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Abstract

Engineered nanomaterials (ENM) are used in a wide variety of applications: from cos-
metics and paints to sportswear and semiconductor chips. While for chemicals there are
established regulatory frameworks dealing with the risk for the consumers, workers, and
the environment, this is not the case for nanomaterials. This is precisely why ENMs are
used —the properties of matter change at the nanoscale and become dependent on the
particle morphology and size. Our understanding on how such nano-systems react with
biological matter, such as cells and tissues, is far from complete, and this brings about an
increasing level of uncertainty in the research and development process. This chapter will
give an overview of several materials, which are either used or have potential applications
in nanoelectronics. While silicon dioxide and metal oxide nanoparticles are used in semi-
conductor processing in standard polishing steps, applications of carbon materials may be
more disruptive. As promising materials with broad applications, we focus on carbon
nanotubes and graphene. So-identified materials are used to illustrate the use of different
risk assessment tools in the occupational setting of nanoelectronics. The application of
such tools in itself is also a growing area of research efforts supported by international
stakeholders, such as the European Commission.

Keywords: nanosafety, nanomaterials, nanotechnology, semiconductor

1. Introduction

An increasing number of engineered nanomaterials (ENM) enter the market in everyday prod-
ucts spanning from healthcare and leisure to electronics, cosmetics, energy, agriculture, food, and
transport. By 2014, there have been more than 1600 nanotechnology-enabled products in
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Sector Applications/products Nanomaterial
Electronics Electrically conductive polymers CNTs
Abrasive particles in CMP processes Si0,, Ce0,, AL, O3
Sensors CNTs, graphenes
Supercapacitors CNTs, graphenes
Energy Electrodes in energy conversion and storage CNTs, graphenes, other metallic NPs
Batteries ALO;
Fuel cells Graphenes
Textiles Nanofibers and antibacterial textiles Nano-Ag
Construction Insulation Silica-aerogel
Light transmission Silica-aerogel
Dirt-repellent paints SiO,
Medicine Drug carriers Si0,, CeO,
Biomedical imaging SiO;
Dental implants Al, 03, SiO,
Biosensors CNTs, graphenes
Automotive Hydrogen storage MOFs
Antifog coating for windshield/mirror TiO,
Scratch proof lacquer Nanoceramics
Fuel additives CeO,
Catalysis SiO,
Cosmetics Sun screen TiO,
Various Nanofillers CNTs, graphenes
Nanocomposites CNT/polymer matrix, CNT/ceramic matrix
Filters CNTs
Anticorrosive coatings Graphenes
Nanofilms

Sources: Refs. [2-5].

Table 1. Leading industrial applications of common engineered nanomaterials.

commerce [1]. A summary of ENM applications is given in Table 1. While there are natural
sources of nanoparticles, such as volcanoes, forest fires, or sea storms, the engineered nanom-
aterials are purposefully made to achieve certain prescribed functionality. Such desirable charac-
teristics can include increased strength of the material, its chemical reactivity, or altered electrical
properties. The terms ENM and nanomaterials will be used interchangeably throughout the
chapter.

Nanomaterials can be classified broadly as particles, which have oval shapes; fibers, which are
tube-like but may exhibit complex branching; and sheets, which are film-like but again may
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exhibit branching or defects. Interested readers are directed to Buzea et al., for a review [6]. The
European Commission defines nanomaterials as “natural, incidental or manufactured material
containing particles, in an unbound or as an aggregate or agglomerate and where 50% or more
in the number size distribution, one or more dimensions is in the range of 1-100 nm.”

The size cutoff in common definitions is somehow arbitrary. It, however, conveys the under-
standing that properties of the material features at the nanoscale (i.e., the so-called nanoforms of
materials) can substantially differ from the properties of materials in bulk. This can be explained
by two main factors affecting the physicochemical properties because of their small sizes—
surface effects and quantum effects [7]. The surface effects occur due to the fact that as the size
of nanoparticle decreases, the surface area relative to the volume increases as the inverse power
of the diameter ~1/d. The relative increase in area provides a greater overall surface per unit mass
available for reactions as well as higher charge and energy densities, which influence the surface
chemistry of ENM (reviews in [6, 8]). Quantum effects result from the confinement of electrons
when the particle radius decreases [6]. Electron confinement in turn influences the capability for
electrons to be donated or accepted, hence influencing their electrical charge distribution and the
catalytic capability.

This chapter aims to familiarize readers with nanomaterials, which are either used in the semi-
conductor manufacturing or have current and promising future applications in electronics
industries. Due to the limited volume, we have focused on silica, certain metallic nanoparticles,
and carbon materials, such as carbon nanotubes and graphene. The applications of these ENMs
will be discussed in Section 2. At the same time, the use of ENMs raises questions about potential
unintended risks for the workers, consumers, or environment. Consequently, an overview of the
nanotoxicological studies for all these three classes of nanomaterials is presented in Section 3.
Since the manipulation and use of ENMs warrant for safety precautions, different relevant
control banding tools for risk assessment will be summarized in Section 4. Finally, the concept
of tiered risk assessment approach is introduced in Section 4.5 as a flexible framework, which is
able to decrease uncertainty as new information becomes gradually available.

2. Applications

2.1. Nanoelectronics as a case study

Nanoelectronics relies on multiple semiconductor processes resulting in pattering of macro-
scopic objects (silicon wafers) on the nanoscale. Overall, the semiconductor industry can be
considered predominantly as a downstream user of nanomaterials. Nanoelectronics enjoys a
very fast innovation cycle governed by Moore’s law. This brings about a variety of new
materials and combinations into production, while some of them are in nanoform. As a result,
new materials, including a variety of nanoparticles, have been introduced in the development
of advanced technology nodes predominantly in polishing operations. Engineered nanoma-
terials are used in several processing steps, but they can also be generated as side products of
several generic processes.
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The background of materials studies in the field of occupational health naturally focuses on the
release, monitoring, mitigation of exposure, and health implications. The relevance of the work
for the semiconductor industry is in those studies proven by naming few examples for the
application of nanomaterials in semiconductor technology [9]. The semiconductor industry
can be taken as a use case on how potential occupational and environmental risks brought
about by nano-enabled products are governed. Specifics of this industry, which make it inter-
esting, are several:

*  Semiconductor mass manufacturing employs top-down high-precision approaches, which
are highly standardized.

*  Nanoelectronics enjoy a very fast innovation cycle.
*  Due to the fast innovation cycle, there is a safety culture used to dealing with uncertainties.

An example of such standardized process is the complementary metal-oxide-semiconductor
(CMOS) fabrication, which is the focus of the safety assessment undergoing in the H2020
project NanoStreeM [4]. The project findings demonstrate that chemical mechanical
planarization (CMP) is the most common standard process, where ENMs are used. It should
be noted that wafer-scale integration of carbon nanomaterials is not yet industrially available.

2.2. Metal oxides NPs and silica

Semiconductor industry uses nanoparticles in several processing steps, particularly in CMP,
which is a standardized processing step during the manufacturing of semiconductors, for
example, the CMOS processing. The purpose of CMP is to achieve a high degree of planarity
for the wafer surface and remove the excess of deposited material. The importance of having
very flat surface is due to the fact that even very slight undulations, or small defects and
scratches on the wafer surface, would degrade the yield from a wafer and thus result in an
economic loss [5, 10, 11].

The planarization process employs a mechanical force to synergistically work with the chem-
ical reactions to remove metallic surfaces in order to achieve planarity for the wafers [12].
During CMP processing, the wafer is loaded onto the wafer carrier. Then the slurry emulsion is
released from the dispersing head and reacts with the wafer surface so that chemical reactions
help create chemically modified surface. Simultaneously, slight force is applied downward so
that friction force develops between the wafer carrier, polishing pad and the abrasives in the
slurry. This results in removal of deposited materials. Additionally, CMP tools also require pad
conditioning. This conditioning is needed in order to maintain a stable rate of material
removal. These pad conditioners are usually disks with diamond particles that will help
stabilize the surface roughness of the pad [10].

Besides nanoparticle abrasives different slurries are composed of proprietary components,
which optimize the desired functionalities. The roles of each component can be summarized
in general as [5, 12]:

*  Molecules for pH adjustments maintain stable pH for the slurry.

¢ Complexing agents aid in the solubilization of the dissolved metallic components.
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e  Oxidizers improve the selectivity of the slurry by promoting dissolution or protecting
against the removal of a certain surface component.

¢ Corrosion inhibitors stop the corrosive effects on the wafer surfaces.
*  Biocides inhibit growth of biological organisms.

*  Abrasive particles increase the frictional force needed to remove the chemically modified
surfaces during the CMP process.

The abrasive particles are nanoparticles in the range of 20-100 nm [10]. An important point for
the use of nanoparticles in the CMP slurry is that the nanoparticles tend to aggregate or agglom-
erate into bigger sizes. Agglomeration and aggregation of particles can cause pH variations at
different areas of the slurry. This in turn causes nonuniformity on the wafer surfaces after the
polishing process [11]. To avoid the agglomeration or aggregation of the abrasive nanoparticles,
CMP slurries are often mixed on site prior to the use via a CMP slurry mixing and distribution
system. Alternatively, coating of the abrasive nanoparticles can also be used to maintain stability.
Currently, the most widely used nanoparticles acting as abrasives in CMP slurries are silica
(silicon dioxide), alumina (aluminum oxide), and cerium oxide [5].

2.3. Carbon nanotubes

Carbon nanotubes (CNTs) were discovered in 1991 and since then have found many appli-
cations [13, 14]. There are three main categories of CNTs based on the wall structure: single-
walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and
multiwalled carbon nanotubes (MWCNTs) (overview in [13]). The main structural difference
between MWCNTs and the SWCNTs is that MWCNTs contain multiple concentric carbon
sheets [14]. CNTs possess many unique physicochemical properties that supersede other
carbon-based materials used formerly, such as graphite, diamond, and fullerenes. The main
physicochemical properties of CNTs are summarized in Table 2.

In the field of energy conversion and storage, CNTs are mostly applied in mainly two applica-
tions: electrodes in lithium-ion batteries and supercapacitors [13, 14]. The use of CNTs pro-
vides high surface area. CNTs, especially SWCNTs, are good candidates for use as electrodes
for Li-ion batteries. It was shown that SWCNTSs exhibit good intercalation of Li-ions on their
walls as well as have higher interstitial density than the traditionally used graphite electrodes [15].
Additionally, the incorporation of CNTs as electrodes for Li-ion batteries has a simpler fabri-
cation process than those of the conventional electrodes [16]. This is because layers of metal
mixture substrates and electrical conductor must be deposited on the conventional electrodes,
while CNTs can be directly grown onto the electrodes themselves. However, the potential
discharge of the CNT electrodes is lower than those of the conventional types [14]. Beyond
the use with Li-ion batteries, CNTs are also depicted and studied as candidate material for
supercapacitors.

Supercapacitors are considered as a high-performing alternative for Li-ion batteries. The
energy storage properties of supercapacitors are highly dependent on the surface area since
the energy is stored in a charged double layer that is formed after the application of a voltage
source. Hence, CNTs, having high surface-area-to-volume ratio, are especially suitable [17].
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Property (unit) SWCNTs MWCNTs Graphenes
Tensile strength (GPa) 50-500 10-60 >1000
Elastic modulus (TPa) ~1 0.3-1 1

Electrical conductivity (S/m) 1.3-1.5 1.8-2.0 2000
Specific surface area (m?/g by BET) >1000 >500 2630

Source: Ref. [3].

Table 2. Properties of SWCNTs, MWCNTs, and graphenes.

CNTs are also widely used in the field of sensors due to their unique properties like the high
surface area, electrical conductivity and adsorptive properties. These properties contribute to a
simpler fabrication of the CNT-based sensor with lower response time and higher sensitivity.
The easier fabrication steps also led to easier incorporation into various electronic circuits,
miniaturization of the component, and lower production cost and energy consumption [14].

CNTs could be functionalized with metals, metal oxides, polymers, or biomacromolecules [3].
Although CNTs are promising candidate materials for use in electronics industry, the synthesis
and purification of CNTs are two of the biggest concerns. The syntheses of CNTs are mostly
conducted either via chemical vapor deposition, arc discharge, or laser ablation [14, 17]. All of
these processes require metal catalysts during the synthesis. These metallic catalysts left resid-
ual particles on the CNT surfaces which decrease the purity of the obtained CNTs. Impurities
or changes in surface composition can affect the surface effect of the nanomaterial, which in
turn modifies the physicochemical properties of the aforementioned nanomaterial. Subse-
quently, their environmental fate, uptake, and toxicological properties will also be affected
and can differ from other nanomaterials of the same kind. Many purification steps involving
liquid/gas phases as well as oxidation reactions were proposed, but these methods affect the
physicochemical properties of the CNTs accordingly [18, 19].

2.4. Graphene

Graphene contains sp* planar carbon sheet structure. Due to this two-dimensional structure,
graphene is one of the thinnest yet mechanically strongest nanomaterials available [20, 21].
Additionally, graphenes also possess excellent optical properties as well as high mobility of
electrons. The physicochemical properties of graphene are summarized in Table 2. When
referring to graphene-based materials, the other two derivatives of pristine graphene are also
included: graphene oxide (GO) and reduced graphene oxide (rGO).

When referring to the field of energy storage and conversion, graphenes are mostly used in
Li-ion batteries as well as in optoelectronic devices, such as solar cells [3, 22, 23]. In Li-ion
batteries, graphene-based nanomaterials, specifically, graphene oxides (GO), are mostly used as
buffers to prolong the storage lifespan. The unique tensile strength and electrical conductivity of
graphene-based nanomaterials protect the electrodes from being pulverized and facilitate the
charge—discharge cycles of the batteries [20]. In the applications with solar cells, graphene-based
nanomaterials are functionalized with quantum dots (QDs) to form a hybrid matrix that raises
the performance of a photovoltaic array [20, 22]. In contrast to CNTs, graphene-based materials
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are more flexible due to their mechanical properties. The use of graphene-based materials for
sensors is increasing gradually. Owing to their extremely high available surface-area-to-volume
ratio and electrical conductivity, graphene-based sensors have a performance on par or even
higher than those of CNTs or Si-based sensors [20].

In contrast to CNTs, the problems of impurities faced during the synthesis of graphenes are
much less. However, the degree of reproducibility during the fabrication of graphene-nanopar-
ticle matrix is a topic of concern [3, 20, 21]. It is particularly complicated to obtain uniformly
dispersed nanoparticles on these graphene sheets. Hence, the nonuniformity can and will affect
the physicochemical properties of these graphenes and eventually hinder the industrial use of
graphenes. Therefore, additional studies on the industrial applications of graphene-based nano-
materials are still needed to overcome this drawback and exploit the potential of the material in
the electronics industry.

3. Nanotoxicology

3.1. Nanotoxicology of silica

Silica ENM is used in slurry formulations. Their density is 2.196 (amorphous) g/cm® [24]. Recent
publications have demonstrated that silica NPs can become cytotoxic both in vitro and in vivo in
a dose-, size-, and cell-type-dependent manner [25-27]. The most common route of exposure for
silica NPs is via inhalation [28-30]. On a second place is the ingestion exposure route.

In vitro studies have demonstrated that silica NP toxicity is mostly caused by the production of
reactive oxidative species (ROS) [31-35]. The surface silica radical groups can generate free
radicals and ROS by the Fenton reactions. In particular, ROS can be generated by the failed
phagocytosis of silica NPs. The latter mechanism is valid for all cases of incomplete phagocy-
tosis of NPs; thus, it is also applicable for alumina and cerium oxide. Fubini, Hubbard, and
Lehman demonstrated that the fractured silica surfaces, which are more prone to release free
silanol radicals, can initiate Fenton reactions in water [35, 36]:

‘02 +2H" +e — H,0,
—Si00* + H,0, — —SiOH + HO® + O,
—Si0* + H,0 — —SiOH + HO™*

which are catalyzed by the Fe oxidation as Fe*" + O, — Fe**+°0," [33]. The hydroxyl radi-
cals can increase cytotoxicity by increasing oxidative stress (e.g., the intracellular concentration
of hydrogen peroxide). It was also shown that when undergoing incomplete phagocytosis,
cells tend to produce ROS and increase the level of intracellular oxidative stress [31]. Subse-
quently, this leads to an increase in cytotoxicity and damage to various cellular compartments.
Excessive intracellular ROS concentration has been reported to contribute to higher cytotoxic-
ity by directly increasing cellular stress and by indirectly damaging the mitochondria and
macromolecules which can further lead to genetic damage, carcinogenesis, or reproductive
defects [8, 37].
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As noted previously, as the particle size decreases, there is an increase in the surface area
fraction which influences the surface chemistry. Moreover, the small size of the NPs helps
them to evade clearance mechanisms in the body; therefore, the retention time is further
increased, rendering them more biopersistent [7]. These factors contribute to a increased
potential for reactivity, resulting in higher ROS production, lipid peroxidation, and the dam-
age to cell membranes [38—40]. This can ultimately lead to apoptotic cell death.

Several in vitro studies emulating ingestion as a route of exposure by using cell lines from the
gastrointestinal tract have been conducted. According to a recent review, in vitro studies of
immunotoxicity were conducted mainly on monocytes and macrophages which showed
inflammatory responses more severe than exposure to silica in the micron range [25]. How-
ever, this result is not representative of the entire immune system; hence, further studies are
still needed before firm conclusions can be drawn.

The 2016 Organization for Economic Co-operation and Development (OECD) dossier on
silicon dioxide suggested that amorphous nanosilica seems not to exhibit carcinogenic, muta-
genic, and reprotoxic (CMR) properties [41]. This is in accordance with other studies showing
no genotoxic effects of silica NPs [42].

In vivo studies with nanosilica were mostly done to study inhalation exposure. The numbers are
significantly less when compared to in vitro studies, and no chronic exposure study was found.
The results reported in literature are conflicting due to different dosages, sizes, and animal
species used. At present, it is still not possible to draw definite conclusions from the in vivo
studies due to their limited number. Moreover, most of these studies do not follow a standard-
ized operating procedures, and therefore, it is not possible to compare the results or difficult to
interpret the results [43]. Readers are directed to the recent review of Murugadoss et al. for more
information [25]. Different studies have shown that silica NPs can induce cytotoxicity by
forming ROS due to their small sizes resulting in increased reactivity. Although ROS formation
has also been linked to CMR properties, no CMR effects were found after exposure to silica NPs.
In addition, the studies have shown that silica NPs are capable of forming protein corona which
influences the effective concentration used in toxicological studies. This further puts an empha-
sis on the importance of the appropriate dosage/concentration selection for in vitro and in vivo
studies as the NPs could interact with the biological media and form aggregates/agglomerates
or protein corona which could give non-representative toxicity results.

3.2. Nanotoxicology of CeO,

Cerium oxide nanoparticles are widely used as catalysts in automotive industry, components
in the fuel cells, or hydrogen production in energy-related industry, additives for consumer
products like sunscreen, drug carriers in the pharmaceutical industry, and as abrasive particles
for semiconductor industry [44, 45]. The mass density of CeO; is 7.215 g/cm® [24]. The variety
of applications for nano-cerium oxide warrants occupational health studies to ensure safety of
production, use, and disposal throughout the life cycle. Literature studies have shown that the
main route of exposure for cerium oxide NPs is via inhalation [28-30, 44—46].

Nano-cerium oxide exerts both protective and toxic effects due to its oxidative properties [44, 45].
Cerium oxide NPs can scavenge radicals, which lowers the amount of ROS present in cells.
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However, cerium oxide can also increase cytotoxicity by increasing the intracellular hydrogen
peroxide levels as well as increasing the ROS levels in some studies [44]. Red-ox reactions
involving Ce”" ions were proposed by Korsvik et al. to explain the possible mechanism of ROS
formation [47]:

0,"" + Ce*™ = 0, + Ce*t, Eg = 1.61V
0, 4+ Ce*" +2H" — H,0, + Ce*", Eg = —2.34V

Several studies have demonstrated contradicting results whether nano-cerium oxide is related
to the synthesis method, particle size, and cell type [24, 44, 45]. It was shown that the temper-
ature can influence the size and subsequently the zeta potential of the NPs [48]. This in turn
affects the aggregation behavior of the NPs as well as their cytotoxicity. Another study showed
that the difference in synthesis temperature can influence the size of the NPs which could in
turn lead to a higher Ce®>" /Ce*" ratio on the surface of the particle as the size of the of the NP
decreases.

As is the case for silica, the cytotoxicity of nano-cerium oxide can also involve the formation of
ROS, which, in excess, can increase the cellular stress and decrease cell viability.

An in vivo study showed a time-dependent increase in oxidative stress in the spleen and liver as
well as the presence of hepatic granuloma when male Sprague-Dawley rats were infused intra-
venously with 70 mg/kg (30 nm cerium NPs) [49]. Another study demonstrated that cerium
oxide NPs were able to induce DNA damage in leukocytes and liver cells as well as form
micronuclei in the bone marrow and blood cells when female Wistar rats ingested 1000 mg/kg
of 25 nm cerium oxide NPs [50]. The study also established a dose-, time-, and organ-dependent
relationship with the bioaccummulation of cerium oxide NPs after performing histopathological
analysis.

In summary, cerium oxide NPs can exhibit both adverse and protective effects. This depends on
the synthesis method, the cell types being studied, and possibly the particle size, although the
latter should be studied in more detail as at present is not possible to draw a definitive
conclusion. As is the case for silica, standardized tests should be performed so that the results
will be more comparable and a more definitive conclusion can be made. Nanoceria is suspected
to have CMR properties; however, this still needs to be demonstrated in vivo in relevant doses.

3.3. Nanotoxicology of Al,O;

Nano-aluminim oxide (alumina) has been used in various applications ranging from being
components in cements, acting as catalysts and surface coatings, to being abrasive particles in
semiconductor production [46, 51]. The mass density of AL,Os is 3.987 g/cm® [24]. Despite their
wide use, alumina NPs are the least studied of the three nanoparticles presented so far. This is
reflected by the limited number of toxicological studies for alumina NPs as well as the absent
of an OECD dossier for alumina NPs. As is the case for most NPs, the most common route of
exposure for nano-alumina is via inhalation [28-30, 46, 51].

Several studies have shown that alumina NPs are also able to induce excessive ROS produc-
tion which could in turn damage other cellular compartments like the plasma membrane and
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mitochondria, thus decreasing the cellular activity and/or viability. Moreover, excessive intra-
cellular ROS could interact with the cellular genetic material that could further lead to muta-
tions [6-8, 28, 30, 37, 52, 53]. According to present toxicological reports [51, 54-57], alumina
NPs are less cytotoxic than NPs, such as cerium oxide, gold, silver, or copper oxide NPs, but
they may be also capable of inducing sufficient amount of ROS to decrease cell viability. In
addition, it was shown that nano-alumina can cause impairments to the cellular innate defense
mechanisms against airborne pathogenic organisms [58]. Similarly, another in vitro study
demonstrated that RAW264 macrophages that were incubated with 13 nm alumina NPs at
200 and 400 pg/mL for 72 hours exhibit changes in the morphology as well as a dose-dependent
cytotoxicty which results in the decrease in cell viability by up to 40% of the control [54].

It should be noted that the choice of cell line used can also influence the outcome of the
toxicological assay [51]. In this study, six cell lines (BEAS-2B representing the lung, Chang for
the liver, HaCaT for the skin, H9C2 for the heart, T98G for the brain, and HEK-293 for the
kidney) were exposed to 5 and 20 pg/mL 180-200 nm of nano-alumina for 48 hours. The
results showed that there is a dose-dependent decrease in the viability for all six cell lines
ranging from a 15% decrease to as much as 50%. The most sensitive cell line was HaCaT and
BEAS-2B.

In summary, nano-alumina has been shown to be able to induce cytoxic damages via the
producion of ROS which in turn reduce the cell viability. However, the number of articles
focusing on cytotoxicity of alumina NPs and the exact mechanism of toxicity is very limited
and nonexistent, respectively. As in the case of mutagenicity, conflicting reports of alumina
NPs render their possession of CMR properties inconclusive. The difference between toxico-
logical studies can possibly be explained by the synthesis method or the cell culture conditions
or differences in cell types sensitivity. Therefore, standardized tests should be conducted so
that different results become more comparable.

3.4. Nanotoxicology of CNTs

Carbon nanotubes are believed to fit the fiber paradigm on par with asbestos [28-30, 46]. In
summary, the fiber paradigm refers to any (nano)materials with:

¢ Diameter less than 3 um

¢  Length of more than 10-20 um

*  Aspect ratio greater than 3

* Aerodynamic diameter of less than 10 um
* Biopersistent and rigid

Therefore, many toxicological studies have been conducted so far [28-30, 46, 59-63]. Published
in vivo studies have shown that CNTs can enter the body via several pathways including inhala-
tion, oral uptake, and dermal uptake. Many of these articles focus on the inhalation or intratracheal
instillation; however, the most relevant exposure route to humans based on the electronic and
biomedicine applications of CNTs would be oral uptake or intraveneous injection [60, 61]. The
studies based on the latter two exposure routes are, unfortunately, presently quite limited.
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The mechanism of CNTs toxicity is believed to be also linked to the excessive ROS production
induced by oxidative stress [59-63]. Due to size limitations, this chapter will not discuss
in vitro studies. Interested readers are directed to [61] for an overview.

An in vivo intratracheal instillation study showed that mice that were instilled with 0, 1, and
0.5 mg of SWCNT exhibited granulomas after 7 days with a dose-dependent relation and severe
inflammation in the lungs after 90 days [59]. The dimensions of the SWCNT are reported as
aerodynamic diameters. A 9-day intratracheal instillation study on F344 rats was conducted
where 0.5 pg/ml MWCNTs was given five times a day [63]. The results showed hyperplastic
lesions and inflammations in a dose-dependent manner. The MWCNT was of 13 um in length
and more than 50 nm in diameter. Interestingly, an inhalation study where C57BL/6 mice were
exposed to maximally 5 mg/m> MWCNTs for 14 days showed no inflammation in the lung or
any other tissue damage [64]. Finally, the study conducted by Poland et al. [62] demonstrated
that MWCNTs that were injected intraperitoneally at a dosage of 100 pg/ml into the body of the
C57Bl/6 mice for up to 7 days induced asbestos-like effects such as inflammation and granulo-
mas. The MWCNT samples used in the study were quite polydisperse, having a diameter
ranging from 10 to 165 nm and length ranging from 1 to 56 pm.

In summary, most in vivo toxicological studies for CNTs concur on the fact that the mechanism
of CNT toxicity is linked to overproduction of ROS. This property can be exacerbated or
mitigated by the specific physicochemical properties of the CNTs [60, 61]. Although many
articles exist on the toxicological studies of CNTs, the results obtained are difficult to be
compared to each other due to the lack of standard characterization of CNTs as well as the
protocol for exposure and cytotoxic assays. As for the CMR properties of CNTs, different
studies suggested that CNTs may exhibit genotoxic properties and, hence, more standardized
studies should be conducted to yield more comparable results between different studies so
that a definite conclusion can be made.

3.5. Nanotoxicology of graphene

Graphene-based nanomaterials are the most novel group of nanomaterials covered in this
review. In comparison to CNTs, toxicological studies of graphene-based nanomaterials are less
but gradually increasing and are less coherent in terms of their conclusions [65-68]. This can be
most likely attributed to differences in synthesis methods. As is the case with the metallic
nanoparticles and the CNTs, the most probable routes of exposure are inhalation, followed by
oral and dermal routes [28-30, 46, 65, 66]. It should be noted that the available in vivo studies
up to date have focused on intravenous and oral administration with the intent of studying the
mechanistic effects and biodistribution rather than relating to the relevancy of occupational
exposures.

Analogous to the in vitro studies, most in vivo studies also showed a dose-dependent toxicity
for the exposure of graphene-based nanomaterials. Zhang et al. conducted an intravenous
injection of GO, with the size of 100-800 nm and a thickness of 1 nm, into Kun Ming mice at a
dose of 1 and 10 mg/kg [69]. After 14 days, inflammation and the formation of edemas and
granulomas were observed during histopathological analysis in a dose-dependent manner.
The studies of Singh et al. demonstrated how functionalization can influence the degree of
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toxicity of the graphene oxides [70, 71]. Pristine GO and GO functionalized with amine (NH2)
having size range between 0.2 and 5 um were injected intravenously into Swiss male mice at a
concentration of 250 pg/kg. Histopathological analysis was conducted after 15 min and found
that mice injected with aminated GO showed no sign of thrombotoxicity, whereas on the other
hand, mice injected with GO showed thrombotoxicity as well as aggregation of blood platelets
in as much as 48% of the lung blood vessels. Finally, an oral uptake study in ICR mice showed
atrophic characteristics in all major organs as well as lowered weight of the body and tail
length [36]. The mice were fed with 0.05 and 0.5 mg/ml of GO (size of 2000 nm and height of
1.8 nm) in drinking water.

Studies on the CMR properties of graphene-based materials are very limited. Bengtson et al.
conducted an intratracheal instillation study with GO and multilayer reduced GO into C57BL/
6 ] mice at a dose of 18 up to 162 pg/mouse. Analysis was performed at various time points
during the 90-day study period [72]. In addition to inflammatory responses, it has been
observed that both GO and reduced GO were able to cause DNA damage in the BAL cells at
the lowest dose of 18 pg/mouse from day 3 of the study. However, DNA damage was not
significantly observed in the lungs or liver. Another study demonstrated micronuclei forma-
tion in B and T lymphocytes as well as the primary lymphocytes when these cell lines were
exposed to 6.25-400 pug/ml of GO (size ranging from one to tens of um) [73].

The toxicological mechanisms of graphene-based nanomaterials are believed to be related to
the excessive formation of ROS [65-68]. When internalized within a cell, graphenes could
disrupt the electron transport chain which causes the production of excess peroxide and
hydroxyl radicals. Subsequently, the homeostasis of the intracellular reactive oxidative species
is disrupted. Additionally, graphenes may cause membrane disruptions as well as damage the
cell integrity directly by their sharp edges [65, 66]. Nevertheless, the exact mechanism of
graphene-based nanotoxicoloy is still largely unknown [65-68].

In vivo studies suggest that graphenes could have been taken up and retained in various
organs for a prolonged period of time. However, most in vivo studies focused on explaining
the mechanism of the toxicity and did not take the realistic dosage or route of exposure into
account [66]. Hence, more uniform in vivo studies with regard to occupational settings will
have to be conducted in the future in order to draw a definite conclusion from these studies.
Finally, limited number of genotoxic studies suggested that graphenes are capable of
interacting with DNA and could hold genotoxic properties.

3.6. Overview of the nanotoxicological properties of studied ENM

There is an emerging consensus in literature that the toxicity of engineered nanomaterials
seems to be higher than the toxicity of bulk material (review in [74]). The toxicodynamic
mechanisms are summarized in Table 3. Furthermore, an insufficient hazard characterization
leads to limited availability of data on physicochemical properties, (eco)toxicological proper-
ties, and the environmental fate information, all of which are prerequisites for comprehensive
and quantitative risk assessment [52]. According to Pietroiusti et al. [74], the following knowl-
edge gaps of ENM can be listed at present:
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ENM OEL [1/cm?] Source

SiO, 40,000 IFA, SER
CeO, 20,000 IFA, SER
CNT 0.01 IFA, SER, BSI

IFA, German Social Accident Insurance (Germany); SER, Social and Economic Council (Netherlands); BSI, British Stan-
dards Institute (UK).

Table 3. Summary of the toxicological mechanisms of target ENM and proposed OEL.

e Data gaps in toxicokinetics of ENM in organisms and cells

* Insufficient understanding of the mechanisms of toxicity

*  Nano-specific biomarkers of ENM toxicity or ENM-induced diseases
*  Predictive models of ENM toxicity

All this leads to impossibility of establishing OEL for the predominant majority of ENMs
rendering quantitative risk assessment for nanomaterials impossible.

The OEL:s for bulk parent materials can significantly differ from their nano-counterparts due to the
discussed differences in their physicochemical properties. The complexity also arises from the fact
that the best metric (by mass, concentration, or number) for nanoparticle exposure characteriza-
tion is still debatable [75-77]. OELs for nanomaterials are available only in few cases (see Table 3).

Due to this situation, the concept of OEL has been replaced by nano-reference value (NRV),
however, without regulatory significance. Such NRVs can be sector or organization specific.
Furthermore, quality of available data can be also problematic. This is a concern already
recognized in literature [76, 78]. These recent publications have demanded for a uniform
standard operating procedure so that results obtained from different studies can be compared
faithfully. Such standardized protocols should meet the criteria of the nanomaterial testing
program coordinated by OECD [41].

Target Mechanism Type of NP
Plasma membrane Mechanical action, ROS SiO,, CeO,, graphenes
Receptor activation Si0,, CeO,, CNT
Lysosomes Membrane disruption CeO,
Mitochondria Membrane disruption, protein downregulation SiO,
Nucleus Transcription inhibition SiO;
Inhibition of cytokines CNT
Cytosol proteins Actin SiO,
CYP450 Sio,
Fibrillar proteins CeO,

Contents are based on Refs. [74, 79].
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4. Elements of nanomaterial risk assessment

The process of chemical or nanomaterial risk assessment is conducted in order to estimate the
risks associated with a particular operation and materials. In a further step, the risk assessment
derives a set of protective measures that allow for reduction of the risk for the workers and the
environment. The availability of the toxicological data defines which type of risk assessment
method can be used. If extensive data is available, quantitative risk assessment can be used to
derive OELs for a particular material. Subsequently, the emission could be controlled to
confirm that the exposure does not exceed the predetermined OELs. Almost by definition, this
is not the case for novel ENM, which may bring about unanticipated interactions that alter
their safety profile compared to the bulk material.

Challenges in the traditional chemical risk assessment approach can be traced to the assump-
tion that the hazard and the risk can be quantified in an absolute way [86]. In contrast, since
hazard profile data for novel material are inherently uncertain, the risk can be estimated only
in a relative way. Such reasoning is supported also by the facts that there are conventional
strong anthropogenic sources of nanomaterials, such as wax candles, radiator, frying, burning
cigarettes, and traffic [87]. A way to estimate the risk is by grouping of materials based on
certain similarity metrics. Such an approach favors categorical risk assessment tools, which
result in a classification into a hazard and control band for the process under investigation
(Table 4).

Control banding was developed in the pharmaceutical industry as a pragmatic tool to manage
the risk resulting from exposure to a wide variety of potentially hazardous substances in the
absence of firm toxicological and exposure data [88]. Its applications to safety of nanomaterials
have been reviewed in [89]. The control banding approach is based on two pillars: the fact that
there are a limited number of control approaches and that many problems have been met and

Tool Hazard bands Exposure bands Risk bands References
ANSES 5 4 5 [80]

CB Nanotool” 4 4 4 [81]

ISO 5 4 5 [82]

Imec 3 4 3 [83]

Nano

Stoffenmanager 5 4 3 [84]
NanoSafer” 4 5 5 [85]

“Scores from 0 to 100.

“Score ranges.
ISO, ISO Technical Standard ISO/TS 12901-2:2014 “Nanotechnologies—Occupational risk management applied to
engineered nanomaterials”.

Table 4. Summary of control banding tools.
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solved before. The second pillar assumes that risks are at least qualitatively similar, even if no
numerical probabilities can be assigned to them.

4.1. Hazard banding

For most cases, control banding tools follow a decision tree approach to characterize the
hazards. The ISO Technical Standard 12901-2:2014 “Nanotechnologies —Occupational risk
management applied to engineered nanomaterials” (in short ISO tool) uses only few physico-
chemical parameters of the NPs, namely, the water solubility and fibrocity, as preliminary
questions to decide whether the NPs can be classified. Eventually, the NPs will be designated
into one of the five classes of hazard bands (HB) based on the available toxicological data. In
the case where the toxicological data are insufficient or unknown, the ISO tool makes use of
the hazard band of the bulk or an analogous substance with an additional penalty. Similarly,
the hazard banding for ANSES also follows a decision tree. Three preliminary questions are
used to identify the “nanorelevance” and to determine whether the use of the ANSES tool is
warranted. Interestingly, according to the ANSES tool, a persistent fiber will automatically be
designated the highest HB of 5. This is also the case for the ISO decision tree. Subsequently, a
substance of reference (be it a bulk or an analogous material) is used in order to assign a
hazard band with additional penalties depending on the physicochemical properties like water
solubility and chemical reactivity in the nanoform. One point of interest is that the ANSES tool
does not include toxicological information, such as acute toxicity or the CMR properties when
designating hazard bands.

The hazard banding of Stoffenmanager Nano tool follows a tiered approach which results in a
decision tree. If the material is “nano-relevant,” the decision tree can be followed to the next
tier. Subsequently, physicochemical properties of the nanomaterials including the water solu-
bility, fibrocity, as well as the toxicological information are used to designate a hazard band for
the material of interest. In the case where the toxicological information of the nanomaterial is
not known, Stoffenmanager Nano refers to the data available for the ENM studies conducted
by OECD, or if the material of interest is not ranked or included within the OECD framework,
the toxicological information from the bulk materials will be used.

The hazard banding for the Imec tool is a questionnaire assessment. Several physicochemical
parameters are collected, such as solubility, persistency, and dispersibility in water, the size,
and morphology and the toxicological information of the nanomaterial. The CB Nanotool
sums points based on severity factors which are related to both the physicochemical properties
and the toxicological information in the nanoform as well as the bulk form. Of the maximum
100 points, a maximum of 70 points are designated for nanoform properties, while the other
remaining 30 points are for the bulk material properties. Every set of severity factors contains a
questionnaire-type questions which, depending on the answer, will result in points that will be
accumulated for the hazard banding. When a property is unknown, 75% of the maximum
points for that property will be allocated.

LICARA Nanoscan has a different characterization approach. It provides risk benefit/analysis
but not a definite risk categorization. The risks score is shown on a scale with 0-0.33 being low
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risk, 0.33-0.67 being medium risk, and 0.67-1 being high risk. LICARA Nanoscan assumes the
worst-case scenario when a question is not answered or the detail is unknown.

Finally, the NanoSafer approach for hazard assessment first takes into account whether the
nanomaterial has a high aspect ratio, in which case the highest hazard is attributed. Other
factors, such as the surface modification and the OEL for the analogous material, also contrib-
ute to the designation of a hazard factor that will be later used in the calculation of the hazard
score. Finally, additional input physicochemical information asked by NanoSafer includes the
dimensions, the specific density, the specific surface area, powder dustiness, and, most impor-
tantly, the hazard sentences. The hazard assessment of NanoSafer incorporates accumulative
sum of the hazard score from the hazard sentences found on the safety data sheet of the
nanomaterial.

4.2. Exposure banding

The exposure characterization for the ISO tool also follows a tiered approach which results in a
decision tree. However, unlike hazard banding, there are several decision trees available, and
one must select the most relevant one depending on the physical state of the NPs (embedded
in a solid matrix, dispersed in liquid suspension or as nanopowders) or based on the
manufacturing process. The endpoints will be given in exposure bands 1-4, where 4 represents
the highest exposure probability. Similarly, the banding of the emission potential for ANSES
tool depends largely on the physical state of the nanosubstance where aerosols would result in
the highest emission potential.

The exposure banding for the Stoffenmanager Nano comprises different factors, each with
its own reference table. The factors taken into account for the exposure include information
about the substance, handling, location of the emission (near field or far field), local controls
for the emission source, dispersion/transmission conditions, receptors (present of personal
enclosure and/or protection equipment), background exposure, duration, and frequency.
Stoffenmanager Nano requires, by far, the most extensive input parameters in order to
determine the exposure band, specifically 26 inputs in total [90].

For the exposure estimation of the Imec tool takes several factors into account, including the
localization (far or near field) and duration of the manipulation involving the ENM and the
amount used. The exposure banding for the CB Nanotool assigns scores based on different
probability factors related to the manipulation and scenario which involves the nanomaterial
of interest. A maximum probability score of 100 can be summed based on the answers given to
the questions pertaining to the probability factors. An unknown answer will result in a 75%
allocation of the maximum point for that probability factor.

The exposure characterization for NanoSafer is calculated using the emission rate, the
default activity energy factor, and the mass flow/amount used in the process. Both the
convection and the rate of ventilation are taken into account for the near-field and far-field
model calculation [85].
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4.3. Control banding

The output of a control banding tool is a recommended set of measures which reduce the
potential of exposure. For example, the ISO standard provides the following groups:

Control Level 1. Natural or mechanical ventilation.

Control Level 2. Local ventilation—extractor hood, table hood, etc.

Control Level 3. Enclosed ventilation—fume hood, biosafety cabinet, ventilated booth, etc.
Control Level 4. Full containment (continuously closed systems).

Control Level 5. Full containment and review by a safety specialist.

Some tools, for example, LICARA Nanoscan, only provide a decision support scheme (whether
to continue with this nano-product or not) or, such as Stoffenmanager Nano, only give prioriti-
zation on the task of concern.

4.4. Comparison of the input parameters of used control banding tools

The hazard parameters of so-described tools are summarized in Table 5. All control banding
tools required the primary particle diameter of the NP, solubility in water, and the fibrocity/
aspect ratio. Most tools demand the CMR and toxicity information but differ in whether this
information should be taken from the the nano- or the bulk form. This highlights the fact that
risk assessment is a very dynamic process that can always change depending on the availabil-
ity of data and that different control banding tools should be compared for the process of
interest to have a well-rounded risk assessment.

Among all control banding tools presented here, the approach of Imec took into account the
most physicochemical properties in order to assign hazard bands with a total of nine physico-
chemical parameters as inputs. On the other hand, the ISO standard recommends collection of
much more parameters for future use. In view of the information presented so far, this can be
considered as a shortcoming since most of the prescribed parameters are not readily available
in the material specifications and safety data sheets.

For the case of toxicological information, no single property is shared by all control banding
approach. The CB Nanotool required most toxicological information with a total of up to 12
input parameters, while the ANSES control banding approach required just one. Interestingly,
not all CB tools agree on the question of whether toxicological information is needed from the
nanoform or from the bulk form. The ISO standard and the CB Nanotool required both the
nanoform and the bulk material toxicological information in order to assign a hazard band.
This is unrealistic for the state of the art at present.

The Stoffenmanager Nano and LICARA Nanoscan only require the nanoform toxicological
information, while the Imec approach, NanoSafer,and the ANSES CB tool only require toxico-
logical profile of the parent form. According to the 2016 evaluation report of OECD, the CMR
properties as well as the acute, subacute, chronic, or specific organ toxicity are rarely known
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Parameter ISO ANSES NSM** Imec Nanotool LICARA NanoSafer

Physicochemical parameters*

Reactivity/surface chemistry Y Y (bulk) Y Y Y
Aspect ratio/fibrocity Y Y Y Y Y
Particle diameter Y Y Y Y Y
Solubility Y Y (bulk) Y Y Y
Biopersistency Y Y (bulk)
Dispersion capacity Y (bulk)
Aggregation/agglomeration Y
Physical form Y

Toxicological parameters*
Dermal Y Y Y (bulk)
Acute Y Y Y
Acute, bulk Y Y Y
CMR, bulk Y
CMR Y Y Y Y

*Concerning nanoform if not stated otherwise.

**NSM, Stoffenmanager Nano; ISO, ISO Technical Standard ISO/TS 12901-2:2014 “Nanotechnologies —Occupational risk
management applied to engineered nanomaterials”; CMR, carcinogenic, mutagentic, and reprotoxic.

The number of hazard parameters required to completed the ISO tool is less than those of the approach of Imec and the
CB Nanotool but still more than those of ANSES and Stoffenmanager Nano. The total number of hazard parameters
required is the same for the ISO tool as for NanoSafer and LICARA Nanoscan.

Table 5. Summary table of input parameters.

for the nanoforms [41]. Therefore, this implies that users will be more likely to take the
unknown penalty while completing the control banding approaches that require nanoform
toxicological information which can differ in the degree of conservativeness from tool to tool.
For instance, the CB Nanotool assigns 75% of the severity score for unknown information,
while LICARA Nanoscan assumes the worst-case scenario in the case where a question is left
unanswered.

In conclusion, different CB tools emphasize differently on the parameters taken into account
for the hazard characterization. The CB Nanotool requires extensive toxicological information
of the nano- and the bulk form, while the Imec approach focuses more on the physicochemical
properties of the nanomaterial for the hazard banding assessment.

4.5. The NanoStreeM’s tiered risk assessment framework

The NanoStreeM consortium derived a list of activities that can potentially cause the release of
nanoparticles [91]. Described activities include, among others, processes from the operation
and cleaning and maintenance of certain processing tools. Based on this survey, the consortium
further developed a guidance for performing nano-risk assessment for the semiconductor
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Figure 1. Generalized tiered risk assessment approach.

industry (Deliverables 3.1, [4]). The framework proposed a tiered approach, based on the
principles of prior OECD work, to identify specific scenarios or tasks that warrant further
detailed risk assessment. According to the guidance prior to the start of the risk assessment,
characterization information of the substance, the toxicological information, and the use sce-
nario should be well described. On the other hand, performing complete physicochemical
characterization and toxicological studies of the nanomaterial is not always feasible or desir-
able since the results are not likely to be applicable in other contexts or settings as well as being
costly and time-consuming. Therefore, there is a need for flexible frameworks that can give the
user a focusing point onto which task or use scenario most urgently requires further hazard
and exposure characterization.

The initial tiered approach framework can be further generalized (Figure 1) as to include
future versions of so-described risk assessment tools or even novel sector-specific tools. As
the amount and quality of information improve, the risk assessment can gradually proceed
from control bands to NRV and finally regulatory relevant nano-OELs. This can be achieved
following the precautionary principle without compromising the necessary safety measures
even if the hazard characterization information is uncertain.

The three tiered risk assessment methodologies can be described as follows:

Tier 0 gives an overall screening of the situation including hazard and exposure assessment.
The output is a categorical ranking of prioritization for the subsequent Tiers 1 and 2. As Tier 0
method, the consortium has identified the ISO Technical Standard.

Tier 1 gives a semiquantitative result for the exposure and the hazard assessment to further
elucidate the hotspots. Tier 1 consists of application of a risk model, providing refinement of
the Tier 0 result in the case of an identified concern. The outcome of this tier is an indicative
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estimate of the expected exposure (i.e.,, a NRV) and a prescription on how the exposure can be
controlled.

Tier 3 requires the use of actual exposure measurement or toxicological data for risk assess-
ment. Tier 2 consists of designating of specific monitoring and control strategies for the
exposure or emission of nanomaterials, which validates or refutes the estimate of Tier 1 and
also refines the identified control strategies.

5. Conclusions

This chapter provides an overview of several control banding tools for risk assessment of
ENM. Their application to semiconductor production processes has been presented as a pre-
liminary use case in view of the information collected in the NanoStreeM project. While the
page count limitations do not allow for thorough overview of nanoparticle toxicology, identi-
fied gaps in the state of the art demonstrate the main advantages and limitations of the
different control banding tools. Substantial knowledge gaps can be identified for even widely
used by the industry ENM, such as CeO, and Al,O3; nanoparticles. The situation is even worse
for materials with promising nanoelectronic applications, such as CNTs and graphenes. Fur-
thermore, it was found that the ISO Technical Standard ISO/TS 12901-2:2014 needs further
clarification in order to improve its usability. The presented NanoStreeeM generalized tiered
risk assessment approach allows for the use of different, possibly even sector-specific tools, in
combination with emission or exposure measurement field studies.
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