LDH activity after
lysing cells with 10 ul of 9% w/v Triton X-100 diluted 1:5 in cell culture medium. A second
set of triplicate wells was used to determine extracellular (leaked) LDH activity, which
was expressed as the ratio between the LDH activity in the supernatant and the total
LDH activity obtained from the lysed cells of the same treatment. The EC,, was defined
as the concentration of SiO, NPs resulting in a 20% decrease (fraction 0.8) in total LDH
or a 20% increase (1.2 fold increase) in extracellular LDH compared to cells treated with
the solvent control (distilled water), respectively. At least three independent experiments
were performed.

The potential of SiO, NPs to interfere with the LDH assay by scattering fluorescence or
by interfering with LDH or test kit components was assessed. RAW 264.7 cells were seeded
in 96-well plates at a density of 2x10” cells/well and cultured for 24 h at 37°C in 5% Co,.
The next day, cell culture medium was replaced with fresh cell culture medium containing
100 pg/ml NPs, 10 vol% distilled water or cell culture medium alone. Simultaneously, 10
ul of 9% w/v Triton X-100 diluted 1:5 in cell culture medium was added, leading to direct
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lysis of the cells. After 24 h incubation, LDH activity was determined as described above.
The LDH activity of cell culture medium with and without SiO, NPs was similar, indicating
that the NPs did not interfere with the test (data not shown).

5.2.5 Acellular generation of reactive oxygen species (ESR)

Hydroxyl radical formation from SiO, NPs in an acellular environment was based on
a previously published method (van Maanen et al. 1999), with minor modifications.
Briefly, solutions of 5,5-dimethyl-1-pyrolline N-oxide (DMPO, Sigma) in nitrogen flushed
MilliQ water were purified by charcoal treatment. Stock concentrations of DMPO were
determined spectrophotometrically (¢ = 7700 M™ cm™, 234 nm). Si0, NPs (1 mg/ml)
in distilled water were incubated with 1 mM H,0, and 50 mM of the spin trap DMPO.
Samples of this solution were taken up in glass capillaries (100 ul, Brand AG, Wertheim,
Germany) directly and after an incubation of 15 and 30 min at 37°C. After sealing, the
capillary was immediately placed in the resonator of the Electron Spin Resonance (ESR)
spectrometer. ESR spectra were recorded at room temperature on a Bruker EMX 1273
spectrometer equipped with an ER 4119HS high sensitivity resonator and a 12 kW power
supply operating at X band frequencies. The modulation frequency of the spectrometer
was 100 kHz. Instrumental conditions for the recorded spectra were as follows: magnetic
field, 3450 G; scan range, 200 G; modulation amplitude, 1 G; receiver gain, 1x10%
microwave frequency, 9.85 GHz; power, 50 mW; time constant, 40.96 ms; scan time,
20.97 s; number of scans, 25. Quantification of the characteristic DMPO-trapped hydroxy!
radical signal (4 peaks splitting constant 14.9G, surface pattern 1:2:2:1) was performed
by double integration peak surface measurements using the Bruker WIN-EPR spectrum
manipulation program.

5.2.6 Cellular generation of reactive oxygen species (H,DCF-DA)

The generation of ROS in RAW 264.7 cells after exposure to SiO, NPs was measured using
the H,DCF-DA assay. Cells were seeded in 96-well tissue culture plates at a density of 2x10*
cells/well. After 24 h, cell culture medium was removed and cells were exposed to 100 pl
of NP suspension (0.1 to 100 pg/ml) in cell culture medium containing 10 vol% FCS for 4 h.
Cells exposed to cell culture medium containing 10 pg/ml LPS and 10 pug/ml PMA served
as a positive control. After 4h, the formation of ROS was measured as described elsewhere
(Park et al. 2011). The EC,, was defined as the concentration of SiO, NPs resulting in a
20% increase in ROS compared to cells treated with the solvent control (distilled water).
Results were obtained from at least three independent experiments.

5.2.7 Induction of cytokines

Release of immune related cytokines (IL1a, IL1[, IL6, IL10, MIP1a, MIP1B, MIP2, IFNy,
G-CSF and TNFa) were measured in supernatant of RAW 264.7 cells after 24 h of exposure
to SiO, NPs using a Multiplex system (Bio-Plex Pro Mouse Cytokine kit, BioRad), allowing
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for simultaneous measurement of all 10 cytokines in one sample. Cells were seeded in 96-
well tissue culture plates at a density of 2x10° cells/well. After 24 h, cell culture medium
was removed and cells were exposed to 100 pl of NP suspension (0.3 to 100 pg/ml) in cell
culture medium for 24 h. Subsequently, the supernatant was collected and stored at -80°C
until cytokine analysis. Samples were collected from two independent experiments.
Cytokine analysis was performed according to the manufacturer’sinstructions, with minor
modifications. Samples were analyzed both undiluted and diluted 100x with RAW 264.7
cell culture medium. Half of the recommended concentration of anti-cytokine conjugated
beads were used, as this proved to be sufficient in past experiments (unpublished results).
Concentrations of detection antibody and Streptavidin-PE were adjusted accordingly.

5.2.8 Data analysis

For all experiments, data were analyzed using PROAST software version 28.1 (RIVM 2009;
Slob 2002). The PROAST software selects the optimal model from the exponential family
of the following 5 models:

model 1: y=a

model 2: y=aexp(bx)

model 3:  y=aexp(b x)

model 4: y=a/[c-(c-1)exp(-bx)]
model 5:  y=a/[c-(c-1)exp(-bx’)]

where the level of measured parameter y is a function of nanoparticle concentration x.

The model that best describes the data is selected by means of the statistical likelihood-
ratio criterion (EFSA 2009; RIVM 2009; Slob 2002). Note that when one of the models from
the nested family of exponential models describes the data significantly better than the
no-response model (= model 1: y = a) this implies that the no-response model is statistically
rejected, and an effect of the administered agent is statistically significant. Parameter a
reflects the level of measured parameter at concentration zero and parameter b reflects
the potency of the administered agent, in this case SiO, NPs. Parameter c is used for curves
that level off. Its value is equal to the factor by which the maximum response is larger (if
¢ > 1) or smaller (if ¢ < 1) than the background response value. Parameter d is a shape
parameter, whose default lower bound is one, because values of d smaller than 1 imply
that the slope of the curve at dose zero is infinite.

In fitting the model to a combined dataset (all plates and all particle sizes together) the
96-well plate was defined as a covariate for parameter a, and, if necessary, as a covariate
for the within group variance, thereby taking into account the differences between the
plates. For the comparison of the potency of the particles, the particle identity (11, 34A,
34B, 248) was defined as a covariate for parameter b, in this case of NPs of a given identity.
In this way, the effect of plates in shifting the dose-response up or down is corrected
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for, while the potential effect of particle size on the dose-response to the left or right
(which reflects changes in potency) can be effectively estimated using the results from all
plates together. The potential differences between particle sizes was further quantified
by the ‘Benchmark’ or effect concentration of SiO, NPs EC,, defined as the (nominal)
concentration resulting in a 20% response compared to the solvent control group. The
confidence interval of this EC,; value is calculated using the profile likelihood method.
A lack of overlap in the EC,, confidence intervals of two particles implies a statistically
significant difference between these particles.

Figure 5.1 Dose-response curves of the

—— 11
metabolic conversion of WST-1 in RAW —a— 34A
264.7 macrophages as a function of silica —*— 34B

—e— 248

nanoparticle concentration. Data was fitted
with the exponential dose-response model:
y =a*exp(bx), and the individual curves were
normalized for a, i.e. representing fraction
of control. Dotted lines represent the EC,,
concentrations.

2 -1 0 1 2
Log10 Concentration (ug/ml)

5.3 RESULTS

5.3.1 Cellular metabolic activity

All tested SiO, NPs decreased metabolic activity in a concentration-dependent manner,
as measured by reduction of WST-1, with the two 34 nm SiO, NPs (A and B) being most
potent (Figure 5.1).

5.3.2 Cellular membrane integrity

Total LDH activity (from lysed cells) was not affected by the aggregated 11 nm NPs and
the 248 nm particles. Exposure to both 34 nm NPs A and B slightly decreased total LDH
activity, although this reduction was less than 20% compared to solvent control (Figure
5.2). Extracellular LDH enzyme activity (corrected for total LDH activity), is a result of
LDH leaking out of cells with membrane damage, and was concentration-dependently
increased by all but the 11 nm SiO, NP (Figure 2b). Most membrane damage was induced
by the two 34 nm SiO, NPs.

127



Chapter 5

1.2 al 354 b
% 1.0 {4 S —— N
>5 $ S 3.0 4 —— 34A
z S ) —— 34B
g5 08 1 3§ 254 —— 248
= pullts)
(a7 0.6 1 ®© £
=5 S5 2.0
5 38
e85 oY 5 15
9 =
£ 0.21 |
£ 1 o_i__._,_,44/1'
0.0. L] 1 1
-1 0 1 2 -1 0 1 2
Log10 Concentration (ug/ml) Log10 Concentration (ug/ml)

Figure 5.2 Dose-response curves of total LDH activity (a) and extracellular LDH activity (b) of RAW 264.7
macrophages as a function of silica nanoparticle concentration. Data was fitted with the exponential dose-
response model y = a*exp(bx) for total LDH and the exponential dose-response model y = a*[c-(c-1)exp(-
bx~d)] for extracellular LDH, respectively and the individual curves were normalized for q, i.e. representing
fraction of control. Dotted lines represent the EC,; concentrations.

5.3.3 Generation of reactive oxygen species

SiO, NPs were unable to generate ROS in an acellular environment as determined by ESR
spectroscopy (data not shown). In contrast, a concentration-dependent ROS generation
in RAW 264.7 macrophages was observed after 4 h exposure to both 34 nm NPs and, to
a lesser extent, the aggregated 11 nm NPs. The increase was never more than twofold
compared to control (Figure 5.3) and the positive control (10 pg/ml LPS and 10 pg/ml
PMA) only induced a three-fold increase in ROS, indicating the assay was not very sensitive.
Exposure to 248 nm particles did not result in an increased ROS generation.

Figure 5.3 Dose-response curves of

generation of reactive oxygen species (ROS)
in RAW 264.7 macrophages as a function
2.0 of silica nanoparticle concentration, as
1) measured by the H,DCF-DA assay. Data was
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Figure 5.4 Dose-response curves of one experiment showing the induction of IL1a (a), IL6 (b), MIP1a (c),
MIP1pB (d), MIP2 (e) TNFa (f) and G-CSF (g) in RAW 264.7 macrophages as a function of silica nanoparticle

concentration. Data was fitted with the optimal model from the exponential family of models, selected using
the likelihood-ratio criterion.
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5.3.4 Induction of cytokines

All cytokines included in the experiments were induced in a dose-related manner by the
aggregated 11 nm NPs and the 34A NPs after exposure for 24 h. The cytokines IL1B, IL10 and
IFNy were only marginally increased, i.e. less than 3-fold by any of the NPs (data not shown),
while IL1a and IL6 were increased up to approximately 500 fold by 34A SiO, NPs at 100 pg/
ml (Figure 5.4). There were large differences in both background levels and magnitude of
induction of the cytokines between the two independent experiments, but in spite of this,
both experiments clearly demonstrated that the aggregated 11 nm and the 34A SiO, NPs
were the most potent in inducing all cytokines compared to the 34B and 248 nm SiO, NPs.

5.4 DISCUSSION

Thecurrentstudy comparedthe cytotoxicity, reactive potentialand inflammation properties
of four different SiO, NPs in RAW 264.7 macrophages. Based on mass concentrations, the
extent of the biological responses observed varied between the different SiO, NPs despite
their similar chemical composition, but identification of the role of np characteristics (size,
surface area, aggregation status) in determining the observed biological responses was
not straightforward.

We investigated whether the cellular responses to SiO, NPs would increase with
decreasing particle size due to their increased surface area, which could indicate that
cellular responses may be related to surface area rather than mass based concentrations,
as has been suggested by results of a number of recent studies (Napierska et al. 2009;
Thomassen et al. 2010; Waters et al. 2009). Of the four SiO, NPs included in our study,
the two 34 nm NPs were virtually equally potent in decreasing metabolic activity and
membrane integrity (Figure 5.5). The larger 248 nm but also the smallest, 11 nm SiO, NPs
were less potent than the 34 nm NPs, suggesting that the response did not increase with
decreasing primary nanoparticle size.

Figure 5.5 Confidence intervals of EC,

WST| &M He—H concentrations for silica nanoparticles
decreasing metabolic activity (WST-1) and
LDH | = _ e membrane integrity (LDH) and inducing
reactive oxygen species (ROS) in RAW 264.7
ROS . macrophages.

0 20 40 60 80 100

EC20 (ng/ml)
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Our results are in contrast to those of Waters et al. (2009), who used RAW 264.7
macrophages as well as a similar metabolic activity assay to the WST-1 reduction assay
used in our study. Based on mass concentrations, Waters et al. found that the mean EC,;
values for metabolic activity decreased with particle size, while based on surface area, the
EC,, for SiO, NPs of various sizes and sources was approximately 85 cm?/ml for each of
the six particles (Waters et al., 2009). Their mathematical conversion of mass to surface
area was based on the TEM measured primary diameter of the particles, under the
assumptions of spherical shapes, no inner surface area and monodispersity of the SiO,
NPs. While we have previously demonstrated by means of TEM that our SiO, NPs were
also spherical and contained no significant inner surface area (Park et al. 2009a), all of
our particles, but especially the 11 nm SiO, NPs, aggregated in water, which persisted
when the particles were dispersed in cell culture medium containing serum (Park et al.
2009a). It has been reported recently that the aggregation status of particles may directly
affect the exposure concentration and thereby the effects on the cells (Hinderliter et al.
2010). In this respect, it is interesting to note that the relatively well dispersed 248 nm
particles induced the lowest response in nearly all assays performed thus far, including
those published previously (Park et al. 2009a; Park et al. 2011).

In addition to affecting exposure concentrations, aggregation can be anticipated to
decrease the available surface area, which in turn may affect the cellular responses. For the
NPs used in our studies, the mass based EC,, values with confidence intervals calculated
for metabolic activity were 75 (59-95), 24 (21-27), 38 (35-42) and 75 (63-91) pg/ml for the
11 nm, 34A, 34B and 248 nm particles, respectively. When we used the hydrodynamic
diameter in distilled water for the mathematical conversion to obtain a rough estimate
of the surface area corrected for aggregation, the EC, values for metabolic activity were
20, 8, 16 and 8 cm’/ml for the 11 nm, 34A, 34B and 248 nm particles, respectively. These
values are rather low when compared to the EC, value of 85 cm’/ml obtained by Waters et
al., (2009), which might be explained by the aggregation of our particles leading to higher
exposure concentrations, or by the fact that in the Waters et al. study, no serum was
added to the cell culture medium in the cytotoxic response studies. The addition of serum
proteins on the surface of the SiO, NPs in our studies might have enhanced the uptake
by the macrophages as a result of the adsorption of opsonins, resulting in an increase in
cellular exposure, as has been shown for other NPs (Lesniak et al. 2010; Yang et al. 2010).
In a recent study more comparable to ours, i.e. using cell culture medium containing 10
vol% FCS, a concentration of 10 pg/ml 30 nm SiO, NPs lead to 40% cytotoxicity in RAW
264.7 (Sohaebuddin et al. 2010), which mathematically converts to approximately 10 cm?/
ml, and is in the same order of magnitude as our results. Either way, in our metabolic
activity experiments, both mass and surface area based EC,, values were rather close
together, which made it difficult to determine whether or not the cellular responses were
related to surface area alone. Reliable methods to study the aggregation status and surface
area of SiO, NPs in cell culture medium with serum would enhance our understanding of
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the role of nanoparticle size and surface area in cellular responses. This is not a simple
task, considering the dynamic nature of NPs and their interaction with proteins in cell
culture medium, as shown previously (Park et al. 2009a). A detailed analysis on the nature
of the adsorbed serum proteins presented at the NPs surface, which are “read” by the
macrophages and other cells, may further elucidate the role of NP surface area in the
observed cellular responses (Lynch et al. 2009).

Whatever the role of SiO, NP size and surface area was in determining the metabolic
activity of macrophages, it is not likely to play an important role in the release of cytokines.
The aggregated 11 nm NPs and one of the two 34 nm NPs (34A) were most potent ininducing
the release of cytokines. Despite its similar surface area, the other 34 nm nanoparticle (34B)
was much less potent in inducing cytokines. Others have also found that biological responses
to SiO, NPs do not consistently increase with a decreasing particle size. Production of IL1B
in THP-1 human macrophage like cells was recently shown to increase in response to 1000
nm SiO, particles, but not in response to smaller particles (Morishige et al. 2010). Similarly,
micron-sized SiO, particles induced increases in TNFa and IL6 production in RAW 264.7
macrophages, while nano-sized SiO, particles decreased the production of these cytokines
compared to controls (Choi et al. 2009). While our studies also found only a marginal
increase in IL1B induced by SiO, NPs, two other studies reported a very significant increase
in IL1B in macrophages in response to SiO, NPs (Choi et al. 2010; Lucarelli et al. 2004). These
contradicting results once again underpin that SiO, NPs from different sources, despite
their identical chemical composition, may induce rather different responses and should
not be considered a single chemical entity for risk assessment purposes. Physicochemical
characteristics other than particle size, such as surface charge and chemistry, likely play a role
in determining cellular responses as well. For example, surface modification with quaternary
amines as well as porosity have been shown to affect the level of toxicity of mesoporous SiO,
NPs (Tao et al. 2008; Tao et al. 2009).

Interestingly, our previous studies demonstrated that the 11 nm and the 34A NPs that
were most potent in inducing cytokine release in RAW 264.7 macrophages were also most
potentininhibitingthe differentiation of embryonicstem cells (Parketal.2009a). In addition,
the two 34 nm NPs (34A and 34B) inducing the highest cytotoxic response and generation
of ROS in RAW 264.7 macrophages in the current study were previously demonstrated to
induce genotoxic effects in MEF-LacZ and 3T3-L1 fibroblasts (Park et al. 2011). In these
two studies, we performed qualitative uptake experiments in D3 embryonic stem cells
and 3T3 L1 embryonic fibroblasts by means of Transmission Electron Microscopy (Park et
al. 2009a; Park et al. 2011). There was no indication of large differences in cellular uptake
between the particles in these specific cell types. Even if there were differences in uptake
in macrophages in the current study, this would not fully explain why 34A and 34B NPs had
similar effects in cytotoxicity assays, but not in cytokine release assays, measured in the
same macrophages. It therefore appears that differences in cellular responses between
different SiO, NPs are best explained by a difference in effects and not by a difference in
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cellular uptake. Furthermore, our collective results demonstrate that biological responses
to (aggregated) SiO, NPs are not entirely determined by particle size or surface area alone,
and the physicochemical characteristics determining the effect of SiO, NPs depend on the
biological response considered.

It should be noted that both the WST-1 and LDH assays are often used to reflect
cytotoxicity, but do not necessarily measure cell death, and some of the effects observed,
especially when caused by inhibited cell proliferation, may be reversible. In addition, the
level of ROS that was generated by all but the 248 nm particles may be neutralized by the
anti-oxidants presentin the cells, diminishing their threat to the cell’s viability. Interestingly,
none of the SiO, NPs were able to generate ROS in an acellular environment. This was also
observed for polystyrene particles and confirms that for some ENMs, generation of ROS
may only occur following interactions with cellular components (Xia et al. 2006).

Little is known of the fate of NPs after their uptake. Macrophages may act as a sink for the
storage of undegradable particles, much like the pigmented cells found in Peyer’s Patches
in the gut (Powell et al. 2010). Phagocytosis of crystalline and micro-sized amorphous silica
particles have been demonstrated to result in lysosomal swelling and rupture, leading
to release of cathepsin B in the cytoplasm and activation of NLRP3 inflammasome and
caspase-1, which results in cleavage of pro-IL1pB to the functional cytokine (Hornung et al.
2008; Morishige et al. 2010; Yazdi et al. 2010). The release of IL1p was demonstrated to
be ROS dependent, and ROS formation eventually leads to pro-inflammatory signaling to
clear ingested particulate material (Hornung et al. 2008; Morishige et al. 2010). In contrast
to micro-sized SiO, particles, phagocytosis of nano-sized amorphous SiO, particles did
not lead to secretion of significant amounts of IL1B (Morishige et al. 2010). In addition,
no detectable destabilization of lysosomal membranes was observed in RAW 264.7
macrophages exposed to 14 nm amorphous SiO, NPs (Sohaebuddin et al. 2010). Similarly,
in our study, secretion of IL1p after exposure of RAW 264.7 macrophages to amorphous
SiO, NPs was relatively low, and the release of cytokines was not related to the SiO, NPs’
potential to generate ROS. Collectively, these results suggest that nano-sized amorphous
SiO, particles may not induce the same inflammatory pathways as those observed with
crystalline and micro-sized amorphous SiO, particles.

Despite the low amount of IL1B released in our study, exposure of RAW 264.7 to the
aggregated 11 nm and the 34A SiO, NPs induced a dose-response related release of
various other cytokines, in particular IL1a, IL6, MIP1a, MIP13, MIP2, TNFa and G-CSF,
which are all known to have a myriad of functions in the regulation of pro-inflammatory
responses. For example, the various MIP proteins function as chemokines attracting
monocytes and neutrophils, while IL6 and G-CSF induce differentiation of lymphocytes
and granulocytes, respectively. TNFa attracts neutrophils, stimulates phagocytosis and
regulates apoptosis, and this latter function has been demonstrated to be important
in SiO, NP induced cytotoxicity in macrophages (Sohaebuddin et al. 2010). Considering
the cytotoxic responses to SiO, NPs observed in macrophages, IL1a may be involved in
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sterile inflammatory responses triggered by dying cells (Chen et al. 2007). The induction
of a multitude of pro-inflammatory cytokines has also been observed by others studying
amorphous SiO, NPs in macrophages (Choi et al. 2010; Lucarelli et al. 2004; Waters et al.
2009; Wottrich et al. 2004).

Importantly, the induction of cytokines may simply serve to enhance the degradation
of these materials (Lucarelli et al. 2004), and as such is not necessarily regarded as a toxic
effect. Nevertheless, in case degradation of drug carrying ENMs is faltered, an increased
and prolonged stimulation of the macrophages may result in sustained inflammation and
damage of the surrounding tissues (Chauhan et al. 2004; Hornung et al. 2008; Yamamoto
et al. 2004). This may be counterproductive for a desired anti-inflammatory activity, for
example for NPs that are to be used as drug carriers to sites of inflammation. An in vitro
study by Lucarelli et al. (2004) showed that SiO, NPs greatly amplified the inflammatory
response of both resting and LPS stimulated macrophages, indicating that some SiO, NPs
may indeed have the undesirable potential to modulate the immune system and direct
both naive and activated macrophages towards pro-inflammatory effector functions. It
needs to be noted that most of these in vitro studies, like ours, have been done with
immortalized macrophage cell lines, which may be less representative and less sensitive
to the effects of NPs than primary cells, such as human monocyte derived macrophages
(Oostingh et al. 2011; Pfaller et al. 2009). In general, the cellular responses of macrophages
to SiO, NPs as tested in vitro occur at relatively high concentrations and their relevance
needs to be evaluated in vivo. In pulmonary tissue, amorphous SiO, particles do not appear
to be as persistently inflammatory as their crystalline counterparts (Johnston et al. 2000).
The occurrence and persistence of the observed inflammatory response of macrophages
to SiO, NPs in other tissues is yet to be evaluated.
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In vitro evaluation of responses to silver nanoparticles

ABSTRACT

Silver nanoparticles are of interest to be used as antimicrobial agents in wound dressings
and coatings in medical devices, but potential adverse effects have been reported in the
literature. The most pronounced effect of silver nanoparticles and the role of particle size in
determining these effects, also in comparison to silver ions, are largely unknown. Effects of
silver nanoparticles of different sizes (20, 80, 113 nm) were compared in in vitro assays for
cytotoxicity, inflammation, genotoxicity and developmental toxicity. Silver nanoparticles
induced effects in all endpoints studied, but effects on cellular metabolic activity and
membrane damage were most pronounced. In all toxicity endpoints studied, silver
nanoparticles of 20 nm were more toxic than the larger nanoparticles. In L929 fibroblasts,
but not in RAW 264.7 macrophages, 20 nm silver nanoparticles were more cytotoxic than
silverions. Collectively, these results indicate that effects of silver nanoparticles on different
toxic endpoints may be the consequence of their ability to inflict cell damage. In addition,
the potency of silver in the form of nanoparticles to induce cell damage compared to silver
ions is cell type and size-dependent.

6.1 INTRODUCTION

Nanotechnology allows for an efficient exploitation of the antimicrobial properties of silver
(Ag) by using silver in the form of nanoparticles (NPs). These are used in applications such
as preservatives in cosmetics, textiles, water purification systems, coatings in catheters
and wound dressings. The anticipated widespread exposure to Ag NPs in the near future
has prompted governmental bodies and the public to raise questions about the safety of
such applications (Christensen et al. 2010; Schrand et al. 2010; Wijnhoven et al. 2009). In
response, many studies investigating the effects of various types of Ag NPs in different test
systems are now emerging in the scientific literature.

A recent kinetic and distribution study in rats with Ag NPs of three different sizes
demonstrated that after 28 days of intravenous administration, all particles mainly distributed
to organs containing high numbers of phagocytosing cells, such as liver, spleen, and lung
(Lankveld et al. 2010). This is not surprising, as these cell types have an important function in
clearing the body of particulate matter. At the same time, a number of studies have shown that
Ag NPs may induce cytotoxicity in phagocytosing cells, such as mouse peritoneal macrophages,
but also human monocytes (Foldbjerg et al. 2009; Park et al. 2010; Shavandi et al. 2011; Soto
et al. 2007). It has been suggested that the cytotoxic effects were induced by reactive oxygen
species (ROS) resulting in cellular apoptosis, at least at low concentrations and short incubation
times (Braydich-Stolle et al. 2005; Carlson et al. 2008; Foldbjerg et al. 2009; Nishanth et al.
2011; Piao et al. 2011). The production of ROS has also been implicated in DNA damage caused
by Ag NPs, which was reported in a number of in vitro studies (Ahamed et al. 2008; AshaRani
et al. 2009; Foldbjerg et al. 2010; Hackenberg et al. 2011; Kawata et al. 2009).
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The effects on markers of inflammation are much less understood, with some studies
reporting an anti-inflammatory effect of Ag NPs by suppressing cytokine production in
post-operative adhesion or burn wound models and in stimulated human peripheral blood
mononuclear cells (Bhol and Schechter 2007; Shin et al. 2007; Tian et al. 2007; Wong et
al. 2009) while others report the induction of pro-inflammatory cytokines in rat peritoneal
and alveolar macrophages, human mesenchymal stem cells and in an in vitro blood brain
barrier model (Carlson et al. 2008; Hackenberg et al. 2011; Nishanth et al. 2011; Park et
al. 2010; Trickler et al. 2010).

Another reported effect of Ag NPs is the induction of various morphological
malformations in developing zebra fish embryos (Asharani et al. 2011; Bar-llan et al. 2009;
Lee et al. 2007) and impairing development and implantation of mouse blastocysts (Li et
al. 2010).

For risk assessment purposes, it is useful to know which of these reported effects
of Ag NPs is the most relevant for further investigation, i.e. whether one effect is more
pronounced than another at similar exposure concentrations. Comparison across studies is
complicated, as materials of different sources, sizes, coatings and manufacturing processes
have been studied. Another important question from the view of risk assessors is: How do
the effects of Ag NPs compare to those of other forms of silver such as ionic silver?

o o

Figure 6.1 Transmission Electron Micrographs of silver nanoparticles of 20 nm (a), 80 nm (b) and 113 nm (c).

The aim of this study was to investigate the role of NP size in these effects, using well-
characterized Ag NPs of the same source in assays for various toxicity endpoints and
compare these findings to effects reported in the literature. Cytotoxicity was investigated
in two commonly used cell types that may be exposed to NPs: L929 murine fibroblasts
and RAW 264.7 murine macrophages, and effects of Ag NPs were compared to those of
Ag in ionic form. In addition, in view of the phagocytic and immune-related function of
macrophages, we investigated the role of Ag NP size on the generation of ROS and on
parameters of inflammation. Lastly, the role of Ag NP size was investigated in assays for
developmental toxicity and genotoxicity in mouse embryonic stem cells and embryonic
fibroblasts, respectively.
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6.2 MATERIALS AND METHODS

6.2.1 Silver nanoparticles

Ag NPs of average nominal diameters of 20, 80, and 110 nm were provided by nanoComposix,
Inc. (San Diego, CA, USA). The NPs were synthesized by aqueous reduction synthesis from
Ag salts and then purified 20x in a 4mM phosphate buffer (pH 7.4, mono- and di-sodium
phosphate) and then concentrated. NPs were characterized for physicochemical properties,
purity of residual synthesis products, and concentration prior to synthesis and after dilution
in phosphate buffer. Table 6.1 provides characterization information for NPs.

Nominal Diameter (nm) 20 80 110

TEM Diameter (nm % 1 SD) 20.3+1.9 79.8+5.1 112.6+7.8
DLS Size (nm % PDI Width) 27.0+10.8 79+25.2 111.6 £29.9
Crystalline Structure amorphous amorphous amorphous
Zeta Potential (mV £ 1 SD) -47.1+1.9 -49.7+1.8 -54.5+1.8
Mass Concentration (mg/L) 4740 5000 2170

Mean Particle Surface Area 1.31x10° 2.01x 10 4.00 x 10*
(nm?/particle)

Residual formaldehyde (mg/L) <0.001 <0.001 <0.001

Table 6.1 Physicochemical characteristics of silver nanoparticles. PDI: polydispersity index; DLS: dynamic light
scattering.

Transmission electron microscopy (TEM) was performed on a JEOL 1010 TEM by fixation
on a Formvar carbon-coated copper grid (200 mesh) using an alcohol and deionized
water mixture (Ted Pella, Redding, CA) (Figure 6.1). Primary particle size was measured
using imaging software (Image J) across the diameter of the particles. Particles were
approximately spherical, and therefore, the diameter measurements were performed
at random. Mean surface area and number of particles were calculated based on mass
concentration and average TEM diameter. Arithmetic mean and standard deviation of
primary particle diameters are based on normal distributions.

Materials were tested for residual formaldehyde concentration which were below detection
limits (<1 ppb) for formaldehyde via modified EPA SW846 Method 8315A. Product concentration
was evaluated using a Thermo Element X-Series Il inductively couple plasma quadrapole mass
spectrometer (ICP-MS). Samples were digested in concentrated nitric acid and then diluted
with deionized water and internal standard (1 ppb Indium, Spex CertiPrep Standard). NP size
distribution was determined for the synthesized samples by diluting samples in deionized
water to approximately 1 OD and quantified using a Malvern Zeta Sizer (Worchestershire, UK).
Hydrodynamic diameter was calculated based on the average of 10 runs of the intensity weighted
Z-average performed at 25°C using the cumulative fit function performed in triplicate.
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6.2.2 Cell culture

The murine peritoneal macrophage cell line RAW 264.7 was obtained from American Type
Culture Collection (ATCC, Rockville, USA) and routinely cultured at 37°C and 5% CO, in
Dulbecco’s Modified Eagle Medium (DMEM/F12 + GlutaMAX -1, Gibco 31331, Breda, The
Netherlands) supplemented with 10 vol% Foetal Calf Serum (FCS, Gibco 16010), Penicillin-
Streptomycin solution (100 U/mL / 100 pg/mL, Gibco 15040), and 1 mM sodium pyruvate
(Gibco 11360).

L929 mouse fibroblasts were purchased from ATCC (Rockville, USA). Cells were routinely
cultured at 37°C and 5% CO, in DMEM (Gibco 61965) supplemented with 10% FCS (Gibco
16010), (100 U/mL / 100 pg/mL, Gibco 15040), and 1 vol% Non-essential amino acids
(NEAA, Gibco 11140).

The D3 murine embryonic stem cell line was purchased from ATTC. Cells were
maintained in DMEM (Gibco, 41965) supplemented with 20 vol% FCS (HyClone, Logan,
USA), 2 mM L-glutamine (Gibco, 25030), Penicillin-Streptomycin solution (50 U/ml / 50 pg/
ml, Gibco, 15070), 1 vol% NEAA (Gibco, 11140) and 0.1 mM B-mercaptoethanol (Sigma-
Aldrich, M6250, Schnelldorf, Germany) in the presence of 1000 U/ml murine Leukemia
Inhibiting Factor (mLIF; ESGRO, Chemicon, Billerica, USA) in a humidified atmosphere
of 5% CO, and 37°C. The addition of mLIF serves to inhibit spontaneous differentiation
of the embryonic stem cells into major embryonic tissues. The D3 embryonic stem cells
were routinely cultured in 35x10 mm culture dishes (Corning, Sigma-Aldrich, Schnelldorf,
Germany) coated with a 0.1vol% gelatin solution and subcultivated using non-enzymatic
cell dissociation buffer (Gibco, 13150) upon reaching 60-80% confluence. NP exposure
experiments were performed using D3 cells between passages 11 and 25.

Mouse embryonic fibroblasts (MEF-LacZ) were isolated from 13.5 day old embryos
from transgenic C57BL/6 mice containing multiple copies of the pUR288 plasmid with the
bacterial lacZ gene as a reporter gene in their genome, as described previously (Mahabir
et al. 2009). Aliquots of 3x10° cells in 1 ml cell culture medium were kept at —80 °C for at
least 24 h and were then stored in liquid nitrogen. Before the start of the experiment, cells
were thawed and cultured for one week in 175 cm” tissue culture flasks at 37 °C under 10%
CO, and 3% O,, undergoing 1 passage. The cell culture medium used for both cell culture
and experiments with MEF-LacZ consisted of DMEM (Gibco 31885) supplemented with 1
vol% Modified Eagles Medium NEAA (Gibco 11140), Penicillin-Streptomycin solution (50
U/ml / 50 pg/ml, Gibco, 15070), and 10 vol% Fetal Bovine Serum (FBS, Biocell).

6.2.3 Metabolic activity (WST-1)

Cell metabolic activity of RAW 264.7, D3 and L929 cells was evaluated using the WST-1 Cell
Proliferation Reagent (Roche, Almere, the Netherlands). The metabolic conversion of WST-
1 by the cells and the ability of Ag NPs to scatter or absorb light or to interfere with the WST-
1 reagent were assessed in 96-well plates according to methods described earlier (Park et
al. 2009a; Park et al. 2011). Briefly, cells were exposed to Ag NPs for 24h (RAW 264.7 and
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L929) or 10 days (D3), and subsequently incubated with WST-1 reagent for 3h. Absorbance
was measured using a SpectraMax® 190 scanning multiwell spectrophotometer (Molecular
Devices, Sunnyvale, USA) at a wavelength of 440 nm and a reference wavelength of 620
nm. The absorbance of Ag NPs in tissue culture medium, measured in the absence of cells,
was subtracted from the total absorbance of the NP treated cells.

6.2.4 Membrane integrity (LDH)

Cell membrane integrity of RAW 264.7 and L929 was evaluated by determining the activity of
lactate dehydrogenase (LDH) leaking out of the cell, using the CytoTox-ONE™ Homogeneous
Membrane Integrity Assay (Promega, Leiden, The Netherlands) according to manufacturer’s
specifications. Cells were exposed to Ag NPs in the same way as for the WST-1 assay. At the end of
the 24 h exposure period, 96-well plates were equilibrated to room temperature and LDH activity
was measured. Extracellular LDH was corrected for total LDH activity in cells (measured in wells
with lysed cells) undergoing the same treatment, to avoid false negative results in cases where
the NP treatment caused an inhibition of cell proliferation and as such caused a lower amount of
LDH to be available to leak out of damaged cells (Park et al. 2009b; Stone et al. 2009).

6.2.5 Acellular reactive oxygen species

The potential of the Ag NPs to generate hydroxyl radical formation was evaluated using
an Electron Spin Resonance spectroscopy (ESR) method based on a previously published
method (van Maanen et al. 1999), with minor modifications. Solutions of 5,5-dimethyl-1-
pyrolline N-oxide (DMPO, Sigma) in nitrogen flushed MilliQ water were purified by charcoal
treatment. Stock concentrations of DMPO were determined spectrophotometrically (€ =
7700 M* cm™, 234 nm). Ag NPs (1 mg/ml) were incubated with 1 mM H,0, and 50 mM of
the spin trap DMPO. Samples of this solution were taken up in glass capillaries (100 ul, Brand
AG, Wertheim, Germany) directly and after an incubation of 15 and 30 min at 372C. After
sealing, the capillary was immediately placed in the resonator of the ESR spectrometer. ESR
spectra were recorded at room temperature on a Bruker EMX 1273 spectrometer equipped
with an ER 4119HS high sensitivity resonator and a 12 kW power supply operating at X band
frequencies. The modulation frequency of the spectrometer was 100 kHz. Instrumental
conditions for the recorded spectra were as follows: magnetic field, 3450 G; scan range, 200
G; modulation amplitude, 1 G; receiver gain, 1x10°; microwave frequency, 9.85 GHz; power,
50 mW; time constant, 40.96 ms; scan time, 20.97 s; number of scans, 25. Quantification of
the characteristic DMPO-trapped hydroxyl radical signal (4 peaks splitting constant 14.9G,
surface pattern 1:2:2:1) was performed by double integration peak surface measurements
using the Bruker WIN-EPR spectrum manipulation program.

6.2.6 Cellular reactive oxygen species

Cellular generation of ROS in RAW 264.7 macrophages after exposure to 0.1-100 pg/ml Ag
NPs was measured using the H,DCF-DA assay in 96 well plates as described earlier (Park
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et al. 2011). Briefly, cells were exposed to Ag NPs for 4h, washed with PBS and incubated
with 10 uM H,DCF-DA. After 45 minutes, cells were washed with PBS and fluorescence was
measured in PBS at an excitation wavelength of 485 nm and an emission wavelength of 520
nm using a FLUOstar OPTIMA microplate reader (BMG LABTECH, Offenburg, Germany). At
these wavelengths, Ag NPs alone in PBS were not fluorescent. Results were obtained from
at least two independent experiments.

6.2.7 Inflammation markers
Release of inflammation markers (IL1a, IL1B, IL6, IL10, MIP1a, MIP1B, MIP2, G-CSF and
TNFa) were measured in supernatant of RAW 264.7 cells after 24 h of exposure to 1-100
ug/ml Ag NPs using a Multiplex system (Bio-Plex Pro Mouse Cytokine kit, BioRad), allowing
for simultaneous measurement of all 9 cytokines in one sample. Cells were seeded in 96-
well tissue culture plates at a density of 2x10° cells/well. After 24 h, cell culture medium
was removed and cells were exposed to 100 pl of NP suspension (0.3 to 100 pg/ml) in cell
culture medium for 24 h. Subsequently, the supernatant was collected and stored at -80°C
until cytokine analysis. Samples were collected from two independent experiments.
Cytokine analysis was performed according to the manufacturer’sinstructions, with minor
modifications. Samples were analyzed both undiluted and diluted 100x with RAW 264.7
cell culture medium. Half of the recommended concentration of anti-cytokine conjugated
beads were used, as this proved to be sufficient in past experiments (unpublished results).
Concentrations of detection antibody and Streptavidin-PE were adjusted accordingly.

6.2.8 Embryonic stem cell differentiation

The potential for Ag NPs to inhibit embryonic stem cell differentiation was evaluated using
the embryonic stem cell test according to methods described earlier (Park et al. 2009a).
Briefly, D3 cell suspensions containing 5-100 pug/ml Ag NPs were allowed to aggregate by
preparing so called “hanging drops”, which were cultured in a humidified atmosphere at
37°Cin 5% CO,. On day 3, the cell aggregates (embryoid bodies) were transferred with
5 ml fresh tissue culture medium containing Ag NPs to a bacterial petri dish and further
cultured in suspension. On day 5, the embryoid bodies were plated in 24-wells plates
containing 1 embryoid body in 1 ml fresh tissue culture medium with Ag NPs. For analysis
of cell differentiation, the number of wells containing embryoid bodies with spontaneously
contracting myocardial foci was determined on day 10 by phase contrast microscopy. At
least two independent experiments were performed for each Ag NP.

6.2.9 Genotoxicity

The mutagenic potential of Ag NPs was evaluated in embryonic fibroblasts (MEF-Lac2)
according to methods described earlier (Park et al. 2011). Briefly, MEF-LacZ cells were
exposed to 0.1-100 pg/ml of Ag NPs for 16h in 10 cm petri dishes and collected with a
cell scraper. Total genomic DNA containing (parts of) the lacZ gene was isolated from the
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cells using phenol extraction, followed by digestion with the restriction enzyme HindlIl.
The lacZ containing plasmids were rescued from the digest and transfected into an
electrocompetent E. coli strain C (AlacZ /galE-). Small fractions of the bacterial samples
were incubated on non-selective X-galactosidase plates to determine the plasmid rescue
efficiency. The remainder was incubated on selective P-glycosidase plates to select for
mutants. The lacZ mutant frequency was calculated by dividing the number of mutants by
the total number of rescued colonies x dilution factor. Results were obtained from at least
two independent experiments.

6.2.10 Data analysis

Experimental data from all duplicate experiments and all particle sizes were combined
in one dataset, which was analyzed using the dose-response modeling software PROAST
(RIVM 2009; Slob 2002) according to methods described earlier (Park et al. 2009a). Briefly,
the PROAST software selects the optimal data fitting model from an exponential family of
models using the likelihood-ratio criterion (EFSA 2009; RIVM 2009; Slob 2002):

model 1: y=a

model 2:  y=aexp(bx)

model 3: vy =a exp(bx’)

model 4: y=al[c-(c-1)exp(-bx)]
model 5:  y=al[c-(c-1)exp(-bx]

where the level of measured parameter y is a function of nanoparticle concentration x.

The experiment or plate number was defined as a covariate for parameter a, reflecting
the level of the measured parameter at concentration zero, thereby taking into account
the differences between experiments and/or plates. For the comparison of particles, the
particle identification (20, 80, 113) was defined as a covariate for parameter b, which
reflects the potency of the administered agent (Slob 2002). The potential differences
between particle sizes was further quantified by the ‘Benchmark’ concentration of Ag
NPs, defined as the (nominal) concentration resulting in a 20% response compared to the
solvent control group.

Data from the LacZ gene mutation test were also analyzed by means of the non-
parametric Kruskall-Wallis test.

6.3 RESULTS
6.3.1 Metabolic activity (WST-1) in fibroblasts and macrophages

In both L929 fibroblasts and RAW 264.7 macrophages, metabolic activity was decreased
concentration-dependently by Ag NPs as well as by ionic Ag, as measured by reduction of
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WST-1 (Figure 6.2, Table 6.2). For ionic silver, the decrease in metabolic activity was similar
between the cell types (EC, values of 7.1and 6.7 ug/ml for L929 and RAW 264.7, respectively)
and their confidence intervals overlapped, implying there were no statistically significant
differences between the two cell types. In contrast, for Ag NPs, the metabolic activity was
significantly more affected in L929 fibroblasts compared to RAW 264.7 macrophages.

EC,, (ng/ml)

RAW 264.7 L929
WST
20 nm 7 (6-8) 2.8 (2.7-2.9)
80 nm 38 (33-44) 17 (15-18)
113 nm >100 12 (11-13)
AgNO, 7 (5-7) 7.1 (6.8-7.4)
Extracellular LDH
20 nm 66 (45-112) 0.2 (0.1-0.3)
80 nm >100 5.2 (2.3-8.0)
113 nm >100 2.4 (1.6-3.1)
AgNO, 5.1 (3.3-7.8) 3.7 (2.6-7.2)

Table 6.2 EC, values and confidence intervals of silver nanoparticles for metabolic activity and cell membrane
integrity of RAW 264.7 macrophages and L929 fibroblasts.

In both cell types, the smallest Ag NPs of 20 nm were most potent in decreasing metabolic
activity, with EC, values of 2.7 and 7 ug/ml for L929 and RAW 264.7, respectively. For
RAW 264.7 macrophages, this EC, value was similar to that of ionic Ag. In contrast, in L929
fibroblasts, metabolic activity was affected more by 20 nm Ag NPs (EC,, 2.8 pug/ml) than
by ionic Ag (EC,, 7.1 pug/ml). In both cell types, the larger 80 and 113 nm NPs were less
effective in reducing metabolic activity compared to ionic Ag.

6.3.2 Cell membrane integrity (LDH) in fibroblasts and macrophages

As measured by extracellular LDH activity, cell membrane integrity in L929 fibroblasts was
compromised by all three Ag NPs, with 20 nm Ag NPs being more potent than 80 and
113 nm Ag NPs (Figure 6.3, Table 6.2). In contrast, cell membrane integrity of RAW 264.7
macrophages was affected only marginally by 20 nm Ag NPs and not by the larger NPs.
While there were large differences in effects between cell types for Ag NPs, Ag in ionic
form affected cell membrane integrity of both RAW 264.7 and L929 to the same extent.
Ag NPs of 20 nm were more potent in reducing cell membrane integrity of L929 fibroblasts
than ionic Ag. In RAW 264.7 macrophages, ionic Ag was much more potent in reducing cell
membrane integrity than any of the NPs.
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Figure 6.2 Metabolic conversion of WST-1 in L929 fibroblasts (A) and RAW 264.7 macrophages (B) as a function
of concentration of silver nanoparticles. Dashed lines represent EC,  values.

Peak surface of DMPO-OH
(Arbitrary Units)

20 nm 109
80 nm 356
113 nm 360

Table 6.3 Acellular induction of reactive oxygen species by silver nanoparticles using Electron Spin Resonance
(ESR) spectroscopy in combination with the spin trapping technique.

6.3.3 Acellular generation of reactive oxygen species

The acellular generation of ROS was investigated by means of electron spin resonance. The
H,0,-induced formation of hydroxyl radicals by 80 and 113 nm Ag NPs was very similar,
while that of the 20 nm NPs was lower (Table 6.3).

6.3.4 Cellular generation of reactive oxygen species in macrophages

As measured by the H,DCF-DA assay, exposure of RAW 264.7 macrophages to 20 nm
Ag NPs resulted in an increased generation of ROS, while the larger NPs had only very
marginal effects (Figure 6.4). The EC, value (1.2 fold increase) and confidence interval for
20 nm Ag NPs was 25 (22-28) ug/ml.
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Figure 6.3 Extracellular LDH activity in L929 fibroblasts (A) and RAW 264.7 macrophages (B) as a function of
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Figure 6.4 Generation of ROS in RAW 264.7 as a function of concentration of silver nanoparticles, as measured
by the H,DCF-DA assay. Dashed lines represent EC, values.

6.3.5 Release of inflammatory markers from macrophages

Exposure of RAW 264.7 macrophages to all NPs tested resulted in the release of a variety
of inflammatory markers (Table 6.4). The extent of the release, presented as fold increase
compared to non treated control cells (spontaneous production) varied widely between
markers, ranging from a less than 5 fold increase for IL13 and IL10, to a more than 500 fold
induction for G-CSF compared to non-treated control cells. All markers except IL10 were
induced most by 20 nm Ag NPs.
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Ag 20 nm Ag 80 nm Ag 113 nm

IL1a 6 1 1

IL1B 2 2 2

IL6 16 2 4

IL10 2 3 4

TNFa 191 78 57

G-CSF 2625 597 533
MIPla 27 16 22

MIP1B 17 7 8

MIP2 202 37 34

Table 6.4 Maximum fold induction of inflammatory markers from RAW 264.7 macrophages after exposure to
silver nanoparticles for 24 hours.

6.3.6 Embryonic stem cell differentiation

Differentiation of murine embryonic stem cells into contracting cardiomyocytes was dose-
dependently inhibited by all Ag NPs (Figure 6.5). The 20 nm Ag NPs were most potent
of the NPs, but not as potent as ionic Ag. The effects on stem cell differentiation were
observed at higher Ag concentrations than those associated with a decrease in metabolic
conversion of WST-1 in the stem cells after exposure for 10 days (Table 6.5).

EC,, (ng/ml)

Differentiation Metabolic conversion
20 nm 12 (10-13) 3(2-4)
80 nm 31 (26-37) 33 (19-48)
113 nm 29 (26-32) 43 (14-70)
AgNO, 6 (5-7) 0.3 (0.3-0.4)

Table 6.5 EC,, values and confidence intervals of silver nanoparticles and silver ions associated with a 20%
inhibition of stem cell differentiation and a 20% decrease in metabolic activity in D3 mouse embryonic stem
cells.

6.3.7 Genotoxicity

Ag NPs of 20 nm did not induce an increase in gene mutation frequencies up to 3 pug/mi,
above which concentrations were too cytotoxic to collect sufficient DNA for the plasmid
rescue (Figure 6.6). An increase in gene mutation frequencies was observed in cells
treated with 113 nm compared to controls, but the increase was neither dose-related nor
statistically significant. A dose related increase in gene mutation frequencies was observed
in cells treated with 80 nm Ag NPs, but also did not reach statistical significance.
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Figure 6.6 Mutant frequencies in MEF-LacZ cells exposed to silver nanoparticles.

The concentration of 80 nm Ag NPs inducing a 20% decrease in metabolic activity in MEF-LacZ
cells was 1.1 pg/ml (confidence interval 0.9-1.4 pg/ml), indicating that the concentrations
inducing an increase in gene mutation frequencies were cytotoxic (Figure 6.7).

6.4 DISCUSSION

We compared the effects of Ag NPs of different sizes in assays for cellular metabolic
activity, membrane integrity, generation of ROS, markers of inflammation, developmental
toxicity and genotoxicity. Of all toxicity endpoints studied, the most pronounced effect
was observed in L929 fibroblasts, where Ag NPs of all tested sizes compromised cell
membrane integrity and, at higher concentrations, metabolic activity. The reverse was
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observed in RAW 264.7 macrophages, where the effect on metabolic activity occurred at
lower concentrations than those on cell membrane activity. Effects in macrophages were
seen at higher concentrations compared to fibroblasts, and it can be speculated that the
membranes of macrophages are better equipped to handle the uptake and neutralization
Ag NPs due to their function as particle and micro-organism scavengers.

1.0 1.2

(fraction of solvent control)

0.0 0.2 04 0.6 0.8

" 'O " D Figure 6.7 Metabolic conversion of WST-1 in MEF-LacZ cells
. as a function of concentration of 80 nm silver nanoparticles.
log10-Concentration (ug/ml) i
Dashed lines represent EC,  values.

A number of studies suggested that cytotoxic effects of Ag NPs in macrophages were
mediated by the generation of oxidative stress (Carlson et al. 2008; Foldbjerg et al. 2009;
Park et al. 2010). Oxidative stress is induced when the generation of ROS exceeds the
cell’s antioxidant capacity. Apart from the damaging effects to cellular proteins, lipids and
DNA, an increasing level of ROS triggers the cell to respond by activating pro-inflammatory
signalling cascades, and ultimately induces programmed cell death (Nel et al. 2006).
Interestingly, the acellular potential of the 20 nm NPs to generate ROS as measured by
electron spin resonance techniques was lower than that of the larger NPs, while its cellular
ROS generation was higher. This suggests that the generation of ROS in macrophages was
an indirect effect of the interaction of the NPs with cellular components, similar to what
was shown previously with polystyrene NPs (Xia et al. 2006). The generation of ROS in
macrophages occurred only at concentrations above those decreasing metabolic activity
of macrophages, and it is possible that the generation of ROS was a secondary effect
rather than causing the onset of cytotoxicity. To elucidate the role of ROS, future studies
should determine the effects of NPs on cytotoxicity, for example in the presence of radical
scavengers.

Whether or not the generation of ROS was involved in the effects on metabolic activity,
membrane integrity or cytokine production, it did not lead to significant DNA damage,
judged by the absence of statistically significant effects on gene mutations in MEF-LacZ
cells. A dose-response related increase in gene mutations was observed in cells exposed
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to 80 nm Ag NPs, but this was not statistically significant. In addition, the concentrations
at which an increase in gene mutations was observed were starting to become cytotoxic,
i.e. the observed mutations may have been the result of DNA undergoing fragmentation
in the process of apoptosis. Along the same lines, the effects of Ag NPs on embryonic stem
cell differentiation occurred only at concentrations similar to or above those decreasing
metabolic activity, indicating the effects on stem cell differentiation were also a direct
result of cytotoxicity, rather than a specific effect of the NPs on differentiation of the
embryonic stem cells.

Exposure to Ag NPs induced the release of a number of pro-inflammatory markers,
most markedly TNFa, MIPs and G-CSF, confirming previous findings of studies with Ag NPs
in macrophages (Carlson et al. 2008; Nishanth et al. 2011; Park et al. 2010). Macrophages
are the major producers of TNFa, which has an important role in regulating cytokine
production (Parameswaran and Patial 2010). The macrophage inflammatory proteins
MIP1la, MIP1B and MIP2 are known for their chemotactic properties for neutrophils in
response to injury, infection and cancer (Driscoll 1994). Similarly, one of G-CSF’s major
functions is to influence the maturation and release of neutrophils from the bone marrow,
and enhance their chemotactic and phagocytic function (Steward 1993). The production
of cytokines by macrophages was originally described in relation to their response to a
range of micro-organisms, which ultimately leads to the destruction of these organisms.
However, various studies have now shown that macrophages also produce cytokines in
response to other stressors, including (nano)particles (reviewed by Chang 2010). While
the production of cytokines in itself should not be considered an adverse effect, it can be
anticipated that persistent (over)production and signaling of cytokines in response to NPs
may lead to inflammatory diseases.

Based on mass concentrations, the 20 nm Ag NPs induced the highest response in all
assays included in this study compared to the larger NPs, with differences between EC,,
values of one order of magnitude in some assays. This indicates that deriving exposure
limits for Ag NPs based on mass concentrations does not appear to be appropriate. On
the other hand, if exposure limits are going to be derived based on another metric like
surface area or number of particles, it needs to be taken into consideration that Ag NPs
of different sizes have also been shown to follow different kinetics and have a different
distribution pattern (Lankveld et al. 2010).

The cellular uptake of smaller NPs may have been easier compared to that of larger
particles, which needs to be confirmed by quantitative measurements. Others have
suggested that the higher cytotoxicity of smaller particles compared to larger ones was
related to the amount of ROS generated at the relatively larger surface area of small NPs
(Carlson et al. 2008; Liu et al. 2010). However, this was not supported in our study, where
the in vitro generation of ROS in a cell free system was not predictive for the cellular
induction of ROS. Alternatively, smaller NPs may display or release more silver ions from
its surface than larger NPs. Park et al (2010) suggested that Ag NPs dissolve into cytotoxic
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Ag ions upon phagocytosis and transportation of the NPs to lysosomes, mimicking a Trojan
Horse. On the other hand, genotoxicity studies reported that effects on gene mutations and
micronucleus formation were at least in part independent of Ag ions (Demir et al. 2010;
Kawata et al. 2009). On the whole, it remains unclear to what extent Ag ions contribute
to the effects observed with Ag NPs. For the current study, we have only investigated
uncoated Ag NPs of different sizes with similar surface charges. It needs to be noted that
surface charge and chemistry may play an additional and even larger role in determining
the surface release of Ag ions, the distribution of and biological response to Ag NPs than
particle size.

For risk assessors, it is of paramount interest to understand the extent of the effects of
Ag NPs compared to those of Ag ions. In our study, L929 fibroblasts were more sensitive to
the effects of 20 nm NPs, which is similar to what was reported for human liver cells (Piao
et al. 2011). Peritoneal macrophages were approximately equally sensitive to the effects
of Ag ions and of 20 nm Ag NPs, while the larger particles were less toxic than Ag ions.
This is similar to what was reported for alveolar macrophages, where Ag ions affected cell
metabolic activity to the same extent as 15 and 30 nm particles, and more than 55 nm
particles (Carlson et al. 2008). The effects of Ag NPs compared to Ag ions on four human cell
lines was also dependent on the size of the NPs, with 5 nm particles being more toxic, but 20
and 50 nm being less toxic than Ag ions (Liu et al. 2010). It seems therefore, that the effects
of Ag NPs in comparison to those of Ag ions depend on the cell type considered, but also
on NP size. However, for both Ag ions and Ag NPs, the concentrations inducing cytotoxicity
were much higher than those reported to have antimicrobial activity. This indicates that
there may be a margin of safety between exposure for antimicrobial application of Ag NPs
and adverse effects observed in human cells. Clearly, before one can draw such conclusions,
more information is needed on the (long-term) exposure to and accumulation of Ag NPs in
the body, in addition to the assessment of other toxicity endpoints.

6.5 CONCLUSIONS

Our collective results suggest that the most pronounced effect of Ag NPsis inflicting damage
towards a range of different cell types, potentially resulting in a myriad of secondary
effects, such as generation of ROS, DNA damage and inhibiting stem cell differentiation.
Despite the likelihood that macrophages will be amongst the highest exposed cell
types, our studies showed that they may not be the most sensitive to the effects of Ag
NPs, indicating that other cell types may need to be included in the evaluation of the
biocompatibility of ENMs. We observed large differences in toxic concentrations between
NPs of different sizes, indicating that deriving exposure limits for Ag NPs based on mass
concentrations does not appear to be appropriate. Whether the risk of being exposed to
Ag NPs is higher compared to Ag ions is a complex question that depends on a number
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of factors, including bioavailability, distribution pattern, exposed cell type, Ag NP size
and likely surface chemistry. Deriving safe exposure limits for Ag NPs should therefore be
handled on a case-by-case approach.
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ABSTRACT

Exposure limits for soluble substances are traditionally based on mass concentrations,
since mass is directly proportional to the number of molecules. In contrast, a specific mass
of a variety of nanomaterials consisting of the same chemical substance but with different
properties such as particle size may have completely different toxicity profiles. Information
on the administered mass of nanomaterials alone may therefore not be a sufficient
description of the dose that determines differences between biological responses. Other
reduced dose metrics such as particle numbers or surface area may be more appropriate,
but it is yet to be demonstrated that the use of such a simple dose metric is justifiable.

Here we present a mathematical based graphical method to determine whether a
reduced dose metric for nanomaterials exists. To illustrate the method, it was applied to
results from in vitro experiments with Ag and SiO, nanoparticles. We show that a reduced
dose metric for these nanoparticles exists, although there were differences in appropriate
dose metrics between Ag and SiO, nanoparticles and between toxicity endpoints.

7.1 INTRODUCTION

Traditionally, risk assessors derive safe exposure limits for chemical substances based on
information on the toxic potential of the substances obtained from standardized safety
studies in which increasing doses of the substance are administered to groups of animals. This
procedure requires an adequate description of the dose, or dose metric, which includes all
characteristics that are necessary to explain differences between responses in experiments.
A minimal criterion for an adequate dose metric is that if experiments show a different
toxicological or kinetic response, the doses in the experiments, specified according to the
dose metric, should be different also. For most substances, total mass of the administered
substance is used as a unique measure of the dose, as in most conditions, this is proportional
to the number of molecules. Consequently, safe exposure limits are generally based on mass
concentrations, i.e., are given as the maximum tolerable daily intake of a specific mass of
chemical substance per kg body weight or cubic meter of air, with the exception of asbestos,
for which exposure limits are given in number of fibres per cubic meter.

With nanotechnology facilitating the creation of complex spheres, cylinders, pyramids and
other forms of different sizes, a whole new array of materials has made its appearance. The
different characteristics of these NPs (e.g. size, shape and surface chemistry) all may determine
their toxic potential (Clift et al. 2011; Duffin et al. 2007; Park et al. 2011b; Poland et al. 2011;
Schaeublin et al. 2011). It follows that for ENMs, information on the administered mass of
the chemical substance alone is not a sufficient description of the dose that determines a
particular response in a biological system. This poses a problem for risk assessors, who are
faced with the question of what dose metric to use when setting exposure limits for ENMs.

One solution would be to derive separate exposure limits for all different ENMs, i.e. one
exposure limit for Ag NPs of 20 nm and a surface potential of -50 mV, another limit for Ag
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NPs with the same surface potential, but with a particle size of 25 nm, and yet another one
for Ag NPs with particle size of 20 nm, but with a surface potential of -35 mV. However, apart
from being highly impractical, this approach also poses another set of problems. Virtually
all ENMs are a heterogeneous mix of NPs with a distribution in characteristics rather than
consisting of NPs all with exactly the same size and surface properties. This also implies
that in contrast to mass and molecules for chemical substances, there is not necessarily
an unequivocal relation between the mass and the number of NPs. In its most complete
form, the dose of an ENM can be described by a (distribution) function P that specifies the
number of particles in the ENM with specific characteristics. For example P (d, , a, ...) may
give the number of particles N with a diameter d, surface potential {and shape a.

For risk assessment purposes and for upholding chemical regulations, it would be most
pragmatic if the dose of ENMs consisting of the same chemical composition could be
characterised with fewer parameters than would be needed to uniquely describe all NPs
in the ENM, i.e. by means of a reduced dose metric. Removing some of the parameters
from the dose description can be justified if, for example, the role of some NP properties
in the induced response is negligible compared to that of others. Alternatively, certain
particle properties influencing the response may be uniquely related, such as particle
size with surface area, reactivity and solubility, in such a way that only one parameter
combining these properties needs to be included in the dose metric of all ENMs of the
same chemical composition. Justification of the use of such a reduced dose metric should
first be established by experimental study.

In the current study, a practical method is presented to determine whether the use of a
reduced dose metric for solid, spherical ENMs consisting of the same chemical composition
can be justified. As an illustration, the method is applied to analyse results from in vitro
experiments with SiO, and Ag NPs described in Chapter 5and 6 and published previously (Park
et al. 2011a; b). Recommendations for experimentalists are provided so that information on
the reduced dose metric can be extracted with highest confidence. The approach offers
opportunities for large research programmes such as the OECD Sponsorship programme and
European FP7 projects to analyse the field of application of a reduced metric and thereby
the relevance for application in risk assessment and regulatory purposes.

7.2 MATHEMATICAL BASIS FOR A METHOD TO ASSESS DOSE METRICS IN EXPERIMENT

To study properties of a dose metric systematically, one can make use of the criterion
that equal doses (specified in the appropriate metric) should give an equal response in
the system. The experiments involve testing a range of NMs that vary both in particle
number and in NM properties (e.g. size, shape, {-potential) for their ability to give rise to a
specified response in a defined system. For each NM in this range, the dose that gives rise
to this response is to be identified, where the NM dose is expressed in parameters such as
number of NPs, diameter, etc. The relation between the equi-response doses of this range
of NMs can be mathematically described by a surface on which the responses are equal
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(equi-response surface). When only two parameters are required, this surface is reduced
to an equi-response curve. The mathematical description of this surface or curve may be
used to identify a reduced dose metric, if it exists.
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= = ==V constant

.............. N constant
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Figure 7.1 Curves for constant surface area, volume and number of particles based on a specific dose of N
particles of diameter d. For example, curve S, shows that 1 x 10" particles with of diameter of 50 nm, but
also 4 x 10" particles with a diameter of 80 nm have a constant surface area S,. Similarly, the curve for a
constant volume V, can be obtained with approximately 1 x 10" particles with a diameter of 25 nm, but also
with approximately 2 x 10" particles with a diameter of 40 nm, while the constant particle number N, (in
this case, 6 x 10" particles) is independent of the diameter of the particles. The existence of a reduced dose
metric like administered surface area S, administered volume V and total number of particles administered N
for nanoparticles would lead to equi-response curves of constant S, V or N. Note that if such equi-response
curves exist, this would reduce the number of parameters required to describe the dose from two (N and d)
to one (S, Vor just N).

To illustrate the use of equi-response surfaces to analyse dose metrics with a theoretical
example, the relatively simple (but common) case of NMs consisting of solid, spherical
particles is considered. A simple way of presenting the dose of these NPs is to express
them in two parameters: number of particles N and particle diameter d. Equi-respons
doses of a range of solid, spherical NPs with different diameters can then be presented in
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an (N,d) plot, i.e. N NPs of diameter d required to induce a specified equi-response. If a
dose-metric based on N and d is adequate, it will be possible to generate an equi-response
curve, connecting all equi-response doses.

To test whether any of the reduced dose metrics particle number, particle volume
or particle surface area is an appropriate dose metric for the ENM in the experimental
system, the shape of the equi-response curves obtained from the experimental data can
be compared to the curves of constant total particle surface area S, constant particle
volume V and constant number of particles N (Figure 7.1).

The surface area of one sphere can be given by the following formula:
S=nxd

where d is the diameter of the sphere. It follows that the curve for constant total surface
area of N particles is:

S=Nxrmxd’ = constant

and thus:
c
N = dlz

where ¢, is a particular constant incorporating 1t that depends on the response level.
Taking the logarithm (base 10) of both sides of the equation allows for a more convenient
comparison of the curves:

log(N) = log(c,) — 2 log(d)
Or:

log(N) = ¢, — 2 log(d)

Note that the logarithmic equation describing the curve for constant surface area takes
the form of the equation describing a straight line:

y=ax+b

where a is the slope of the line and b a particular constant. It follows that the logarithmic
equation describing the curve for constant surface area has a slope that equals -2.
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In a similar way, the logarithmic equation describing the curve for constant volume can be
derived. The volume of a sphere can be given by the formula:

d3

V=rx

The constant total volume of N particles is given by

3

V=NXxrmx =constant

and thus:
log(N) = ¢, — 3 x log(d)

It follows that the logarithmic equation describing the curve for constant volume has a
slope of -3.

Finally, the curve of constant particle number N is independent of diameter d and is given by
N = constant,

Or:
log(N) = c,

It follows that the logarithmic equation describing the curve for constant particle number
has a slope of 0.

Plots of equi-response curves may be used to directly verify whether a reduced dose
metric exists and if it does, whether administered number of particles, administered
surface area or volume are appropriate dose metrics. For example, if the slope of the equi-
response curve in the log(N), log(d) plot equals -2, it will be parallel to that of the constant
surface area curve. In other words, the EC,  values will decrease proportionally to the NP
surface area, implying that total administered surface area is a complete dose description.
If, on the other hand, the slope equals 0, total number of particles is a complete dose
description, and if it equals -3, it is volume or mass.

7.3 APPLICATION OF THE METHOD TO EXPERIMENTAL DATA

The method was applied to data obtained from a number of experimental in vitro dose-
response systems with SiO, and Ag NPs described in Chapter 5 and 6 (Figure 7.2 and 7.3).
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Only those experiments were selected for which EC,, concentrations could be calculated
for all particle sizes.

~

g ECx (CI)

<§( pg/ml #particles x 10'%ml
e 1 23 (18-30) 1500 (1174-1957)
> 34A 7.4 (6.5-8.6) 16 (14-19)
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2 34B 12 (11-13) 27 (24-29)
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3

©

©

=
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34nmB —e— 248 nm

Figure 7.2 Dose response curves and 20% effect concentrations (EC,;) plus confidence intervals (Cl) of the decrease in
metabolic activity of RAW 264.7 macrophages for SiO, NPs of 11 nm, 34 nm (A and B) and 248 nm.

For practical reasons, experiments with ENMs are generally performed using mass as an
initial dose metric. Since both SiO, and Ag NPs are spherical, with known diameter and
mass density, the nominal mass-based EC,, equi-response concentrations, specified in
experiment as ug/ml, can be converted to a number based concentration C,:

6

Cu=CyXx ——5—
nipd

N I\/IX

The variation in TEM measured diameters of the NPs was negligible for the conversion
to particle number concentrations. The log (base 10) of the number N of particles
administered per millilitre was plotted against the log of the particle’s diameter for all
response levels. To test whether a simple reduced dose metric adequately describes the
data, a linear model:

log(N) =a + b x log(d)

was fit to the data by means of a least squares minimization principle.
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20 12 (10 - 13) 27 (23 - 30)
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20 0.20 (0.13- 0.28)  0.46 (0.30-0.64)
80 5.2 (2.3-8.0) 0.19 (0.082-0.28)
113 24(16-3.1)  0.030(0.020-0.039)

Figure 7.3 Dose-response curves and table with 20% effect concentrations (EC,,) plus confidence intervals (Cl)
for Ag NPs of 20 nm, 80 nm and 113 nm, from different in vitro test systems: Decrease in metabolic activity of
1929 fibroblasts (a), induction of reactive oxygen species (ROS) in RAW 264.7 macrophages (b), inhibition of
embryonic stem cell differentiation (c) and decreased membrane integrity of L929 fibroblasts (d).
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The existence of a reduced dose metric was considered plausible if the R* value of the equi-
response curve in the log(N), log(d) plot was larger than 0.95. Particle number, surface
area and volume were considered adequate dose metrics if the 95% confidence interval
around the slope of the equi-response curve included 0, -2 and -3, respectively.

7.4 RESULTS

The regression curve for the test system measuring metabolic activity (WST-1) of RAW
264.7 macrophages in response to SiO, NPs (R* of 0.97) suggests a linear relation between
log(N) and log(d) for the doses along the equi-response curve, indicating that a reduced
dose metric indeed exists (Figure 7.4).

e 11 nm
° =-2.924x + 15.983 A 34nmA

\ R? = 0.9799 34nmB
o ¢ 248 nm
A\
1.5 2 25
log(diameter) [nm]

IR
oD

©

log(number of particles)

©

o
)
-

Figure 7.4 The equi-response curve for SiO, NPsin RAW264.7 macrophages. On a log(N) versus log(d) scale the equi-response
curves describe a straight line, indicating the existence of a reduced dose metric. The slope of the curve can be used to infer
the form of this reduced metric and a slope of approximately -3 suggests that total mass (or volume with constant density)

administered is an adequate dose descriptor.

For Ag NPs, the regression line for all experimental systems except for membrane integrity
(LDH) in L929 fibroblasts also suggests the existence of a reduced dose metric (R* of
>0.95) (Figure 7.5). For membrane integrity of L929 fibroblasts, the data did not fit a linear
regression line (R* of 0.75), indicating that a reduced dose-metric is not adequate for this
test system and these NPs. Alternatively, the relation between log(N) and log(d) along the
equi-response curve can be described by a non-linear function, in which case a reduced
dose-metric related to NP diameter may still be adequate.

The slope of the linear regression lines (parameter b) for the experimental systems gives an
indication of what the simple reduced dose metric may be (Table 7.1). Analyses of the slope
b of -2.9 of the dose-response relation in the test system for metabolic activity in RAW 264.7
macrophages suggest that the dose of SiO, NPs is best expressed in administered volume.
Since the ENM consists of solid, spherical NPs of similar primary sizes, it can be assumed that
the volume of this ENM has a constant density, implying that the dose may also be expressed in
mass. In contrast, both the dose-response relation for Ag NPs in the test systems for metabolic
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activity in L929 fibroblasts (b = -2.0) and induction of ROS in RAW 264.7 macrophages (b =
-2.1) are best described by specifying dose in administered surface area.
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Figure 7.5 The equi-response curve for Ag NPs for metabolic activity in L929 fibroblasts (a), induction of ROS in
RAW264.7 macrophages (b), inhibition of stem cell differentiation (c) and membrane integrity in L929 fibroblasts (d).

ENM Test system R? b

Sio, WST-1 RAW264.7 macrophages  0.98 -2.91 (-3.03 to0 -2.79)
Ag WST-1 in L929 fibroblasts 0.97 -2.05(-2.11 to -2.00)
Ag ROS in RAW 264.7 macrophages 1.00 -2.06 (-2.19 to -1.93)
Ag EST in D3 embryonic stem cells 1.00 -2.41 (-2.53 t0 -2.29)
Ag LDH in L929 fibroblasts 0.75 -1.34 (-1.71 to -0.98)

Table 7.1 Summary of the slope of the equi-response curves in a log(N) versus log(d) plot, plus 95% confidence
intervals, determined from the 90% confidence intervals of the respective dose-response models by

bootstrapping.
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The slope b of -2.4 of the dose-response relation of Ag NPs for inhibition of differentiation
in embryonic stem cells indicates that the dose can be described by a parameter related to
the diameter of the NPs, but not administered surface area or volume (mass). To illustrate
how this type of reduced dose metric can be applied in practice, we consider the response
of Ag NPs inhibiting embryonic stem cell differentiation by 20% compared to control. The
regression line to the logarithmic 20% response curve in the log(d),log(N) plot, derived
from the EST experiments with the 20, 80 and 113 nm NPs, had the following equation:

y=-2.4x+14.6, or:
log(N) =-2.4 x log(d) + 14.6, or:

N=d**x10"*

In other words, the dose metric is Nxd**, and for ENMs consisting of similar Ag NPs with
any distribution of sizes, the dose that will inhibit embryonic stem cell differentiation by
20% is 10™*° Nxd*“. Taking this exercise one step further, we can consider two fictive ENMs
consisting of similar, solid, spherical Ag NPs, but differing in their average primary sizes and
size distributions; Ag NPs of 17 nm and Ag NPs of 60 nm (Figure 7.6). We have previously
determined that our monodisperse Ag NPs of 20 nm inhibited stem cell differentiation
by 20% compared to control at a dose of 2.7 x 10" NPs. We can now calculate whether
exposure tothe same number of NPs of our two fictive ENMs with different size distributions
will exceed this critical dose. Based on the size distributions, we can convert every fraction
of N with diameter d to the dose metric Nxd**and determine its sum, i.e. the dose of NPs
in Nxd**.

For the 17 nm Ag NPs, a dose of 2.7 x 10" converts to 6.7 x 10* Nxd**, while a dose of
2.7 x 10" Ag NPs of 60 nm converts to 6.2 x 10" Nxd**. These doses can be compared to
the critical dose of 1 x 10'*°® Nxd** by taking the log (base 10), resulting in 14.8 and 15.8
for 17 nm and 60 nm Ag NPs, respectively, compared to 14.6 for the critical dose. In other
words, for both ENMs, a dose of 2.7 x 10" exceeds the dose that will inhibit stem cell
differentiation by 20% compared to control.

7.5 DISCUSSION

The current Chapter presents a method to study dose metrics of NPs by means of equi-
response plots, which was successfully applied to a number of experimental systems and
ENMs. In four out of five cases, the observations indicated the existence of a reduced
dose metric related to particle diameter, albeit not the same dose metric for all ENMs and
systems considered. In three of the illustrative examples, the dose metric required only one
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parameter to completely describe the dose of the ENM considered: either surface area or
mass. For the inhibition of stem cell differentiation by Ag NPs, the dose could be completely
described by two parameters: number of NPs and NP diameter. The simple graphical
method is also applicable when the number of NP characteristics required to completely
describe a dose is three, in which case equi-response surfaces can be constructed using
an extra axis in the plot. If more than three NP characteristics are required, the principle
of constructing equi-response surfaces and analyzing the mathematical relation between
doses on these surfaces is still an appropriate method to identify reduced metrics for the
dose, but this cannot easily be demonstrated in a graphical way.

08 d [nm] Fraction of N N Nxd“*
0.7 10 0.73 1.99E+11  5.00E+13
0.6 20 0.09 2.41E+10  3.20E+13
05 30 0.07 2.01E+10  7.05E+13
04 40 0.03 8.04E+09  5.63E+13
03 50 0.03 8.04E+09  9.61E+13
60 0.02 6.03E+09  1.12E+14

02 70 0.01 4.02E+09  1.08E+14
0.1 80 0.01 2.01E+09  7.43E+13
0.0 90 0.01 1.41E+09  6.90E+13
2 8 8 ¥ 8 83 R 8 8 S 100 0.00 0.00E+00  0.00E+00

Sum 1.00 273E+11  6.68E+14
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04 | 40 0.1 273E+10  1.91E+14
03 1 50 0.12 327E+10  3.91E+14
02 | 60 0.18 4.91E+10  9.09E+14
70 0.18 491E+10  1.32E+15
01 4* 80 0.12 327E+10  1.21E+15
0~ 9 0.08 218E+10  1.07E+15
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Figure 7.6 Size distributions for two fictive ENMs consisting of Ag NPs with average primary diameters of 17
nm (a) and 60 nm (b), and conversion of a dose of 2.7 x 10" NPs to a dose in Nx/d**, for comparison with the

critical dose of 10™° Nxd**, which inhibits stem cell differentiation by 20% compared to control.

In all experimental systems analyzed, the number of particle sizes within one particle type (i.e.
one chemical composition) was limited to a maximum of three, within the size range of 20 nm
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and 113 nm for Ag NPs and 11 nm and 248 nm for SiO, NPs. As a result, equi-response curves
were inferred on the basis of relatively sparse observations. Despite this, the method proved
to be useful in most cases, as it quickly pointed to whether a reduced dose metric existed
and what it might be. Only for the test system membrane integrity in L929 fibroblasts, the
existence of a reduced dose metric could neither be confirmed nor refuted due to insufficient
data points. In general, identification of an adequate dose metric, especially in more complex
cases, will always benefit from including more equi-response data by investigating a larger
range of ENMs varying in one characteristic such as particle size.

Another issue to consider when designing experiments to analyze dose metrics is the
fact that in practice, most ENMs will consist of NPs with a distribution of characteristics
(for example, particle diameters) rather than having a single well-defined value for this
characteristic. Preferably, for the purpose of studying dose metrics, distributions of NP
properties within an ENM should be as narrow as possible. Ideally, changes in NP properties
during exposure and information on the differences between nominal and actual exposure
concentrations should also be taken into account when deriving an appropriate dose-metric,
although the techniques to quantify this information may not always be available yet.

For the time being, we can only speculate on the reasons for the differences in
appropriate dose metrics between different test systems and between Ag NPs compared
to SiO, NPs. First of all, appropriate dose metrics may have been affected by experimental
conditions. For example, while we have found that the appropriate dose metric for SiO,
NPs reducing metabolic activity of RAW 264.7 is mass, others have found that surface area
determined the effects on cellular metabolic activity by SiO, NPs (Napierska et al. 2009;
Waters et al. 2009). The experimental conditions in these studies were rather similar to
ours, except for the fact that we added fetal calf serum to the cell culture medium. The
presence of proteins in cell culture medium directly affects the aggregation status of NMs
and potentially also their exposure levels (Hinderliter et al. 2010; Murdock et al. 2008). The
protein layer forming around the NMs (termed protein corona) has also been suggested to
affect uptake levels and biological responses induced by NMs (Lesniak et al. 2010; Lynch et
al. 2009). This in turn may have affected the appropriateness of expressing the dose of SiO,
NPs in either mass or surface area. In case of Ag NPs, differences in dose metrics between
assays for metabolic activity and ROS induction and for inhibition of stem cell differentiation
may have been related to the fact that in the embryonic stem cell test, a complex exposure
system and longer incubation time (10 days) is used, which may have led to multiple NP
diameter related properties affecting both the exposure level and the response of the stem
cells. In short, it needs to be realized that a particular dose metric is only valid under certain
(experimental) conditions, and therefore, these conditions need to be clearly defined.

Even when experimental conditions were kept consistent, our data indicate that it is
not possible to adequately describe the dose of all ENMs using one and the same reduced
dose metric for both Ag NPs and SiO, NPs. For decreasing metabolic activity by Ag NPs,
surface area was the most appropriate dose metric, possibly because a larger surface area

175



Chapter 7

may lead to a faster release of cytotoxic Ag ions. In contrast, the SiO, NPs were not as
soluble and especially the smaller SiO, NPs were quite aggregated in cell culture medium
(Park et al. 2009). This may have led to exposure levels and cell responses that, based on
volume or mass concentrations, were comparable across sizes.

Although it may not be possible to use the same dose metric for all different types of
ENM, the existence of a reduced dose metric related to the NP diameter for both types
of NPs in most of our in vitro experiments is a first indication that it may be possible to
derive a single dose metric for ENMs of the same chemical composition, but with different
diameters. This still has the advantage that it can be applied to ENMs consisting of NPs
with different size distributions. In addition, further systematic research into appropriate
dose metrics of a wide variety of ENMs may help to group ENMs of different chemical
compositions for which similar dose metrics can be used.

Applying an in vitro derived reduced dose metric for exposure limits for an ENM does
need to consider quantitative biodistribution and clearance information on the ENM in
target tissues in the body or in target species in the environment. The in vivo distribution of
the Ag NPs usedintheillustrative examples has been quantified using a physiologically based
pharmacokinetic (PBPK) model and demonstrated that tissue distribution patterns were
different for NPs of different diameters (Lankveld et al. 2010). For a reduced dose metric
such as surface area to be useful in this situation, exposure limits are best derived based on
local target tissue concentrations rather than nominal administered concentrations.

Another important issue to address before applying a single dose metric in risk
evaluations of multiple ENMs is that in our studies with Ag NPs, different dose metrics
were found to be appropriate for different biological responses. While total administered
surface area was an adequate dose metric to describe a decrease in metabolic activity by
Ag NPs, it was not an adequate dose metric for compromising membrane integrity, despite
the fact that the exact same experimental conditions were used. In addition, we have
demonstrated before that SiO, NPs 34A and 34B had comparable effect concentrations
(based on mass) in cytotoxicity studies, while in the very same experiments, only 34A
NPs were found to induce cytokines (Park et al. 2011a). These results imply that different
biological responses are affected by different NP characteristics and thus require different
metrics to adequately describe the dose.

In summary, a novel, practical and mathematically founded method was presented to
systematically study the question of what might be an appropriate dose metric for ENMs.
To illustrate this method, it was applied to data from various in vitro assays with Ag and
SiO, NPs of different sizes and based on this, we conclude that finding the appropriate
dose metric may be affected by experimental conditions, but it is also dependent on ENM
chemical composition and the biological response considered. The approach provides
opportunities to systematically investigate the dose metric that can describe toxic effects
of series ENMs with different characteristics, enabling to draw conclusions on the use of
specific dose metrics for risk assessment and regulatory purposes.
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Summarizing discussion and future perspectives

8.1 INTRODUCTION

With the steady progression of nanotechnology, many new nanotechnology based
applications enter the market, including every day consumer products containing ENMs.
This development can be anticipated to lead to chronic and increasing human exposure
levels to an ever expanding variety of ENMs, justifying a thorough investigation into their
possible adverse effects.

Due to their physicochemical properties, ENMs appear to have different biological
activities compared to the bulk material. For example, NPs have the capability to cross
biological barriers and reach cells and tissues which were not exposed by their macroscopic
form.In Chapter 1, an overview was given on the current state of knowledge of the potential
risks of ENMs for human health. Distribution and persistance of ENMs in the body are
important factors that influence these risks, but insufficient knowledge exists to predict the
behaviour of ENMs in the body based on their physicochemical properties. There is a fair
understanding of some of the mechanisms underlying ENM toxicity, mainly related to the
induction of cellular oxidative stress, inflammation signalling and cell membrane damage.
Most knowledge on adverse effects of ENMs pertains to local inflammation in the lungs
after short term exposure, but there are also clear indications that after both inhalation
and oral exposure, ENMs can become systematically available. Studies investigating the
long-term effects of ENMs are virtually lacking altogether.

Due to their specific nano-related properties, risk evaluations of ENMs for human health
cannot directly be based on the risk evaluations of bulk materials, but rather should be
assessed separately, and include an evaluation of potential systemic effects. However, the
rate of development of new ENMs will soon outrun the ability to accomplish a thorough risk
assessment of every single new ENM when traditional risk assessment procedures based on
an array of experimental animal tests continue to be used. Faster approaches for prioritizing
ENMs in terms of their hazardous effects are urgently needed. In addition, it would be
beneficial to identify NP characteristics that may play a role in eliciting hazardous effects.
This information could potentially be used to extrapolate safety data from one nano-form to
another, as well as provide a foundation for the development of safe new ENMs.

8.2 AIM OF THE THESIS
The aim of this thesis was to aid regulators and risk assessors in dealing with the safety
evaluation of a vast variety of existing and newly developed ENMs. This was done with the

following three approaches:

1) Evaluate the use of in vitro assays as a screening approach to distinguish between more
and less hazardous ENMs.
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2) Investigate the role of NP size in various systemically relevant biological responses, and
determine whether safety data from a NP of one particular size can be extrapolated to NPs
of another size.

3) Study dose metrics of NPs to evaluate whether one of the dose metrics mass, surface
area or particle number is adequate for groups ENMs with different sizes and size
distributions.

8.3 EVALUATION OF IN VITRO ASSAYS FOR THE RISK ASSESSMENT OF
ENGINEERED NANOMATERIALS

In vitro studies have been put forward as a faster approach to screen ENMs on their toxic
potential, but uncertainties regarding their suitability for this purpose exist. The first aim
of this thesis was to evaluate the use of in vitro assays as a screening approach to do
comparative hazard assessment, i.e. to systematically compare the potential of ENMs to
induce a certain biological response. As outlined in Chapter 2, a number of factors can be
identified that influence the outcome of in vitro studies with ENMs, many of which also
apply to the use of in vitro studies for predicting the toxic potential of regular chemicals.

One of the main issues addressed in Chapter 2 is that many of the currently used in
vitro exposure and dispersion methods may not reflect conditions of in vivo exposure to
ENMs. This is probably especially true for assessments of inhalation toxicity, where in vivo
exposure to ENMs takes place in the air-liquid interface, while most in vitro test systems use
lung epithelial cell cultures submerged in tissue culture medium (Clift et al. 2011). Another
difference with in vivo inhalation exposure conditions is that in vitro test systems often make
use of serum proteins added to the tissue culture medium, which affect aggregation of NPs
and this in turn may affect exposure levels (Murdock et al. 2008). A further consequence
of adding these proteins is that they adhere to the surface of NPs, where they are thought
to pacify reactive NPs, or otherwise affect their fate and biological impact (Clift et al. 2010;
Lundgvistetal. 2008; Lynch etal. 2009). Allin all, for studying the effects of NPs afterinhalation,
submerged in vitro test systems in tissue culture medium containing serum proteins may
not be relevant, which has prompted ongoing efforts to develop air-liquid exposure systems
(reviewed by Klein et al. 2011). Submerged in vitro test systems in tissue culture medium
containing serum proteins may still be relevant for studying systemic effects, where in vivo
exposure conditions are ‘submerged’ and NPs will be coated with proteins as well.Apart
from exposure and dispersion methods, the choice of readout system and especially cell
type and exposure duration affect the outcome of in vitro assays. In addition, false positive
or negative results may originate from poor cell type - assay compatibility or interference of
the ENM with the assay. False positive results may also be introduced through (common!)
contamination of ENMs with production residues or bacterial endotoxins.
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With all these factors affecting the outcome of in vitro assays with ENMs, itis complicated
to compare data from the large number of in vitro studies already published in the
literature. Unfortunately, for the same reasons, it is also difficult to determine the most
relevant in vitro testing conditions for predicting in vivo effects, and insufficient studies are
available that directly compare in vitro with in vivo results. Deriving safe exposure limits
for ENMs by extrapolating from in vitro dose response data is, at least for the moment, a
bridge too far.

As more in vivo data from studies with ENMs become available, the values and
limitations of in vitro assays will be revealed. Based on this information, it will become
clearer to what extent in vitro assays can play a role in risk assessment of ENMs. The time
where it will be possible to conduct risk assessment solely on the basis of in vitro studies is
clearly far ahead due to the fact that in vitro systems for a number of potentially relevant
toxicity endpoints such as immunotoxicity, sensitizing potency, reproductive toxicity and
non-genotoxic carcinogenicity have not yet been developed, even for regular chemicals.
However, when all testing conditions known to affect the outcome of in vitro assays with
ENMs are controlled, these assays may still be a useful tool for comparative hazard analysis
of ENMs after systemic exposure.

8.4 THE ROLE OF SILICA AND SILVER NANOPARTICLE SIZE IN VARIOUS
SYSTEMICALLY RELEVANT IN VITRO TEST SYSTEMS

Another approach to reduce the amount of testing needed for ENMs is to extrapolate
safety data from one ENM to another. Since particle size is one of the main characteristics
varied in the production of ENMs, we investigated whether biological responses to NPs
could be predicted by extrapolating across particle sizes. The in vitro test systems used for
this purpose were all relevant for responses that may occur when NPs become systemically
available, and the factors that affect the outcome of in vitro studies as identified in Chapter
2 were controlled in the testing conditions, in order to provide a meaningful comparison
of the responses to the various NPs included in these studies.

8.4.1 In vitro test systems

The starting point in any meaningful, comparative investigation of biological responses to
ENMs is a careful characterization of the material and the test systems (Oberdorster et al.
2005; Warheit 2008). For all NPs included in our studies, we determined the morphology,
primary particle size and the concentration, hydrodynamic particle size distribution and
surface potential in the buffer in which the particles were provided. The redox potential
of the NPs was determined as an indicator of their reactivity. Potentially toxic production
residues were removed and the absence of bacterial contaminants was confirmed. Cell
cultures were tested and confirmed negative for the presence of mycoplasma. Test
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protocols including incubation times and cell culture conditions were consistent across
experiments with all NPs. Test systems based on absorbance and fluorescence signals
were investigated and, if needed, corrected for interference with NPs.

A general toxicity endpoint relevant and well investigated for NPs is cytotoxicity, which
can be determined using various commercially available in vitro assay kits. Metabolic
activity of cells in response to NPs can be investigated using the WST-1 assay, which
determines the cellular enzymatic conversion of a tetrazolium salt into a soluble formazan
dye. In addition, membrane integrity of cells exposed to NPs can be investigated by
determining the activity of LDH leaking out of damaged cells. Both metabolic activity
and membrane integrity are widely used biomarkers for cell viability and we used both
assays to determine the cell viability of mouse peritoneal macrophages (RAW 264.7) after
exposure to NPs of different sizes. Macrophages are well known for their role to clear the
body of particulate matter and many in vivo distribution studies have demonstrated that
the majority of systemically available NPs end up in macrophage rich organs such as the
spleen and liver (De Jong et al. 2008; Lankveld et al. 2010; Lipka et al. 2010; Sadauskas et
al. 2007). Representing a more neutral systemic cell type, we have also investigated the
size-related effects of NPs on cell viability in mouse fibroblasts (L929).

The induction of oxidative stress has been implicated in many of the adverse effects
associated with exposure to fine particulate matter (Xia et al. 2006). Oxidative stress is a
cellular condition that occurs when a cell’s capacity to neutralize ROS is exceeded and may
result in oxidative damage to membranes, DNA and other cell constituents. The potential of
NPs of different sizes to induce ROS in RAW 264.7 macrophages was determined by means
of the widely used H,DCF-DA probe, which upon oxidation converts to a fluorescent dye.

Inhalation of particulate matter has been reported to result in the induction of a variety
of inflammation markers such as cytokines and chemokines (Xia et al. 2009). Presumably,
the function of these markers is to attract more phagocytic cells to clear the particles
from the lungs. We investigated whether NPs of different sizes also induced markers of
inflammation in peritoneal RAW 264.7 macrophages.

We furtherinvestigated the particle size related genotoxic potential of NPs by performing
two genotoxicity assays which are commonly used in regulatory frameworks to measure
chromosomal aberrations and gene mutations; both irreversible genotoxic endpoints.
The micronucleus assay detects chromosomal aberrations and was performed in 3T3-L1
mouse fibroblasts, while gene mutations were measured in mouse embryonic fibroblasts
isolated from pU288 plasmid lacZ mice, containing lacZ as a reporter gene (MEF-lacZ).

NPs have been shown to cross biological barriers such as the blood-brain barrier, blood-
testis barrier, the lung epithelial barrier and the placenta (Kreyling et al. 2002; Kwon et al.
2008; Semmler-Behnke et al. 2008; Yamashita et al. 2011). The latter findings indicate that
NPs may become available to the developing embryo and warrant an investigation into
the potential of NPs to induce developmental toxicity. We have therefore investigated
the NPs in the embryonic stem cell test, which is regarded as a promising alternative in
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vitro method to in vivo developmental toxicity studies (Genschow et al. 2004). The test
investigates the potential of compounds to inhibit differentiation of embryonic stem cells
(D3 cells) into spontaneously contracting cardiomyocytes.

8.4.2 Amorphous silica nanoparticles

The compound SiO, and the valuable uses of its amorphous form in for example glass
and cement have been known since the distant past. With the rise of nanotechnology,
amorphous SiO, NPs have gained the interest from a wide variety of industries. They are
considered to be safe as additives in food, for agricultural and domestic use as pesticides
and they are in the top five of ENMs explicitly referenced in a worldwide database of
nanotechnology based consumer products (Barik et al. 2008; Hansen et al. 2008;
Woodrow Wilson International Center for Scholars 2010). Their inert nature and small
size make SiO, NPs particularly interesting to the pharmaceutical industry, where they
are in development for applications such as drug carriers, bio-imaging agents and gene
transfection vectors (Slowing et al. 2008; Trewyn et al. 2007). Many of these promising
applications can be anticipated to result in systemic bioavailability of SiO, NPs, making
these NPs relevant study objects for the in vitro studies used to explore the possibilities of
extrapolating safety data from one NP to another.

The importance of ENM characterization prior to the investigation of their size related
biological responses was emphasized when the primary particle size of the SiO, NPs were
determined. The nominal sizes of the NPs reported by the manufacturer were 10, 30, 80
and 400 nm, but TEM characterization revealed that the actual primary sizes were 11, 34,
34 and 248 nm, respectively. As a consequence, only three rather than four different NP
sizes could be investigated in the in vitro studies. Since the two 34 nm NPs had different
surface potentials, both NPs were included in the studies and designated 34A and 34B. An
overview of the results of the various assays with the SiO, NPs is presented in Table 8.1.

In Chapter 3, we investigated the size related potential of these NPs to inhibit stem cell
differentiation in the embryonic stem cell test. A concentration dependent inhibition of
differentiation of stem cells into contracting cardiomyocytes was observed for only two of
the four SiO, NPs, indicating that not all SiO, NPs induce the same response in this assay
despite their similar chemical composition. However, the differences in the response could
not be related to primary particle size alone: while NP 34A was the most potent of these
NPs in inhibiting stem cell differentiation, NP 34B had no effect at all up to the highest
concentration tested, despite their virtually equal primary particle sizes. In addition to the
34A NPs, the 11 nm NPs also inhibited stem cell differentiation, while the 248 nm NPs had
no effect. We investigated whether hydrodynamic sizes of NPs in cell culture medium may
better explain the differences between the NPs, as these size measures include information
on the aggregation status of the NPs, but these data are very difficult to interpret due to
the dynamic nature of NP dispersions and the overlapping sizes of NPs and (clusters of)
cell culture medium proteins. Qualitative TEM studies revealed 248 nm NPs in vacuoles of
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embryoid body cells, indicating that the lack of effects of particles of this diameter were
not due to a lack of uptake.

Particle EST Genotoxicity Cell viabililty ROS Inflammation
Markers

11 nm + - + + ++

34 nmA + + ++ ++ ++

34 nm B - ++ ++ ++

248 nm - - + +

EST: Embryonic Stem Cell Test; ROS: Reactive Oxygen Species

Table 8.1 Overview of the biological responses to silica nanoparticles of different sizes in various in vitro test
systems.

In Chapter 4, we investigated the size related genotoxic potential of the SiO, NPs in the in
vitro micronucleus assay and the MEF-LacZ gene mutation assay. Again, different effects of
the two 34 nm NPs were observed, as only 34B NPs induced the formation of micronuclei
in 3T3-L1 mouse fibroblasts. All other NPs, including 34A, did not affect the formation of
micronuclei, despite TEM studies demonstrating that all NPs were taken up in the cells. In
contrast to the micronucleus results, both 34 nm NPs increased the mutant frequencies in
the MEF-LacZ gene mutation assay, while the 11 and 248 nm NPs did not. The results of
these studies already indicate that the responses to SiO, NPs cannot be predicted based
on primary particle size alone, similar to the findings of Chapter 3.

Further evidence for this is presented in Chapter 5, where we investigated size related
effects of SiO, NPs on cell viability, induction of ROS and markers of inflammation. While all
NPs had similar effects on cell viability and induction of ROS (with both 34 nm NPs being
most potent), markers of inflammation were mainly induced by 11 nm NPs and one of the
34 nm NPs, 34A. An interesting fact in this respect is that the markers of inflammation were
determined in the same experiments as those for metabolic activity; hence, the exact same
NP dispersions and testing conditions (cell type, cell culture medium, and incubation time)
were used. This excludes the possibility that differences in the role of NP size between these
different assays were somehow caused by differences in experimental set-ups.

8.4.3 Silver nanoparticles

Ag NPs are currently the number one ENMs in the worldwide database ranking materials
referenced in nanotechnology based consumer products (Hansen et al. 2008; Woodrow
Wilson International Center for Scholars 2010). The reason for the increasing prevalence
of Ag NPs in consumer products is their effective antibacterial properties, which also
render them of great interest to the food production and the medical industry. Various
applications of Ag NPs may lead to systemic exposure, although it is unknown if and to
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what extent the Ag NPs will dissolve into ions before reaching the systemic circulation
(Wijnhoven et al. 2009).

In our studies described in Chapter 6, we have investigated the role of Ag NP size in
the same assays used for SiO, NPs, using Ag NPs of 20 nm, 80 nm and 113 nm (Table 8.2).
Metabolic activity and membrane integrity was investigated in RAW 264.7 macrophages
and L929 fibroblasts, and effects of Ag NPs were compared to those of silver in ionic form.
We also investigated the role of Ag NP size in the generation of ROS and induction of
parameters of inflammation in RAW 264.7 macrophages. Lastly, the role of Ag NP size was
investigated in the EST and in the LacZ genotoxicity test in mouse embryonic fibroblasts.

Particle EST Genotoxicity Cell viability ROS Inflammation
Markers

20 nm ++ - ++ ++ ++

80 nm + - + + +

113 nm + - - -

EST: Embryonic Stem Cell Test; ROS: Reactive Oxygen Species

Table 8.2 Overview of the biological responses to silver nanoparticles of different sizes in various in vitro test
systems.

Compared to the larger nanoparticles, the 20 nm Ag NPs induced the highest response
in all assays included in our studies, in some assays with differences between EC, values
up to one order of magnitude. Possibly, smaller Ag NPs may release more Ag ions from
the surface than larger NPs. If, upon contact with biological systems, Ag NPs immediately
dissolve into Ag ions, an extra NP related health risk from Ag NPs is unlikely. However,
the response of L929 fibroblasts to 20 nm Ag NPs was higher than to an equal mass
concentration of Ag ions, indicating a specific particle related effect in this cell type. In
contrast, in RAW 264.7 macrophages and D3 embryonic stem cells, Ag NPs of all sizes were
equally or less toxic than Ag ions. The observation that the highest exposed cell types,
macrophages, were not the most sensitive to the effects of Ag NPs indicates that other cell
types need to be included in the evaluation of the biocompatibility of ENMs.

8.4.4 Extrapolation of safety data

The results from Chapter 3, 4 and 5 collectively indicate that safety data from SiO, NPs of
one size cannot readily be extrapolated to SiO, NPs of other sizes. Clearly, NP characteristics
other than primary particle size play an (additional) role in the responses to these particles.
At first glance, this is in contrast to what others have reported. In studies by both Waters et
al. (2009) and Napierska et al. (2009), cellular response to SiO, NPs consistently increased
with decreasing NP diameter. A few differences between these studies and ours may
explain these conflicting results. First of all, both studies mentioned above omitted serum
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during NP exposure of the cells. In addition, in contrast to our SiO, NPs, those studied by
Waters et al. (2009) and Napierska et al. (2009) were all quite well dispersed and may
all have had similar surface potentials, for which information was lacking. Possibly, NP
surface potential is an important characteristic, but a systematic investigation using SiO,
NPs with different surface potentials is required to confirm this.

Another important outcome of our studies with SiO, NPs is that the NP characteristics
affecting one type of response are different from those affecting another response. A
consequence is that comparative hazard analysis of ENMs always needs to include assays
for various biological responses.

The results of our studies with Ag NPs indicated that the biological response to Ag NPs
increases with decreasing particle size, possibly linked to the release of toxic Ag ions from
the surface. Based on this, one could suggest that one exposure limit derived for a small
Ag NP, e.g. 10 nm, may be sufficient for extrapolation to larger Ag NPs. However, apart
from the limited number of NP sizes included in our studies, we have only investigated
uncoated Ag NPs with similar surface potentials. In addition to NP size, their surface
potential and chemistry may play an additional and even larger role in the induced
biological responses.

Even if these properties do not play any role of importance, deriving a single exposure
limit that applies to NPs of all sizes is still not an ideal situation. For example, manufacturers
that wish to improve the safety of their product by using larger Ag NPs may become
restricted to unrealistic exposure limits derived on the basis of responses induced by
much smaller Ag NPs.

A more sophisticated way to extrapolate between exposure limits for different Ag NPs
would be to derive an exposure limit based on safety data of a well defined NP and adjusting
this limit up for larger NPs or down for smaller NPs. This approach raises the question by
how much such exposure limits should be adjusted. Should it be in proportion with the
diameter, or perhaps surface area, or volume of the NP? In order to derive appropriate
exposure limits for ENMs, it may help to define the relation between NP properties and the
dose required to induce their response. This relation can then be integrated in the dose
metric of NPs, in such a way that a single exposure limit can be derived that is applicable
for groups of NPs. The focus of the last objective of this thesis was an investigation of
appropriate dose metrics for SiO, and Ag NPs.

8.5 APPROPRIATE DOSE METRICS FOR SILICA AND SILVER NANOPARTICLES

In Chapter 7, we presented a method to systematically investigate what might be an
appropriate dose metric for ENMs. This method is based on identifying equal responses in
test systems to a range of ENMs that vary in a particular property, and determining how
the doses that lead to these equal responses depend on the varied property. The method
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was applied to data presented in Chapter 5 and 6 from various in vitro assays with a range
of SiO, and Ag NPs that varied in particle diameter.

One of the main outcomes of these studies was that this method helped to determine
the relation between NP size and the dose required to induce a specified response in
various assays. For example, the metabolic activity of RAW 264.7 macrophages by SiO,
NPs was decreased proportionally to its administered mass, while the induction of ROS
in these macrophages by Ag NPs was increased proportionally to its administered surface
area. The inhibition of stem cell differentiation was also related to the diameter of Ag
NPs, but was not proportional to either its surface area or its volume. Such quantifiable
relations can be helpful in deriving dose metrics for exposure limits and safety studies.

Our studies indicated that it was not possible to use the same dose metric for all ENMs
consisting of different chemical compositions. Nevertheless, the ability to derive a single
dose metric for ENMs of the same chemical composition but with different diameters still
has the advantage that it can be extrapolated to ENMs consisting of NPs with different
size distributions. In addition, further systematic research into appropriate dose metrics
of a wide variety of ENMs may help to group ENMs of different chemical compositions for
which similar dose metrics can be used.

Another outcome of these studies was that the appropriate dose metric for ENMs was
not just dependent on the chemical composition of the ENMs, but also on the biological
response considered. Naturally, this situation is far from ideal for risk assessment and
regulatory purposes, since it suggests that multiple exposure limits would have to be
derived for the same ENM. In the illustrative example of solid, spherical Ag NPs given in
Chapter 7, one would have to derive an exposure limit based on metabolic activity and
induction of ROS using total surface area S as the dose metric, and another exposure
limit based on embryonic stem cell differentiation using Nxd** as a dose metric (where N
= number of particles and d = NP diameter). Subsequently, these exposure limits would
have to be compared to information on the size distribution and biodistribution of the
specific ENM under consideration to determine which limit is to be used. Obviously, this
will become a very laborious exercise if it turns out that the appropriate dose metric for
every single response measured in safety studies is different, and may even be affected by
different exposure routes. A systematic investigation of dose metrics with in vivo data in a
similar way as presented for the in vitro data in Chapter 7 may help to determine whether
deriving multiple exposure limits for one ENM is a rational approach, or whether multiple
biological responses can be described with the same dose metric.

8.6 CONCLUSIONS

A number of factors have been identified that affect the outcome of in vitro studies with
ENMs, many of which can be controlled relatively easily. In order to make these in vitro
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assays useful for comparative hazard analysis of ENMs, the experimental conditions need
to be fine-tuned to better represent in vivo exposure to ENMs, which inevitably requires
more comparative in vitro and in vivo data. Specifically, it is anticipated that submerged
cell culture models using FCS are more relevant for systemic exposure to ENMs than for
inhalation exposure, for which air-liquid exposure systems may be more appropriate.

Using controlled submerged cell culture models for systemically relevant biological
responses, we demonstrated that the effects of Ag NPs increased with decreasing particle
diameter, which may be related to an increased release of Ag ions from the relatively larger
surface area of smaller NPs. While these results confirm the notion that smaller particles
are more biologically active than larger ones, we have also demonstrated that for SiO, NPs,
particle diameter is not the only NP property affecting the biological response in various
in vitro assays. This indicates that safety data of ENMs cannot readily be extrapolated
across particles with different diameters until the roles of other NP properties in various
biological responses are better understood.

A helpful tool for understanding these roles is the graphical method we introduced to
investigate the relation between NP properties and the dose required to induce specified
biological responses. This relation can subsequently be used to derive an appropriate dose
metric for ENMs. Applying this method to data from various in vitro assays with Ag and
SiO, NPs revealed that appropriate dose metrics differed with the chemical composition
of the NPs, but also with the biological responses considered. More systematic research
using this graphical method may help to group ENMs and biological responses for which
similar dose metrics can be used.

Allin all, ENMs prove to remain a challenge for risk assessors and regulators, but further
development of the approaches described in this thesis will help to elucidate patterns that
will distinguish between more and less hazardous ENMs.
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INLEIDING

Nanotechnologie is een nieuwe manier van materialen maken. Met behulp van
nanotechnologie kunnen vaste stoffen heel gericht en op zeer kleine schaal, namelijk
1 x 10° meter, voorzien worden van allerlei gewenste nieuwe eigenschappen: bolletjes,
cilinders, driehoekjes, kristallen variérend in grootte en bestaande uit iedere gewenste
chemische samenstelling, met bijvoorbeeld een betere geleiding, groter oppervlak, of
andere kleur dan het uitgangsmateriaal.

De toepassingen van nanotechnologie zijn eindeloos. Coatings van nanokoolstofbuisjes
worden aangebracht op tennisrackets om ze steviger te maken, of op bureaubladen om deze
krasvast te maken. Titanium dioxide wordt al tijden toegevoegd aan zonnebrandcreme als
UV filter, maarin nanovorm wordt het materiaal efficiénter en bovendien kleurloos in plaats
van wit. Ook voor de geneesmiddelenindustrie is nanotechnologie uitermate interessant.
Zo maakt men bijvoorbeeld nanobolletjes van zilver, die met hun antibacteriéle werking
aangebracht worden op verband voor brandwonden om zo ontstekingen te voorkomen.
Medicijnen die in hun originele vorm moeilijk op de gewenste plek terechtkomen,
kunnen verpakt worden in kleine silicabolletjes die wél bepaalde biologische barrieres
kunnen passeren. Om na te gaan of deze bolletjes daadwerkelijk bij het doelorgaan
terechtgekomen zijn, kunnen de bolletjes bovendien voorzien worden van een label dat in
het lichaam gevolgd kan worden, of van antilichamen die specifiek binden aan cellen van
het doelorgaan.

Veel toepassingen zijn nog in ontwikkeling, maar er verschijnen steeds meer producten
op de markt die gemaakt zijn met behulp van nanotechnologie, waaronder alledaagse
gebruiksproducten voor consumenten zoals tandpasta, anti-zweetsokken en de reeds
genoemde zonnebrandcreme. Mensen worden dus al dagelijks aan dit soort materialen
blootgesteld en de verwachting is dat dit de komende tijd sterk zal toenemen.

Met de populariteit van nanotechnologie groeit ook de bezorgdheid over de veiligheid
van deze veelbelovende nanomaterialen voor de volksgezondheid. Nanodeeltjes zouden
bijvoorbeeld mogelijk DNA-schade aan kunnen richten. Voor ‘gewone’ stoffen geldt dat de
risico’s voor mens en milieu grondigin kaart moeten worden gebracht voordat men ze op de
markt mag brengen. Een onderdeel van dit risicobeoordelingsproces is vaak het testen van
de stof in verschillende dierproeven. Op basis hiervan wordt een veilig blootstellingsniveau
afgeleid. In principe gelden dezelfde regels voor nanomaterialen, maar het is onduidelijk
wanneer een ‘nieuw’ nanomateriaal getest moet worden. Nanomaterialen bestaan
vrijwel altijd uit chemische samenstellingen die als ‘gewone’ stof veilig zijn bevonden
en vaak al lange tijd worden toegepast. Een voorbeeld: zilver wordt al eeuwen gebruikt
in sieraden zonder dat hier nadelige gevolgen van bekend zijn. Zouden nanobolletjes
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van ditzelfde metaal dan wél een risico vormen? Dat zou kunnen! Het nanomateriaal
zilver heeft namelijk andere eigenschappen dan het metaal zilver, zoals een hogere
antibacteriéle activiteit. Bovendien kunnen de zilverbolletjes die in een verband op een
open wond worden aangebracht door hun kleine afmetingen op eerder ontoegankelijke
plekken in het menselijk lichaam terechtkomen. Men zou ervoor kunnen pleiten dat alle
nanomaterialen een nieuw risicobeoordelingsproces moeten ondergaan voordat ze op
de markt gebracht mogen worden. De variatiemogelijkheden voor nanomaterialen zijn
echter gigantisch. Een nieuw risicobeoordelingsproces voor ieder nieuw materiaal zou een
groot aantal proefdieren en geld kosten. Ook zou dat de veelbelovende mogelijkheden
van deze technologie belemmeren. Er zijn dus dringend snellere en efficiéntere manieren
nodig om de mogelijke risico’s van nanomaterialen in kaart te brengen.

In dit proefschrift hebben we drie methoden onderzocht die de risicobeoordeling van
nanomaterialen efficiénter zouden kunnen maken:

1) De mogelijkheid om in vitro testen (testen met cellen afkomstig van proefdieren
of mensen) te gebruiken om onderscheid te maken tussen meer en minder toxische
nanomaterialen.

2) De mogelijkheid om veiligheidsgegevens van één nanomateriaal te gebruiken
voor een ander nanomateriaal met dezelfde chemische samenstelling maar van andere
afmeting.

3) Het vinden van een geschikte maat (massa, oppervlakte, aantal deeltjes) om een
dosis nanomaterialen in uit te drukken, waaruit bijvoorbeeld één blootstellinglimiet voor
meerdere, verschillende nanomaterialen afgeleid kan worden.

IN VITRO TESTEN VOOR DE RISICOBEOORDELING VAN NANOMATERIALEN

In vitro testen worden vaak genoemd als mogelijkheid om voor de risicobeoordeling alvast
een onderscheid te maken tussen meer en minder toxische nanomaterialen. Deze testen
maken gebruik van cellen (vaak afkomstig van rat, muis of mens) die in het laboratorium
gekweekt kunnen worden en waarmee een bepaalde biologische respons (bijvoorbeeld
de vorming van ontstekingsmarkers, of celdood) gemeten kan worden. In hoofdstuk 2
hebben we op basis van een systematische vergelijking van gepubliceerde in vitro studies
met nanomaterialen bekeken of deze testen mogelijk geschikt zijn een rol te spelen in de
risicobeoordeling van nanomaterialen.

Een belangrijk onderwerp dat uit deze literatuuranalyse naar voren kwam, was
dat de manier van blootstellen in in vitro test mogelijk niet representatief is voor de
blootstelling die daadwerkelijk in mensen plaatsvindt. Dit geldt vooral voor in vitro testen
die gebruikt worden om effecten van nanomaterialen in de long te onderzoeken. De
meeste in vitro testen maken namelijk gebruik van cellen die gekweekt worden onder
een laag celkweekmedium waaraan de te onderzoeken nanomaterialen toegevoegd
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worden. In de long vindt de blootstelling van cellen echter plaats via de lucht. Daarin
gedragen deeltjes zich anders dan in vloeistof. Ze gaan bijvoorbeeld meer klonteren,
waardoor de blootstelling anders wordt. Bovendien wordt bij in vitro testen vaak serum
met eiwitten aan het celkweekmedium toegevoegd. Deze eiwitten gaan op het oppervlak
van de nanodeeltjes plakken en kunnen hierdoor het klonteren van deeltjes beinvloeden.
Ook kunnen oppervlakte gerelateerde eigenschappen zoals reactiviteit van de deeltjes
veranderen. Dit soort eiwitten is in de long echter niet aanwezig. Kortom, in vitro
testsystemen waarbij cellen ‘ondergedompeld’ zijn in eiwitbevattend celkweekmedium
zijn mogelijk niet geschikt om effecten op longcellen te onderzoeken. Daarom wordt door
verschillende onderzoeksgroepen gewerkt aan de ontwikkeling van in vitro testsystemen
waarin cellen via de lucht kunnen worden blootgesteld. Voor blootstellingen die leiden tot
opname van nanomaterialen in de bloedsomloop, zijn ondergedompelde testsystemen
waarschijnlijk relevanter, omdat cellen in rest van het lichaam ook in contact staan met
eiwitbevattende vloeistof, in tegenstelling tot die in de long.

Toch blijkt het ook voor deze routes lastig om gegevens uit verschillende gepubliceerde
studies met elkaar te vergelijken. Sommige nanomaterialen zijn niet goed te combineren
met bepaalde types testen. Verder hebben de verschillende studies een uiteenlopende
keuze in verschillende types testen, celtypes en blootstellingduur; dit beinvioedt de
uitkomst van experimenten. Bovendien kunnen concentraties waarbij effecten gezien
worden in vitro niet zonder meer vertaald worden naar concentraties in vivo, waardoor
er niet direct veilige blootstellinglimieten voor mensen uit afgeleid kunnen worden. Ook
zijn er nog geen geaccepteerde in vitro testen beschikbaar om bijvoorbeeld effecten op
de voortplanting en op het immuunsysteem te bestuderen. Een risicobeoordeling van
nanomaterialen volledig baseren op in vitro studies is dus nog niet mogelijk. Het gebruik
van in vitro testen is daarom vooralsnog vooral nuttig om de toxiciteit van deeltjes
onderling te vergelijken, in het bijzonder voor effecten die relevant zijn voor deeltjes die
opgenomen worden in het lichaam.

VEILIGHEIDSGEGEVENS VAN EEN NANOMATERIAAL GEBRUIKEN VOOR
EEN NANOMATERIAAL MET ANDERE AFMETINGEN

Een andere manier om het aantal testen met nanomaterialen terug te dringen, is het
gebruiken van veiligheidsgegevens van één nanomateriaal voor de risicobeoordeling van
andere nanomaterialen. Dit kan als er een verband wordt gevonden tussen een bepaalde
eigenschap van het nanomateriaal en de effecten die het teweegbrengt. In hoofdstuk 3
tot en met 5 hebben we onderzocht of de effecten van nanodeeltjes van silica groter zijn
naarmate de nanodeeltjes kleiner zijn. In hoofdstuk 6 hebben we hetzelfde gedaan voor
nanodeeltjes van zilver. We hebben gebruik gemaakt van een aantal in vitro testen die
relevant zijn voor in het lichaam opgenomen deeltjes, daarbij rekeninghoudend met de
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in hoofdstuk 2 genoemde factoren die de uitkomsten van dit soort testsystemen kunnen
beinvioeden.

In vitro testsystemen

Alle nanomaterialen die we hebben meegenomen in het onderzoek zijn uitgebreid
beschreven. Voor ieder nanomateriaal zijn in ieder geval de morfologie, primaire en
hydrodynamische grootte(distributie), concentratie, oppervlaklading en reactiviteit van
de deeltjes bepaald. Ook hebben we vastgesteld dat de nanodeeltjes vrij waren van
bacteriéle besmettingen en mogelijk toxische productieresiduen. De biologische effecten
van deze goed beschreven deeltjes hebben we vervolgens in een aantal verschillende in
vitro testen bestudeerd.

Om algemene toxische effecten van deeltjes op cellen te bepalen, hebben we twee
cytotoxiciteitstesten gebruikt. Met de WST-1 test kan bepaald worden of de metabolische
activiteit van cellen daalt na blootstelling aan nanodeeltjes. Schade aan celmembranen
is bepaald met behulp van de LDH test. Deze testen zijn uitgevoerd in minstens twee
verschillende celtypes. Ten eerste hebben we voor een macrofaag gekozen, omdat deze
celtypen een belangrijke rol in het lichaam spelen bij het opruimen van deeltjes. Als een
meer algemeen celtype zijn ook fibroblasten meegenomen in het onderzoek.

Effecten van blootstelling aan fijn stof worden vaak geassocieerd met ontstekingen in
de long waarbij radicalen en - al dan niet gerelateerd hieraan - ontstekingsmarkers zoals
cytokines gevormd worden. In het huidige onderzoek hebben we de vorming van deze
markers gemeten in macrofagen na blootstelling aan nanomaterialen.

De potentie van nanomaterialen om DNA-schade te veroorzaken hebben we bepaald
met twee in vitro testen die ook vaak gebruikt worden voor de risicobeoordeling van
‘gewone’ stoffen: de micronucleus test en de genmutatie test.

Tenslotte hebben we de nanodeeltjes onderzocht in de embryonale stamceltest. Deze
in vitro test wordt als een veelbelovend alternatief gezien voor dierproeven waarin de
effecten van stoffen op de ontwikkeling van embryo’s wordt beoordeeld. In de test worden
muizenstamcellen blootgesteld aan nanomaterialen, waarna bekeken wordt of de cellen
zich nog kunnen ontwikkelen tot kloppende hartspiercellen.

Op basis van deze testen is gekeken of de grootte van de deeltjes een rol speelde in de
mate van de biologische effecten die ze induceerden.

Resultaten met silica nanodeeltjes

Silica is een verbinding die al sinds jaar en dag gebruikt wordt in glas en cement. Met
de opkomst van nanotechnologie zijn de toepassingen van silica enorm uitgebreid. Silica
nanodeeltjes worden toegepast als voedseladditief, bestrijdingsmiddel en staan in de
top 5 van meest gebruikte nanomaterialen in consumentenproducten. Omdat silica zelf
een ongevaarlijke stof is wekken nanodeeltjes van silica ook de belangstelling van de
farmaceutische industrie, bijvoorbeeld als drager van geneesmiddelen.
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Vanvierverschillendesilicananodeeltjes(bolletjes)hebbenwederesponsinbovengenoemde
testsystemen onderzocht: nanodeeltjes van gemiddeld 11 nm en 248 nm en twee nanodeeltjes
van gemiddeld 34 nm (A en B) die onderling verschilden in oppervlaktelading.

In de embryonale stamceltest hadden twee van de vier nanodeeltjes een remmend
effect op de ontwikkeling in kloppende hartspiercellen (hoofdstuk 3). Dit geeft aan dat
van nanodeeltjes met dezelfde chemische samenstelling niet altijd dezelfde effecten
verwacht kunnen worden. De verschillen konden echter niet toegeschreven worden aan de
verschillende primaire groottes van de deeltjes. Van de twee 34 nm deeltjes remde slechts
één (34A) de hartspier celdifferentiatie, terwijl de andere 34 nm deeltjes (34B) geen effect
hadden. Ook de 248 nm deeltjes hadden geen effect, hoewel er met de electronenmicroscoop
werd vastgesteld dat deze deeltjes wél werden opgenomen door de cellen.

Ook in de micronucleustest was er een verschil in effecten tussen de twee deeltjes van
34 nm (hoofdstuk 4). In deze test resulteerde alleen blootstelling aan het 34B deeltje in
een verhoging van het aantal micronuclei. Alle andere deeltjes hadden geen effect, hoewel
ze wel allemaal door de cellen werden opgenomen. In de andere genotoxiciteitstest, de
LacZ genmutatietest veroorzaakten wél beide 34 nm deeltjes een verhoogde DNA-schade,
terwijl de deeltjes van 11 nm en 248 nm dit niet deden. Blijkbaar worden de effecten in
deze test bepaald door andere eigenschappen van de nanodeeltjes dan de effecten in de
micronucleus test.

Dat verschillende deeltjeseigenschappen een rol spelen in verschillende testen wordt
ook aangetoond in hoofdstuk 5, waar de effecten van de silica deeltjes zijn onderzocht in
testen voor cytotoxiciteit en de vorming van radicalen en ontstekingsmarkers. Terwijl alle
deeltjes bij vergelijkbare concentraties een effect hadden op cytotoxiciteit en de vorming
van radicalen, werden ontstekingsmarkers voornamelijk gevormd na blootstelling aan de
11 nm en één van de 34 nm deeltjes (34A).

Resultaten met zilver nanodeeltjes

Zilver nanodeeltjes zijn momenteel de meest toegepaste nanomaterialen in
consumentenproducten. Door hun sterk antibacteriéle eigenschappen zijn ze zeer
interessant voor de voedselproductie en de medische industrie. Veel van deze toepassingen
kunnen leiden tot opname van zilverdeeltjes in het lichaam.

In hoofdstuk 6 hebben we de rol van deeltjesgrootte van zilver nanodeeltjes van
drie verschillende groottes (20 nm, 80 nm en 113 nm) onderzocht in dezelfde testen als
voor silica nanodeeltjes. In al deze testen hadden de 20 nm deeltjes meer effect dan de
twee grotere deeltjes. Het is mogelijk dat er door het relatief grotere oppervlak van deze
deeltjes meer zilverionen vrijkomen, en dat het de ionen zijn die de effecten veroorzaken.
Echter, in L929 fibroblasten waren de 20 nm deeltjes cytotoxischer dan eenzelfde massa
zilverionen. Dit duidt er op dat er een deeltjes specifiek effect plaatsvindt in dit celtype.
In de andere celtypes (macrofagen en stamcellen) was de toxiciteit van de 20 nm deeltjes
vergelijkbaar of minder dan zilverionen.

199



Nederlandse samenvatting

De observatie dat de hoogst blootgestelde cellen, macrofagen, niet het meest gevoelig
waren voor de zilverdeeltjes geeft aan dat meerdere celtypes meegenomen moeten
worden in een in vitro evaluatie van de veiligheid van nanomaterialen.

Het extrapoleren van veiligheidsgegevens

De resultaten van in vitro testen met silicadeeltjes (hoofdstuk 3, 4 en 5) geven aan dat
het niet zonder meer mogelijk is om veiligheidsgegevens van een silicadeeltje van één
bepaalde grootte te gebruiken voor een silicadeeltje met een andere grootte. Blijkbaar
spelen naast grootte ook andere eigenschappen een (aanvullende) rol in de effecten
van deze deeltjes. Dit is op het eerste gezicht niet in samenspraak met wat andere
onderzoekers hebben gevonden. In vergelijkbare cytotoxiciteitsstudies van zowel Waters
et al. (2009) als Napierska et al. (2009) waren kleinere silicadeeltjes consequent toxischer
dan grotere. Er zijn enkele mogelijke verklaringen voor deze verschillen. Ten eerste werd
in bovengenoemde studies geen serum toegevoegd aan het celkweekmedium, wat de
opname en de effecten van deeltjes beinvloed kan hebben. Ten tweede is het mogelijk dat
de deeltjes die in deze studies gebruikt zijn allemaal een vergelijkbare oppervlaklading
hadden, terwijl dat in onze studie niet het geval was. Oppervlaklading speelt mogelijk een
rol in de effecten van silica deeltjes, maar een systematisch onderzoek met silicadeeltjes
met verschillende oppervlakteladingen is nodig om dit te bevestigen.

Uit onze studie is ook gebleken dat de eigenschappen die een rol spelen in de effecten
van nanodeeltjes niet hetzelfde zijn voor alle testen. Dit betekent dat er altijd meerdere
testen nodig zijn voor een veiligheidsevaluatie van nanomaterialen.

De resultaten van in vitro testen met zilverdeeltjes geven aan dat de effecten van
zilverdeeltjes groter worden naarmate de deeltjes kleiner worden, mogelijk doordat er
meer toxische zilverionen vrijkomen. Op basis hiervan zou men kunnen suggereren dat het
mogelijk is om één blootstellinglimiet af te leiden voor alle zilverdeeltjes, gebaseerd op
de veiligheidsgegevens van een klein zilverdeeltje. Hierbij moet echter opgemerkt worden
dat de zilverdeeltjes in onze studie allemaal ‘kaal’ waren en dezelfde oppervlaklading
hadden. Eigenschappen zoals oppervlaklading spelen mogelijk ook en misschien nog wel
een grotere rol dan grootte in de effecten van nanodeeltjes.

Zelfs als deze eigenschappen geen enkele rol van betekenis zouden spelen, zou het
afleiden van een enkele blootstellinglimiet voor alle zilverdeeltjes op basis van de gegevens
van een klein zilverdeeltje nog geen ideale situatie zijn. Bijvoorbeeld, producenten die
de veiligheid van hun product willen verbeteren door grotere zilverdeeltjes te gebruiken,
kunnen zo beperkt worden door een onrealistische blootstellinglimiet die is afgeleid
van gegevens over een veel kleiner zilverdeeltje. Het naar boven schroeven van deze
blootstellinglimiet voor grotere zilverdeeltjes zou een geraffineerdere manier zijn. Maar
met hoeveel moet deze blootstellinglimiet dan omhoog: evenredig met de diameter, het
oppervlak, het volume? Of met een heel andere maat? Om dit te bepalen is het nodig
om de relatie te definiéren tussen deeltjeseigenschappen en de dosis die nodig is om een
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effect te veroorzaken. Deze relatie kan vervolgens geintegreerd worden in een dosismaat
die gebruikt kan worden om een enkele blootstellinglimiet voor groepen deeltjes af te
leiden.

HET VINDEN VAN EEN JUISTE DOSISMAAT VOOR NANOMATERIALEN

In hoofdstuk 7 presenteren we een methode waarmee systematisch kan worden
onderzocht wat een juiste dosismaat zou kunnen zijn voor nanomaterialen. Deze methode
is gebaseerd op het vinden van een relatie tussen deeltjeseigenschappen en de doses
die leiden tot hetzelfde effect in een bepaald testsysteem. De methode werd toegepast
op gegevens uit hoofdstuk 5 en 6 van verschillende in vitro testen met silica en zilver
nanodeeltjes van verschillende groottes.

De methode bleek succesvol om een relatie te vinden tussen deeltjesgrootte en de
dosis die nodig was om een effect te veroorzaken. Zo werd de metabole activiteit van
macrofagen door silicadeeltjes verminderd in verhouding tot de toegediende massa, terwijl
de vorming van radicalen in deze macrofagen door zilverdeeltjes evenredig verhoogd
werd met het toegediende oppervlakte. De remming van stamceldifferentiatie was ook
gerelateerd aan deeltjesgrootte van zilver, maar niet evenredig met de oppervlakte of
het volume. Dergelijke kwantificeerbare relaties kunnen nuttig zijn bij de afleiding van de
dosismaat voor blootstellinglimieten en voor doses in veiligheidsstudies.

Het bleek niet mogelijk om voor nanodeeltjes van verschillende chemische
samenstellingen dezelfde dosismaat te gebruiken. Het gebruik van één dosismaat voor
deeltjes met dezelfde chemische samenstelling heeft nog steeds als voordeel dat een
enkele blootstellinglimiet kan worden afgeleid voor nanomaterialen met verschillende
grootte(verdelingen).

Een ander resultaat van deze studie was dat de juiste dosismaat voor de nanodeeltjes
niet alleen afhankelijk was van de chemische samenstelling van de deeltjes, maar ook
van het type effect. Uiteraard is deze situatie verre van ideaal voor de risicobeoordeling
en wettelijke doeleinden, omdat het suggereert dat meerdere blootstellinglimieten
zou moeten worden afgeleid voor hetzelfde nanomateriaal. In het voorbeeld van de
zilverdeeltjes zou men een blootstellinglimiet moeten afleiden voor metabole activiteit en
inductie van radicalen met oppervlak als de dosismaat, en een andere blootstellinglimiet
op basis van stamceldifferentiatie met Nxd** als dosismaat (waarbij N = aantal deeltjes
en d = NP diameter). Vervolgens zouden deze limieten moeten worden vergeleken met
informatie over de grootteverdeling van het nanomateriaal in kwestie om te bepalen welke
limiet moet worden gebruikt. Uiteraard is dit een zeer arbeidsintensief proces als blijkt dat
de geschikte dosismaat voor elk type effect gemeten in veiligheidsstudies anders is, en zelfs
kan worden beinvloed door verschillende blootstellingsroutes. Systematisch onderzoek
naar dosismaten met in vivo gegevens op een vergelijkbare manier zoals gepresenteerd
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voor de in vitro gegevens in hoofdstuk 7 kan helpen om te bepalen of afleiden van
meerdere blootstellinglimieten voor één nanomateriaal een rationele benadering is, en of
meerdere types effecten met dezelfde dosismaat kunnen worden beschreven.

CONCLUSIES

Er zijn verschillende factoren geidentificeerd die de uitkomst van in vitro studies met
nanomaterialen beinvloeden, maar veel daarvan kunnen relatief eenvoudig onder controle
worden gehouden. Om in vitro testen geschikt te maken voor een risicobeoordeling van
nanomaterialen, moeten de experimentele omstandigheden zodanig worden afgestemd
dat ze representatief zijn voor in vivo blootstelling aan nanomaterialen. Dit vereist
onvermijdelijk het genereren van meer vergelijkende in vitro en in vivo gegevens. Concreet
verwachten wij dat ondergedompelde celkweeksystemen waaraan serum is toegediend,
relevanter zijn voor in het lichaam opgenomen nanomaterialen dan voor blootstelling van
de longen, waarvoor lucht-vloeistof blootstellingsystemen wellicht geschikter zijn.

Met behulp van verschillende gecontroleerde in vitro testsystemen die relevant zijn
voor in het lichaam opgenomen nanomaterialen, hebben we aangetoond dat de effecten
van zilver nanodeeltjes toenamen naarmate de deeltjes kleiner waren. Dit houdt mogelijk
verband met een verhoogde afgifte van zilverionen van het relatief grotere oppervlakte
van kleinere nanodeeltjes. Hoewel deze resultaten het algemene idee bevestigen dat
kleinere deeltjes biologisch actiever zijn dan grotere, hebben we ook aangetoond dat
voor silica nanodeeltjes de grootte van de deeltjes niet de enige eigenschap is die de
effecten van nanodeeltjes beinvloedt. Dit geeft aan dat gegevens van nanomaterialen
niet direct kunnen worden vertaald naar deeltjes met andere groottes. De rol van
andere deeltjeseigenschappen in verschillende types effecten moet eerst beter worden
begrepen.

Een handig hulpmiddel hierbij is de grafische methode die we hebben gepresenteerd
om de relatie te onderzoeken tussen deeltjeseigenschappen en de dosis die nodig is
om een bepaald effect te veroorzaken. Deze relatie kan vervolgens gebruikt worden om
een geschikte dosismaat af te leiden voor nanomaterialen. Uit het toepassen van deze
methode op gegevens van verschillende in vitro testen met zilver en silica nanodeeltjes
bleek dat geschikte dosismaten afhankelijk waren van zowel de chemische samenstelling
van de deeltjes als het type effect. Meer systematisch onderzoek met gebruik van deze
grafische methode kan helpen om groepen nanomaterialen en effecten te identificeren
waarvoor dezelfde dosismaten gebruikt kunnen worden.

Al met al blijft de risicobeoordeling van nanomaterialen een uitdaging, maar
verdere ontwikkeling van de verschillende aanpakken die in dit proefschrift beschreven
zijn, zal helpen om onderscheid te kunnen maken tussen meer en minder gevaarlijke
nanomaterialen.
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