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Abstract This chapter provides an overview of the potential human health and
environmental impact of nanomaterials (NMs). These unique materials can be pro-
duced naturally, incidentally or manufactured and can have numerous effects on
human and ecological health. From the perspective of human health, the ultra-small
nature of NMs can cause them to be highly reactive and promote adverse interac-
tions at the organ, tissue, and cellular levels. Ecologically, NMs have the potential
to pass into the environment at each point in their life cycle. Within the environment
NMs undergo chemical, physical or biological processes that will modify their
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environmental fate and biological effects. The toxicological issues broadly covered
in this chapter are discussed in further detail throughout this book.

Keywords Nanosafety - Human health hazard - Environmental hazard - (Eco)
Toxicology - Regulation - Risk - Exposure

Introduction

Nanomaterials (NMs) can be produced naturally, incidentally, or by manufacturing
and can have numerous effects on human and ecological health. Naturally-formed
NMs include colloidal suspensions, such as humic and fulvic acids, proteins and
peptides, and hydrated metal oxides, which are found in aquatic environments
(Klaine et al. 2018; Lead et al. 2018; Buffle and van Leeuwen 1992; Buffle and van
Leeuwen 1993). Of historical note, early work (Cameron 1915) suggested that
clays, soil organic matter, metal oxides, and other minerals are important soil con-
stituents. Modern research indicates that these constituents exhibit unique behav-
iours at nano-scale (Maurice 2010). Incidental releases of atmospheric NMs can
occur through combustion or aerosolization (Klaine et al. 2018).

Over the course of the twentieth and twenty-first centuries, the field of nanotech-
nology has expanded at an exponential rate and with this expansion there has been
a rapid increase in the number of novel engineered NMs being developed (Klaine
et al. 2018). The annual projected growth rates for major NMs are shown in Table 1,
adapted from Jankovic and Plata (2019). These new materials are having a transfor-
mative impact on research and development across numerous sectors including
electronics, medicine, aerospace, construction and personal care, and are increas-
ingly being used in nanotechnology-enabled products (Vance et al. 2015; Jankovic
and Plata 2019). These new developments have been made possible due to the
unique, size dependent physico-chemical properties that NMs exert. Some NMs
allow for improved thermal or electrical conductivity, catalytic action, tensile
strength, super-paramagnetism, controllable colloidal behaviour, and advanced
optical properties. Environmental and human health studies have suggested rela-
tionships between these properties of NMs and their environmental fate, transport,
and bioavailability, which may present a set of novel risks compared to larger par-
ticulate or dissolved counterparts (Lead et al. 2018).

Nanotechnology has been used since ancient times, for example, in the dichroic
Lycurgus Cup of fourth century Rome which was made of glass interspersed with
gold and silver NMs (Beyda et al. 2020). Photography is another application of
NMs, in which daguerreotype photographs in the nineteenth century employed light
sensitive silver NMs (Schlather et al. 2019). These artistic uses of nanotechnologies
led the way to isolation of NMs, such as fullerenes and carbon nanotubes (CNTs) in
1985, and subsequent discovery of their novel properties (Bayda et al. 2019).
Nanocomposites and nanohybrids are emerging classes of NMs, which are created
by combining NM and non-NM materials or multiple NM materials, respectively
(Lead et al. 2018). NMs may be generated in a powder or suspension form, or incor-
porated into matrices including polymers, building materials and even food stuffs.
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Table 1 Non-exhaustive list of nanomaterials with highest estimated 2019 production volumes,
projected growth rates for 2015-2025, and the number of technologies developed of each type
based on an evaluation of technological readiness levels (Jankovic and Plata 2019)

Production (metric | Projected growth rate Number of technologies
Nanomaterial tons) (2015-2025) developed
Aluminium 6400-14,650 6-8% 16
oxide
Antimony tin 180—410 7-11% 16
oxide
Bismuth oxide 52-108 8-11% 14
Carbon 685-3500 5-9% 39
nanotubes
Cellulose 7354149 21-31% 27
Cerium oxide 11772172 6-9% 12
Clays 30,000-68,200 3-6% 9
Cobalt oxide 6.5-11.7 5-9% 9
Dendrimers 0.54-2.97 10-20% 18
Diamonds 21.8-31.4 12-15% 9
Fibres 290-628 12-16% 9
Fullerenes 100-183 12-13% 13
Gold 2.2-4.0 7-12% 7
Graphene 7-310 26-43% 35
Iron oxide 24.5-115 19% 14
Magnesium 37-175 13-16% 16
oxide
Manganese oxide | 3.7-8.0 10-14% 11
Nickel 5.9-47.8 5-20% 8
Quantum dots 0.5-5.0 58% 17
Silicon dioxide | 365,000-2,800,000 | 9-10% 11
Silver 230-560 6-10% 11
Titanium dioxide | 38,500-225,000 4-11% 10
Zinc oxide 8440-47,460 6-8% 5
Zirconium oxide | 1.739-42,583 3-4% 12

Direct synthesis of NMs (bottom-up) or high-power milling processes which grind
bulk products down into NMs (top-down) are two generic approaches to synthesis,
and will have substantial effects on environmental footprint, NM yield, use, produc-
tion costs, and waste generation (Baraton 2002; Yokoyama and Huang 2005; Klaine
et al. 2018; Jankovic and Plata 2019). Surface modification, or coating, is further
used to influence NM stability, binding, or chemical functionality (Angel et al.
2013; Lead et al. 2018). Studies indicate that synthesis, suspension and coating
methods for NMs can each influence toxicity and environmental behaviour (Klaine
et al. 2018).

Characterization and metrology of NMs in the laboratory have advanced signifi-
cantly since the early 2000s. While NM analysis in complex environments includ-
ing aquatic, terrestrial, and biological media remains a challenge due to strong
binding between natural macromolecules and NMs and low resolution of
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conventional imaging techniques, a number of innovative developments have
emerged to improve these bottlenecks (Lead et al. 2018). Standardized testing
media have helped identify new sources of interactions between NMs and their
environment (Geitner et al. 2020). Isotopic labelling of NMs has improved quantita-
tion of NM speciation and concentration (Merrifield et al. 2017; Merrifield et al.
2018) as well as biological uptake (Croteau et al. 2011; Handy et al. 2012; Al-Jubory
and Handy 2013; Croteau et al. 2014). Conjugated separation techniques such as
inductively coupled plasma, mass spectrometry, and field flow fractionation have
improved separation and yielded novel single-cell and single-particle analytical
techniques (Merrifield et al. 2017; Merrifield et al. 2018). Physico-chemical charac-
terization has also been standardized for determining how NM properties behave in
terms of stability and biological uptake (Liu et al. 2013, 2016).

Potential NM uses are vast and influenced by their physico-chemistry, as shown
in Fig. 1, with several nanotechnologies already developed and tested. For example,
the size and shape of nano-titanium dioxide (TiO,) in anatase and rutile crystal
structures gives improved photocatalytic properties over bulk TiO, (Chaturvedi
et al. 2012).

In medicine, a range of NMs including iron oxides and quantum dots are being
applied in tissue engineering, imaging enhancement and drug delivery systems
(Cortajarena et al. 2014; Jankovic and Plata 2019). Within aerospace and other
industries, the light weight and extremely high tensile strength of NMs such as
CNTs makes them ideal for the construction of numerous components (De Volder
et al. 2013). Moreover, a variety of NMs are utilised in a number of personal care
products including zinc oxide (ZnO) and TiO, in sun cream, in addition to products
such as moisturiser, foundation and hair colouring (Keller et al. 2014). Zero-valent
metals, such as silver (Ag), gold (Au), and iron are commonly used for medical and
environmental applications as catalysts of reactive species (Zhang 2003; Klaine
et al. 2018). The production volumes and potential applications of NMs influence
the risk of toxicity and environmental exposure. For example, carbon-based NM
manufacturing rose from 1000 to 5000 metric tons between 2008 and 2015 (Jankovic
and Plata 2019). To mitigate the risk associated with the growth of the NM industry,
regulations such as REACH in Europe and TSCA in the United States have limited
the direct application of NMs for environmental purposes (Royal Society/Royal
Academy of Engineering 2004; Jankovic and Plata 2019).

The primary releases and subsequent inadvertent exposures to NMs occur by
way of manufacturing, end-use, and disposal (Lead et al. 2018). With the high vari-
ability in production volumes and exposure sources, the expansion of the nanotech-
nology industry has given rise to nanotoxicology, which is a new sub-discipline
aimed at understanding NM toxicology, fate, and behaviour and used to assess the
human health and environmental effects of NMs. Donaldson et al. (2004) initially
proposed the formation of this subcategory to, “...Address the gaps in knowledge
and to specifically address special problems to be caused by nanoparticles.” The
‘special problems’ to which Donaldson refers are the unique physico-chemical
properties possessed by NMs that give them different properties compared with dis-
solved or larger scale particles of the same composition. Most notably, NMs have a
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Fig. 1 Example nanomaterial physico-chemical characteristics — size, surface chemistry, charge
functionality, composition and surface ligands. (Adapted from Burgum et al. 2018)

high specific surface area (SSA) and surface energy along with undercoordinated
bonds which increase the unpredictability of toxicological endpoints and overall
uncertainty in risk to biological and ecological systems (Sager et al. 2008; Galynska
and Persson 2013).

Nanohazard to Human Health

Introduction

The materials evolving from the nanotechnology industry possess fundamental
properties very different to their bulk counterparts. In medicine, for example, the
specific surface area of these NMs offer unique bioavailabilities that can be targeted
to specific sites in the human body (Burgum et al. 2018). With continued increases
in usage and development of these NMs there is an inevitable, potentially significant
increase in human exposure. While NM physico-chemical characteristics offer great
potential in the development of new technologies, the same attributes cause concern
towards potential human health hazards. This behaviour is due to the ultra-small
nature that gives NMs the potential to be highly reactive within a biological environ-
ment. Moreover, this ultra-small size coupled with the geometry of NMs can result
in an increased likelihood of the material entering the human body, translocating to
different regions other than the portal of entry and promoting adverse interactions at
the organ, tissue, and cellular levels.
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Human Exposure

The population most at risk of NM exposure is the nanotechnology workforce, i.e.,
those responsible for synthesising the materials, and who are therefore subject to
routine NM exposure, i.e., long-term, possibly low dose (chronic) exposures through
daily handling of NMs. This risk is in addition to that of accidental one-off, high
dose acute exposures, e.g., during cleaning operations (Ramachandran 2016).
Exposure risk according to portal of entry into the body, e.g., dermal, ingestion and
inhalation for the nanotechnology workforce during the production process are out-
lined in Table 2. NM exposure to the general public will likely be lower, through use
of NM-containing consumer products or environmental exposure that may lead to
low dose, long term exposure on a daily basis. In contrast, individuals exposed to
NMs due to medical applications would be subject to short term, controlled expo-
sure in the form of medical imaging and drug delivery systems via intravenous
exposure (Nalwa 2014). NM exposure for medical applications will vary depending
on the treatment required, varying from a one-off dose for medical imaging to
extensive long-term treatment of a chronic condition (Barrow et al. 2017; Patra et al.
2018). Humans are most likely to be exposed to high production NMs (listed in
Table 1) and are consequently a primary focus of nano-safety studies (Jankovic and
Plata 2019).

There are a limited number of epidemiology studies that have assessed the effect
of NM exposure on humans. Those that are available are primarily focused on the
nanotechnology workforce. For example, Shvedova et al. (2016) assessed the gene
expression profiles of workers having direct contact with multi-walled CNT
(MWCNT) aerosols, with an estimated exposure concentration of 14.42 pg m=
within the worker’s breathing zone, for at least 6 months. The study revealed that
MWCNT exposure resulted in up-regulation of genes involved in a pro-inflammatory
response (e.g. IL-6, CSF2, IL-8) indicating potential for the material to cause

Table 2 The potential risks of inhalation, dermal and gastrointestinal tract entry into the body
following occupational exposure to NMs during various synthesis processes (http://ec.europa.eu/
health/ph_risk)

Synthesis Particle
process formation Inhalation risks Dermal/ingestion risks
Gas phase In air Reactor leakage Airborne workplace
Product recovery contamination
Post-recovery processing and | Product handling
packaging Plant cleaning/maintenance
Vapour phase | On substrate Product recovery Dry workplace
Post-recovery processing and | contamination
packaging Product handling
Plant cleaning/maintenance
Colloidal/ Liquid Product drying Workplace spillage/
attrition suspension Processing/spillage contamination
Product handling
Plant cleaning/maintenance
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pulmonary and cardiovascular complications in humans. A larger epidemiological
study recruited 227 workers that physically handled NMs and 137 that did not han-
dle NMs (Liou et al. 2012). The investigation highlighted that workers who handled
NMs had decreased levels of antioxidant enzymes superoxide dismutase (SOD) and
Glutathione peroxidase (GPX) compared to workers that did not handle the mate-
rial, thus signifying that cellular oxidative stress increases when working with NM
exposure. Wu et al. (2014) undertook a study to measure levels of fractional exhaled
nitric oxide (FENO) in 241 workers handling nano-TiO,. All of the workers investi-
gated had increased FENO levels compared to the control group, showing that con-
tinued exposure to aerosolised TiO, over time periods up to 5 hours, up to 8 times
per week (exposure concentrations not calculated) could potentially result in persis-
tent lung inflammation. These two studies highlight that the nanotechnology indus-
try is beginning to understand the potential risks NMs pose in an occupational
setting (Schulte et al. 2019). However, there is a significant need for longitudinal
epidemiological investigations with clear exposure characterisations of NMs to
more comprehensively understand their potential adverse health effects (Schulte
et al. 2019). With this in mind it should be noted that the vast majority of nanotoxi-
cology studies are animal or in vitro based, and conclusions or hypothesises on NM
health risk are based on these data rather than human and epidemiological studies
to date.

Inhalation

NM entry into the body via the respiratory tract is widely deemed to be a primary
route of entry into the human body following occupational exposure (Oberdorster
et al. 2005; Geiser and Kreyling 2010). Aerodynamic size is key when considering
where an inhaled material will deposit in the respiratory tract, which includes the
extra thoracic, upper bronchial, lower bronchial, or the alveolar regions. In simple
terms the distance a material is able to penetrate into the lung by diffusional trans-
port is increased with decreasing particle size (Heyder 2004). The ultra-small size
of NMs (<100 nm) suggests that a large fraction of them will be deposited within
the alveolar region, presuming there is no increase in primary particle size due to
agglomeration. The mechanism of deposition is also determined by size, for exam-
ple a material of ~1 pm in diameter will undergo gravitational sedimentation and
inertial impaction, whereas below 100 nm diffusional deposition is the major mech-
anism (Tsuda et al. 2013).

In vivo studies have confirmed that Ag NPs of 15 nm diameter were found in
3.5-fold greater numbers in the rat alveolus compared to 410 nm Ag NPs (Braakhuis
et al. 2014). In silico models have further supported this concept. For instance,
application of a multiple-path particle dosimetry model to the nasal inhalation of a
100 nm NM at a concentration of 1 pg m™ in humans showed the greatest deposi-
tion to be in the alveolar region of the lung in comparison to a 1 pm particle which
deposits mostly in the head and neck region (Manojkumar et al. 2019). This region
of the lung is highly vulnerable to NM retention due to the absence of the
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mucocilliary elevator and slow clearance by alveolar macrophages that conse-
quently provides the potential for adverse direct and/or indirect NM-interaction
with the alveolar epithelium (Maynard and Downes 2019). Key to alveolar macro-
phage NM-interaction is the initial influence of lung surfactant which is comprised
of phospholipids including dipalmitolphosphatidylcholine (DPPC), proteins (SP-A,
SP-B, SP-C and SP-D), and numerous neutral lipids (Veldhuizen and Haagsman
2000). Not only do lung surfactant components potentially alter NM surface chem-
istry via the formation of a NM-corona, but the opsonization function of SP-A and
SP-D enhances the ability of alveolar macrophages to phagocytose a foreign mate-
rial present in the lung (Ruge et al. 2012). Due to the small size and/or shape of
NMs clearance by alveolar macrophages may not be possible, resulting in a higher
rate of exposure to alveolar cells. NM shape is also a vital consideration; high aspect
ratio NMs such as carbon nanotubes or nanofibers may result in frustrated phagocy-
tosis, as the macrophages are unable to fully entrap the material. The result of frus-
trated phagocytosis is chronic inflammation in the lung tissue causing an
inflammatory cascade, immune cell recruitment, and excessive production of reac-
tive oxygen species (ROS) that can cause tissue injury (Cheresh et al. 2013).

Ingestion

The gastrointestinal tract (GI) offers a route for NM entry into the body following
intentional consumption, leaching from food containers, deposition onto food, or
secondary exposure from inhalation. The GI tract offers a very large surface area of
~200 m? for potential NM interaction, similar to the alveolar region in an adult
human. Broadly, the GI tract consists of the oesophagus, stomach, duodenum, small
intestine, large intestine, and anal canal. Potential NM interactions within these
regions include absorption (which allows translocation to the blood and other
organs), interaction with the cells comprising the GI tract, or effects on components
such as the mucus layer and the microbiome (Bergin and Witzmann 2013). The gut
microbiome has become a key area of study due the potential bactericidal toxicity
effects of NMs such as Silver NPs (Li et al. 2019). It should be noted that the num-
ber of studies that have focused on assessing the effect of NMs on the GI tract is
relatively small in comparison to those focusing on the respiratory tract. It can be
argued that this lack of focus is due to the low rate of NM passage through the epi-
thelial barrier that has been recorded to occur in vivo, although the strong focus on
lung studies is also impart due to the historical development of the nanotoxicology
field by lung toxicologists (Munger et al. 2014; Van Der Zande et al. 2012; Kreyling
et al. 2017c). However, investigations in this open field are beginning to highlight
that even a low level of NM absorption in the gut epithelium can result in heavy
accumulation over time, ultimately resulting in potential systemic exposure
(Kémpfer et al. 2020; Da Silva et al. 2020). NM absorption may potentially occur
along the entire GI tract although due to its thick mucus membrane, surrounding
connective tissue, and muscular tissue, absorption is highly unlikely to occur in the
stomach (Bergin and Witzmann 2013). The acidic environment of the stomach (pH
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1.5-3.5) can cause NM dissolution, resulting in the release of dissolved material or
non-soluble derivatives, along with aggregation through surface charge neutraliza-
tion (Kampfer et al. 2020). Key to the ability of NM interactions with cells of the GI
tract is mucus penetration; typically the sticky network of mucin fibres prevents the
penetration of foreign materials by steric obstruction and adhesion (Liu et al. 2015).
Trapped material is subsequently removed from the tissue either quickly or within a
few hours depending on location with the GI tract. Small, negatively charged NMs
have been shown to penetrate through mucus more easily than those that are large
and positively charged (Wang et al. 2011). This behaviour is based on the principle
that, the smaller the particle, the increased likelihood that it is able to pass through
the mucus mesh spacings between mucin fibres. Comparison of mucus penetration
by different materials established that NMs such as carbon nanotubes CNTs
(~210 nm in length) become trapped by adhesive interactions, whereas ZnO NPs
(<50 nm in diameter) rapidly penetrated mucus layers (Jachak et al. 2012). Once the
barrier has been penetrated, NMs are able to interact with the GI tract epithelium.
For example, within the small intestine the epithelium layer is comprised of goblet
cells, enteroendocrine, and microfold (M) cells (which are located over Peyer’s
patches) embedded in a layer of columnar epithelial cells (Frohlich and Roblegg
2012). It is understood that interaction and uptake by these different cell types is
highly dependent on NM size (Unfried et al. 2007) For example, NMs within the
size range of 10-50 nm are able to penetrate the epithelial cells (Powell et al. 2010).
Alternatively, NMs within the size range of ~50-200 nm are typically in the uptake
range of M cells as the NM maybe able to interact with the mechanism used to traf-
fic endogenous calcium phosphate particles into the Peyer’s patch immune cells
(Powell et al. 2015; Da Silva et al. 2020).

Dermal Penetration

Although arguably not the most significant route into the body, the skin does cer-
tainly offer the largest surface area for potential NM contact. Skin exposure may be
the result of deposition of an airborne NM, unintentional contact, or intentional
application via NM-containing personal care products. The skin is comprised of
three major layers; the epidermis, dermis, and subcutaneous layer. The outer layer
of the epidermis is termed the stratum corneum, made up of keratinised dead cells,
and is the main barrier against penetration (Proksch et al. 2008). A number of inves-
tigations into NM human skin penetration via topical application show penetration
no deeper than the stratum corneum. This was shown to be the case when 17 nm
TiO, and 30 nm ZnO NPs only penetrated the stratum corneum and accumulated in
hair follicles (Baroli et al. 2007). However, there is evidence that penetration past
this initial skin layer is highly probable. A study of 40 nm polystyrene NP penetra-
tion in murine skin models showed entry through the hair follicles, into the sur-
rounding dermis, and ultimate passage to draining lymph nodes (although it was
noted that mouse skin is thinner than human) (Vogt et al. 2006). Various studies
have also reported the correlation between skin damage and increased permeability.
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For example, an ex vivo study of Ag NM human skin penetration showed increased
permeability through the stratum corneum in damaged skin compared to intact skin
(Larese et al. 2009). Similarly, UV damaged porcine skin exhibited increased,
although limited, penetration in comparison with the non-damaged model (Miquel-
Jeanjean et al. 2012; Monteiro-Riviere et al. 2011). Like all other portals of entry
and modes of toxicity, the potential and degree of skin penetration will be dependent
of NM properties. The stratum corneum is abundant in cationic filaggrin, and would
therefore be more susceptible to penetration by small, anionic NPs (Jatana and
Delouise 2014). Due to the increasing prevalence of NM-enabled cosmetic products
and the risk of skin exposure in a workplace scenario, the potential of NMs to cause
skin sensitization is also an important consideration. It is well known that condi-
tions such metal allergy, e.g., from jewellery or clothing, are major causes of aller-
gic contact dermatitis, an inflammatory disease categorized as delayed-type
hypersensitivity (Yoshihisa and Shimizu 2012). Although the exact mechanism of
metal allergy is unknown it is believed that metal ions penetrate the skin, promoting
an inflammatory response and ultimately CD4*T cell activation that causes a char-
acteristic allergic reaction consisting of skin lesions at the site of contact (Saito et al.
2016). NMs also can induce skin sensitization in a similar manner. For example, the
local lymph node assay (LLNA) in rabbits has been utilised to demonstrate the abil-
ity of <25 nm TiO, NPs to induce skin sensitization after topical skin treatment
(Park et al. 2011). In recent years NM skin hazard assessment, particularly when
centred around cosmetic product assessment, has had to move away from in vivo
techniques such as the LLNA due to the ban on the use of animals in cosmetic test-
ing in the European Union (Regulation (EC) No. 1223/2009). This ban has led to the
development and use of in vitro reconstructed skin models, such as EpiDerm™ and
Straticell, that represent a first point of contact following exposure of a cosmetic
product and for skin sensitisation assays (Evans et al. 2017; Choi et al. 2014; Wills
et al. 2016).

Ocular Exposure

Despite being in direct contact with the external environment, NM contact with the
eyes is often an overlooked potential hazard (Zhu et al. 2019). The eyeball possesses
a series of anatomical barriers that prevent the contact of material with the ocular
surface, such as blinking and tear film (Pastore 2019). NMs pose a challenge to this
protection as their small size may permit close contact with the ocular surface.
Subsequent attachment to the cornea and penetration then allows entry into the pos-
terior of the eye (Xu et al. 2013). Although studies evaluating the risks posed by
NMs to the eyes are limited, a number of investigations have been undertaken. For
example, the effect of 20 and 80 nm gold NPs on mouse retinas over a 72-hour
period demonstrated a significant increase in oxidative stress, as measured by Avidin
D staining (Soderstjerna et al. 2014). Moreover, an investigation by Sriram et al.
(2012) showed that 22.4 and 42.5 nm Ag NPs increase ROS production in bovine
retina cells. A recent review by Zhu et al. (2019) has further highlighted ocular
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toxicity studies based on NMs used in industrial and environmental locations. The
article also stresses that there is a limited number of nano-safety studies that place
emphasis on ocular exposure risk and states that the area of study is relatively
neglected in comparison to other points of NM exposure.

Translocation from Portal of Entry

There is substantial evidence to suggest that inhaled NMs are capable of distributing
from the exposure site to secondary organ systems which include, but are not lim-
ited to, the central nervous, hepatic, renal, and cardiovascular systems (Kermanizadeh
et al. 2015). Initially NM translocation was not considered a major issue. However,
early in vivo nanotoxicology studies demonstrated translocation of radioactive NPs
from the lungs, into the blood, and eventually the brain (Nemmar et al. 2001;
Oberdorster et al. 2004). An in vitro assessment of the translocation potential of sili-
con dioxide (Si0O,) and TiO, NPs of varying sizes and charge demonstrated that both
materials, regardless of characteristics, could translocate across a human bronchial
epithelial barrier constructed on a Transwell membrane (George et al. 2015).
However, increased translocation rate correlated with decreased NP size and a nega-
tive charge. Neither material disrupted the epithelial barrier integrity, suggesting
transcytosis of the internalised NPs as a transport mechanism. A similar model com-
prised of the same cell line showed that carbon nanotubes substantially disrupt the
epithelial barrier during translocation (Derk et al. 2015). This form of penetration
has also been demonstrated in vivo. CNT (150-200 nm) inhalation in rats showed
that the material translocated through the lung and was eventually transported to
various organs (Czarny et al. 2014). Size is clearly a key factor in NM translocation.
Studies that use an array of differently sized NMs in the majority of cases identify
the smallest NMs as having the greatest translocation potential (Kreyling et al.
2017a, b, d). For instance, comparison of Au NP translocation in rats indicated that
the smallest particles (of identical shape and composition) (13 + 12 nm) were able
to translocate out of the lung tissue to the blood, liver, spleen, brain, and testes,
whereas larger particles (105 + 42 nm) were only found in the blood rather than
secondary organs (Han et al. 2015). Consideration of the ability of an NM to undergo
translocation through the body is vital given that this parameter dictates subsequent
toxicity at point of entry, and the potential for multi-organ toxicity (Raftis and
Miller 2019).

Biological Impact

Ultimately, the primary interactions of NMs in a biological environment occur at the
cellular level and involve cellular structures, surfaces and biochemical components
(Rothen-Rutishauser et al. 2019). Nanotoxicology studies typically focus on the
evaluation of one or more toxicological endpoints, e.g., cytotoxicity,
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pro-inflammation and/or genotoxicity. Information on the ability of a test NM to
undergo cellular uptake and its localisation within the cell is key in understanding
its toxicological fate. Upon interaction with the cell surface, there is the potential for
a NM to enter the cell by a number of mechanisms, e.g., phagocytosis, micropino-
cytosis, caveolin-dependent endocytosis, clathrin-dependent endocytosis, receptor
mediated endocytosis, non-specific endocytosis, and passive diffusion, as shown in
Fig. 2(i) (Conner and Schmid 2003). Figure 2(ii) shows an example of the uptake of
dextran-coated iron oxide NMs in macrophage-like cells derived from the THP-1
cell line. It should be noted that NM uptake may not be limited to one of these
mechanisms, i.e., multiple different forms of uptake may be involved for a single
NM type (Behra et al. 2013). The ability of a NM to undergo cellular uptake will be
dependent on its physico-chemical characteristics, along with the changes to these
properties adopted by the material in the biological environment. For example,
alteration of surface charges and corona formation can occur as a result of proteins
and other macromolecules coating the NM surface (Monopoli et al. 2011).

The Oxidative Stress Paradigm and Its Role in Genotoxicity

The oxidative stress paradigm is key in NM toxicology and plays a central role in
promoting genotoxicity (Evans et al. 2019b). Briefly, the term oxidative stress refers
to a cellular redox imbalance between reactive oxygen species (ROS), e.g., super
oxides (O,"), hydroxyl radicals ("OH), and antioxidants (e.g. SOD), which in a
cell’s natural state is maintained in homeostasis (Zhang et al. 2016). Many NMs are
capable of interacting with oxygen-containing molecules, causing the formation of
ROS. For example, ions released from transition metals can react with hydrogen
peroxide via Fenton chemistry creating hydroxyl radicals ("OH) (Valko et al. 2006):

M"™ +H,0, —> M" + OH +OH" (where M represents transition metal )

The formation of ROS in this manner presents the possibility of inducing DNA
damage due to the ability of "OH to readily react with DNA and DNA precursors,
resulting in the formation of DNA lesions (Singh et al. 2009). A further example of
NM oxidative stress potential is catalysation of ROS formation at the NM surface
due to immobilised free bonds. For example, quartz NMs have been shown to pro-
mote ROS production due to surface SiO” and SiO," moieties (Huang et al. 2010).
Oxidative damage to the cellular genetic machinery within a single cell is defined as
primary indirect genotoxicity, which is distinct from direct genotoxic mechanisms
where an exogenous agent enters the nuclei and directly interferes with the structure
and function of DNA. However, evidence of direct induction of genotoxicity by
NMs within the literature is limited and is consequently not regarded as a major
mechanism of damage (Doak et al. 2012). Aside from primary genotoxicity mecha-
nisms, the ability of a NM to damage DNA can also be mediated by other cell types
at the tissue level. This is a prominent mechanism of DNA damage induced by
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NMs, whereby secondary genotoxicity is induced by a chronic pro-inflammatory
response that is triggered by immune cells which internalise the invading material.
This response subsequently results in oxidatively damaged DNA in surrounding

tissues (Evans et al. 2017, 2019a).
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Pro-inflammatory Response

The activation of immune cells results in the secretion of various inflammatory
mediators, such as cytokines, chemokines, histamines, prostaglandins, ROS, and
reactive nitrogen species (RNS). In a balanced biological system, this inflammatory
response is vital for pathogen recognition and removal. However, NMs have the
potential to disrupt this balance. The potential immunogenicity of a NM will be
dependent on a number of factors related to its physico-chemical characteristics, the
moieties it presents in regard to cell surfaces interactions, and its ability to undergo
cellular uptake (Dobrovolskaia and Mcneil 2016). As discussed in section “Human
Exposure”, the vast majority of human epidemiology studies that have been under-
taken have focused on NM exposure in the workplace with pulmonary inflammation
as an outcome. Clear inflammatory markers have been identified in the lungs of
workers persistently exposed to aerosolised NMs (Liou et al. 2012). Moreover, a
key study by Poland et al. (2008) demonstrated that high aspect ratio NMs behave
in a similar manner to asbestos in the lung, causing frustrated phagocytosis and its
associated adverse toxicological implications. Consequently, NM immunogenicity
potential has been assessed extensively with particular emphasis placed on NMs
that are liable to be inhaled, including the NMs highlighted in Table 1. For example,
4-6 nm rutile TiO, has been shown to promote immune cell recruitment and cyto-
kine production in the lungs of rats in addition to the onset of cardiac oedema
(Nemmar et al. 2008). MWCNT and ZnO NPs can cause increased inflammation
and neutrophil recruitment in the lungs of 18-month old mice (Luyts et al. 2018).
Moreover, a recent 90-day study by Chu et al. (2019) reaffirmed the ability of car-
bon black NPs to cause extensive lung and systemic inflammation in rats. Various
in vitro NM immunological studies have also been undertaken. For instance, Muller
et al. (2010) utilised a lung co-culture model to demonstrate the ability of 20—30 nm
TiO, NMs to promote an immune response along with increased ROS production.
Furthermore, CNT have been shown to promote inflammatory cytokine production
and increased ROS in lung epithelial cells in vitro (Fu et al. 2014). Indeed, ROS
production and the oxidative stress paradigm is central in most toxicological end-
points associated with NMs.

Summary

The increasing risk of human exposure to NMs has rapidly facilitated the need for
hazard and exposure assessment in relation to their effect on human health. While
the toxicology of bulk materials is typically influenced by their composition, NMs
possess unique physico-chemical properties that in addition to composition deter-
mine their ability to enter the human body and their bioreactivity at the organ, tis-
sue, and cellular level. How NMs truly affect human health is not completely
understood, but the continually developing field of nanotoxicology is providing evi-
dence into the potential health risks these unique materials pose. In addition to
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human health impact, the wider environmental impact of these materials also needs
to be considered.

Impacts of NMs on Environmental Health

Exposure to NMs via Discharges and Transformation Processes

At each point in their life cycle, NMs can pass into the environment. NMs can be
directly used in the environment for processes such as remediation and can also be
discharged via wastewater treatment plants and in industrial effluents from manu-
facturing sites. From industrial discharges, NMs can enter atmospheric, aquatic,
terrestrial, or sedimentary ecosystems (Zhang and Elliott 2006; Biswas and Wu
2005; Selck et al. 2016; Holden et al. 2016; Sun et al., 2017). Possible discharge
routes are shown in Fig. 3.

Sources of NM Discharges

While nanotechnology has been viewed as a solution to a number of environmental
issues, such as water, soil, and air quality as well as food security (Adeleye et al.
2016; Iavicoli et al. 2017), the complex, energy intensive processes and specialized
organic reagents used can outweigh the potential benefits (Pati et al. 2014). The
potentially large exposures from production are exacerbated by the uncertainty due
to their nano-specific behaviours. A major contributing factor to the environmental
footprint of NM production is synthesis yield, with higher yields representing less
waste generation and more efficient utilization of resources. Carbon based NMs
generally have <33% yield while metal oxides have >90% yield (Jankovic and Plata
2019). Therefore, much of the waste stream from NM production is not NM-laden,
but nevertheless can lead to large discharges to the environment as production
increases. Additionally, processes and reactants used for synthesizing NMs and any
sample handling can leave residual compounds on the NMs, with possible subse-
quent effects (Oberdorster 2004; Smith et al. 2007; Cheng et al. 2007; Federici et al.
2007; Griffitt et al. 2007; Lee et al. 2007; Oberdorster 2010).

NMs and NM-enabled products are discharged in effluent as solid, liquid, and
gaseous wastes (Batley et al. 2013; Ostraat et al. 2013). Unless spilled or used
directly into the environment, NM wastes are transmitted through, for example,
wastewater treatment facilities, where discharge can occur from sludge to landfill or
soil, or from wastewaters discharged to streams after tertiary treatment (Lazareva
and Keller 2014). If untreated, NMs can then leach into groundwaters, soil, and
surface waters. Sediments, especially marine sediments, are likely to be the final
sink for many NMs (Lead et al. 2018). In usage, NMs can slowly be released into
the environment, such as with NM-enabled sun creams, textiles, and paints (Nowack
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Fig. 3 The major discharge routes of NMs into the environment and potential transformations in

the environment. (From Dale et al. 2015)
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Fig.4 A schematic of a mass flow analysis (MFA) model. This model uses data on NM production
as input, with a percentage allocated to each product category an NM is embedded into. The frac-
tions of NMs in use and in stockpiles, and those of NMs released during use and disposal deter-
mine the overall mass of NMs released in the environment. Finally, the concentrations of NMs in
environmental and waste management compartments are modelled by analysing the mass of
released NMs compared to the size of each compartment. (Wang and Nowack 2018)

et al. 2012). A useful tool for studying the potential environmental exposure to
NM-enabled products is the mass flow analysis (MFA) model, shown in Fig. 4
(Wang and Nowack 2018). Fate and behaviour (FB) models have been employed to
assess the impact of transformations to NM cores, surface coatings, and intermo-
lecular interactions on environmental fate and behaviour based on inputs from MFA
models (Dale et al. 2015; Sun et al. 2017). Some effort has gone into developing a
unified approach using both MFA and FB models, which use and produce
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complementary datasets (Wang and Nowack 2018). Static MFA is a series of calcu-
lations based on the amounts of NMs produced annually, used to estimate the
amounts released into the environment (Mueller and Nowack 2008; Gottschalk
et al. 2010). Dynamic MFA considers historical production as well as the lifetime of
NMs in products to calculate the amount of NMs stored in products and those
released into waste infrastructure and environmental compartments (Wang and
Nowack 2018). FB models require MFA data for input, and also calculate the com-
partmentalization of NMs. However, the functions used for these calculations are
based on NM physico-chemical properties and the hydrology and geology of the
study area (Markus et al. 2017; Ellis et al. 2018; Salieri et al. 2019).

Disposal of NMs occurs when a product reaches its end of life. For instance,
disposal of NM-enabled products such as textiles, paints, sun cream and cosmetics,
polymers, food packaging, and even food scraps likely transmit the NMs into water
treatment plants, landfills or recycling centres (Mitrano et al. 2015). NMs that reach
the environment after waste treatment processing are likely to accumulate in sedi-
ments (Lowry et al. 2012). NMs are also expected to be released at relatively low
concentrations through their use in NM-enabled products (Lead et al. 2018). In
terms of discharge, the greatest factors that influence environmental exposure are
the volumes and types of NMs that are being used, for which there is scant data
(Nowack et al. 2012; Holden et al. 2016). However, there is a clearly increasing
trend in volumes of NMs produced and for a worst-case scenario, these gross
amounts could be used as a basis for risk assessment. For example, between 2008
and 2015, carbon-based NM production rose from 1000 metric tons to about 5000
metric tons; other heavily produced NMs include SiO, (1,000,000 metric tons),
TiO, (100,000 metric tons), ZnO (50,000 metric tons), zirconium dioxide (50,000
metric tons), aluminium oxide (10,000 metric tons), and CNT (3000 metric tons)
(Jankovic and Plata 2019). Based on findings from an MFA model developed by
Wang and Nowack (2018), the predicted compartmentalization for five types of
NMs is presented in Table 3 for seven regions of Europe.

Environmental Transformations of NMs

Once in the environment, NMs and NM-enabled products undergo chemical, physi-
cal, or biological processes that transform the NMs and modify their environmental
fate and transport, and biological effects (Nowack et al. 2012; Lowry et al. 2012).
Transformations are most likely to occur after a NM-enabled product is disposed of
in the environment, rather than during controlled storage, as environmental condi-
tions are more variable (Mitrano et al. 2015). A number of processes that cause NM
aging prior to disposal in the environment were determined for silver NM cores
embedded in textiles, shown in Table 4. In addition to impacting cores, Mitrano
et al., found that the NM coating was also affected by transformations that affected
susceptibility to further transformation (2015). These findings highlight the impor-
tance of comprehensive understanding of use cases for NMs.
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These further transformation, which influences their fate, behaviour, and toxicity
(Lowry et al. 2012). Transformations include agglomeration, dissolution, reprecipi-
tation, oxidation, sulfidation, corona formation, and other processes (Nowack et al.
2012; Lowry et al. 2012; Mitrano et al. 2015). For instance, NM agglomeration has
been understood within a framework of the Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory (Hotze et al. 2010), which describes aggregation for
charge stabilized colloids represented as combinations of repulsive and attractive
forces (Lead et al. 2018). Agglomeration is frequently observed with NMs at high

Table 3 Lists output from a MFA model for predicted concentrations of NMs in environmental
compartments in European regions in 2014 (Wang and Nowack 2018)

NM Compartment EU |CE |EE |NE SE |SEE |CH |Unit
Nano-SiO, STPy 65 74 51 48 23 34 12 pg/L
STP 44 |53 |24 |46 2.1 |33 6.8 | g/kg
LW 490 620 450 | 1500 |[400 |200 |- mg/kg
Iw 490 620 380 470 |180 |5900 | 670 |mg/kg
BA 34 |45 |28 |31 1.1 |25 5.7 | glkg
FA 47 6.1 |39 |41 1.5 |35 79 | glkg
Air 16 34 87 126 10 18 48 ng/m3
NUS 86 170 |52 28 68 92 290 | pg/kg
STS 150 390 |330 |240 240 |110 |- mg/kg
SW 43 |44 |25 022 |86 |11 42 |pg/L
Sed 79 79 46 4.1 180 210 |75 mg/kg
Nano-CeO, STP 37 44 25 29 19 18 4.8 |ng/l
STP, 1.8 |25 1089 |2 12 |13 2.6 | mgkg
LW 6.5 |23 33 41 44 |13 - mg/kg
IW 84 |10 81 |7.8 47 150 |10 pg/kg
BA 0.55 1085 [0.66 [0.25 032 7.1 0.9 | mgkg
FA 077 /1.2 1091 [036 |045 9.8 1.2 | mg/kg
Air 42 100 |20 6.8 35 43 110 | pg/m3
NUS 42 96 22 14 39 41 120 |ng/kg
STS 60 180 | 120 | 110 |130 |45 - pg/kg
SwW 20 |26 1.1 |0.11 |51 |49 1.9 | ng/l
Sed 35 46 19 2.1 95 87 32 ng/kg
Nano-iron oxides | STP. 1.5 |13 |12 1085 0.7 (056 (024 |pg/L
STP, 75 85 44 73 53 45 110 | mg/kg
LW 089 |19 |1.03 47 1.2 1035 |- mg/kg
W 1 1.2 |13 094 |0.67 |19 1.4 | mg/kg
BA 22 31 32 11 14 240 |42 mg/kg
FA 32 |44 44 16 19 340 |59 mg/kg
Air 023 1053 [0.15 [0.04 025 024 |0.76 'ng/m3
NUS 0.32 10.67 [0.22 |0.11 033 031 |12 | pgkg
STS 27 166 |6 4.2 58 | 1.7 - mg/kg
SW 86 110 |58 4.7 250 | 180 | 110 |ng/L
Sed 1.6 |2 1.03 10.09 |44 |3.6 2 mg/kg
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Table 3 (continued)

NM Compartment | EU |CE |EE |NE SE SEE |CH | Unit

Nano-AlO; STP 36 |51 (35 |26 25 |25 1.1 | pg/L
STP, 240 1380 160 |250 220 240 620 |mg/kg
LW 9.9 120 13 41 16 4.7 - mg/kg
Iw 9.6 |17 11 9.9 6.1 140 |21 mg/kg
BA 93 190 | 120 |64 55 870 300 | mg/kg
FA 130 |260 170 |88 77 1200 | 410 | mg/kg
Air 1.2 |37 088 [021 1.6 |19 6.5 | ng/m3
NUS 1.3 |41 1.2 1051 (19 |2 8.4 |uglkg
STS 82 |27 24 14 23 7.9 - mg/kg
SW 0.31 1053 1022 [0.02 |1.1 1 0.65 | pg/L
Sed 57 193 |41 1033 |19 17 11 mg/kg

Quantum dots STP. 27 |32 |24 23 1.6 |1.6 0.48 | pg/L
STPy 0.18 1023 110 |0.22 |0.14 1 0.15 |0.26 | pg/kg
LW 91 330 |57 660 |70 22 - ng/kg
144 1.6 |12 34 |12 1.8 |72 0.83 | pg/kg
BA 8 6.1 17 6.1 9.3 260 |4.8 |pg/kg
FA 11 84 |23 8.5 13 350 |6.6 |pg/kg
Air 79 |19 5.1 1.5 84 |10 22 fg/m3
NUS 84 |18 58 |3 9.1 199 27 pg/kg
STS 62 |17 16 11 15 53 - ng/kg
SwW 170 180 |120 |9.6 500 530 150 | fg/L
Sed 32 |32 |21 ]0.17 (91 94 2.8 |ng/kg

STP sewage treatment plant, eff effluent, s/ sludge, LW landfilled waste, IW incinerated waste, BA
bottom ash, FA fly ash, NUS natural and urban soil, STS sludge-treated soil, SW surface water, Sed
sediment, EU European Union 27, CE Central Europe, EE Eastern Europe, NE Northern Europe,
SE Southern Europe, SEE Southeastern Europe, CH Switzerland

concentrations (tens of mg/L for sterically stabilized NMs), especially in high ionic
strength media such as seawater for char charge stabilized NMs, which then settle
into the sediment (Doyle et al. 2014; Alabresm et al. 2017). NM concentration, pH,
ionic strength, divalent ion concentrations, and NOM concentrations can all influ-
ence aggregation behaviour, while surface modification can stabilize NMs (Handy
et al. 2008b; Bian et al. 2011; Baalousha et al. 2016). Sedimentation is generally
slowed by the presence of natural organic matter (NOM) such as humic substances
which form eco-coronas on an NM surface alongside or instead of engineered poly-
meric coatings (Diegoli et al. 2008; Badawy et al. 2010). Both environmental and
engineered coatings affect the colloidal stability, with higher steric stability linked
to longer residence times for NMs in a water column (Huynh and Chen 2011; Wang
et al. 2016).

Although there is much work on changes in behavior and toxicity due to trans-
formation processes, studies under environmentally relevant conditions are less
common. However, improvements in analytical characterization of NMs and
NM-enabled products, as well as comprehensive and environmentally relevant
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Table 4 Transformation processes for textile-embedded Ag NMs and their causes and effects

Transformation | Cause Effects
Oxidation Washing, bleaching | Increased toxicity and decreased effectiveness via
dissolution, product leaching as AgCl
Detergents Complexation and stabilization
Reduction Washing Reduction of Ag ions to new zero-valent particles
Precipitation | Air exposure Secondary particle formation
Exposure to Sulfidation to insoluble Ag/Cl/S complexes
digestive fluids
Washing Formation of AgCl solids
UV irradiation | Sun exposure Altered reactivity
Wastewater No efficacy in Ag NM removal
treatment
Incineration Disposal Reduced agglomeration of NMs, production of Ag-laden
waste ash

Degradation of Ag polymer coating and reduction in
stability

From Mitrano et al. (2015)

testing protocols, have improved the data obtained from mesocosm studies substan-
tially. Mesocosms are an important study design that enable a more realistic analy-
sis of NM fate and behaviour in the environment than laboratory studies (Lead et al.
2018; Geitner et al. 2020). Mesocosm and laboratory studies sometimes agree but at
other times cannot be rationalized. For instance, mesocosm studies on exposure to
Ag NMs have suggested that the effects of dissolved and NM formulations of Ag
are similar (Colman et al. 2014; Bone et al. 2015), while laboratory studies demon-
strate a nano-specific effect dependent on physico-chemical properties, organisms
studied, and media (Leclerc and Wilkinson 2014). However, chronic low dose stud-
ies with Ag NMs show agreement between mesocosm and laboratory studies (Baker
et al. 2016; Merrifield et al. 2017). Further data suggests that sorption of NOM to
NMs reduces hazard to organisms by stabilizing NMs in the environment and reduc-
ing dissolution, biouptake, and other processes (Mudunkotuwa and Grassian 2015).
Previously it was unknown whether a separate and novel risk existed between pris-
tine NMs and NM-enabled products and those that have been weathered by a trans-
formation process (Nowack et al. 2012). However, evidence now suggests that ions
released from NMs, NMs in suspension, and agglomerated NMs each exhibit unique
environmental behaviours (Lead et al. 2018). Examples of the major transformation
processes for NMs are listed in Table 5 (Nowack et al. 2012; Lead et al. 2018).
Obtaining accurate determinations of NM concentrations and extent of transfor-
mation in the environment and organisms has been a significant challenge due to the
limitations of available analytical techniques (Loosli et al. 2020). However, prog-
ress has been made by coupling highly sensitive separation methods to inductively
coupled plasma mass spectrometry (ICP-MS) such as asymmetrical flow-field flow
fractionation (AF4), or using ICP-MS modes of analysis such as single-cell (SC)
and single-particle (SP) workflows, and/or time-of-flight mass (TOF) spectrometry
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Table 5 Examples of environmental processes that can lead to NM transformation and influence
exposures to organisms (Nowack et al. 2012; Lead et al., 2018)

Process Type Example Reference
Photolysis Physical/ Weathering of quantum dots and | Wiecinski et al.
chemical increase in toxicity (2013)
Oxidation and Chemical Silver oxidation prior to Grillet et al. (2013)
reduction dissolution
Dissolution and Physical/ Silver NMs dissolve into silver Merrifield et al.
precipitation chemical ions followed by reprecipitation | (2017)
and ripening
Adsorption of NMs Physical/ Interaction of NMs with external | Handy et al. (2008a,
onto larger particles chemical surfaces of organisms followed | b)
by uptake
Adsorption of NOM | Physical or | Ecocorona formation and Mudunkotuwa and
and ions onto NMs chemical (commonly) reduction in toxicity | Grassian (2015)
Combustion Chemical Altered CeO, NM speciation Gogos et al. (2019)
during sewage sludge
incineration
Biodegradation Biological Degradation of organic polymer | Kirschling et al.
coatings (2011)

(Merrifield et al. 2017; Praetorius et al. 2017; Merrifield et al. 2018; Loosli et al.
2020). SC and SP methods are especially effective in quantifying NMs in biological
material, while TOF approaches are able to separate engineered NMs from natural
background NMs in environmental media (Gondikas et al. 2018). Further metro-
logical improvements will help to validate MFA and FB modelling approaches
which need to be compared with benchmarks for environmental NM concentrations
to reduce the uncertainty of the data they generate (Nowack et al. 2012). The uncer-
tainty of the output of MFA and FB models remains high because the probable
environmental concentrations and volumes of NMs have uncertainties of several
orders of magnitude in some cases, are likely to fluctuate significantly from year to
year, and cannot yet be reliably validated on a large scale using current analytical
techniques (Jankovic and Plata 2019). The reliability of these models can be
improved by using relevant environmental conditions in laboratory experiments and
mesocosm studies (Bone et al. 2015; Hansen et al. 2017). Overall, MFA models are
useful for estimating and predicting NM releases, and FB models allow researchers
to determine the sinks of NMs based on data generated using MFA models.
Combining both modelling approaches is promising as a comprehensive tool for
fate and transport studies.

The longer a NM is stable in suspension, the greater chance there is for reactions
to occur on the NM surface. For instance, sulfidation can occur with metal NMs
such as Ag, in environments high in sulfides or low in oxygen (such as anaerobic
digesters at wastewater treatment plants — Kim et al. 2010; Kaegi et al. 2011; Lombi
et al. 2013). This reaction can influence particle size, charge, and solubility by
depositing sulfur atoms onto the NM surface. Depending on NM composition and
properties such as size, sulfidation impacts solubility and resulting toxicity to
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aquatic organisms (Kaegi et al. 2011). Natural colloids, such as suspended solids,
can also change the surface of an NM and influence stability and toxicity (Manciulea
et al. 2009; Mudunkotuwa and Grassian 2015; Baalousha et al. 2015; Romer et al.
2016). Agglomeration of dissolved metals into NMs under environmental condi-
tions and sorption of toxic substances have also been observed (Scarano and Morelli
2003; Ferreira et al. 2014).

Terrestrial systems are generally less studied than aquatic systems, though the
same principles of colloidal behaviour and challenges in metrology apply to NMs in
both media (Burleson et al. 2004; Gimbert et al. 2005; Klaine et al. 2018). Colloid
generation, fate, nutrient sequestration, and contaminant transport are influenced by
physicochemical properties of the molecules as well as the media, for instance, soil
texture, pH, ionic strength, and cation exchange capacity (Quirk and Schofield
1955; Noack et al. 2000; Cornelis et al. 2011; Zhang et al. 2012; Cornelis et al.
2014). As in water, dissolution of ZnO NMs occurs in a pH-dependent manner, and
interactions with NOM in the soil reduce toxicity of NMs (Tong et al. 2007; Kasel
et al. 2013; Heggelund et al. 2014). To date, inputs of NMs into terrestrial systems
have been biosolids applications, which release TiO,, ZnO, and Ag NMs (Shah et al.
2014). The process of colloid transport through pore spaces in a terrestrial system is
shown in Fig. 5 (Cornelis et al. 2014).

Hazard of NMs to Organisms

Environmental transformations, particle size, chemical composition and synthesis
method, particle charge, and even shape can impact toxicity of NMs to organisms
(Jia et al. 2005; Hawthorne et al. 2012). Benthic crustaceans and mussels uptake
NMs and exhibit oxidative DNA damage from exposure (Lovern and Klaper 2006;
Zhu et al. 2006; Gagné et al. 2008; Moore et al. 2009). Similarly, earthworms have
been shown to exhibit toxic reactions to ZnO NMs in soil (Heggelund et al. 2014).
Most ecotoxicological data generated for NMs are for Daphnia, algae, bacteria,
various species of fish, and some invertebrates such as worms, with investigations
into effects on reptiles, birds, and mammals lacking (Lead et al. 2018). A number of
toxic effects from NMs have been observed across multiple species. Membrane
disruption, changes in ion uptake, cytoskeletal motility, protein function, and gen-
erational impacts from NM exposure have been observed in laboratory studies of
animals (Park et al. 2003; Soenen et al. 2011; Wu et al. 2013; Yue et al. 2015, 2016;
Schultz et al. 2016). Toxicity mechanisms differ between aquatic and terrestrial spe-
cies; for example, in fish particulate (including NM) uptake occurs through the gills,
gastrointestinal tract or skin followed by induction of active transport mechanisms
(Geppert et al. 2016). Target organs for NMs are usually similar to bulk or dissolved
substances, though the spleen is involved in particulate processing and is particu-
larly affected by NMs in fish (Handy et al. 2011).

The same NM type can have different biological uptake and toxicity behaviour
under different conditions. With Danio rerio (zebrafish) for example, the rate of Ag
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Fig. 5 The fate and transport processes in soil, based on a diagram from Cornelis et al. (2014). 1:
natural colloid formation; 2: release of NMs from biosolids; 3: homoaggregation; 4: fragmenta-
tion; 5: sedimentation; 6: heteroaggregation; 7: size exclusion; 8: straining; 9: deposition; 10:
convective transport

NM uptake is reduced by the presence of NOM which reduces toxicity (Xiao et al.
2020). Similar behaviour has been observed in other fish as well (Piccapietra et al.
2012; Li et al. 2015; Yue et al. 2017). The sub-lethal effects of NMs in animals may
allow for bioaccumulation at higher trophic levels, though the toxicity of chronic
ingestion of NM-contaminated food has not yet been established (Judy et al. 2011).
In addition, the consumption of food containing NMs alters fish gastrointestinal
microbiota, which may be critical in key metabolic processes (Merrifield et al.
2013). Studies on the effects of NMs on zebrafish (Danio rerio) have provided basic
toxicological data on “no observed effect concentration” (NOEC), “lowest observed
effect concentration (LOEC), “median effect concentration” (EC50), and “median
lethal concentration” (LC50) for various NMs, and some effort has been placed on
developing comprehensive databases of ecotoxicology data for NMs (Juganson
et al. 2015). Additionally, zebrafish embryos experience developmental abnormali-
ties from exposure to Au, SiO,, CdSe/ZnS NMs (King-Heiden et al. 2009; Duan
et al. 2013; Kim et al. 2013). Freshwater fish such as rainbow trout (Oncorhynchus
mykiss) and largemouth bass (Micropterus salmonoides) have also been found to be
sensitive to Ag and fullerene NM exposures (Oberdorster 2004; Yue et al. 2016).
Several aquatic invertebrates, including snails, crustaceans, and worms have
been subjected to ecotoxicology studies based on NM exposures. Oliveira et al.,
showed that Ag NMs were slightly toxic to the snail Biomphalaria glabrata (2019).
Castro et al., found that the association of graphene oxide NMs with NOM decreased
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the EC50 of the NMs for the crustaceans Artemia salina and Daphnia magna, sug-
gesting increased toxicity; the same study found that nematodes decreased toxicity
to algae, indicating a complex, species dependent interaction with NMs (2018).
Lovern and Klaper showed that Daphnia magna were also sensitive to TiO, and
fullerene NMs and found the LC50 to rise significantly when each type of NM was
sonicated versus filtered (2006). The estuarine sediment-dwelling lugworm
(Arenicola marina) also showed gastrointestinal damage with exposure to TiO, at a
concentration of 1000 pg g=!' (Galloway et al. 2010). Gagné showed that freshwater
mussels, Elliption complanata, suffer immunological damage from CdTe quantum
dot NMs (2008). The sea urchin Paracentrotus lividus was also shown to have
severe developmental defects following nanoplastic exposure (Della Torre et al.
2014). The broad range of affected invertebrates indicates the importance of under-
standing how NMs behave in the environment.

Microorganisms are also susceptible to the effects of NM exposure. Bacteria
such as Escherichia coli and Bacillus subtilis are affected by fullerenes and quan-
tum dot NMs, as well as antimicrobial NMs such as Ag (Mashino et al. 1999;
Kloepfer et al. 2005). Other microorganisms such as algae demonstrate sorption
which represents a risk for exposure to fish feeding on them (Leclerc and Wilkinson
2014; Liet al. 2015). Castro et al., found that graphene oxide NMs were also slightly
toxic to Pseudokirchneriella subcapitata (2018). Several other studies have been
performed on algae, which are listed, along with the major fish and invertebrate
ecotoxicological data, in Table 6.

The mechanisms of NM localization into specific cellular organelles are not fully
understood, though model systems exist for aquatic and terrestrial organisms such
as fish, insects, amphibians, and plants (Nations et al. 2011; Priester et al. 2012;
Millaku et al. 2013; Bacchetta et al. 2014; Zhao et al. 2015; Minghetti et al. 2017).
A key effect of NM exposure is alteration of nitrogen, phosphorus, and carbon
cycling (Colman et al. 2013; Schug et al. 2014). For microorganisms, NMs become
embedded in extracellular matrices of biofilms and interfere with ion and nutrient
uptake (Zhang et al. 2013; Park et al. 2003). NMs that enter cells interact with pro-
teins and organelles such as lysosomes (Linse et al. 2007; Harush-Frenkel et al.
2008; Shemetov et al. 2012; Stern et al. 2012) and mitrochondria (Frohlich 2013).
Smaller NMs such as quantum dots under 9 nm or Au under 39 nm can associate
with histones to alter gene expression (Panté and Kann 2002; Nabiev et al. 2007).
Larger NMs between 70 and 100 nm can also be incorporated into nuclei during cell
division (Lénart et al. 2003; Chen and von Mikecz 2005).

Environmental risks of NMs and Mitigation Strategies

An NM life cycle can be broken down into production, usage, disposal, and dis-
charges (Holden et al. 2016). Production of NMs may lead to effluent discharge to
the air, water, or soil in addition to indirect environmental effects based on energy
consumption and synthesis processes employed (Holden et al. 2016). Usage of NMs
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Table 6 Selected organisms studied organisms from NMs

EC/
NOEC |LC50
(ug (ug GESAMP
Organism Nanomaterial | mL™") mL~") rating® Reference
Danio rerio MXene 50 257.5 Practically | Nasrallah et al.
non-toxic (2018a)
ZnO <10 13.29 Slightly Al-Kandari et al.
toxic (2019)
Reduced GO/ | <400 748.6 Practically | Al-Kandari et al.
TiO, non-toxic (2019)
Magnetic 1600 >1600 Non-toxic Nasrallah et al.
mesoporous (2018b)
SiO,
Multi-walled 40 >60 Slightly Asharani et al.
CNTs toxic (2008)
GO - >100 Practically Castro et al.
non-toxic (2018)
Daphnia magna GO - >0.58 Highly toxic | Castro et al.
(2018)
Sonicated 0.2 7.9 Moderately | Lovern and
fullerenes toxic Klaper (2006)
Sonicated TiO, |- >500 Practically | Lovern and
non-toxic Klaper (2006)
71O, - >400 Practically | Zaleska-
non-toxic Radziwill and
Doskocz (2016)
Pseudokirchneriella | GO - >66.6 Slightly Castro et al.
subcapitata toxic (2018)
ZnO 0.017 0.042— | Very highly | Aruoja et al.
0.068 toxic (2009) and
Franklin et al.
(2007)
TiO2 0.984 5.83 Moderately | Aruoja et al.
toxic (2009)
CuO 0.421 0.71 Highly toxic | Aruoja et al.
(2009)
Tetraselmis suecica ZnO 0.1 391 Moderately | Lietal. (2017)
toxic
Dunaliella tertiolecta | SiO, 125 187.77 | Practically | Manzo et al.
non-toxic (2015)
TiO, 7.5 24.1 Slightly Manzo et al.
toxic (2015)
Karenia brevis TiO, - 10.69 Slightly Lietal. (2015)
toxic
Skeletonema costatum | TiO, - 7.37 Moderately | Li et al. (2015)
toxic

(continued)
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Table 6 (continued)

EC/
NOEC |LC50
(ug (ug GESAMP
Organism Nanomaterial | mL™") mL~!) rating® Reference
Chlamydomonas CuO <100 150.45 | Practically | Melegari et al.
reinhardtii non-toxic (2013)

NOEC no observed effect concentration, EC50 median effect concentration, LC50 median lethal
concentration, GO graphene oxide.
“From GESAMP (2002)

creates another set of pathways into the environment. For example, products such as
sun cream that contain TiO, in a dispersed form are commonly used at the beach,
which washes off directly into the water, while TiO, suspended in paint is intended
to dry, immobilizing NMs away from environmental discharge (Nowack et al.
2012). Disposal of NMs or NM-enabled products primarily leads to transport
through plumbing infrastructure, wastewater treatment plants, and landfills (Holden
et al. 2016). Discharges of NMs can occur incidentally through spills or leaks, or
through deployment such as in environmental remediation. Especially for remedia-
tion applications, understanding the environmental risk of NMs is key prior to regu-
latory approval (Lead et al. 2018).

To minimize some of the environmental impacts of large-scale NM production,
research into green synthesis methods for NMs has been performed (Pati et al. 2014;
Jankovic and Plata 2019). For the purposes of comparing the environmental impacts
of NM production, a life cycle assessment framework can be employed to weigh the
upstream and downstream impacts embodied in a complete product, such as cumu-
lative energy demand of the reactants (embodied energy), carbon emissions, metal
depletion, land use, and ecotoxicity (Pati et al. 2014). Additional by-products gener-
ated from NM manufacture such as inactive NMs, molecular coatings, and pro-
duced wastewater can be discharged directly into the environment in potentially
high concentrations (Holden et al. 2016). Incorporation of NMs into products can
also create wastes that are then discharged into landfills or wastewater treatment
plants (Holden et al. 2016; Lead et al. 2018).

NM surface modifications can improve stability. For example, zero-valent NMs
have a highly reactive metal core with an oxidation state of zero, and are highly
predisposed to agglomeration. Surface modification provides a balance between
increased protection from environmental transformations and reduced reactivity
(Klaine et al. 2018). Whether an NM is intended for personal care, environmental
use, or other use with potential for accidental spillage or release, these modifica-
tions may not last and potential transformations should still be assessed prior to
large-scale usage (Lead et al. 2018). Since there can be undesired effects when
using synthetic reactants; chemicals generally regarded as safe, such as citrate,
polyvinylpyrrolidone, or NOM are competitive alternatives to surfactants and other
coatings used to improve environmental stability, since they tend to have higher
bioavailability and uptake, lower toxicity, and are more readily biodegradable
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(Angel et al. 2013; Pati et al. 2014). While other aspects of a NM production method
influence environmental footprint, such as mineral and energy requirements and
carbon emissions, these impacts are indirect and are more of a focus for sustain-
ability than ecotoxicology — though still relevant considerations.

Over time, NMs will be cycled through the environment. Prior to this, they may
pose a nano-speciifc risk to environmental organisms. Subsequently, they increase
total load in the environment, which becomes important for potentially toxic ele-
ments and compounds. Currently, studies are limited to a small number of species
such as Daphnia magna, specific algae and bacteria, and certain fish. In addition,
environmental exposure to humans presents a continuing risk (Jankovic and Plata
2019; Holden et al. 2016). The potentially widespread dispersion of NMs into the
environment is an issue because they pose a novel risk compared to larger particu-
lates and dissolved counterparts (Lead et al. 2018). The analytical challenges in
assessing NM behaviour in real-world situations limits our understanding, although
there has been a massive development in knowledge including on the influence of
NM properties and transformations on fate, behaviour, and biological effects (Klaine
et al. 2018; Nowack et al. 2012; Holden et al. 2016). One drawback to studies per-
formed so far is the lack of long-term exposure data for NMs, which will likely be
addressed by integrating newly developed techniques with standardized experimen-
tal designs specific to NMs (Lead et al. 2018). Understanding how NMs are weath-
ered in various environments points to the need to assess not only pristine NMs, but
NM-enabled products and environmentally transformed NMs as well (Nowack
et al. 2012).

Conclusions

The development of environmentally benign processes that include thorough analy-
sis of waste production and active product yield, which work in conjunction with
modelling frameworks developed to predict environmental concentrations of NMs,
has improved understanding of the environmental risks of NMs (Wang and Nowack
2018; Jankovic and Plata 2019). The focused study on environmental transforma-
tions has elucidated the physico-chemical properties of NMs which influence envi-
ronmental risk, and has hastened the development of engineered surface
modifications that limit NM environmental footprints as well as the likelihood of
environmental transformation (Balasubramanian and Burghard 2005; Angel et al.
2013; Pati et al. 2014; Yin et al. 2015). Developments in analytical techniques help
to validate these models and reduce the uncertainty in estimating NM exposures. In
addition, ecotoxicological experiments are increasingly being performed under
environmentally relevant operational conditions, providing a clearer idea of the
compartmentalization of NMs into environmental and biological systems (Geitner
et al. 2020). This effort also provides insight into the threshold concentrations that
cause a range of divergent effects including apoptotic responses to enhanced growth.
Unique processes in aquatic and terrestrial environments have also been shown to
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influence the hazard of NMs in their respective systems and highlight some of the
challenges in ecotoxicology for each medium. Evidence of uptake mechanisms for
NMs has been obtained, with dynamic effects on microorganisms, plants, and ani-
mals alike. A key finding has been the localization sites of NMs into specific cellular
organelles based on size, composition, and charge, which enables further minimiza-
tion of the risk of NMs through knowledge-based product engineering.

Chapter Summary

This chapter has provided an overview of the potential human health and environ-
mental impact of NMs. Presently, the research, development, and production of new
NMs is moving faster than the generation of data ascertaining to their hazard risk.
The future resolution of this issue is imperative in order to identify NM properties
that infer health and environmental risks. The plethora of issues and potential toxi-
cological endpoints broadly covered in this chapter are discussed in further detail
throughout the chapters of this book.
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Abstract Nanotechnology allows the production of nano-sized particles and fibres
with properties that are not evident in the micro-size range. This also has an impact
on their uptake, accumulation and excretion in the body as well as their toxic
potency and associated health effects. There remians little evidence published as to
the unique toxicity of nano-sized particles and fibres. Three main routes of exposure
(oral, inhalation and dermal) are described herein, as well as key toxicological
observations caused by nano-sized particles and fibres. Albeit that a lot of research
has been performed, particular to increase our understanding of acute effects, the
field is not yet at the stage to formulate new paradigms that would support the
grouping and classification of nanomaterials without the need for rigorous testing of
each specific material.
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Introduction

Nanotechnology finds application in many different areas. For example, objects can
be made stronger than normal, and solar cells can have improved efficiencies.
Nanotechnology also makes it possible to ensure that medicines are targeted to a
specific location in the body where they are needed. Due to these highly promising
characteristics, the government and the business community invest a great deal in
nanomaterials (NMs), and the technology has become an inseparable part of our
society. Although there is not yet a uniform definition of a NM, especially for use in
legislation, there is a general consensus that nanoparticles, have at least one dimen-
sion <100 nm (ISO TS 80004-1:2015, ISO 80004-2:2015, EU Recommendation).
NMs and/or nanoparticles are being incorporated at a rapid rate into new structures,
materials and devices with a wide range of commercial applications (e.g. sunscreens
as UV filter, paints for scratch resistance, solar cells for energy generation). Since
nanoparticles exhibit physicochemical properties strikingly different than fine par-
ticles (micrometer range) of the same composition, there is every reason to suspect
that nanoparticles could exhibit unique bioactivity. Therefore, the field of nanotoxi-
cology has emerged to evaluate pulmonary and systemic effects of exposure to
nanoparticles, determine the dose dependency and time course of these responses,
and identify mechanisms of action. Environmental assessment studies indicate that
nanoparticles can be aerosolized during weighing, blending, mixing, sonication,
and spraying procedures [Maynard et al. 2004; Han et al. 2008; Lee et al. 2010;
Stone et al. 2017]. In addition, high levels of aerosolized nanoparticles can be gen-
erated during cleaning of ovens used for nanoparticles synthesis [Methner 2008].
Therefore, inhalation is believed to be a primary route of nanoparticle exposure in
the workplace or, in case of using spray products like deodorant or sunscreen that
poses the highest risk for adverse effects (Riediker et al. 2019; Riebeling et al.
2016). However, the knowledge and understanding the mechanisms of nanotoxicol-
ogy continues to develop, as reflected by the constant growth in literature in the
past decade.

A few studies are now emerging that demonstrate effects of NMs on human
health, especially in an occupational setting (Willhite et al. 2016; Gulumian et al.
2016; Riediker et al. 2019). For multi-walled carbon nanotubes (MWCNTSs), Lee
et al. (2015) investigated workers manufacturing this material and found that while
there was no impact on haematology and blood biochemistry, they did see an
increase in a range of markers of lipid peroxidation in exhaled breath condensates
of workers, including malondialdehyde, 4-hydroxy-2-hexenal and n-hexanal.
MWCNTs have also been reported to impact on a range of endpoints in workers
exposed for at least 6 months. These endpoints include the targeting of genes associ-
ated with the cell cycle regulation, progression and control as well as genes involved
in apoptosis and proliferation (Shvedova et al. 2016). The same study also identified
targeting of pathways involved in pulmonary and cardiovascular effects, as well as
carcinogenic outcomes in humans. Another study followed workers in 14 NM man-
ufacturing and/or application factories in Taiwan for 6 months (Liao et al. 2014).
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The NMs made or handled included silver, iron oxide, gold, titanium dioxide, car-
bon nanotubes or silicon dioxide. The group working with NMs exhibited higher
levels of antioxidant enzymes cardiovascular markers than workers handling other
materials. In addition, the study also identified that markers of small airway damage
and lung function were significantly associated with handling NMs.

Respiratory Response to Pulmonary Exposure

There is still relatively little information available on whether exposure to NMs can
lead to health effects. This is partly due to the absence of an overview of companies
working with NMs or the lack of information on the presence of NMs in e.g. con-
sumer products. At the workplace, we do know that the likelihood of exposure to
NMs depends primarily on the chance of nanoparticles being inhaled. This may, for
instance, happen when NMs are handled in powder form or in spray applications
(e.g. spray paint), or when processing materials that contain nanoparticles. Apart
from workers, consumers can also be exposed via inhalation for instance by using
spray products such as deodorants.

Once inhaled, nanoparticles have a high probability of deposition in the lungs
(Kuempel et al. 2015). This deposition occurs primarily by diffusion and second-
arily by thermophoretic effects in the first few airways of the lung during inhalation
and exhalation. Fibres and platelets like graphene that are nano-sized in at least one
dimension are also deposited in the lower respiratory tract, mainly by interception
due to their small size and elongated shape. Once deposited the chemical composi-
tion including surface reactivity and dissolution rates are the driving forces for tox-
icity. Oxidative stress leading to inflammatory responses is a common biological
response that can lead to tissue damage as well as lung cancer including mesothe-
lioma related to biopersistent fibres (Stone et al. 2017). Particles can be translocated
to other organs including into the blood where they have been associated with the
onset of adverse health outcomes (Kreyling et al. 2013; Kuempel et al. 2015; Geiser
and Kreyling 2017; Riediker et al. 2019) (Fig. 1).

There are several theories regarding the toxicity of NM and how it may differ
from larger particles in air. Toxicity will depend on the chemical composition, exter-
nal (crystallinity) and internal structure (open spaces, porosity) and impurities, and
particle size/dimensions (Johnston et al. 2000). High particle number, overall large
specific surface areas, and high lung deposition efficiency due to small aerodynamic
size may also be important in contributing to the health effects (Utell and Frampton
2000). These characteristics result in a higher local dose despite a similar exposure
concentration compared to that of micron sized particles.

One major difference between micron and nano sized particles is the different
recognition patterns between alveolar macrophages that have an essential role in
clearing particles from the lungs, and the epithelial cells, with their function being
predominantly facilitation of gas exchange between the air and the blood (oxygen
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Fig. 1 Biokinetics associated with the exposure—dose-response paradigm

and carbon dioxide). As illustrated in Fig. 2, macrophages may not recognize nano
sized particles efficiently which results in a higher dose for the epithelial cells.
Plausible biological mechanisms linking airborne NMs pollution to cardiovascu-
lar disease involve (a) direct effects of pollutants on cardiac, endothelial, blood and
pulmonary cells and receptors, and/or (b) indirect effects mediated through
pollutant-induced pulmonary oxidative stress and inflammatory responses. Direct
effects may occur via agents that readily cross the pulmonary epithelium into the
circulation, such as gases, and ultrafine particles along with soluble constituents of
PM,; (e.g., transition metals). In addition, activation of the autonomous nervous
system secondary to PM interactions with sensory neurons and receptors in the
airways may play a role. These direct effects of airborne NMs represent a conceiv-
able explanation for the occurrence of rapid (within a few hours) cardiovascular
responses, such as onset of myocardial infarctions in predisposed people. In con-
trast, less acute (several hours to days) and chronic (days to weeks) indirect effects
may occur via pulmonary oxidative stress, inflammation and build-up of morpho-
logical changes induced by inhaled pollutants. NMs have been suggested to directly
interact with target cells and cross cell barriers. Apart from crossing the air-blood
barrier, evidence is emerging that nanoparticles deposit on the olfactory epithelium
in the nose and can relocate into the various parts of the brain via the olfactory bulb.
Once NMs are blood born and they will be transported to other parts in the body
whereas the liver and the spleen act as efficient filtration systems. However, the lat-
ter may also respond with an inflammatory response as can be seen in the lung after
exposure to NMs. Thus, the majority of studies into inhalation toxicology suggest
that the effect of granular NMs are by and largely driven by the dissolution rate in
case of (transition) metals, whereas the adverse responses seen following exposure
to fibres are highly dependent on the aspect ratio and sometimes can result in an
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Fig. 2 Schematic presentation of the interaction of particles with the biological (defense) system
and translocation mechanism in the lung. Particle can interact or phagocytized by free moving
macrophages or can directly interact with the epithelial cells. Cells can response by releasing
mediators attracting inflammatory cells (neutrophils). Particles can also pass through cells or in
between cells reaching the blood vessels and blood. (Taken from Stone et al. 2017)

asbestos-like effect when materials are rigid and bio-persistent (as discussed above)
(Wang et al. 2017; Shvedova et al. 2014).

Based on the literature, it can be considered that titanium dioxide (TiO,) is the
most well-studied NM following inhalation exposure. As with many insoluble par-
ticles much of the toxic response is due to the physical aspects rather than a specific
chemical-biological reaction. This was clearly demonstrated in studies by
Oberdorster and colleagues (Baggs et al. 1997; Oberdorster et al. 2002) who exposed
rats and mice by intratracheal instillation of nanoparticles of TiO, (20 nm particle
diameter) and larger pigment-grade particles (250 nm) establishing dose-response
relationships. It was evident that the nanoparticles lead to a greater acute pulmonary
inflammatory response as well as fibrosis at a later stage than pigment grade mate-
rial. Although, on a mass basis, nanoparticles were reported to have a heightened
hazard, it was also shown that when using total surface area as the metric for dose,
the dose-response curves for both TiO, were overlapping for the studies performed
in mice and rats (Oberdorster et al. 2000). On the other hand, various studies in
which rats were exposed by inhalation (Eydner et al. 2012, Horie et al. 2012)
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indicated that very few differences in effects were observed based on differences in
particle size. Eydner used a protocol of 6 hours/day, 7 day/week, for 3 weeks up to
45 mg/m? for 21 and 300 um particles (Eydner et al. 2012). Subtle if any effects
were observed and no clear statistically significant differences between the two
types of TiO,. However, given the fact that in this study the mass median aerody-
namic diameter was much more comparable (0.7 vs 1.1 um) than the primary size,
more or less similar dose levels will have been obtained in terms of particle numbers
and particle mass due to aggregation of primary particles. This most likely explains
the relatively small differences that were observed compared to studies done by
(Baggs etal. 1997; Oberdorster et al. 2002). Similar results were obtained in a study
in which rats were exposed to 0.2 mg nano (7 nm) and fine (200 nm) TiO, particles
in suspension via intratracheal instillations (Horie et al. 2012). No adverse responses
were observed, whereas similar dose levels of nickel oxide caused clear toxicity, up
to a week after a single exposure, let alone the significant differences observed that
could be related to the size of the particles. The molecular structure of TiO, is fixed,
yet the physical aspects can be rather variable. Since this also affects the perfor-
mance of TiO,, various applications (e.g. photo catalyst, solar energy), and the vari-
ability in the physical aspects suggest that the toxicological profile will also change
due to differences in dimensions.

Cardiovascular Effects of Pulmonary Exposure

Epidemiological studies have consistently reported a positive relationship between
levels of ambient particular matter (PM i.e. particles in air smaller than 10 um aero-
dynamic diameter) and cardiovascular morbidity (Pope and Dockery 2006, Brook
et al. 2010). Causes of increased cardiovascular mortality include: chronic coronary
artery disease, congestive heart failure, ischemic heart disease, and cerebrovascular
disease. The associations between PM and cardiovascular dysfunction are stronger
for PM, 5 than PM,,, i.e., smaller particles appear to exhibit greater cardiovascular
dysfunction on an equal mass basis. It is possible that on an equal mass or surface
area basis nanoparticles may be more potent that fine particles. There is increasing,
but still limited, epidemiological evidence on the effects of ultrafine (<0.1 um) par-
ticles on cardiorespiratory health and the central nervous system. Ultrafines or
nanoparticles in air consist mainly out of carbonaceous combustion derived parti-
cles with stronger association than those observed for PM, 5 and PM,, (Janssen et al.
2011; Peters et al. 2011). Several mechanisms, including particle translocation from
the lung to the cardiovascular tissue, elevation of inflammatory or thrombotic medi-
ators in blood, oxidant production at systemic vessels, and alteration of automatic
control of the cardiovascular system, have been proposed to explain how particle
inhalation results in cardiovascular dysfunction (Utell et al. 2002). Albeit that the
before mentioned information applies to ambient aerosols containing nano-sized
particles it is plausible that similar differences in responses result from exposure to
engineered NMs (Vesterdal et al. 2010; Raftis and Miller 2019; Miller et al. 2017).
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Three hypothetical pathways to explain the cardiovascular effects of PM pre-
dominate; ‘inflammation’, ‘autonomic regulation’ and ‘particle translocation’. The
conventional hypothesis is that particles inhaled into the lung are taken up by alveo-
lar macrophages, eliciting an inflammatory reaction within the lung. An adequate
particle dose, reactivity or lack of clearance, leads to augmentation of the response
with a resultant ‘spill-over’ of inflammatory mediators into the blood. This will
cause systemic inflammation (Seaton et al. 1995), which is strongly associated with
cardiovascular disease. Alternatively, either inhaled particles or the inflammatory
response resulting from the particles stimulate alveolar sensory receptors (Ghelfi
et al. 2010; Hazari et al. 2011), providing a signal to the central nervous system.
This shows from changes in autonomic nervous system activity, which directly reg-
ulates cardiac function, and, indirectly, other aspects of the cardiovascular system
(Rhoden et al. 2005). The recognition of the UFP fraction of PM paved the way for
a third hypothesis: that the minute size of nano-sized particles allows them to relo-
cate by moving through the thin alveolar-capillary wall (by an as-yet undetermined
mechanisms) and enter the circulation themselves to directly affect cardiovascular
function (Nemmar et al. 2001; Oberdérster et al. 2002).

There is a wealth of evidence for and against each of these theories, but in truth
all three are likely to occur, with the contribution of each dependent on the physico-
chemical properties of the UFP, the cardiovascular endpoint under investigation,
and the susceptibility of the person/model being explored (Miller 2014).
Furthermore, it is highly likely that many of the subtleties of these pathways have
yet to be identified. Reports are rapidly emerging from preclinical models that dem-
onstrate similar cardiovascular effects for NM to that shown for UFP, e.g. altered
autonomic function (Harder et al. 2005), impaired vasodilatation (Leblanc et al.
2010; Mgller et al. 2011), blood hypercoagulability (Emmerechts et al. 2012), and
aggravated atherosclerosis (Mikkelsen et al. 2011). Identification of the biological
mechanisms for these parallel observations will have important consequences for
both fields of research.

A second proposed mechanism is that pulmonary exposure to NMs causes lung
inflammation, which enhances inflammatory or thrombotic mediators in the blood
to alter cardiovascular response. Nurkiewicz et al. (2006) reported complete inhibi-
tion of the ability of arterioles in the shoulder muscle to respond to dilators at a lung
burden of TiO, in the rat, which did not cause a significant elevation of inflamma-
tory markers in bronchoalveolar lavage fluid. Similarly, they failed to find any ele-
vations of mRNA for inflammatory mediators in peripheral blood samples. Likewise,
Kan et al. (2012) failed to find elevated levels of TNF a or IL-1 either immediately
or 24 hours after inhalation of nano TiO, (rat lung burden of 10 pg). Li et al. (2010)
also failed to observe an increase in plasma levels of inflammatory cytokines and
chemokines in mice exposed to SWCNT at pulmonary exposure levels that induced
arterial plaque formation. Meng et al. (2012) reported similar results in hypertensive
rats after pulmonary exposure to SWCNT, i.e., no changes in blood inflammatory
mediators but an elevation in plasma endothelin-1 and angiotensin-1 converting
enzyme. Erdely et al. 2011 reported that serum inflammatory markers (IL-6, IL-5,
CCL11, CCL22, and CXCLI1) were elevated in mice 4 hours after pulmonary
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exposure to CNT (40 pg/lung) but returned to normal by 24 hours post-exposure. At
this time, an elevation of acute phase proteins (C-reactive protein, haptoglobin, and
serum amyloid) was noted. Taken as a whole, currently available data do not strongly
support the hypothesis that pulmonary exposure to NMs results in blood mediator
levels sufficient to explain the cardiovascular effects reported in the literature.

Nurkiewicz et al. (2006) documented that pulmonary exposure to fine TiO,
increases adherence of polymorphonuclear leukoctyes (PMN) to microvessel walls
in the shoulder muscle of rats 24 hours post-exposure. A later study from this group
documented that inhalation of nano TiO, (10 pg lung burden in rats) potentiated the
generation of reactive oxygen species (ROS) from blood PMN 24 hours post-
exposure, and that increased ROS generation was observed at the microvessel wall
in the shoulder muscle (Nurkiewicz et al. 2009). They proposed that this ROS gen-
eration scavenged dilator-induced nitric oxide produced by endothelial cells and,
thus, inhibited microvascular dilation. Indeed, antioxidants reversed the depletion
of nitric oxide in arteriolar tissue and the dilator dysfunction seen after inhalation of
nano TiO,. Similar results were reported for coronary arterioles after inhalation of
nano TiO, (10 pg lung burden) (LeBlanc et al. 2010). The local oxidant stress mech-
anism for the transduction of pulmonary CNT exposure to cardiovascular effects is
supported by data from Li et al. (2007). These results indicate that a significant
elevation in heme oxygenase-1 (HO-1) in cardiac and aortic tissue and depression
of glutathione in aortic mitochondria were associated with pulmonary aspiration of
SWCNT (40 pg/mouse).

Albeit that lung and cardiovascular effects have dominated nanoparticle toxicol-
ogy research in the last decades, since engineered NMs are increasingly utilized in
everyday products and humans are more likely to be exposed to these materials via
alternative routes, the most prevalent of these being oral and dermal.

Oral Exposure

Ingestion of NMs can occur directly from food, water or orally administered medi-
cines (Card et al. 2011). In addition, retrograde transfer of NMs by mucocilliary
clearance may result in the uptake of materials by the GI tract by subsequent swal-
lowing of materials. It is believed that the vast majority of ingested NMs are rapidly
passed through the GI tract and lost via the faeces (Papp et al. 2008; Cho et al. 2013;
He et al. 2010), although the harsh environment of the stomach with low pH and
enzymatic digestion will change some NMs and their subsequent fate. Also, some
NMs will dissolve under GI tract conditions (De Jong et al. 2019). Once again,
surface properties of NMs play an important role in their translocation from the GI
tract. It has been suggested that charged materials exhibit poor bio-availability due
to electrostatic repulsion and mucus entrapment (Hoet et al. 2004). Once in sub-
mucosal tissue, NMs are capable of entering the lymphatics and the blood capillar-
ies (Mgller et al. 2012).
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In a study in which Fischer rats, which were orally, exposed to 14C-labelled C60
fullerenes, it was demonstrated that around 98% of the ingested material were
cleared in the faeces within 2 days (Yamago et al. 1995). However, the exposure of
F344 rats orally dosed with silver (Ag) NM (56 nm) at 500 mg/kg (high experimen-
tal dose) for 90 days resulted in alkaline phosphatase (ALP) and cholesterol changes
in the blood indicative of slight liver damage. In addition, histopathologic examina-
tion revealed a higher incidence of bile-duct hyperplasia, and/or pigmentation in the
treated animals. There was also a dose-dependent accumulation of Ag in all tissues
examined. Finally, a significant accumulation of Ag was noted in the liver and the
kidneys. In another study Fischer rats were exposed to a single intragastric dose of
Ceo (~1 nm) or single walled carbon nanotubes (SWCNTSs) (~2 nm (width) and
<1 pm (Iength) (0.064 and 0.64 mg/kg). The authors showed that both doses of the
SWCNTs and Cgy caused DNA damage in liver (Folkmann et al. 2009). However,
the same NMs were not able to induce genotoxicity in colonic mucosa cells. It can
be argued that from an evolutionary perspective, enterocytes may be less susceptible
to toxic effects of exogenous materials. Another explanation could be related to the
age of the rats used in the study (sacrificed at 9 weeks old); it has previously been
shown that uptake of 1 pm labelled polystyrene particles was approximately nine
times higher in adult (5 months) rats compared to young (6—8 weeks) rats (Seifert
et al. 1996). In another study, oral exposure of Sprague-Dawley rats to SiO,
(~10 nm), Fe,O;3 (60 nm) and Ag (~10 nm) NMs at doses of up to 2000 mg/kg fol-
lowing a single or repeated exposure (daily for 13 weeks) was carried out. Here, no
adverse effects were noted in terms of hematological or histological changes within
the GI tract, despite signs of inflammation in hepatic tissues. As another example,
exposure of Sprague-Dawley rats to hydrophilic pyrogenic silica NMs (10-25 nm)
(537 or 933 mg/kg/day) via the oral route for 84 days resulted in periportal fibrosis
in the liver. Further analysis revealed a significantly induced gene expression in a
fibrosis-related gene set (van der Zande et al. 2014).

Oral administration is one of the main and most important routes of human NM
exposure as well the most widely used method of delivering drugs (Kermanizadeh
et al. 2018). The stability/bio-availability of NMs in the GIT is complex due to vari-
ability of pH in the biological environment, a protective mucus layer and presence
of digestive enzymes. This issue is further complicated by the fact that the different
physiochemical surface characteristics of different NMs will influence their cellular
interactions and uptake and might include absorption, paracellular pathway or tran-
scellular mechanism via clathrin and caveolae-dependent endocytosis (Ma et al.
2014). After oral administration, the common absorption site for NMs is the small
intestine. The major cell types in the small intestine are absorptive enterocytes,
mucus secretory goblet cells and the immune sampling M cells of the Peyer’s
patches (Kraehenbuhl and Neutra 2000; Ma et al. 2014). The M cells are associated
with lymphocytes, immunoblasts, plasma cells and macrophages and could be
important in the initiation of immune responses to NM exposure. This is similar to
antigen delivery to dendritic cells or lymphocytes via transcytosis, as well as the
transport through epithelial cells via endocytosis, persorption through gaps from
shredding at villous tips and ineffective tight junctions (Mgller et al. 2012). From
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the available data, it is apparent that NM adsorption in the GI tract decreases with
increasing material size. Therefore, NM agglomeration influences bio-availability
of the original NMs. In the GI tract, the intraluminal pH changes rapidly from being
highly acidic in the stomach to about pH 6 in the duodenum from where it gradually
increases to about pH 7.4 in the terminal ileum (Marasini et al. 2014). Both homo-
geneous agglomeration (NM-NM) and heterogeneous agglomeration (NM with dis-
solved organics — “protein corona”) contribute to increased diameters.

As a consideration, it is important to note that uptake can differ between species
as demonstrated by a generalized ranking of rabbit > rat > hamster > mice (Delie
1998; Florence 2005). One of the most popular theories proposed for these differ-
ences is that animals with higher number of Peyer’s patches such as rabbit will have
a higher rate of uptake than others. Additionally, it has been suggested that the rate
of uptake may also be subject to change with older animals capable of much higher
uptake compared to the younger animals (better functionality of Peyer’s patches
with age). Finally, the immunological state of the animal might be pivotal as it has
been demonstrated that the Peyer’s patch numbers increase when the mucosal sys-
tem is triggered (Becker et al. 2012).

Oral NM application by gavage (instead of administration in the food or drinking
water) has been recommended as being suitable to ensure well-defined conditions
of the test substance administration, since it allows delivering a precise dose of the
NM to the animals with a well-characterized degree of dispersion (Hadrup and Lam
2014). However, it is important to remember that NM application by gavage does
not reflect the lower test substance concentrations delivered over longer periods of
time when NMs are administered with the animals’ feed. Oral gavage utilizes a
bolus of NMs that may or may not mix with the gastrointestinal fluids, thereby pos-
sibly resulting in a higher local NM concentration and hence increased quantity of
the absorbed material. In the preponderance of the investigations, effects were only
observed by histopathological examination or clinical chemistry, without any cor-
responding clinical findings. Therefore, it is difficult, if not impossible, to determine
the relevance such adverse effects, and it is not yet possible to come to a conclusion
in regard to, i.e. ranking of toxic effects of different types of NMs upon oral expo-
sure. Nevertheless, the assessment of uptake across a range of NMs indicates that
the translocation from the GI tract to distal organs is rather small — typically less
than 1% of the administered dose. The majority of the studies have observed NMs
or constituents thereof (e.g. metals) in the liver and the spleen.

In general, in vivo studies comparing the effects of different NMs under identical
experimental conditions or assessing organ burden upon oral NM administration are
very rare. Often, experiments were not conducted in accordance with standardized
test guidelines, which makes it difficult to generalize between investigations
(Kermanizadeh et al. 2015). Furthermore, comparative hazard assessments of dif-
ferent NMs under identical experimental conditions are lacking, as are investiga-
tions on the reversibility or progression of effects (Kermanizadeh et al. 2015).
Therefore, it is difficult, if not impossible, to determine the relevance such adverse
effects, and it is not yet possible to conclude, or even rank the toxicity of different
types of NMs following oral exposure.
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Dermal Exposure

The human skin is composed of three layers being the subcutaneous tissue, the der-
mis and epidermis. The superficial epidermis provides a protective barrier against
foreign invaders, regulates release of water from the body and protects the body
from harm due to exposure to e.g. chemicals, NMs. The epidermis consists of kera-
tinocytes that show a differentiation from living and dividing basal keratinocytes
into the non-living superficial stratum corneum, the keratin layer covering the skin.
NMs (NMs) have been used for the last decennia to protect the skin from exposure
to UV sunlight notably by the use of ZnO- and TiO, nanoparticles as inorganic UV
filters in sunscreens (TGA 2016). Both NMs are considered safe for their use in
sunscreens although for TiO,-NPs for some products limitations exist in view of
their potential for photocatalytic activity and possibility to be phototoxic (SCCS
2012, 2014a, b; TGA 2016).

Regarding the potential hazards for exposure of the skin to NMs two aspects
needs to be considered one being the “local” toxicity in terms of potential for irrita-
tion and sensitization, and one being the potential for penetration of the skin and
resulting internal systemic exposure. In addition, for local toxicity also potential
genotoxicity/mutagenicity should be considered. Dermal exposure can occur due to
accidental spillage or low hygienic occupational settings or due to purpose made
consumer products for skin application such as sunscreens. The sensitization poten-
tial of NMs is relatively unknown, one reason being the difficulty in how testing for
sensitizing potency of NMs should be performed. The use of intradermal injection
at the base of the ear in mice is described as an alternative for the local lymph node
assay (LLNA) that normally uses topical skin application on the outer ear (Hussain
et al. 2012). Injection of TiO, NPs in acetone-olive-oil (AOO)-treated control mice
did not have any effect on lymph node (LN) proliferation as indication for immune
stimulation. Dinitrochlorobenzene (DNCB) sensitization resulted in LN prolifera-
tion, which was further increased by injection of TiO, NPs before DNCB sensitiza-
tion. In a follow-up study topical exposure of TiO,, Ag or SiO, nanoparticles did not
induce an immune response in the draining local lymph node when applied on the
skin. However, some local activity did occur as treatment with the allergen DNCB
after the topical NMs administration, enhanced the DNCB response (Smulders et al.
2015). In both studies no immune stimulation in the draining lymph node was noted
as indication for sensitization potential, however, in combination with the well-
known model sensitizer DNCB enhancement of the DNCB response was observed
indicating adjuvant activity for the TiO,, Ag and SiO, NPs.

Several studies showed that NPs (e.g. ZnO, Ag, TiO,, and CeO, nanoparticles)
do not show local irritation activity after evaluation in a reconstructed human epi-
dermis (RhE) model (Vinardell and Mitjans 2017; Miyani and Hughes 2017). In this
model the NMs can be applied in both a watery and lipid solution on top of the
epidermal construct that has a similar tissue layers as normal human skin. Six RhE
models were validated and accepted for determination of irritant activity of chemi-
cals in OECD TG 439 (OECD 2019). Also, in in vivo tests skin irritation was not
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observed after 14-day topical administration of coated and non-coated silver NMs
to the skin of weanling pigs (Monteiro-Riviere 2016). Silver nanoparticles were
only observed in the upper layers of the epidermis (Samberg et al. 2010). Local
toxicity in the skin was absent after repeated application of Cg, fullerenes (Xia
et al. 2010).

Skin penetration is poorly understood as many factors have not been properly
studied yet (Monteiro-Riviere and Larese Filon 2017). In particular, long-term skin
exposure studies are lacking. Local penetration of NMs in the skin is mainly limited
to the first superficial layers of the stratum corneum (Butz et al. 2007; Samberg et al.
2010). Local accumulation in hair follicles may occur (Chaudhry 2015). However,
after dermal exposure to ZnO NPs (20 nm), %Zn originating from the dermally
applied NMs in sunscreens could be detected in the blood of treated volunteers
(Gulson et al. 2010). With regard to skin penetration and a potential risk for sys-
temic exposure, it should be realized that the presence of skin damage can affect the
skin penetration of NMs. So, the quality of the skin (damage like abrasions, sun-
burns) but also stretching and the presence of solvents in the product/nanodisper-
sion can influence dermal penetration and uptake (Monteiro-Riviere and Larese
Filon 2012; Holmes et al. 2016). For Ag NPs it was noted that there was no penetra-
tion into viable skin whereas in damaged (burnt skin) Ag NPs were able to reach the
viable cells in the dermis (Holmes et al. 2016). On the other hand specifically for-
mulated and coated NMs are now evaluated to increase skin penetration for medical
applications (Lin et al. 2018). In the RhE model it was demonstrated that the skin
penetration of Au nanoparticles was dependent on the coating with the cetyltrimeth-
ylammonium bromide-coated (CTAB) coated gold nanoparticles with positive sur-
face charges exhibiting the highest efficiency in skin penetration (Hao et al. 2017).
The skin penetration was due to compromised tight junctions of keratinocytes, caus-
ing paracellular penetration of NPs.

When we consider various aspects of the possibility of NMs to penetrate the skin
the physicochemical characteristics play an important role (Larese Filon et al.
2015). A difference should be made between metal and non-metal NPs. Size depen-
dent penetration seems possible with NPs <4 nm able to penetrate intact skin, NPs
with sizes between 4 and 20 nm can penetrate intact and damaged skin, and NPs
with sizes between 21 and 45 nm can only damaged skin (as reviewed by Larese
Filon et al. 2015). For metal NPS also the solubility plays an important role that can
result in local and/or systemic (allergic) effects. So, for skin toxicity three aspects
need to be considered being size in physiological media, chemical composition with
regard to possible intrinsic toxicity, and solubility regarding release of toxic metals.

Although skin penetration for solid nanoparticles such as metals and metal
oxides is limited, the use of dedicated coatings and NM formulations (e.g. soft NMs
like liposomes) can enhance penetration and uptake of NMs by the skin. The condi-
tion of the skin itself, e.g. localized damage like abrasions or sunburn, may also
increase the uptake of NMs via the skin. For partially soluble NMs (ZnO nanopar-
ticles) systemic availability of the metal ions could be demonstrated.
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Conclusions

Almost three decades of intense research into the toxicology of engineered NMs has
revealed limited understanding as to the direct impact upon human health. As with
most cases, there will be exceptions as has been showed for more fibre shaped mate-
rials such certain carbon nanotubes, as these can potentially lead to the same type of
effects that are caused by asbestos, including mesothelioma, if they exhibit the pre-
cise same characteristics as these pathogenic fibres. It is also clear that the kinetics
of NMs is different from micro-sized materials, with a higher likelihood (though
also at a very low rate) to reach secondary organs. Very little information is avail-
able to draw firm conclusions on the implications of long-term low dose exposure
and as to what extend this will lead to accumulation of NMs in the body. From acute
exposures studies it can be concluded that the clearance rate of NMs once taken up
in the body is lower than from larger sized materials. As engineered NMs are pur-
posely made, it also opens opportunities from minimizing the toxicity already in the
design phase, by avoiding those properties that potentially make materials harmful.
This often referred to as safe-by-design and would be beneficial from both the man-
ufacturers (reduction of cost, avoiding bringing harmful products to the market) and
those that are exposed to the materials (reducing health risks).

References

Baggs RB, Ferin J, Oberdorster G. Regression of pulmonary lesions produced by inhaled titanium
dioxide in rats. Vet Pathol. 1997;34(6):592-7.

Becker HM, Bertschinger MM, Rogler G. Microparticles and their impact on intestinal immunity.
Dig Dis. 2012;30:47-54.

Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F, Hong
Y, Luepker RV, Mittleman MA, Peters A, Siscovick D, Smith SC, Whitsel L, Kaufman
JD. Particulate matter air pollution and cardiovascular disease: an update to the scientific state-
ment from the American heart association. Circulation. 2010;121:2331-78.

Butz T, Reinert T, Pinheiro T, Moretto P, Pallon J, Kiss AZ, Stachura J, D,Abro’s W, Stachura Z,
LekkiJ, Lekka M, Hunyadi J, Biro T, Sticherling M, Van Vaeck L, Van Royen P, Surleve-Bazeille
JE. NANODERM, Quality of skin as a barrier to ultra-fine particles, QLK4-CT-2002-02678
final report. 2007.

Card JW, Jonaitis TS, Tafazoli S, Magnuson BA. An appraisal of the published literature on the
safety and toxicity of food-related NMs. Crit Rev Toxicol. 2011;41:22—49.

Chaudhry Q. Opinion of the Scientific Committee on Consumer safety (SCCS) — revision of the
opinion on the safety of the use of titanium dioxide, nano form, in cosmetic products. Regul
Toxicol Pharmacol. 2015;73:669-70.

Cho WS, Kang BC, Lee JK, Jeong J, Che JH, Seok SH. Comparative absorption, distribution, and
excretion of titanium dioxide and zinc oxide nanoparticles after repeated oral administration.
Part Fibre Toxicol. 2013;10:9.

De Jong WH, De Rijk E, Bonetto A, Wohlleben W, Stone V, Brunelli A, Badetti E, Marcomini A,
Gosens I, Cassee FR. Toxicity of copper oxide and basic copper carbonate nanoparticles after
short-term oral exposure in rats. Nanotoxicology. 2019;13:50-72.



54 A. Kermanizadeh et al.

Delie F. Evaluation of nano- and microparticle uptake by the gastrointestinal tract. Adv Drug Deliv
Rev. 1998;34:221-33.

Erdely A, Liston A, Salmen-Muniz R, Hulderman T, Young SH, Zeidler-Erdely PC, Castranova V,
Simeonova PP. Identification of systemic markers from a pulmonary carbon nanotube expo-
sure. J Occup Environ Med. 2011;53(6 Suppl):S80-6.

Emmerechts J, Jacobs L, Van Kerckhoven S, Loyen S, Mathieu C, Fierens F, Nemery B, Nawrot
TS, Hoylaerts MF. Air pollution-associated procoagulant changes: the role of circulating
microvesicles. J Thromb Haemost. 2012;10(1):96-106. https://doi.org/10.1111/j.1538-7836
.2011.04557 x.

Eydner M, Schaudien D, Creutzenberg O, Ernst H, Hansen T, Baumgértner W, Rittinghausen
S. Impacts after inhalation of nano- and fine-sized titanium dioxide particles: morphological
changes, translocation within the rat lung, and evaluation of particle deposition using the rela-
tive deposition index. Inhal Toxicol. 2012;24(9):557-69.

Florence AT. Nanoparticle uptake by the oral route: fulfilling its potential? Drug Discov Today
Technol. 2005;2:75-81.

Folkmann JK, Risom L, Jacobsen NR, Wallin H, Loft S, Mgller P. Oxidatively damaged DNA in
rats exposed by oral gavage to C60 fullerenes and single-walled carbon nanotubes. Environ
Health Perspect. 2009;117:703-8.

Geiser M, Kreyling WG. Deposition and biokinetics of inhaled nanoparticles. Part Fibre Toxicol.
2017;7:2.

Ghelfi E, Wellenius GA, Lawrence J, Millet E, Gonzalez-Flecha B. Cardiac oxidative stress and
dysfunction by fine concentrated ambient particles (caps) are mediated by angiotensin-ii. Inhal
Toxicol. 2010;22:963-72.

Gulson B, Mccall M, Korsch M, Gomez L, Casey P, Oytam Y, Taylor A, Mcculloch M, Trotter J,
Kinsley L, Greenoak G. Small amounts of zinc from zinc oxide particles in sunscreens applied
outdoors are absorbed through human skin. Toxicol Sci. 2010;118:140-9.

Gulumian M, Verbeek J, Andraos C, Sanabria N, de Jager P. Systematic review of screening and
surveillance programs to protect workers from NMs. PLoS One. 2016;11(11):e0166071.

Hadrup N, Lam HR. Oral toxicity of silver ions, silver nanoparticles and colloidal silver — a review.
Regul Toxicol Pharmacol. 2014;68:1-7.

Han JH, Lee EJ, Lee JH, So KP, Lee YH, Bae SN, Lee SB, Ji JH, Cho MH, Yu 1J. Monitoring
multiwalled carbon nanotube exposure in carbon nanotube research facility. Inhal Toxicol.
2008;20:741-9.

Hao F, Jin X, Liu QS, Zhou Q, Jiang G. Epidermal penetration of gold nanoparticles and its
underlying mechanism based on human reconstructed 3D Episkin model. ACS Appl Mater
Interfaces. 2017;9:42577-88.

Harder V, Gilmour PS, Lentner B, Karg E, Takenaka S, Ziesenis A, et al. Cardiovascular responses
in unrestrained WKY rats to inhaled ultrafine carbon particles. Inhal Toxicol. 2005;17:29—42.

Hazari MS, Haykal-Coates N, Winsett DW, Krantz QT, King C, Costa DL, et al. Trpal and sym-
pathetic activation contribute to increased risk of triggered cardiac arrhythmias in hypertensive
rats exposed to diesel exhaust. Environ Health Perspect. 2011;119:951-7.

He X, Zhang H, Ma Y, Bai W, Zhang Z, Lu K, et al. Lung deposition and extrapulmonary transloca-
tion of nano-ceria after intratracheal instillation. Nanotechnology. 2010;21:285103.

Hoet PHM, Hohlfeld IB, Salata O. Nanoparticles — known and unknown health risks. J
Nanobiotechnol. 2004;2:12-27.

Holmes AM, Lim J, Studier H, Roberts MS. Varying the morphology of silver nanoparticles results
in differential toxicity against micro-organisms, HaCaT keratinocytes and affects skin deposi-
tion. Nanotoxicology. 2016;10:1503-14.

Horie M, Fukui H, Endoh S, Maru J, Miyauchi A, Shichiri M, Fujita K, Niki E, Hagihara Y,
Yoshida Y, Morimoto Y, Iwahashi H. Comparison of acute oxidative stress on rat lung induced
by nano and fine-scale, soluble and insoluble metal oxide particles: NiO and TiO2. Inhal
Toxicol. 2012;24(7):391-400.


https://doi.org/10.1111/j.1538-7836.2011.04557.x
https://doi.org/10.1111/j.1538-7836.2011.04557.x

The Potential Adverse Effects of Engineered Nanomaterial Exposure to Human Health... 55

Hussain S, Smulders S, De Vooght V, Ectors B, Boland S, Marano F, Van Landuyt KL, Nemery B,
Hoet PH, Vanoirbeek JA. Nano-titanium dioxide modulates the dermal sensitization potency of
DNCB. Part Fibre Toxicol. 2012;9:15.

Janssen NA, Hoek G, Simic-Lawson M, Fischer P, van Bree L, ten Brink H, Keuken M, Atkinson
RW, Anderson HR, Brunekreef B, Cassee FR. Black carbon as an additional indicator of the
adverse health effects of airborne particles compared with PM10 and PM2.5. Environ Health
Perspect. 2011;119(12):1691-9.

Johnston CJ, Finkelstein JN, Mercer P, Corson N, Gelein R, Oberdorster G. Pulmonary effects
induced by ultrafine PTFE particles. Toxicol Appl Pharmacol. 2000;168(3):208-15.

Kan H, Wu ZX, Young SH, Chen BT, Cumpston JL, Chen F, Kashon ML, Castranova V. Pulmonary
exposure of rates to ultrafine titanium dioxide enhances cardiac protein phosphorylation and
substance P synthesis in nodose ganglia. Nanotoxicol. 2012;6:736-45.

Kermanizadeh A, Balharry D, Wallin H, Loft S, Mgller P. NM translocation — the biokinetics,
tissue accumulation, toxicity and fate of materials in secondary organs — a review. Crit Rev
Toxicol. 2015;45:837-72.

Kermanizadeh A, Powell LG, Stone V, Mgller P. Nano delivery systems and stabilized solid drug
nanoparticles for orally administered medicine — current landscape. Int J Nanomedicine.
2018;13:7575-605.

Kraehenbuhl JP, Neutra MR. Epithelial M cells: differentiation and function. Annu Rev Cell Dev
Biol. 2000;16:301-32.

Kreyling WG, Semmler-Behnke M, Takenaka S, Moller W. Differences in the biokinetics of
inhaled nano — versus micrometer-sized particles. Acc Chem Res. 2013;46:714-22.

Kuempel ED, Sweeney LM, Morris JB, Jarabek AM. Advances in inhalation dosimetry models
and methods for occupational risk assessment and exposure limit derivation. J Occup Environ
Hyg. 2015;12(sup1):S18-40.

Larese Filon F, Mauro M, Adami G, Bovenzi M, Crosera M. Nanoparticles skin absorption: new
aspects for a safety profile evaluation. Regul Toxicol Pharmacol. 2015;72:310-22.

LeBlanc AJ, Moseley AM, Chen BT, Frazer D, Castranova V, Nurkiewicz TR. Nanoparticles inha-
lation impairs coronary microvascular reactivity via a local reactive oxygen-dependent mecha-
nism. Cardiovasc Toxicol. 2010;10:27-36.

Lee JH, Lee SB, Bae GN, Jeon KS, Yoan JU, Ji JH, Sung JH, Lee BG, Lee JH, Yang JS, Kim HY,
Kung CS, Yu SJ. Exposure assessment of carbon nanotube manufacturing workplaces. Inhal
Toxicol. 2010;22:369-81.

Lee JS, Choi YC, Shin JH, Lee JH, Lee Y, Park SY, et al. Health surveillance study of workers who
manufacture multi-walled carbon nanotubes. Nanotoxicology. 2015;9:802—11.

Li Z, Hulderman T, Salmen R, Chapmen R, Leonard SS, Young S-H, Shvedova A, Luster MI,
Simeonova P. Cardiovascular effects of pulmonary exposure to single-wall carbon nanotubes.
Environ Health Perspect. 2007;115:377-82.

Li M, Al-Jamal KT, Kostarelos K, Reinke J. Physiologically based pharmacokinetic modeling of
nanoparticles. ACS Nano. 2010;4:6303-017.

Liao H-Y, Chung Y-T, Lai C-H, Wang S-L, Chiang H-C, Li L-A, et al. Six-month follow-up
study of health markers of NMs among workers handling engineered NMs. Nanotoxicology.
2014;8:100-10.

Lin H, Xie Q, Huang X, Ban J, Wang B, Wei X, Chen Y, Lu Z. Increased skin permeation effi-
ciency of imperatorin via charged ultradeformable lipid vesicles for transdermal delivery. Int J
Nanomedicine. 2018;13:831-42.

Ma T, Wang L, Yang T, Ma G, Wang S. M-cell targeted polymeric lipid nanoparticles containing a
toll-like receptor agonist to boost oral immunity. Int J Pharm. 2014;473:296-303.

Marasini N, Skwarczynski M, Toth 1. Oral delivery of nanoparticle-based vaccines. Expert Rev
Vaccines. 2014;13:1361-76.

Maynard AD, Baron PA, Foley M, Shvedova AD, Kisin ER, Castranova V. Exposure to carbon
nanotube material: aerosol release during the handling of unrefined single walled carbon nano-
tube material, J. Toxicol. Environ. Health Part A. 2004;67:87-107.



56 A. Kermanizadeh et al.

Meng GC, Xu L, Bai R, Du J, Zhang L, Li Y, Chang Y, Zhao Y, Chen C. Acute pulmonary and
moderate cardiovascular responses of spontaneously hypertensive rats after exposure to single-
wall carbon nanotubes. Nanotoxicology. 2012;6:526-42.

Methner MM. Effectiveness of local exhaust ventilation (LEV) in controlling engineered NM
emissions during reactor cleanout operations. J Occup Environ Hyg. 2008;5:D63-9.

Mikkelsen L, Sheykhzade M, Jensen KA, Saber AT, Jacobsen NR, Vogel U, et al. Modest effect on
plaque progression and vasodilatory function in atherosclerosis-prone mice exposed to nano-
sized TiO 2. Part Fibre Toxicol. 2011;8:32.

Miller MR. The role of oxidative stress in the cardiovascular actions of particulate air pollution.
Biochem Soc Trans. 2014;42(4):1006—11. https://doi.org/10.1042/BST20140090.

Miller MR, Raftis JB, Langrish JP, McLean SG, Samutrtai P, Connell SP, Wilson S, Vesey AT,
Fokkens PHB, Boere AJF, Krystek P, Campbell CJ, Hadoke PWF, Donaldson K, Cassee FR,
Newby DE, Duffin R, Mills NL. Inhaled nanoparticles accumulate at sites of vascular disease.
ACS Nano. 2017;11(5):4542-52.

Miyani VA, Hughes MF. Assessment of the in vitro dermal irritation potential of cerium, silver, and
titanium nanoparticles in a human skin equivalent model. Cutan Ocul Toxicol. 2017;36:145-51.

Mgiller P, Mikkelsen L, Vesterdal LK, Folkmann JK, Forchhammer L, Roursgaard M, et al. Hazard
identification of particulate matter on vasomotor dysfunction and progression of atherosclero-
sis. Crit Rev Toxicol. 2011;41:339-68.

Mgller P, Folkmann JK, Danielsen PH, Jantzen K, Loft S. Oxidative stress generated damage to
DNA by gastrointestinal exposure to insoluble particles. Curr Mol Med. 2012;12:732-45.

Monteiro-Riviere NA. Safety of nanoparticle skin penetration. In: Dragicevic N, Maibach HI,
editors. Percutaneous penetration enhancers—chemical methods in penetration enhancement:
nanocarriers. Berlin/Heidelberg: Springer; 2016.

Monteiro-Riviere NA, Larese Filon F. Chapter 11 — Skin. In: Fadeel B, Pietroiusti A, Shvedova A,
editors. Adverse effects of engineered NMs, 1st edition. Exposure, toxicology, and impact on
human health. New York: Elsevier; 2012. p. 185-207.

Monteiro-Riviere NA, Larese Filon F. Chapter 15 — Effects of engineered NMs on skin. In: Fadeel
B, Pietroiusti A, Shvedova A, editors. Adverse effects of engineered NMs. Exposure, toxicol-
ogy, and impact on human health. 2nd ed. London: Elsevier/Academic Press; 2017. p. 357-80.

Nemmar A, Vanbilloen H, Hoylaerts MF, Hoet PH, Verbruggen A, Nemery B. Passage of intratra-
cheally instilled ultrafine particles from the lung into the systemic circulation in hamster. Am J
Respir Crit Care Med. 2001;164:1665-8.

Nurkiewicz TR, Porter DW, Barger M, Millecchia L, Rao KM, Marvar PJ, Hubbs AF, Castranova
V, Boegehold MA. Systemic microvascular dysfunction and inflammation after pulmonary par-
ticulate matter exposure. Environ Health Perspect. 2006;114:412-9.

Nurkiewicz TR, Porter DW, Hubbs AF, Stone S, Chen BT, Frazer DG, Boegehold MA, Castranova
V. Pulmonary nanoparticle exposure disrupts systemic microvascular nitric oxide signaling.
Toxicol Sci. 2009;110:191-203.

Oberdorster G, Finkelstein JN, Johnston C, Gelein R, Cox C, Baggs R, Elder AC. Acute pulmo-
nary effects of ultrafine particles in rats and mice. Res Rep Health Eff Inst. 2000;(96):5-74;
disc. 75-86.

Oberdorster G, Sharp Z, Atudoriei V, Eleder A, Gelein R, Lunts A, Kreyling W, Cox
C. Extrapulmonary translocation of ultrafine carbon particles following whole body inhalation
exposure of rats, J. Toxicol. Environ. Health Part A. 2002;65:1531-43.

OECD. Guidelines for the testing of chemicals. Test no. 439: in vitro skin irritation: reconstructed
human epidermis test method. Paris: OECD; 2019.

Papp T, Schiffmann D, Weiss D, Castronova V, Vallyathan V, Rahman Q. Human health implica-
tions of NM exposure. Nanotoxicology. 2008;2:9-27.

Peters A, Riickerl R, Cyrys J. Lessons from air pollution epidemiology for studies of engineered
NMs. J Occup Environ Med. 2011;53(6 Suppl):S8-S13.

Pope CA 3rd, Dockery DW. Health effects of fine particulate air pollution: lines that connect. J Air
Waste Manag Assoc. 2006;56:709-42.


https://doi.org/10.1042/BST20140090

The Potential Adverse Effects of Engineered Nanomaterial Exposure to Human Health... 57

Raftis JB, Miller MR. Nanoparticle translocation and multi-organ toxicity: a particularly small
problem. Nano Today. 2019;26:8—12.

Rhoden CR, Wellenius GA, Ghelfi E, Lawrence J, Gonzalez-Flecha B. PM-induced cardiac oxi-
dative stress and dysfunction are mediated by autonomic stimulation. Biochim Biophys Acta.
2005;1725(3):305—13. Epub 2005 Jun 20

Riebeling C, Luch A, Gotz ME. Comparative modeling of exposure to airborne nanoparticles
released by consumer spray products. Nanotoxicology. 2016;10(3):343-51.

Riediker M, Zink D, Kreyling W, Oberdérster G, Elder A, Graham U, Lynch I, Duschl A, Ichihara
G, Ichihara S, Kobayashi T, Hisanaga N, Umezawa M, Cheng T-J, Handy R, Gulumian
M, Tinkle S, Cassee F. Particle toxicology and health — where are we? Part Fibre Toxicol.
2019;16:19.

Samberg ME, Oldenburg SJ, Monteiro-Riviere NA. Evaluation of silver nanoparticle toxicity in
skin in vivo and keratinocytes in vitro. Environ Health Perspect. 2010;118(3):407-13.

SCCS (Scientific Committee on Consumer Safety). Opinion on ZnO (nano form), 18 September
2012. European Commission, Brussels, Belgium. 2012.

SCCS (Scientific Committee on Consumer Safety). ADDENDUM to the Opinion SCCS/1489/12
on Zinc oxide (nano form), 23 July 2013, revision of 22 April 2014. European Commission,
Brussels, Belgium. 2014a.

SCCS (Scientific Committee on Consumer Safety). Opinion on titanium dioxide (nano form), 22
July 2013, revision of 22 April 2014. European Commission, Brussels, Belgium. 2014b.

Seaton A, MacNee W, Donaldson K, Godden D. Particulate air pollution and acute health effects.
Lancet. 1995;345(8943):176-8.

Seifert J, Haraszti B, Sass W. The influence of age and particle number on absorption of polysty-
rene particles from the rat gut. J Anat. 1996;189:483-6.

Shvedova AA, Yanamala N, Kisin ER, Tkach AV, Murray AR, Hubbs A, Chirila MM, Keohavong
P, Sycheva LP, Kagan VE, Castranova V. Long-term effects of carbon containing engineered
NMs and asbestos in the lung: one year postexposure comparisons. Am J Physiol Lung Cell
Mol Physiol. 2014;306(2):L170-82.

Shvedova AA, Yanamala N, Kisin ER, Khailullin TO, Birch ME, Fatkhutdinova LM. Integrated
analysis of dysregulated ncRNA and mRNA expression profiles in humans exposed to carbon
nanotubes. PLoS One. 2016;11:¢0150628.

Smulders S, Golanski L, Smolders E, Vanoirbeek J, Hoet PH. Nano-TiO2 modulates the der-
mal sensitization potency of dinitrochlorobenzene after topical exposure. Br J Dermatol.
2015;172:392-9.

Stone V, Miller MR, Clift MJD, Elder A, Mills NL, Mgller P, Schins RPF, Vogel U, Kreyling
WG, Alstrup Jensen K, Kuhlbusch TAJ, Schwarze PE, Hoet P, Pietroiusti A, De Vizcaya-
Ruiz A, Baeza-Squiban A, Teixeira JP, Tran CL, Cassee FR. NMs versus ambient ultra-
fine particles: an opportunity to exchange toxicology knowledge. Environ Health Perspect.
2017;125(10):106002.

TGA (Therapeutic Goods Administration). Literature review on the safety of titanium dioxide
and zinc dioxide nanoparticles in sunscreens. Scientific Review Report. TGA, Department of
Health, Australian Government. 2016. https://www.tga.gov.au/sites/default/files/nanoparticles-
sunscreens-review-_2016_1.pdf

Utell MJ, Frampton MW. Acute health effects of ambient air pollution: the ultrafine particle
hypothesis. J Aerosol Med. 2000;13(4):355-9.

Utell MJ, Frampton MW, Zareba W, Devlin RB, Cascio WE. Cardiovascular effects associated with
air pollution: potential mechanisms and methods of testing. Inhal Toxicol. 2002;14:1231-47.

van der Zande M, Vandebriel RJ, Groot MJ, Kramer E, Rivera ZEH, Rasmussen K, Ossenkoppele
JS, Tromp P, Gremmer ER, Peters RJB, Henderiksen PJ, Marvin HJP, Hoogenboom RLAP,
Peijnenburg ACAM, Bouwmeester H. Sub-chronic toxicity study in rats orally exposed to
nanostructured silica. Part Fibre Toxicol. 2014;11:8.

Vesterdal LK, Folkmann JK, Jacobsen NR, Sheykhzade M, Wallin H, Loft S, Mgller P. Pulmonary
exposure to carbon black nanoparticles and vascular effects. Part Fibre Toxicol. 2010;7:33.


https://www.tga.gov.au/sites/default/files/nanoparticles-sunscreens-review-_2016_1.pdf
https://www.tga.gov.au/sites/default/files/nanoparticles-sunscreens-review-_2016_1.pdf

58 A. Kermanizadeh et al.

Vinardell MP, Mitjans M. Alternative methods to animal testing for the safety evaluation of cos-
metic ingredients: an overview. Cosmetics. 2017;4:30. 14 pp

Wang J, Schlagenhauf L, Setyan A. Transformation of the released asbestos, carbon fibers and
carbon nanotubes from composite materials and the changes of their potential health impacts.
J Nanobiotechnol. 2017;15:15.

Willhite CC, Karyakina NA, Yokel RA, Yenugadhati N, Wisniewski TM, Arnold IMF, Momoli F,
Krewski D. Systematic review of potential health risks posed by pharmaceutical, occupational
and consumer exposures to metallic and nanoscale aluminum, aluminum oxides, aluminum
hydroxide and its soluble salts. Crit Rev Toxicol. 2016;44(Suppl 4):1-80.

Xia XR, Monteiro-Riviere NA, Riviere JE. Skin penetration and kinetics of pristine fullerenes
(C60) topically dosed in industrial organic solvents. Toxicol Appl Pharmacol. 2010;242:29-37.

Yamago S, Tokuyama H, Nakamura E, Kikuchi K, Kananishi S, Sueki K, Nakahara H, Enomoto
S, Ambe F. In vivo biological behavior of a water-miscible fullerene: 14C labeling, absorption,
distribution, excretion and acute toxicity. Chem Biol. 1995;2(6):385-9.



Nanotoxicology in the Environment )

Check for
updates

Yueyang Zhang and Greg Goss

Contents

INErOAUCHION. .. ui et 60
Characteristics of NMs Modulating their TOXICItY. . .....ovvutiriirtiiiiiiiii i aaees 61
Environmental Factors Affecting the Toxicity of Nanomaterials....................oooii . 66
Review of Recent Research on Ecotoxicity of Nanomaterials..................oooooi .75
Summary and CONCIUSIONS. .. ... vuutitt et et aeeaee 80
RETEIENCES. .. uv it 80

Abstract The recent rapid growth of the nanotechnology industry and the develop-
ment of new nanomaterials have provided various benefits due to their high effi-
ciency and effectiveness while raising both new threats to the environment and
challenges to toxicologists and regulators. While the characteristics of nanomaterial
toxicity in model systems have been relatively well studied, the impact of environ-
mental factors on the toxicity of nanomaterials in the environment is still in its
infancy. The complexity of the interaction between various environmental factors
(ionic strength environmental pH, natural organic matter and ultraviolet light) and
nanomaterials are described herein with a call for a comprehensive characterization
of nanomaterials in natural environments and performance of experiments under
more ecologically relevant conditions and concentrations.
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Introduction

Nanomaterials (NMs) have been present in the environment since before the exis-
tence of humans (Klaine et al. 2008; Grillo et al. 2015). The natural events on Earth,
including volcanic eruptions, forest fires, and dust storms, have been contributing
non-engineered NMs to the environment for many years (Klaine et al. 2008; Grillo
etal. 2015). These NMs include particulate materials in the atmosphere, colloid and
natural organic matter (NOM) in aquatic systems, and minerals and NOM in the
soils (Klaine et al. 2008). On the other hand, engineered NMs are intentionally
designed and manufactured for specific purposes (Grillo et al. 2015). The modern
field of nanoscience and nanotechnology has been rapidly advancing, and the indus-
try has been proliferating since the first introduction of the concept by the Nobel
Laureate and quantum theorist, Richard Feynman, in 1959 (Feynman 2012).
Nanotechnology is now a multi-billion dollar industry and has been growing rapidly
every year (Schultz et al. 2014; Inshakova and Inshakov 2017). The worldwide mar-
ket of nanotechnology-based products was estimated to be approximately 15 billion
United States dollars (USD) (Inshakova and Inshakov 2017) in 2015 (the latest year
with publically available data) and the field is expected to have more than 15%
annual growth in the next 5 years (He et al. 2018). According to StatNano, more
than 8000 nanotechnology-based products are commercially available worldwide in
2018 (StatNano 2018). These include not only high-end applications, including
quantum dots in imaging and nano-enabled medical products (Schultz et al. 2014),
but also daily consumer goods, such as titanium dioxide (TiO,) nanoparticles (NPs)
in sunscreen, cerium oxide (CeO,) NPs as diesel fuel additives and nano-enabled
pesticides (Bystrzejewska-Piotrowska et al. 2009). Although the use of NMs pro-
vides many benefits in various applications, much of these NMs will undoubtedly
end up in the environment either through the direct application (e.g., nano-enabled
pesticides), via direct release from wastewater treatment plants or indirect release
due to the end life cycle of various nanotechnology-based products (Mitrano et al.
2015). In each case, the NM (pristine or transformed during the life cycle), will
interact with numerous environmental factors and organisms (Zhang et al. 2009;
Keller et al. 2010). As such, it is evident that it is necessary to evaluate the environ-
mental risk of NMs in ecologically relevant conditions to accurately assess risk
(Grillo et al. 2015; Zhang et al. 2009; Keller et al. 2010).

NMs are materials with a length of 1-100 nm in at least one dimension and often
have unique properties compared to their bulk and dissolved form counterparts
(Schultz et al. 2014). The specific surface area (SSA) of NMs increases exponen-
tially with decreasing diameter, which can act to significantly increase the ability to
move through the environment, interact with environmental factors, affect cellular
uptake rate, and move between compartments inside an animal (Schultz et al. 2014;
Bystrzejewska-Piotrowska et al. 2009). As size decreases, there is a significantly
increased potential of NMs to interact with the surrounding environment and living
organisms (Schultz et al. 2014; Bystrzejewska-Piotrowska et al. 2009; Clift et al.
2010). Over the last decade, abiotic factors, including pH, ionic strength (IS), NOM
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and ultraviolet (UV) light, have been shown to affect aggregation, bioavailability
and toxicity of NMs in many studies (Schultz et al. 2014; Wormington et al. 2016;
Ma et al. 2012; Zhu et al. 2014; Baalousha et al. 2008). The purpose of this chapter
is to summarize some intrinsic properties affecting the environmental toxicity of
NMs and highlight some of the results from recent research on the effects of envi-
ronmental factors on the toxicity of nanomaterials.

Characteristics of NMs Modulating their Toxicity

The characterization of NMs themselves in both pristine and more importantly,
environmentally relevant conditions is crucial in determining their potential for
harm (Jiang et al. 2009). Since the early 2000s, nanotoxicologists have worked to
identify some of the more important intrinsic properties including size, surface
charge, shape and crystal structure, which play a critical role in determining the
toxicity of NMs while more recently, recognition of environmental factors as modu-
lators of toxicity (extrinsic properties), interacting with the intrinsic properties have
become more studied (Jiang et al. 2009; Ren et al. 2016; Misra et al. 2014; Braydich-
Stolle et al. 2009). An understanding and integration of all these factors are neces-
sary when assigning hazard and risk to a particular material.

Size

The size of an NM modulates its interaction with living organisms, including an
NM'’s internalization, mechanism and toxicity (Jiang et al. 2009; Shang et al. 2014).
Endocytosis is an energy-dependent process used by cells to internalize molecules,
and communicate with the biological environment and other cells (Shang et al.
2014; Oh and Park 2014; Felix et al. 2017a). Endocytosis is divided into four path-
ways including phagocytosis, macropinocytosis, clathrin-mediated endocytosis and
caveolae-mediated endocytosis (Oh and Park 2014). Effects of primary size of NMs
have been extensively studied in mammalian cell lines and while caution should be
exercised when cross-reading to environmental receptors, we can use these findings
as surrogates to inform our understanding of the effects of nanomaterials on non-
mammalian biota. In a recent review of mammalian cell line nanoparticle uptake,
results suggest that each NM has its optimal size for cellular uptake (Shang et al.
2014). For example, the 100 nm polystyrene nanoparticles have higher cellular
uptake efficiency than 50, 200, 500 and 1000 nm while 50 nm has the lowest uptake
rate of all the sizes tested (Oh and Park 2014). However, only a few studies have
examined the effects of particle size on cellular uptake in fish cells (Felix et al.
2017a). A recent study demonstrated that smaller polyvinylpyrrolidone (PVP)
coated silver (Ag) NPs had lower cellular accumulation in rainbow trout
(Oncorhynchus mykiss) gill epithelial cell line (RTgill-W1), but a higher rate of
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being transported through the multilayers of cells when compared to larger citrate
coated Ag NPs (Farkas et al. 2011). Another paper from our laboratory revealed that
clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis (CavME)
and macropinocytosis (MP) were all involved in the uptake of nominally 10 nm
Nile-red-loaded NPs (<100 nm hydrodynamic diameter in L-15 medium) into
RTgill cells, with CME being the dominant pathway (Felix et al. 2017a). This find-
ing is consistent with the results from mammalian cell line studies which suggest
that CME is the major uptake pathway for smaller NPs and cellular uptake shifted
towards CavME and MP as NMs’ size increases, and the uptake efficiency decreases
when size is above a certain threshold (Shang et al. 2014; Rejman et al. 2004).
However, given that only one size of NM was tested in RTgill cells, the independent
effects of primary size on the pathway for uptake of NMs into fish cell lines has not
been investigated.

With regard to testing of particles size in in vivo environmental models, there are
only a few studies specifically and accurately address the issue of particle size. One
study showed that Daphnia magna exposed to TiO, NPs with the primary size of
25 nm had the highest rate of immobilization when compared to animals exposed to
smaller (10 nm) and larger (220 nm) sized particles. In that study, the varying toxic-
ity was attributed to higher hydroxyl radicals generation in the intermediately sized
materials (Wyrwoll et al. 2016). Another study designed to examine the effect of the
size of Ag NPs demonstrated a size-dependent distribution and toxicity in rainbow
trout (Scown et al. 2010). Ag NPs with a primary size of 10 nm had greater accumu-
lation on the gills when compared to 35 and 600 nm Ag NPs. Furthermore, 10 nm
Ag NPs significantly increased the gene expression of cyp/a2 in the gills which
may indicate up-regulation of oxidative metabolism due to external or internal oxi-
dative stress (Scown et al. 2010). Similar trends were observed in adult zebrafish
(Danio rerio) where citrate-coated Ag NPs with a primary size of 20 nm had signifi-
cantly higher uptake through the gill and intestine, was associated with higher dam-
age on the gills including fusion of secondary lamellae, hyperplasia and inflammation,
and reduced Na*/K* ATPase activity by 57% in the gill, significantly greater com-
pared to the 21% reduction found in fish exposed to citrate-coated Ag NPs with a
primary size of 100 nm (Osborne et al. 2015).

Surface Charge

Cell membranes on water contact surfaces such as gills or skin are negatively
charged due to the presence of sialic acid-based glycosylation of membrane pro-
teins (Ganguly et al. 2018; Varki and Schauer 2009). As a result, positively charged
NMs have a much higher affinity to the outer epithelial membrane and can be taken
up more efficiently than negatively charged and neutral NMs due to the electrostatic
interaction between cells and these positively charged NMs (Ganguly et al. 2018;
Kou et al. 2013; Iversen et al. 2011). For example, a study by Ganguly and col-
leagues suggested that the cellular uptake of positively charged Au NPs is
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approximately five times higher than the uptake rate of negatively charge Au NPs
(Ganguly et al. 2018). Similarly, in an in vivo study in D. magna, researchers dem-
onstrated that enterocytes of the gut had significantly higher reactive oxygen species
(ROS) production when exposed to positively charged Au NPs than negatively
charged NPs at all three concentrations (1, 10 and 50 pg L") tested (Dominguez
et al. 2015). Their results also suggested that the levels of glutathione S-transferase
(gst) and heat shock protein 70 (hsp70) expression were significantly upregulated
by positively charged particles at a concentration of 50 pg L~! while negatively
charged NPs did not cause any significant change in gene expression (Dominguez
et al. 2015). Silva and colleagues reported that Ag NPs with negatively charged
coating had lower median lethal concentration (LCs,) values on D. magna than posi-
tively charged and neutral Ag NPs (Silva et al. 2014). Altogether, this demonstrates
that surface charge is a significant mediator of exposure and dose for aquatic
organisms.

Shape

The shape of the NMs can affect zeta-potential, SSA and stability of given NMs,
each of which has been demonstrated to alter NM toxicity (Jiang et al. 2009; Misra
et al. 2014; Fu et al. 2014; Fabrega et al. 2011). Studies suggested that the shape of
the NM can alter SSA which may bring out significant changes in SSA and dissolu-
tion behavior (Misra et al. 2014; Misra et al. 2012). For example, Misra et al. char-
acterized CuO NPs in two different shapes including spheres (7 nm) and rods (7 nm
x 40 nm) with the same length at one dimension. The point of zero charge (PZC, see
section “Tonic Strength and pH” for details) of the sphere was higher than the rod,
and this may be due to the higher SSA of the sphere. These authors also found that
the dissolution of spherical CuO NPs (2.5%) was higher than the rod-shaped NPs
(0.8%) over 7 days, which also can be explained by higher SSA of the sphere (Misra
et al. 2014). The shape-dependent characteristic of NMs has been shown to alter
their toxicity directly. In in vivo study in adult zebrafish, the LCs, value of spherical
nickel (Ni) NPs with 60 nm diameter was 361 mg L', three times higher than the
LCs, value of dendritic Ni NPs with a similar 60 nm aggregated size. However,
spherical Ni NPs had a much higher rate of uptake (~3 times greater) than dendritic
NPs (Ispas et al. 2009). Similar studies on D. magna have also supported that differ-
ences in toxicity of NMs result from different shapes (Bacchetta et al. 2018; Nasser
et al. 2016). In one study, long rod gold (Au) NPs (25 nm x 146 nm) caused a sig-
nificantly higher mortality rate in D. magna neonates than both short rod Au NPs
(25 nm x 60 nm) and spherical Au NPs (25 nm). The results also showed that both
positively charged rods and spheres induced significant ROS generation in D. magna,
but the ROS level returned to normal level 24 hours after being exposed to spherical
NPs while ROS level remained high in D. magna exposed to short rod NPs after
24 hours (Nasser et al. 2016). Therefore, it is worth to consider and report the shape
of NMs when investigating their toxicity.
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Crystal Structure

Crystal structure has been reported to have an impact on both solubility/dissolution
of NM and interaction of NMs with UV light, each of which has the potential to
alter the toxicity of given NMs (Clement et al. 2013; Avramescu et al. 2017). The
solubility and dissolution behavior of NMs play an essential role in the bioavail-
ability, rate of uptake and toxicity of each type of NM (Schultz et al. 2014; Ren et al.
2016; Avramescu et al. 2017). With regard to crystallinity, TiO, NPs have three
described crystal structure forms (anatase, rutile and brookite) but only anatase and
rutile are natural forms, and each is widely used in various applications (Clement
et al. 2013; Oi et al. 2016). Anatase TiO, NPs are more toxic to a variety of organ-
isms, including mammalian cell lines, green algae and D magna (Braydich-Stolle
et al. 2009; Clement et al. 2013; Menard et al. 2011). A study on green algae
Chlorella sp. showed that anatase TiO, NPs reduced the growth of algae by 75% at
an arguably non-ecologically relevant nominal concentration of 1000 mg L=! at pH
6.5 while rutile TiO, NPs did not have any significant impact on the growth at the
same concentration (Ji et al. 2011). The median effective concentration (ECs;) value
of immobility of D. magna exposed to 99.5% anatase TiO, with a primary size of
20 nm was 35.3 mg L~!, and the ECs, value increased to over 100 mg L~! when
rutile TiO, NPs were added and the purity of anatase reduced to 70% (Menard et al.
2011). While these studies suggested that the higher toxicity of anatase TiO, NPs
was due to its higher solubility (Clement et al. 2013; Avramescu et al. 2017), we
suggest that the differences in toxicity may be more attributable to differences in
crystallinity. Both anatase and rutile TiO, NPs are practically insoluble (less than
0.000066% dissolution rate) at or close to neutral pH (7) where these tests were
conducted. While the study did show that anatase TiO, NPs had a higher dissolution
(0.022% over 2 hours) than that rutile form (0.00016% over 2 hours), this was con-
ducted in a solution with a very low pH (1.5) which is not ecologically or biologi-
cally relevant (Avramescu et al. 2017). We believe that a better explanation is that
anatase form produces more ROS than rutile form, even under non-UV conditions,
and that uptake of particles likely induced ROS mediated toxicity (Clement et al.
2013; Ji et al. 2011). Other studies have confirmed a role for crystallinity in super-
oxide radical (O,") formation under both laboratory (non-UV) and UV conditions.
In each case, rutile TiO, NPs (30 nm x 70 nm) have been shown to demonstrate
lower photoactivity when compared to the crystalline anatase form (30-50 nm),
resulting in substantially higher O,"~ generation by the anatase form under UV light
conditions (Buchalska et al. 2015). Therefore, it is essential to report crystal struc-
ture when studying the toxicity of NMs with more than one crystal structure.
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Dissolution

Many studies have demonstrated that dissolution of metallic NMs and release of
free metal ions either acted as the primary mechanism of toxicity to aquatic organ-
isms or contributed to part of the toxicity, especially in an aqueous medium (Schultz
et al. 2014; Ren et al. 2016). There is a substantial amount of literature on the
mechanisms and mediation of various metals toxicity in aquatic animals (Paquin
et al. 2000; Di Toro et al. 2001; Blewett and Leonard 2017). This chapter will not
cover the specific aspects of metal toxicity per se but instead focus on the environ-
mental properties affecting dissolution and subsequent toxicity. Dissolution depends
on the intrinsic characteristics of the NMs including particle size, particle type,
concentration and also specific environmental factors including pH, temperature
and natural organic matter (NOM) (Schultz et al. 2014; Ma et al. 2013). Dissolution
of many metallic NPs has been shown to increase as concentration decreases due to
lower aggregation/increased dispersion at lower concentrations (Baalousha et al.
2016; Sikder et al. 2018). As particle size decreases, the SSA increases exponen-
tially, which results in higher percentage of atoms exposed to the environment and
therefore a higher dissolution rate (Schultz et al. 2014; Ma et al. 2013). In a study
on the size-dependent dissolution of zinc oxide (ZnO) NPs, a particle with the
smallest primary size (4 nm) had the highest dissolution rate (5.7%) comparing to
15 nm (2.2%) and 241 nm (1.0%) at pH 7.5 (Bian et al. 2011). Environmental pH
has almost no impact on the dissolution of TiO, NPs while that of ZnO NPs is
highly dependent on the environmental pH (Wormington et al. 2016; Bian et al.
2011; Omar et al. 2014). CeO, NPs are relatively insoluble in the water at pH > 5,
but their dissolution becomes pH-dependent when environmental pH is lower than
4.5 (Dahle et al. 2015). Studies have shown that increasing temperature and low pH
tend to enhance the dissolution rate of metallic NMs (Schultz et al. 2014; Ren et al.
2016) while NOM can increase dissolution by donating chelating agents for metal
ions or reduce dissolution by preventing interaction between particles and water
molecules when adsorption onto the surface of the particles (He et al. 2018; Ma
et al. 2013). Two studies on ZnO NPs dissolution and toxicity demonstrated that
iron (Fe) doped ZnO NPs had a significantly lower dissolution rate as Fe percentage
increasing. They also concluded that ZnO NPs reduced the hatching success of
zebrafish embryos to approximately 40% while 1%, 4% and 10% Fe-doped ZnO
NPs with a similar particle size as ZnO NPs increased hatching success to over 65%
(Xiaetal.2011; George et al. 2009). Therefore, it is necessary to definitively address
in each study to potential confounding issues of the presence of separate toxicity of
dissolved ions compared with the toxicity of NP in the presence of dissolved ions
and by subtraction, address the toxicity of the NP itself. Authors of papers are highly
encouraged to report dissolution rates when describing the exposure toxicity of any
given NMs.
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Environmental Factors Affecting the Toxicity
of Nanomaterials

Once released into the environment, NMs and their subsequent biological effects
are known to be modulated by various environmental factors including ionic
strength (IS), pH, natural organic matter (NOM) and ultraviolet (UV) light, each of
which can cause distinct physicochemical changes (e.g., agglomeration/aggrega-
tion, change in surface charge and electronic excitation) that have the potential to
alter bioavailability and the toxicity of NMs (Schultz et al. 2014; Jiang et al. 2009;
Badawy et al. 2010).

Ionic Strength and pH

While the pristine sizes of NMs (as discussed above) play distinct roles in diffusiv-
ity and transport, the actual size as demonstrated in the environment during the
exposure period also plays an integral role in determining their distribution and
bioavailability to aquatic organisms (Schultz et al. 2014). The stability of NMs can
be achieved mainly be two mechanisms, electrostatic stabilization and steric stabi-
lization (Fig. 1) (Schultz et al. 2014; Jiang et al. 2009; Badawy et al. 2010; Sperling
and Parak 2010). However, sterically stabilized uncharged polymer-coated NMs are
relatively insensitive to ionic strength and pH (Badawy et al. 2010; Sperling and
Parak 2010). A study published in 2010 demonstrated that the zeta- potential and
hydrodynamic diameter (HDD) of PVP coated Ag NPs did not significantly change
over the pH range from 3 to 9 and ionic strength of 10 and 100 mM (Badawy et al.
2010). Therefore, electrostatically stabilized NMs are the focus of this section.
Derjaguin Landau Verwey Overbeek (DLVO) theory states that the size and stability
of NMs in suspension are affected by the sum of van der Waals forces (attractive
forces) and electrostatic forces (repulsive forces) (Schultz et al. 2014; Zhang et al.
2009; Jiang et al. 2009; Yin et al. 2014). Aggregation occurs when the attractive
forces dominate repulsive forces and the opposite is true for disaggregation (Mitrano
etal. 2015; Zhu et al. 2014; Baalousha et al. 2008). Electrostatic repulsive forces are
generated by the electrical double layers (Fig. 1) of particles interacting with each

Fig. 1 Electrostatic stabilization (a) and steric stabilization (b) of NMs
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other (Jiang et al. 2009). IS and pH are two important abiotic factors that have
effects on NM agglomeration by affecting their electrical double layer (EDL) (Zhu
et al. 2014; Jiang et al. 2009; Omar et al. 2014). The repulsive energy generated by
the EDL is a function of surface charge (zeta potential) and the thickness of EDL
(Jiang et al. 2009). Studies have shown that high IS in solution results in a reduction
of the thickness of EDL and subsequent greater interaction between particles
(Schultz et al. 2014; Jiang et al. 2009; Badawy et al. 2010; Yin et al. 2014). The
higher IS reduces the electrostatic repulsive forces by shielding or neutralization
which will increase agglomeration (Schultz et al. 2014; Jiang et al. 2009; Badawy
et al. 2010; Yin et al. 2014). In general, the toxicity of an NM is usually reduced
when there is a significant aggregation of the NM into larger agglomerates (Wyrwoll
et al. 2016; Kim et al. 2013; Romer et al. 2011; Romer et al. 2013). A few papers
have linked increasing ionic strengths to both increase agglomeration with direct
resulting lower relative toxicity (Wyrwoll et al. 2016; Kim et al. 2013). For exam-
ple, ECs, value of TiO, NPs on the immobility of D. magna was increased from
1.28 mg L' (10 nm) and 0.53 mg L~! (25 nm) in a medium with IS of 865 pM to
29 mgL~"and 1.1 mg L™! in a medium with IS of 8653 pM respectively (Wyrwoll
etal. 2016). Similar trends were also found in Ag NPs. The lowest observed adverse
effect concentration (LOAEC) of immobility was estimated to be 11.25 pg L™
when D. magna were exposed to Ag NPs (7 nm) while the LOAEC decreased to
2.5 pg L™ when D. magna were exposed to the same NPs at the same concentration
but in the tenfold diluted media (Romer et al. 2013). A study on the effects of Ag
NPs on zebrafish embryos demonstrated that Ag NPs suspension with both primary
sizes of 20 and 100 nm had significantly lower LCs, values in ultrapure water and
the media with IS of approximately 187.5 uM than the media with IS of about
22.9 mM. The ECs, of mortality and malformation for citrate-stabilized Ag NPs
suspension was also significantly lower in the media with IS of 22.9 mM (Kim
et al. 2013).

Environmental pH also plays an important role in controlling the zeta potential,
resulting in aggregation/agglomeration, and therefore toxicity of given NMs (Jiang
et al. 2009; Badawy et al. 2010). Zeta potential measures the electric potential at a
certain distance from the plane of shear (Badawy et al. 2010) and it is not the same
as surface charge (Fig. 2) (Jiang et al. 2009). For a constant medium ionic strength,
the zeta potential, surface charge and HDD of a given NM are significantly affected
by the pH of the aqueous medium (Baalousha et al. 2008; Jiang et al. 2009; Badawy
et al. 2010). The PZC is the pH of a given medium when NM has zero net surface
charge. Therefore, the absence of electrostatic repulsive force prevents disagglom-
eration and NMs will settle out of suspension eventually (Jiang et al. 2009; Omar
et al. 2014; Badawy et al. 2010). As pH becomes progressively lower than PZC,
NMs have a more positively charged surface. On the other hand, NMs are more
negatively charged as pH is progressively higher than the specific PZC (Zhu et al.
2014; Jiang et al. 2009; Omar et al. 2014). In general, an NM with the zeta potential
higher than +20 mV or lower than —20 mV is considered stable and its agglomera-
tion rate is low or even close to zero (Zhu et al. 2014; Badawy et al. 2010). In an
aquatic environment where ionic strength is low and pH is far away from the NM’s
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Fig. 2 The simplified model of electrical double layer at a negatively charged NM’s surface in an
aqueous medium

PZC, NMs will have generally low agglomeration rate and are more likely to remain
suspended as individual particles or small agglomerates in the medium (Zhu et al.
2014; Jiang et al. 2009). As discussed above (see section “Surface Charge”), cell
membranes are negatively charged (Ganguly et al. 2018; Varki and Schauer 2009).
The alterations of environmental pH below PZC will result in positively charged
NMs which leads to a higher binding potential to respiratory surfaces including gills
and skin. Accumulation of NMs on the surface of gills can result in simply irritation
and mucus hypersecretion which have a negative impact on gas transport, osmo-
regulation and alter the uptake of molecules across the biological membrane through
normal endocytotic processes (Garcia-Reyero et al. 2015). Therefore, pH affects the
toxicity of NMs through both altering their aggregation/agglomeration and altering
the interaction of the individual and agglomerated materials with respiratory sur-
faces. For example, an in vitro study reported that 24-hour aged ZnO NPs with
lower aggregation size had a significantly higher negative impact on the mitochon-
drial activity of RAW 264.7 cell line at concentrations of 10, 15 and 20 pg mL™',
and induced higher generation of ROS at a concentration of 10 pg mL~' than ZnO
NPs with higher aggregation size (Tripathy et al. 2014). An in vivo study reported
that 48 hours- ECs, value of immobility of D. magna exposed to citrate-coated Ag
NPs was significantly higher (1.5 times) in the environment with pH of 8 than that
in pH of 6.5 when there was no significant difference in the Ag* concentration. It
also demonstrated that lower pH significantly reduced the number of offspring pro-
duced during the exposure, and increased mortality from 30% at pH of 8 to 90%
without the presence of NOM and from 20% at pH of 8 to 40% with the presence of
NOM after exposed to 78 pg L= NPs for 21 days (Seitz et al. 2015). In whole ani-
mal studies examining the effects of IS and pH on aggregation and the toxicity of
NMs, researchers have often used NMs with different concentrations and/or they
compared NMs to their bulk form counterparts to achieve different aggregation size/
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rate (Sharma 2009; Ates et al. 2013; Wong et al. 2010). However, in many studies,
researchers have failed to characterize NMs in the environmental test conditions,
using the characterization of their bulk/pristine forms as a guide. This has perhaps
led to simplistic interpretations of the principle toxicological drivers. In media with
biological organisms, NMs can assume different/new physiochemical properties
which should be considered to properly interpret these ecotoxicity studies. In many
cases, the aggregation/agglomerations and resulting changes in concentration, and/
or significant changes in ion concentration were not accounted for, inevitably acting
as confounding factors (Schultz et al. 2014; Sharma 2009; Wong et al. 2010). In
general, NMs with lower aggregation size/rate are considered to have more toxic
potential largely due to the greater surface area available for biological interactions
and increased potential for transport into the animal (Schultz et al. 2014;
Bystrzejewska-Piotrowska et al. 2009; Sharma 2009; Wong et al. 2010). The com-
bination of low agglomeration rate, small size and high SSA will increase the bio-
availability of the NMs to interact with the living organism in the water column
(Schultz et al. 2014). An aquatic environment with higher ionic strength and/or pHs
close to PZC will enhance the agglomeration of NMs resulting NMs settling out and
concentrating at the bottom of the test vessel or in the sediment. In this case, risk is
transferred from pelagic to benthic organisms and negatively buoyant embryos
(Schultz et al. 2014; Keller et al. 2010; Baalousha et al. 2008). As mentioned in sec-
tion “Shape”, pH can also have significant effects on the dissolution of specific
metallic NMs resulting in changes in dissolved ion concentration which potentially
can mediate some of the toxicity of metallic NMs (e.g. ZnO NPs and Ag NPs)
(Scown et al. 2010; Ma et al. 2013). In summary, environmental ionic strength and
environmental pH can have a significant impact on the aggregation, dissolution,
distribution, bioavailability and the potential target organisms of NMs.

Ultraviolet Light

Solar radiation has important effects on every life on Earth (Williamson et al. 2014).
Its UV component is divided into three groups based on wavelength, including UVA
(315-400 nm), UVB (280-315 nm) and UVC (100-280 nm) (Williamson et al.
2014; Safari et al. 2015). The shorter wavelength UVC and UVB are the most dam-
aging, but all the UVC is blocked and the majority of UVB is absorbed by the
stratospheric ozone layer. Large amounts of UVA can pass through the stratospheric
ozone layer and reach the surface and therefore this type of UV light has more envi-
ronmental relevance (Williamson et al. 2014). The majority of nanotoxicity studies
are performed in laboratory conditions (Schultz et al. 2014; Mitrano et al. 2015),
where fluorescent lamps used emit negligible amounts of UVA and UVB radiation
(Safari et al. 2015). However, many NMs released into the environment either are
wide band-gap semiconductors or have semiconductor properties (Fu et al. 2014).
Studies have shown that these NMs can absorb energy including photon energy
(light) and phonon energy (heat). When the energy input is at or above the band gap
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between the valence band and the conduction band, electron on valence electrons
will absorb enough energy to jump to the conduction band becoming a free electron
and leave a positively charged hole (Fig. 3) (Ma et al. 2012; Fu et al. 2014). This
results in an electron-hole pair, which is able to react with oxygen and water mole-
cules in the environment to produce reactive oxygen species (ROS) including
hydroxyl radicals (*OH), superoxide radical (O,"~) and hydrogen peroxide (H,O,)
(Ma et al. 2012; Fu et al. 2014). ROS are highly reactive due to their unpaired elec-
tron and are able to cause cellular damage when overwhelming a cell/organism’s
antioxidant defense system (Sharma 2009; Dahle and Arai 2015; Apel and Hirt
2004; Riley 1994). ROS and RNS are naturally derived substances in normal metab-
olism. For example, NOe and H,0, play an important role in cellular signaling and
regulating apoptosis (Jezek and Hlavatd 2005). They are also involved in the recog-
nition process by macrophages and neutrophils in the innate immune system and
combating bacterial infections by immune cells (Riley 1994; Di Meo et al. 2016;
Kohchi et al. 2009). Similarly, superoxide radical (O,"") is generated due to incom-
plete reduction in the mitochondria during oxidative phosphorylation (Fu et al.
2014; Jezek and Hlavatd 2005). Therefore, an antioxidant defense system has
evolved to both regulate endogenous ROS/RNS production and also mitigate ROS/
RNS caused by external stress (Riley 1994). Antioxidant enzymes such as catalase,
glutathione peroxidase (GPx) and superoxide dismutase (SOD), and antioxidants
like glutathione are all part of this process (Riley 1994; Jezek and Hlavatd 2005; Di
Meo et al. 2016). Nevertheless, when band gap semiconductor NMs are exposed to
UV light, many studies have shown they generate ROS causing excess oxidative
stress. When the systemic manifestation of ROS overwhelms an organisms’ antioxi-
dant defense capacity, the negative effects of ROS and NOS include excess lipid
peroxidation and protein carbonylation which can be used a marker of excess ROS/
NOS exposure (Ren et al. 2016; Wyrwoll et al. 2016; Fu et al. 2014).

Most studies on phototoxicity of semiconductor NMs have focused on metal
oxide nanoparticles, especially titanium dioxide nanoparticles (TiO, NPs), in a vari-
ety of species (Ma et al. 2012; Wyrwoll et al. 2016; Fu et al. 2014; Bar-Ilan et al.
2012). Phytoplankton are the foundation of the food web in the aquatic environment
where they contribute to over 100 million tons of carbon cycle every day as the
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dominant primary producers (Miller et al. 2012; Behrenfeld et al. 2006).
Phytoplankton rely on solar energy for photosynthesis so they may be vulnerable to
photo-inducible NMs (Wyrwoll et al. 2016; Miller et al. 2012; Behrenfeld et al.
2006). A study reported that TiO, NPs at concentrations of 1-3 mg L™! significantly
suppressed the population growth rate from 50% to almost 100% in three marine
phytoplankton species under UV (Miller et al. 2012). Locomotion is important to
the aqueous organism for feeding and avoiding predation so the decreased mobility
will reduce their ability to survive in nature. Wyrwoll et al. reported that TiO, NPs
with 25 nm primary size had higher phototoxicity on D. magna under UV exposure
than laboratory light. The ECs, of immobility was 0.53 mg L~! (nominal concentra-
tion) under UV exposure while D. magna did not show any immobility at the con-
centration of 100 mg L=! under laboratory light at 48-hour exposure (Wyrwoll et al.
2016). This studies also suggested a significant increase in the production of *OH
and O, by UV light may be the cause of the phototoxicity of TiO, NPs (Wyrwoll
et al. 2016). Studies also showed UV light increased the mortality of D. magna dur-
ing 48-hour exposure (LCso=29.8 pg L~!under UV stimulation vs. LCs;>500 mg L~!
under laboratory light) and reduced growth rate in other marine phytoplankton spe-
cies exposed to TiO, NPs at a concentration of 1 mg L= and above under UV expo-
sure (Ma et al. 2012; Miller et al. 2012). Therefore, any change in abundance and
biomass of phytoplankton and primary consumer in food chain caused by co-
exposure of semiconductor NMs and UV light may have a significant impact on the
stability of the ecosystem.

The early development stage of organisms is a complex process and very vulner-
able to chemical disturbance (Fig. 4) (Bar-Ilan et al. 2012). A study done by Bar-
Ilan et al. demonstrated that UV illumination significantly reduced survival rate and
increased the incidence of malformation, including yolk sac edema, pericardial
edema, spine stunting and tail abnormality, of zebrafish embryo exposed to TiO,
NPs for 92 hours starting from 4 hours post-fertilization (hpf). This may be explained
by the dramatic increase in *OH production in the water by TiO, NPs under UV
illumination (Bar-Ilan et al. 2012). Phototoxicity of NMs has been reported in other
species at different life stages. The LCs, of juvenile Japanese Medaka exposed to
TiO, NPs for 96 hours was significantly decreased from the nominal concentration
of 155 mg L™ under laboratory light to 2.19 mg L™" under UV light (Ma et al.
2012). Similar results were reported by Ma et al. in D. magna. The 48-hour LCs,
value decreased from over 500 pg L' under laboratory light to 29.8 pg L' under
UV light (Ma et al. 2012).

For less well-studied semiconductor NMs, Zhang et al. examined the effects of
CeO, NPs on the lipid peroxidation and morphological alternations in gills of
cardinal tetra. CeO, NPs under the stimulation of UV light significantly induced
lipid peroxidation in gills at medium (2 mg L") and high (5 mg L™') nominal
concentrations (Zhang et al. 2018). Moreover, co-exposure of CeO, NPs and UV
light caused the medium to serve damage on gills including an increase in interla-
mellar cell mass, fusion of lamellae, hyperplasia of primary lamellae and lifting of
respiratory epithelium (Fig. 6) (Zhang et al. 2018).Authors concluded that
observed photo-toxicity of CeO, can be explained by the increase in the
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Fig. 4 Morphology of zebrafish embryo at 120 hpf after exposure to 1 mg L~! TiO, NPs (25 nm)
under UV light (+ illumination) and laboratory light (— illumination)

generation of hydroxyl radical under UV light (Zhang et al. 2018). Therefore,
toxicity studies on NMs, especially band gap NMs, should include UV stimulation
to enhance the understanding of the potential phototoxic effects in an environmen-
tal realistic condition.

Natural Organic Matter

Natural organic matter (NOM) is an anionic heterogeneous matrix of carbon-
based compounds formed from the microbial decomposition of plants, algae and
animals, and their waste products (Grillo et al. 2015). The composition of
degraded products varies between different origins and shows temporal changes
(Grillo et al. 2015; Dahle and Arai 2015) and therefore, in this review, NOM is
referred to as a bulk constituent primarily dominated by humic and fluvic acids.
For a more complete understanding of the role(s) or different constituents of
NOM on the interaction with NMs, the reader is referred to some excellent
papers by Nason et al. (Nason et al. 2012) and Gallego-Urrea et al. (Gallego-
Urrea et al. 2014) NOM is present in both terrestrial and aquatic environments,
and humic acid (HA) and fulvic acid (FA) are two of the most abundant composi-
tions in many origins of NOM (Grillo et al. 2015). NOM is divided into a hydro-
phobic portion which contains aliphatic carbon and a hydrophilic portion which
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is composed of humic-like substances (Grillo et al. 2015; Levchuk et al. 2018).
The carboxyl group (-COOH) in the hydrophobic portion and phenolic group in
the hydrophilic portion make NOM negatively charged at the pH value of natural
water (Grillo et al. 2015; Levchuk et al. 2018). Aggregation/disaggregation
mainly depends on the environmental pH, environmental divalent ion concentra-
tion, concentration ratio of NOM to NMs and PZC of NMs (Omar et al. 2014).
The adsorption of low molecular mass NOM onto NMs’ surface forms an ecoco-
rona, which will increase the electrostatic repulsion between NMs due to more
negative zeta potential or increase steric repulsion caused by adsorption of NOM
on the surface (Jiang et al. 2009; Sharma 2009) to reduce the aggregation and
increase the stability of NMs in the water column (Zhang et al. 2009; Quik et al.
2010; Van Hoecke et al. 2011) when the concentration of divalent ions (i.e. Ca**
and Mg?*) is lower than the critical coagulation concentration (Fig. 5) (Jiang
et al. 2009; Omar et al. 2014). However, NOM can also cause bridging effects to
enhance the aggregation in the environment with high ionic strength and the
presence of divalent ions (Fig. 5) (Zhu et al. 2014; Baalousha et al. 2008). Studies
have shown that the formation of an ecocorona can modulate the toxicity of NMs
in a variety of aquatic species (Grillo et al. 2015; Schultz et al. 2014; Ma et al.
2013; Gao et al. 2009). The ECs, of the growth rate of unicellular green algae
P. subcapitata was determined to be 1.24 mg L™! in CeO, NPs and 0.27 mg L™!
in TiO, NPs. The presence of Suwannee River NOM at a concentration of
8 mg L~! increased ECs, values (> 30 mg L~!) of both NPs way above ecologi-
cally relevant concentration (Cerrillo et al. 2016). The presence of NOM from
three different origins has been reported to significantly increase LCs, values of
Ag NPs, especially copper nanoparticles (Cu NPs), on Ceriodaphnia dubia (Gao
et al. 2009). This reduction in toxicity may be explained through three mecha-
nisms (1) the adsorption of NOM onto NMs’ surface can reduce the direct inter-
action between NMs’ surface and organisms, decrease the cellular uptake of

Disaggregation

Fig. 5 Modified schematic particle stability diagram of nanomaterials interacting with natural
organic matter and divalent ions. (Grillo et al. 2015; Zhu et al. 2014; Omar et al. 2014)
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NMs, and reduce the bioavailability of NMs to lower the toxicity of NMs (Dahle
and Arai 2015; Van Hoecke et al. 2011; Westmeier et al. 2016); (2) the adsorption
of NOM can decrease the interaction between metallic NMs’ surface and water
molecules to reduce the dissolution which will decrease the toxicity caused by
metallic ions (He et al. 2018; Ma et al. 2013; Quigg et al. 2013); (3) free ions
released from NPs can be complexed by the presence of NOM and therefore the
bioavailability of free ions is reduced (Ma et al. 2013). On the other hand, the
adsorption of high molecular mass NOM and increased aggregation due to
charge neutralization and bridging effects will favor the removal of NMs from
the water column and increase the bioavailability to the organisms in the sedi-
ments (Baalousha et al. 2008; Omar et al. 2014; Quigg et al. 2013). Therefore,
the presence of NOM not only affects the distribution and bioavailability of NMs
in the environment but also plays an important role in determining the toxicity of
NMs in organisms.

As discussed in section “Ultraviolet Light”, UV light can induce the toxicity
of NMs, especially semiconductor NPs. In recent years, NOM has been found to
have protective properties against phototoxicity of NMs (Schultz et al. 2014; He
et al. 2018; Li et al. 2016). NOM is able to attenuate UV light to reduce the
amount and the intensity of UV light received by NMs (Wormington et al. 2016).
Humic acid (HA) present in many NOM is considered to be an electron acceptor
pool (Grillo et al. 2015; He et al. 2018; Heitmann et al. 2007; Scott et al. 1998).
Studies have shown that NOM containing humic acid can accept electrons
excited by UV light and quench the production of ROS which can reduce the
photo-toxicity of NMs (Fig. 3) (Grillo et al. 2015; Schultz et al. 2014; He et al.
2018; Wormington et al. 2016). For example, Wormington et al. demonstrated
that NOM at the concentration of 4 mg L~! reduced the morality of D. magna
from over 90% (0 mg L' NOM) to less than 10% when exposed to 1.5 mg L'
TiO, NPs under UV light for 48 hours. Such a significant decrease in toxicity
can be partially explained by the reduced production of H,0O, equivalents mea-
sured in the media at the presence of NOM due to its ROS quenching ability
(Wormington et al. 2016). In addition, a study on UV-induced toxicity of CeO,
NPs in cardinal tetras mentioned in section “Ultraviolet Light” also showed the
protective property of NOM from Rio Negro Amazon water (Zhang et al. 2018).
This study demonstrated that the presence of NOM significantly inhibits the
production of hydroxyl radicals in the water under the co-exposure of CeO, NPs
and UV light. This lead to the reduction of lipid peroxidation to control level in
the gills and decreased (but not necessarily eliminated) the severity of gill dam-
age caused by co-exposure of CeO, NPs and UV light (Zhang et al. 2018). These
results showed the protective property of NOM against the photo-toxicity of
NMs (Fig. 6).
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o P,

Fig. 6 Gill morphology in cardinal tetras after 48-hour co-exposure to CeO2 NPs and UV light
(haematoxylin and eosin stain, x400) at various nominal concentrations. (a) Control (0 mg L~ NPs
in Rio Negro water, no UV); (b) 0 mg L' NPs in ddH20 under UV light; (¢) 0 mg L' in Rio
Negro water under UV light; (d) 0.5 mg L~! NPs in ddH20 under UV light; (e) 0.5 mg L~! in Rio
Negro water under UV light; (f) 2 mg L=' NPs in ddH20 under UV light; (g) 2 mg L' in Rio
Negro water under UV light; (h) 5 mg L' NPs in ddH20 under UV light; (i) 5 mg L' in Rio
Negro water under UV light. Fusion of several lamellae (®). Hyperplasia of primary lamellae (®).
Lifting of the respiratory epithelium and oedema (®). (Zhang et al. 2018)

Review of Recent Research on Ecotoxicity of Nanomaterials

The toxicity studies on nanomaterials, especially metal and metal oxide NMs, have
been extensively researched for many years (Shaw and Handy 2011). In recent
years, more and more in vivo studies have started to focus on conducting experi-
ments in ecologically relevant conditions. Studies mentioned above and listed in
Table 1 are a non-definitive summary of recent publications, showing that NMs have
a wide range of impacts on a variety of organisms including phytoplankton, aquatic
invertebrates, reptiles and fish. Semiconductor metal oxide NMs are the most exten-
sively studied NMs. However, their phototoxicity and the effects of NOM on their
phototoxicity have not attracted significant attention until the past few years.



Y. Zhang and G. Goss

76

(€107) Te 10 OvYZ

(uonnqsip 13owerp) SIJ
(UOTENUAIUOD , U7
POAJOSSIP dInseawl ‘SIN-dDI)
1910wondads ssew-ewse[d
pordnoo Aeanonpug

INAL pue NHS

1= 8W Q0T pue 0g ‘0T

J& paonpur APuedyIusis sem SO JO UONBIOUAT
pue (VIN) @PAYOP[EIPUOTEUI JO UOTINPOI]
JseAIOUL SN QUZ JO UONBIUIUOD Y}

se K1An08 QS Ul aseaoul Juapuadap-asoq
(Juopuadaop-osop) aseardur SgN QUZ

JO UONBNUAIUOD JY) SB PISBAIIAP Akl SUIYIIRH

113w Q010

(Teare[-oKiquio
qV) o4 omuny

(1100) T8 12 nx

(1Mq) THL-T118

pue (oueu) Wi [8¢ 61

Jo az1s pedaI3se (g
(1Mma) 161 F #S¥

pue (oueu) wu g F 08 [ INHS
pue (JNFS) Adoosoxoru
uoIjdIQ JuTuuedS

UOIBIUIIUOD

Sursearour yum amsodxa A 19pun sgN QU7 ul
Aquo uononpoid H(e ur asearour juopuadap-asoq
=T 8w gTeT

2INq 5T SW 696°€ :SAN OUZ JO DT Y 96
*yITe3I0W UO $)09J)9 Juapuadop-asop pue awl],

Y96 PUB Y 7L ‘8F
‘¥ 10§ |1 SW 06—

(mpe
qvVv) ouaL o

(#107) Te 10 sedo]

uonnjossIq
(Tenuajod-e1oz

pue dQH ‘STA)

Jurrayeos WS orweuk(q
(oz18

Arewnad ‘NHT) Adoosoxoru
UOI}OJ[ UOISSIWISURI],

(earye 9oeyINs) poylow (19¢g)
IO[[)-)oWwg-loneunig

‘uonjonpod

QJRUOAU UT UOT)ONPAI 19jeaId © pey az1s Arewnid
Jo[ewss yim saponed (7) ‘osearour oz1s a[onsed
Arewid se paseaId9p sejeUOaU JO Jaquunu [e30) ()
:uononpordar uo s3o0oxJe Juapuadop-ozIs pue 9sog

PIC
1oy ;13w 6L 0—0

UONBIUAIUOD FUISBAIOUT YIIM SIZIS I} [[B

ur 9y SuIpagj Y 7 Ul 9seardap juapuadap aso
(wu 00z<) 68°0 pue (WU 0O1-08)

01T “(wu g) ;T Sw 0T :SIN OUZ Jo DT Y 8%

4 8% pue 4 ¢
Joy 73w 01670

pusour'q | QUZ

Apms

UONBZII)ORIRYD)

S1097

SuonIpuod aInsodxq

soroadg | S]AN

ISIMIDYIO P[O)

SSO[OSN UOENUAIUOD [RUILIOU 9B SUONIPUOD 2INSOdXd ) UT SUOIEIUAIUOD AL, *SWSIULSIO Jo K1oLea & uo saponiedouru Jo saIpnys KJ101X0) pajods | d[qeL



77

Nanotoxicology in the Environment

(ponunuod)

‘sdnoi3
pasodxa SN “OLL [[B Ul paonpal Apuedyrudis
QI09M QJBI UONR[IIUDA [[IS PUB AJAIOR SUTUWIMG

PLI I0f ;T Sw 4]

(renuajod-e19z | (Jonuod Ul 9,9°7 03 Surredwod 9,¢°¢6<) |- Sw ] pue ‘s ‘c‘L0| ([eAre[-oAiquio)
(1100) ' 10 uosiaeq pue daH) S1d pue ‘L ‘¢ *£°( ‘¢’ e Suryorey aImewald ‘€0 °L0°0 “€0°0 0 sadi] svi2diQ
amsodxo
AN Jopun uorssaidxa ouas g asvinuisip apixosadns
pue v asvpixodad auonypings payengardn
pue ‘sdnoi3 juouriear) 291y} [[E Je [9AJ] uoIyIeIn[3
(renuajod-e19z | @101 pue uoneprxorad pidi] pasearour ¢, Sw (]
pue JQH) SIA | PUE ] JO SUOIBNUIIUOD ) B JoJem JU) Ul s[edIpel 18w Qp (oK1quio
(QLT0T) 'Te 32 X124 INFL|  1Ax01p£y jo uononpoid paanput fQ1Y, pajeodun PUB [ ‘T'0°0| gV) oMat o

WYSI] AN 1opun 7 Sur (]
Je pasea1dap APueoyIusis sem AJIAnoe 1,50
amsodxa A Jopun T Sw Q[

#102) (fenuajod-e19z | pue ()] JO SUONBOUIIUOD Je PAONPaI APUedYIUSIS | 4 96 10f ,_T Sw Q] (of1quud
‘Te 30 uawd) pue qaH) S1A SeM QBAIR[ JO Y)SUQ[ AY) pue el JUIYdIeH] pue 01 ‘1 ‘0| 9V) oriat ouncy
paseaout
sem A)JIATIOR 9se[e)ed 9[Iym aInsodxd [ 8¢ Io)je
=T 3w 1°0 pue [°() JO SUOIBIIUIIUOD JB PIONPAI
(uoyuod | AueoyruSIs a1om AJTATIOR ISBISISI pUB ASBIAWY
{OLL, 2INseaw pue Jo3)op pIg 1oye 73w - pue pIC pue
(T102) | “Tax-w) Adoossororwonoads 10°0 JO UOTJBIIUIOUOD JB PISLAINIP AJUBOYIUTIS Y 8¢ 10y ,_T 3w |
‘Ie 39 Aeronbnog Qouadsalony Ael-y yjoq a1om AJijiqe uononpoidar pue ajelr yImoIn Pue ‘10°0 ‘0 pusvurq | Ol
Apmig UOTBZLID)OBIRYD) $1093d | suonipuod arnsodxq soadg | SN




Y. Zhang and G. Goss

78

(¥100) T8 10 ury

(UAUOd 90 2INseIW
‘SHO-dDI) Anowonoads
uorsstw [eondo

ewse[d pajdnoo Afoanonpuy
(Tenuajod-eyoz

pue QaH) ST1d

(1010werp pue PSu[
Arewrtad amseowr) N

QeAIR[ JO JYSTOM puB [ISuU9[
poonpar se yons juewrdojoaap uo joedwr oanesou €
pey pue ‘uonewenbsap se)£o0191u0 Jurpnjour joen
[eunsuionsesd aSewep JuedYIuSIs ur paynsal 00|

uey) 1018215 onjer 10adse Uk YIm SpoIoueu (O

amsodxa asinduwr
Srdnmnu yim
Y910y T 3w Gy

(3dyoz| ‘seare|
qvVv) o4 omun(y

(S100) ‘T8 10 mnog

WAL
(Tenuajod-eyoz

pue aH) S'1d

13w 01
pue 1 je paonpal APuedyrudIs sem [)moisd
pue ;7 Sw ([ 1e Kieuow 9,c¢ pey sndouay

996
10y 73w Q10

s10ap] sndouay

(€100) T8 19 S[[PUY

(swistue3io

Ul uonNQLISIp 97 AINSLAU)
adoosororu feonAeue
Q0Ud9sION]) ABI-X-OIDNA
AL

juapuadap-asop pue xajnd ‘(7 Uey) SANISUS AIOW
STjnuls (7 =T Sw Q[ pue O ‘T 1 sardads y1oq
ul paonpal APuedyIuSIs sem AJI00[oA Juruwimg
(=T 8ur 170 uep

ToMO] SeM J71uis “(7 10§ %D d[1ym ;T Fw §.°0
sem xaynd “(7 10§ Aprqount Jo )H-1 96
-T18wW 9z

sem syl (7 103 “DF UM T W 6L'16

sem xaynd “(7 10§ Aprqowt Jo “F-Y gy

4 96 10§ |1 3w 001
pue 0S ‘01 ‘1 1°0 ‘0

sinuis vruydp

» xopnd vruydpqg | ‘02D

Apms

uonezaoerey)

s109H9

suonIpuod arnsodxyg

soradS | S]AN

(ponunuo)) T dIqEL



79

Nanotoxicology in the Environment

(panunuod)

SIN-dDI

(renuajod-ejoz

pue AaH) S'1d

(s@g) sisAeue

Ke1-y aArsIadsIp-uonooryq

JIOAI] U1 dFewep YN PUB [9AJ] UIOUOIYJO[[BIW
U0 S$199JJ0 ToMO[ pue EQNSIV Se AJ1Anoe
95eUR3AX00704d U0 J0edWI JR[IWIS PAMOYS SIN 3V
$91£000n9] JO

(oqruaan() ssrydus

(9107) 'Te 10 neaunig (a3ew 18) WAL | Adoudroyjoounwul paonpar Apueoyiudis SN 8y | Y 96 10J 1 3 op snyouky100uQ
soA1quio pawrojew jo agejuadrad
AU} PasLaIdUI pue 9,8()'HS IS8 18 Aq uononpoid
0£1qQUId pasearddp ApuedyIusis sgN 03 2Insodxg
QInjeAINnd Quids pue BwWop? ks Y[OK ‘WP
[erprestrad Surpnour SUOTBULIOJ[BW Paonpul 3dy oz1
Apueoyrusis SN ;-1 8w §£0°0 ‘SO°0 01 2Insodxyg | 03 () woyy ;T 3w [0
uonnjossig Jdy oz e 18w 0 puR 6L0°0 ‘SO0 pue ¢/0°0
WAL J& PaoNpaI APUedYIUSIS Sem S$900NS Furyoje S0°0 STO0°0 ‘10°0
(Tenuarod-eyoz (-18w s ‘0 78 Suneod [44 | ([npe pue oAIquid
(L107) Te 19 83910 pue QaH) STA | Seam Suneod) o[iym T W £50°0 SeM S T-40CT | /dAd WM SIN SV | gV) OMad ot 3y
Apmig uonezLdoRIRYD S1001j4 | suonipuod ainsodxq saroads | SIAN




80 Y. Zhang and G. Goss
Summary and Conclusions

In recent years, more and more new NMs have been created with the help of rapid
development of nanotechnology, including NMs with magnetic properties for drug
delivery and material retrieval, multifunctional nanohybrids by conjugating two or
more NMs and pesticides with nano-based formulations to reduce the application
rate and minimize their environmental impacts (Schultz et al. 2014; Bystrzejewska-
Piotrowska et al. 2009; Rodrigues et al. 2013; Aich et al. 2014). The development of
NMs certainly provides benefits in many areas but also brings new threats to the
environment and challenges to toxicologists. The increased production of NMs will
inevitably lead to more NMs released into the environment by a variety of routes
(Mitrano et al. 2015; Saleh et al. 2015). The beneficial properties of NMs in the
products may cause certain risks to non-target organisms under various environ-
mental conditions. Based on current toxicological results, environmental factors
have a significant impact on the distribution, bioavailability and toxicity of NMs
(Schultz et al. 2014; Wormington et al. 2016; Ma et al. 2012; Zhu et al. 2014;
Baalousha et al. 2008). However, many toxicity studies on NMs, especially semi-
conductor NMs, have been done in a laboratory condition without UV exposure and
NOM, which research has demonstrated this may significantly underestimate the
potential toxicity of NMs on various species in the environment when there is both
an abundance of natural UV light which may exacerbate toxicity and NOM which
may mitigate toxicity. Additionally, the formation of ecocorona’s on NMs resulting
from interaction with the environment has the potential to significantly change the
properties of NMs and thus, alter their toxicity (Schultz et al. 2014; Noventa et al.
2018). Therefore, the most significant challenge in future nanotoxicological studies
is to conduct and interpret experiments in the context of more ecologically relevant
conditions, including exposing organisms to ecologically relevant concentrations
for that particular organism and setting up experimental exposure conditions such as
pH, IS, UV intensity and NOM concentration to match the natural conditions and
variability.

References

Aich N, Plazas-Tuttle J, Lead JR, Saleh NB. Environ Chem. 2014;11:609-23. https://doi.
org/10.1071/EN14127.

Apel K, Hirt H. Annu Rev Plant Biol. 2004;55:373-99. https://doi.org/10.1146/annurev.
arplant.55.031903.141701.

Artells E, Issartel J, Auffan M, Borschneck D, Thill A, Tella M, Brousset L, Rose J, Bottero J-Y,
Thiery A. PLoS One. 2013;8:¢71260. https://doi.org/10.1371/journal.pone.0071260.

Ates M, Daniels J, Arslan Z, Farah 10. Environ Monit Assess. 2013;185:3339—48. https://doi.
org/10.1007/s10661-012-2794-7.

Avramescu ML, Rasmussen PE, Chenier M, Gardner HD. Environ Sci Pollut Res. 2017;24:1553-64.
https://doi.org/10.1007/s11356-016-7932-2.


https://doi.org/10.1071/EN14127
https://doi.org/10.1071/EN14127
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1371/journal.pone.0071260
https://doi.org/10.1007/s10661-012-2794-7
https://doi.org/10.1007/s10661-012-2794-7
https://doi.org/10.1007/s11356-016-7932-2

Nanotoxicology in the Environment 81

Baalousha M, Manciulea A, Cumberland S, Kendall K, Lead JR. Environ Toxicol Chem.
2008;27:1875-82. https://doi.org/10.1897/07-559.1.

Baalousha M, Sikder M, Prasad A, Lead J, Merrifield R, Chandler GT. Environ Chem. 2016;13:1-3.
https://doi.org/10.1071/en15142.

Bacchetta R, Santo N, Valenti I, Maggioni D, Longhi M, Tremolada P. Nanotoxicology.
2018;12:201-23. https://doi.org/10.1080/17435390.2018.1430258.

Badawy AME, Luxton TP, Silva RG, Scheckel KG, Suidan MT, Tolaymat TM. Environ Sci
Technol. 2010;44:1260-6. https://doi.org/10.1021/es902240k.

Bar-Ilan O, Louis KM, Yang SP, Pedersen JA, Hamers RJ, Peterson RE, Heideman
W. Nanotoxicology. 2012;6:670-9. https://doi.org/10.3109/17435390.2011.604438.

Behrenfeld MJ, O’Malley RT, Siegel DA, McClain CR, Sarmiento JL, Feldman GC, Milligan
Al, Falkowski PG, Letelier RM, Boss ES. Nature. 2006;444:752. https://doi.org/10.1038/
nature05317.

Bian S-W, Mudunkotuwa IA, Rupasinghe T, Grassian VH. Langmuir. 2011;27:6059-68. https://
doi.org/10.1021/1a200570n.

Blewett TA, Leonard EM. Environ Pollut. 2017;223:311-22. https://doi.org/10.1016/j.
envpol.2017.01.028.

Bour A, Mouchet F, Verneuil L, Evariste L, Silvestre J, Pinelli E, Gauthier L. Chemosphere.
2015;120:230-6. https://doi.org/10.1016/j.chemosphere.2014.07.012.

Braydich-Stolle LK, Schaeublin NM, Murdock RC, Jiang J, Biswas P, Schlager JJ, Hussain SM. J
Nanopart Res. 2009;11:1361-74. https://doi.org/10.1007/s11051-008-9523-8.

Bruneau A, Turcotte P, Pilote M, Gagne F, Gagnon C. Aquat Toxicol. 2016;174:70-81. https://doi.
org/10.1016/j.aquatox.2016.02.013.

Buchalska M, Kobielusz M, Matuszek A, Pacia M, Wojtyta S, Macyk W. ACS Catal.
2015;5:7424-31. https://doi.org/10.1021/acscatal.5b01562.

Bystrzejewska-Piotrowska G, Golimowski J, Urban PL. Waste Manag. 2009;29:2587-95. https://
doi.org/10.1016/j.wasman.2009.04.001.

Cerrillo C, Barandika G, Igartua A, Areitioaurtena O, Mendoza G. Sci Total Environ.
2016;543:95-104. https://doi.org/10.1016/j.scitotenv.2015.10.137.

Clement L, Hurel C, Marmier N. Chemosphere. 2013;90:1083-90. https://doi.org/10.1016/].
chemosphere.2012.09.013.

Clemente Z, Castro V, Moura M, Jonsson C, Fraceto L. Aquat Toxicol. 2014;147:129-39. https://
doi.org/10.1016/j.aquatox.2013.12.024.

Clift MJ, Bhattacharjee S, Brown DM, Stone V. Toxicol Lett. 2010;198:358-65. https://doi.
org/10.1016/j.toxlet.2010.08.002.

Dahle JT, Arai Y. Int J Environ Res Public Health. 2015;12:1253-78. https://doi.org/10.3390/
ijerph120201253.

Dahle JT, Livi K, Arai Y. Chemosphere. 2015;119:1365-71. https://doi.org/10.1016/].
chemosphere.2014.02.027.

Di Meo S, Reed TT, Venditti P, Victor VM. Oxidative Med Cell Longev. 2016;2016 https://doi.
org/10.1155/2016/1245049.

Di Toro DM, Allen HE, Bergman HL, Meyer JS, Paquin PR, Santore RC. Environ Toxicol Chem.
2001;20:2383-96. https://doi.org/10.1002/etc.5620201034.

Dominguez GA, Lohse SE, Torelli MD, Murphy CJ, Hamers RJ, Orr G, Klaper RD. Aquat Toxicol.
2015;162:1-9. https://doi.org/10.1016/j.aquatox.2015.02.015.

Fabrega J, Luoma SN, Tyler CR, Galloway TS, Lead JR. Environ Int. 2011;37:517-31. https://doi.
org/10.1016/j.envint.2010.10.012.

Farkas J, Christian P, Gallego-Urrea JA, Roos N, Hassellov M, Tollefsen KE, Thomas KV. Aquat
Toxicol. 2011;101:117-25. https://doi.org/10.1016/j.aquatox.2010.09.010.

Felix LC, Ortega VA, Goss GG. Aquat Toxicol. 2017a;192:58-68. https://doi.org/10.1016/].
aquatox.2017.09.008.

Felix LC, Folkerts EJ, He Y, Goss GG. Environ Sci Nano. 2017b;4(3):658-69. https://doi.
org/10.1039/C6EN00436A.


https://doi.org/10.1897/07-559.1
https://doi.org/10.1071/en15142
https://doi.org/10.1080/17435390.2018.1430258
https://doi.org/10.1021/es902240k
https://doi.org/10.3109/17435390.2011.604438
https://doi.org/10.1038/nature05317
https://doi.org/10.1038/nature05317
https://doi.org/10.1021/la200570n
https://doi.org/10.1021/la200570n
https://doi.org/10.1016/j.envpol.2017.01.028
https://doi.org/10.1016/j.envpol.2017.01.028
https://doi.org/10.1016/j.chemosphere.2014.07.012
https://doi.org/10.1007/s11051-008-9523-8
https://doi.org/10.1016/j.aquatox.2016.02.013
https://doi.org/10.1016/j.aquatox.2016.02.013
https://doi.org/10.1021/acscatal.5b01562
https://doi.org/10.1016/j.wasman.2009.04.001
https://doi.org/10.1016/j.wasman.2009.04.001
https://doi.org/10.1016/j.scitotenv.2015.10.137
https://doi.org/10.1016/j.chemosphere.2012.09.013
https://doi.org/10.1016/j.chemosphere.2012.09.013
https://doi.org/10.1016/j.aquatox.2013.12.024
https://doi.org/10.1016/j.aquatox.2013.12.024
https://doi.org/10.1016/j.toxlet.2010.08.002
https://doi.org/10.1016/j.toxlet.2010.08.002
https://doi.org/10.3390/ijerph120201253
https://doi.org/10.3390/ijerph120201253
https://doi.org/10.1016/j.chemosphere.2014.02.027
https://doi.org/10.1016/j.chemosphere.2014.02.027
https://doi.org/10.1155/2016/1245049
https://doi.org/10.1155/2016/1245049
https://doi.org/10.1002/etc.5620201034
https://doi.org/10.1016/j.aquatox.2015.02.015
https://doi.org/10.1016/j.envint.2010.10.012
https://doi.org/10.1016/j.envint.2010.10.012
https://doi.org/10.1016/j.aquatox.2010.09.010
https://doi.org/10.1016/j.aquatox.2017.09.008
https://doi.org/10.1016/j.aquatox.2017.09.008
https://doi.org/10.1039/C6EN00436A
https://doi.org/10.1039/C6EN00436A

82 Y. Zhang and G. Goss

Feynman RP. There’s plenty of room at the bottom: An invitation to enter a new field of physics.
Handbook of nanoscience, engineering, and technology. 3rd ed. Boca Raton: CRC Press; 2012.
p- 26-35.

Fouqueray M, Dufils B, Vollat B, Chaurand P, Botta C, Abacci K, Labille J, Rose J, Garric
J. Environ Pollut. 2012;163:55-61. https://doi.org/10.1016/j.envpol.2011.11.035.

Fu PP, Xia Q, Hwang H-M, Ray PC, Yu H. J Food Drug Anal. 2014;22:64-75. https://doi.
org/10.1016/j.jfda.2014.01.005.

Gallego-Urrea JA, Holmberg JP, Hassellov M. Environ Sci Nano. 2014;1:181-9. https://doi.
org/10.1039/C3EN00106G.

Ganguly P, Breen A, Pillai SC. ACS Biomater Sci Eng. 2018;4:2237-75. https://doi.org/10.1021/
acsbiomaterials.8b00068.

Gao J, Youn S, Hovsepyan A, Llaneza VL, Wang Y, Bitton G, Bonzongo J-CJ. Environ Sci Technol.
2009;43:3322-8. https://doi.org/10.1021/es803315v.

Garcia-Reyero N, Thornton C, Hawkins AD, Escalon L, Kennedy AJ, Steevens JA, Willett
KL. Environ Nanotechnol Monit Manage. 2015;4:58-66. https://doi.org/10.1016/j.
enmm.2015.06.001.

George S, Pokhrel S, Xia T, Gilbert B, Ji Z, Schowalter M, Rosenauer A, Damoiseaux R, Bradley
KA, Médler L. ACS Nano. 2009;4:15-29. https://doi.org/10.1021/nn901503q.

Grillo R, Rosa AH, Fraceto LF. Chemosphere. 2015;119:608-19. https://doi.org/10.1016/j.
chemosphere.2014.07.049.

He X, Fu P, Aker WG, Hwang H-M. J Environ Sci Health C. 2018;36:21-42. https://doi.org/10.108
0/10590501.2017.1418793.

Heitmann T, Goldhammer T, Beer J, Blodau C. Glob Chang Biol. 2007;13:1771-85. https://doi.
org/10.1111/j.1365-2486.2007.01382.x.

Inshakova E, Inshakov O. World market for nanomaterials: structure and trends. MATEC web of
conferences. 2017;129. https://doi.org/10.1051/matecconf/201712902013.

Ispas C, Andreescu D, Patel A, Goia DV, Andreescu S, Wallace KN. Environ Sci Technol.
2009;43:6349-56. https://doi.org/10.1021/es9010543.

Iversen T-G, Skotland T, Sandvig K. Nano Today. 2011;6:176-85. https://doi.org/10.1016/].
nantod.2011.02.003.

Jezek P, Hlavata L. Int J Biochem Cell Biol. 2005;37:2478-503. https://doi.org/10.1016/].
biocel.2005.05.013.

JiJ, Long Z, Lin D. Chem Eng J. 2011;170:525-30. https://doi.org/10.1016/j.cej.2010.11.026.

Jiang J, Oberdorster G, Biswas P. J Nanopart Res. 2009;11:77-89. https://doi.org/10.1007/
s11051-008-9446-4.

Keller AA, Wang H, Zhou D, Lenihan HS, Cherr G, Cardinale BJ, Miller R, Ji Z. Environ Sci
Technol. 2010;44:1962-7. https://doi.org/10.1021/es902987d.

Kim K-T, Truong L, Wehmas L, Tanguay RL. Nanotechnology. 2013;24:115101. https://doi.
org/10.1088/0957-4484/24/11/115101.

Klaine SJ, Alvarez PJ, Batley GE, Fernandes TF, Handy RD, Lyon DY, Mahendra S, McLaughlin
MlJ, Lead JR. Environ Toxicol Chem. 2008;27:1825-51. https://doi.org/10.1897/08-090.1.

Kohchi C, Inagawa H, Nishizawa T, Soma G-I. Anticancer Res. 2009;29:817-21.

Kou L, Sun J, Zhai Y, He Z. Asian J Pharm Sci. 2013;8:1-10. https://doi.org/10.1016/j.
ajps.2013.07.001.

Levchuk I, Marquez JJR, Sillanpaa M. Chemosphere. 2018;192:90-104. https://doi.org/10.1016/].
chemosphere.2017.10.101.

Li S, Ma H, Wallis LK, Etterson MA, Riley B, Hoff DJ, Diamond SA. Sci Total Environ.
2016;542:324-33. https://doi.org/10.1016/j.scitotenv.2015.09.141.

Lin S, Wang X, Ji Z, Chang CH, Dong Y, Meng H, Liao Y-P, Wang M, Song T-B, Kohan S. ACS
Nano. 2014;8:4450—-64. https://doi.org/10.1021/nn5012754.

Lopes S, Ribeiro F, Wojnarowicz J, Lojkowski W, Jurkschat K, Crossley A, Soares AM, Loureiro
S. Environ Toxicol Chem. 2014;33:190-8. https://doi.org/10.1002/etc.2413.


https://doi.org/10.1016/j.envpol.2011.11.035
https://doi.org/10.1016/j.jfda.2014.01.005
https://doi.org/10.1016/j.jfda.2014.01.005
https://doi.org/10.1039/C3EN00106G
https://doi.org/10.1039/C3EN00106G
https://doi.org/10.1021/acsbiomaterials.8b00068
https://doi.org/10.1021/acsbiomaterials.8b00068
https://doi.org/10.1021/es803315v
https://doi.org/10.1016/j.enmm.2015.06.001
https://doi.org/10.1016/j.enmm.2015.06.001
https://doi.org/10.1021/nn901503q
https://doi.org/10.1016/j.chemosphere.2014.07.049
https://doi.org/10.1016/j.chemosphere.2014.07.049
https://doi.org/10.1080/10590501.2017.1418793
https://doi.org/10.1080/10590501.2017.1418793
https://doi.org/10.1111/j.1365-2486.2007.01382.x
https://doi.org/10.1111/j.1365-2486.2007.01382.x
https://doi.org/10.1051/matecconf/201712902013
https://doi.org/10.1021/es9010543
https://doi.org/10.1016/j.nantod.2011.02.003
https://doi.org/10.1016/j.nantod.2011.02.003
https://doi.org/10.1016/j.biocel.2005.05.013
https://doi.org/10.1016/j.biocel.2005.05.013
https://doi.org/10.1016/j.cej.2010.11.026
https://doi.org/10.1007/s11051-008-9446-4
https://doi.org/10.1007/s11051-008-9446-4
https://doi.org/10.1021/es902987d
https://doi.org/10.1088/0957-4484/24/11/115101
https://doi.org/10.1088/0957-4484/24/11/115101
https://doi.org/10.1897/08-090.1
https://doi.org/10.1016/j.ajps.2013.07.001
https://doi.org/10.1016/j.ajps.2013.07.001
https://doi.org/10.1016/j.chemosphere.2017.10.101
https://doi.org/10.1016/j.chemosphere.2017.10.101
https://doi.org/10.1016/j.scitotenv.2015.09.141
https://doi.org/10.1021/nn5012754
https://doi.org/10.1002/etc.2413

Nanotoxicology in the Environment 83

Ma H, Brennan A, Diamond SA. Environ Toxicol Chem. 2012;31:1621-9. https://doi.org/10.1002/
etc.1858.

Ma H, Williams PL, Diamond SA. Environ Pollut. 2013;172:76-85. https://doi.org/10.1016/].
envpol.2012.08.011.

Menard A, Drobne D, Jemec A. Environ Pollut. 2011;159:677-84. https://doi.org/10.1016/].
envpol.2010.11.027.

Miller RJ, Bennett S, Keller AA, Pease S, Lenihan HS. PLoS One. 2012;7:e30321. https://doi.
org/10.1371/journal.pone.0030321.

Misra SK, Dybowska A, Berhanu D, Luoma SN, Valsami-Jones E. Sci Total Environ.
2012;438:225-32. https://doi.org/10.1016/j.scitotenv.2012.08.066.

Misra SK, Nuseibeh S, Dybowska A, Berhanu D, Tetley TD, Valsami-Jones E. Nanotoxicology.
2014;8:422-32. https://doi.org/10.3109/17435390.2013.796017.

Mitrano DM, Motellier S, Clavaguera S, Nowack B. Environ Int. 2015;77:132-47. https://doi.
org/10.1016/j.envint.2015.01.013.

Nason JA, McDowell SA, Callahan TW. J Environ Monit. 2012;14:1885-92. https://doi.
org/10.1039/C2EM00005A.

Nasser F, Davis A, Valsami-Jones E, Lynch I. Nano. 2016;6:13. https://doi.org/10.3390/
nano6120222.

Noventa S, Rowe D, Galloway T. Environ Sci Nano. 2018;5:1764-77. https://doi.
org/10.1039/c8en00175h.

Oh N, Park J-H. Int J Nanomedicine. 2014;9:51. https://doi.org/10.2147/1JN.S26592.

Oi LE, Choo M-Y, Lee HV, Ong HC, Hamid SBA, Juan JC. RSC Adv. 2016;6:108741-54. https://
doi.org/10.1039/C6RA22894A.

Omar FM, Aziz HA, Stoll S. Sci Total Environ. 2014;468:195-201. https://doi.org/10.1016/j.
scitotenv.2013.08.044.

Orbea A, Gonzalez-Soto N, Lacave JM, Barrio I, Cajaraville MP. Comp Biochem Physiol C
Toxicol Pharmacol. 2017;199:59-68. https://doi.org/10.1016/j.cbpc.2017.03.004.

Osborne OJ, Lin S, Chang CH, Ji Z, Yu X, Wang X, Lin S, Xia T, Nel AE. ACS Nano.
2015;9:9573-84. https://doi.org/10.1021/acsnano.5b04583.

Paquin PR, Santore RC, Wu KB, Kavvadas CD, Di Toro DM. Environ Sci Pol. 2000;3:175-82.
https://doi.org/10.1016/S1462-9011(00)00047-2.

Paterson G, Ataria JM, Hoque ME, Burns DC, Metcalfe CD. Chemosphere. 2011;82:1002-9.
https://doi.org/10.1016/j.chemosphere.2010.10.068.

Quigg A, Chin W-C, Chen C-S, Zhang S, Jiang Y, Miao A-J, Schwehr KA, Xu C, Santschi PH. ACS
Sustain Chem Eng. 2013;1:686-702. https://doi.org/10.1021/sc400103x.

Quik JT, Lynch I, Van Hoecke K, Miermans CJ, De Schamphelaere KA, Janssen CR, Dawson
KA, Stuart MAC, Van De Meent D. Chemosphere. 2010;81:711-5. https://doi.org/10.1016/j.
chemosphere.2010.07.062.

Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Biochem J. 2004;377:159-69. https://doi.org/10.1042/
bj20031253.

Ren C, Hu X, Zhou Q. NanoImpact. 2016;2:82-92. https://doi.org/10.1016/j.impact.2016.07.002.

Riley P. Int J Radiat Biol. 1994;65:27-33. https://doi.org/10.1080/09553009414550041.

Rodrigues ET, Lopes I, Pardal MA. Environ Int. 2013;53:18-28. https://doi.org/10.1016/j.
envint.2012.12.005.

Romer I, White TA, Baalousha M, Chipman K, Viant MR, Lead JR. J Chromatogr
A.2011;1218:4226-33. https://doi.org/10.1016/j.chroma.2011.03.034.

Romer I, Gavin AJ, White TA, Merrifield RC, Chipman JK, Viant MR, Lead JR. Toxicol Lett.
2013;223:103-8. https://doi.org/10.1016/j.toxlet.2013.08.026.

Safari S, Eshraghi Dehkordy S, Kazemi M, Dehghan H, Mahaki B. Int J Photoenergy. 2015;2015
https://doi.org/10.1155/2015/504674.

Saleh NB, Aich N, Plazas-Tuttle J, Lead JR, Lowry GV. Environ Sci Nano. 2015;2:11-8. https://
doi.org/10.1039/C4EN00104D.


https://doi.org/10.1002/etc.1858
https://doi.org/10.1002/etc.1858
https://doi.org/10.1016/j.envpol.2012.08.011
https://doi.org/10.1016/j.envpol.2012.08.011
https://doi.org/10.1016/j.envpol.2010.11.027
https://doi.org/10.1016/j.envpol.2010.11.027
https://doi.org/10.1371/journal.pone.0030321
https://doi.org/10.1371/journal.pone.0030321
https://doi.org/10.1016/j.scitotenv.2012.08.066
https://doi.org/10.3109/17435390.2013.796017
https://doi.org/10.1016/j.envint.2015.01.013
https://doi.org/10.1016/j.envint.2015.01.013
https://doi.org/10.1039/C2EM00005A
https://doi.org/10.1039/C2EM00005A
https://doi.org/10.3390/nano6120222
https://doi.org/10.3390/nano6120222
https://doi.org/10.1039/c8en00175h
https://doi.org/10.1039/c8en00175h
https://doi.org/10.2147/IJN.S26592
https://doi.org/10.1039/C6RA22894A
https://doi.org/10.1039/C6RA22894A
https://doi.org/10.1016/j.scitotenv.2013.08.044
https://doi.org/10.1016/j.scitotenv.2013.08.044
https://doi.org/10.1016/j.cbpc.2017.03.004
https://doi.org/10.1021/acsnano.5b04583
https://doi.org/10.1016/S1462-9011(00)00047-2
https://doi.org/10.1016/j.chemosphere.2010.10.068
https://doi.org/10.1021/sc400103x
https://doi.org/10.1016/j.chemosphere.2010.07.062
https://doi.org/10.1016/j.chemosphere.2010.07.062
https://doi.org/10.1042/bj20031253
https://doi.org/10.1042/bj20031253
https://doi.org/10.1016/j.impact.2016.07.002
https://doi.org/10.1080/09553009414550041
https://doi.org/10.1016/j.envint.2012.12.005
https://doi.org/10.1016/j.envint.2012.12.005
https://doi.org/10.1016/j.chroma.2011.03.034
https://doi.org/10.1016/j.toxlet.2013.08.026
https://doi.org/10.1155/2015/504674
https://doi.org/10.1039/C4EN00104D
https://doi.org/10.1039/C4EN00104D

84 Y. Zhang and G. Goss

Schultz AG, Boyle D, Chamot D, Ong KJ, Wilkinson KJ, McGeer JC, Sunahara G, Goss
GG. Environ Chem. 2014;11:207-26. https://doi.org/10.1071/EN13221.

Scott DT, McKnight DM, Blunt-Harris EL, Kolesar SE, Lovley DR. Environ Sci Technol.
1998;32:2984-9. https://doi.org/10.1021/es980272q.

Scown TM, Santos EM, Johnston BD, Gaiser B, Baalousha M, Mitov S, Lead JR, Stone V,
Fernandes TF, Jepson M. Toxicol Sci. 2010;115:521-34. https://doi.org/10.1093/toxsci/kfq076.

Seitz F, Rosenfeldt RR, Storm K, Metreveli G, Schaumann GE, Schulz R, Bundschuh M. Ecotoxicol
Environ Saf. 2015;111:263-70. https://doi.org/10.1016/j.ecoenv.2014.09.031.

Shang L, Nienhaus K, Nienhaus GU. J Nanobiotechnol. 2014;12:5. https://doi.org/10.1186/1477
3155-12-5.

SharmaVK.JEnvironSciHealthA.2009;44:1485-95..https://doi.org/10.1080/10934520903263231.

Shaw BJ, Handy RD. Environ Int. 2011;37:1083-97. https://doi.org/10.1016/j.envint.2011.03.009.

Sikder M, Eudy E, Chandler GT, Baalousha M. Nanotoxicology. 2018;12:375-89. https://doi.
org/10.1080/17435390.2018.1451568.

SilvaT, Pokhrel LR, Dubey B, Tolaymat TM, Maier KJ, Liu X. Sci Total Environ. 2014;468:968-76.
https://doi.org/10.1016/j.scitotenv.2013.09.006.

Sperling RA, Parak WJ. Philos Trans R Soc A Math Phys Eng Sci. 2010;368:1333-83. https://doi.
org/10.1098/rsta.2009.0273.

StatNano, Database: Products, 2018. https://product.statnano.com/.

Tripathy N, Hong T-K, Ha K-T, Jeong H-S, Hahn Y-B. J Hazard Mater. 2014;270:110-7. https://
doi.org/10.1016/j.jhazmat.2014.01.043.

Van Hoecke K, De Schamphelaere KA, Van der Meeren P, Smagghe G, Janssen CR. Environ
Pollut. 2011;159:970-6. https://doi.org/10.1016/j.envpol.2010.12.010.

Varki A, Schauer R. Sialic acids. Essentials of Glycobiology. 2nd edition. 2009.

Westmeier D, Stauber RH, Docter D. Toxicol Appl Pharmacol. 2016;299:53-7. https://doi.
org/10.1016/j.taap.2015.11.008.

Williamson CE, Zepp RG, Lucas RM, Madronich S, Austin AT, Ballaré CL, Norval M, Sulzberger
B, Bais AF, McKenzie RL. Nat Clim Chang. 2014;4:434.

Wong SW, Leung PT, Djurisi¢ A, Leung KM. Anal Bioanal Chem. 2010;396:609-18. https://doi.
org/10.1007/s00216-009-3249-z.

Wormington AM, Coral J, Alloy MM, Damare CL, Mansfield CM, Klaine SJ, Bisesi JH, Roberts
AP. Environ Toxicol Chem. 2016;36(6):1661-6. https://doi.org/10.1002/etc.3702.

Wyrwoll AJ, Lautenschlager P, Bach A, Hellack B, Dybowska A, Kuhlbusch TA, Hollert
H, Schiffer A, Maes HM. Environ Pollut. 2016;208:859-67. https://doi.org/10.1016/].
envpol.2015.10.035.

Xia T, Zhao Y, Sager T, George S, Pokhrel S, Li N, Schoenfeld D, Meng H, Lin S, Wang X. ACS
Nano. 2011;5:1223-35. https://doi.org/10.1021/nn1028482.

Yin T, Walker HW, Chen D, Yang Q. J Membr Sci. 2014;449:9-14. https://doi.org/10.1016/j.
memsci.2013.08.020.

Yu L-p, Fang T, Xiong D-w, Zhu W-t, Sima X-f. J Environ Monit. 2011;13:1975-82. https://doi.
org/10.1039/C1EM10197H.

Zhang Y, Chen Y, Westerhoff P, Crittenden J. Water Res. 2009;43:4249-57. https://doi.
org/10.1016/j.watres.2009.06.005.

Zhang Y, Blewett TA, Val AL, Goss GG. Environ Sci Nano. 2018;5:476-86. https://doi.
org/10.1039/C7TEN00842B.

Zhao X, Wang S, Wu Y, You H, Lv L. Aquat Toxicol. 2013;136:49-59. https://doi.org/10.1016/].
aquatox.2013.03.019.

Zhu M, Wang H, Keller AA, Wang T, Li F. Sci Total Environ. 2014;487:375-80. https://doi.
org/10.1016/j.scitotenv.2014.04.036.


https://doi.org/10.1071/EN13221
https://doi.org/10.1021/es980272q
https://doi.org/10.1093/toxsci/kfq076
https://doi.org/10.1016/j.ecoenv.2014.09.031
https://doi.org/10.1080/10934520903263231
https://doi.org/10.1016/j.envint.2011.03.009
https://doi.org/10.1080/17435390.2018.1451568
https://doi.org/10.1080/17435390.2018.1451568
https://doi.org/10.1016/j.scitotenv.2013.09.006
https://doi.org/10.1098/rsta.2009.0273
https://doi.org/10.1098/rsta.2009.0273
https://product.statnano.com/
https://doi.org/10.1016/j.jhazmat.2014.01.043
https://doi.org/10.1016/j.jhazmat.2014.01.043
https://doi.org/10.1016/j.envpol.2010.12.010
https://doi.org/10.1016/j.taap.2015.11.008
https://doi.org/10.1016/j.taap.2015.11.008
https://doi.org/10.1007/s00216-009-3249-z
https://doi.org/10.1007/s00216-009-3249-z
https://doi.org/10.1002/etc.3702
https://doi.org/10.1016/j.envpol.2015.10.035
https://doi.org/10.1016/j.envpol.2015.10.035
https://doi.org/10.1021/nn1028482
https://doi.org/10.1016/j.memsci.2013.08.020
https://doi.org/10.1016/j.memsci.2013.08.020
https://doi.org/10.1039/C1EM10197H
https://doi.org/10.1039/C1EM10197H
https://doi.org/10.1016/j.watres.2009.06.005
https://doi.org/10.1016/j.watres.2009.06.005
https://doi.org/10.1039/C7EN00842B
https://doi.org/10.1039/C7EN00842B
https://doi.org/10.1016/j.aquatox.2013.03.019
https://doi.org/10.1016/j.aquatox.2013.03.019
https://doi.org/10.1016/j.scitotenv.2014.04.036
https://doi.org/10.1016/j.scitotenv.2014.04.036

Nano-enabled Consumer Products: m)
Inventories, Release, and Exposures S

S. F. Hansen, A. Mackevica, and M. S. Hull

Contents
Nano-enabled Consumer Products: Challenges, Inventories, and the Potential for

Nanomaterial Release. ........oouiiiiuiiiiitii i e e . 86
The CPI and the Nanodatabase. .. ......oueeeeerne ettt eeeeiiii e e e eeaaananans 89
The Release of Nanomaterials from Consumer Products..............oooviiiiiiiiiiiiiiiinnn.. 103
Human Exposure to Nano-enabled Consumer Products...............cooiviiiiiiiiiiiiineannn.. 111
Environmental ReICaSE. . .......oueiiiiii ettt ettt e . 115
Conclusion and Outlook: Toxicological Implications of Exposure to Nano-enabled

CoNSUMET PrOQUCES. . . ..ottt ettt et e e e et e e e eaaeeenas . 122
2SS 53 1S5 1 0T 122

General correspondence regarding the chapter and specific correspondence regarding the
Nanotechnology Consumer Products Inventory should be directed to MS Hull
Correspondence regarding the Danish Nanodatabase should be directed to SF Hansen

S. F. Hansen (<) - A. Mackevica

Department of Environmental Engineering, Technical University of Denmark,
Kgs. Lyngby, Denmark

e-mail: stfha@env.dtu.dk

M. S. Hull (B)

National Center for Earth and Environmental Nanotechnology Infrastructure (NanoEarth),
Institute for Critical Technology and Applied Science (ICTAS), Virginia Tech,
Blacksburg, VA, USA

NanoSafe, Inc., Blacksburg, VA, USA
e-mail: mahull@vt.edu

© Springer Nature Switzerland AG 2021 85
J. R. Lead et al. (eds.), Nanotoxicology in Humans and the Environment, Molecular
and Integrative Toxicology, https://doi.org/10.1007/978-3-030-79808-6_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79808-6_4&domain=pdf
https://doi.org/10.1007/978-3-030-79808-6_4#DOI
mailto:sfha@env.dtu.dk
mailto:mahull@vt.edu

86 S. F. Hansen et al.

Abstract Given the challenges of simply defining the boundaries of what are or are
not “nano” products, the concept of nano-specific consumer product inventories has
arguably been one of the most important results from more than a decade of
international investment in nanotechnology risk-related research, tools, and
resources. Two inventories are considered especially important and are widely cited
in peer-reviewed publications, grant applications, conferences and symposia, and
the media. Those inventories are: (1) the Nanotechnology Consumer Products
Inventory (CPI) developed in 2005 by the Woodrow Wilson International Center for
Scholars” (WWICS) Project on Emerging Nanotechnologies (PEN) and (2) the
Danish Nanodatabase established in 2012 by the Technical University of Denmark’s
Department of Environmental Engineering (DTU Environment). These inventories
were intended to provide relevant information about consumer products that may
contain engineered nanomaterials (ENMs) and thereby, based on precautionary
principle and the potential for the release of ENMs (either intentionally or uninten-
tionally), may pose unique risks to end users and environmental systems. This chap-
ter informs others in this book by looking specifically at what we have learned
through the process of curating inventories of nano-enabled products, particularly in
the US and Europe. While additional work and resources are needed to improve
these inventories, some initial trends have become evident through recent assess-
ments of the CPI and Nanodatabase published by Vance et al. (Beilstein J
Nanotechnol 6:1769-1780, 2015) and Hansen et al. (Environ Sci Nano 3:169-180,
2016), respectively. Their findings, which we must be careful to interpret as snap-
shots in time and subject to change as new products emerge and consumer trends
vary, may provide important insights into critical questions such as (1) which prod-
ucts are most likely to contain nanoscale materials, (2) which nanomaterials are
encountered most often in those products, (3) how likely nanomaterials are to be
released from certain products and at what rates, (4) what analytical approaches and
studies should be prioritized to help protect human health and the environment, and
various others. Carefully and regularly curated inventories of nano-enabled con-
sumer products may help researchers determine which product usage scenarios are
likely to result in the release of ENMs and ENM/composite materials.

Keywords Consumer products - Danish Nanodatabase - Exposure - Inventory -
Nanomaterial - Nanotechnology - Nanotechnology consumer products inventory
- Release

Nano-enabled Consumer Products: Challenges, Inventories,
and the Potential for Nanomaterial Release

The complexity of consumer products has increased dramatically in recent decades
as multiple technology domains converge into a dizzying array of devices, wear-
ables, toys, cosmetics, pharmaceuticals, and more. At the same time, these products
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have become more personal and disposable than ever before. One needs to look no
further than the smartphone in their hand (or at least very close by) to see this
remarkable coalescence of twenty-first Century technology, personalization, and
manufacturing efficiency. Packed neatly within a sleek structure designed to fit per-
fectly within the grasp of the average-sized human hand are miniaturized wireless
communications systems, sassy digital assistants driven by artificial intelligence
algorithms, lithium ion batteries, high-strength “glass” and a periodic table worth of
advanced and nano-enabled materials for dissipating heat as they rapidly shuttle
electrons from your finger to cyberspace. If the pen is truly mightier than the sword,
then the modern smartphone should be worth at least a phalanx or two. Yet, as we
marvel at the performance and convenience of modern consumer products, serious
concerns have arisen around the increasingly sophisticated materials used to create
these products and their potential to harm humans and the natural environment.
These concerns are particularly significant for the nanoscale components of these
products, which have been precisely engineered at size scales in the realm of viruses
and biological machinery. We know very little, or at the very least, less than we
should, about the types and quantitites of engineered nanomaterials (ENMs) that are
used in many of these products. Futher, very little information exists regarding the
potential release of ENMs from such products across their full life cycle — from
production and use to disposal/recycling (see Fig. 1). Consequently, the extent to
which humans and environmental systems may be exposed to ENMs is largely spec-
ulative and subject to change as new applications of ENMs emerge in consumer
products such as personalized medicines, smart textiles, and multi-functional build-
ing materials.

Given the challenges of simply defining the boundaries of what are or are not
“nano” products, the concept of nano-specific consumer product inventories has
arguably been one of the most important results from more than a decade of inter-
national investment in nanotechnology risk-related research, tools, and resources.
Two inventories are considered especially important and are widely cited in peer-
reviewed publications, grant applications, conferences and symposia, and the media.
Those inventories are: (1) the Nanotechnology Consumer Products Inventory (CPI)
developed in 2005 by the Woodrow Wilson International Center for Scholars’
(WWICS) Project on Emerging Nanotechnologies (PEN) and (2) the Danish
Nanodatabase established in 2012 by the Technical University of Denmark’s
Department of Environmental Engineering (DTU Environment). These inventories
were intended to provide relevant information about consumer products that may
contain engineered nanomaterials (ENMs) and thereby, based on precautionary
principle and the potential for the release of ENMs (either intentionally or uninten-
tionally), may pose unique risks to end users and environmental systems.

A broad range of stakeholders from students to policy-makers, industry repre-
sentatives, and researchers have cited these inventories in everything from grade-
school teaching curricula to international policy documents (e.g., Michelson 2008;
Healy 2009; TACD 2011; Vance et al. 2015). Such inventories fill an important need
to define the extent to which consumer products are likely “nano-enabled” or not.
More advanced analysis of the inventories can, in some cases, yield insights into the
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Fig. 1 Simplified stages of the nano-enabled product life cycle and the fate of the released NMs.
(Mackevica 2016)

potential for the release of nanoscale materials during use or disposal of nano-
enabled consumer products, and subsequent exposures to humans and the natural
environment.

Other chapters in this book explore the toxicological interactions of nanomateri-
als with humans (e.g., chapters “Overview of Nanotoxicology in Humans and the
Environment; Developments, Challenges and Impacts” and “The Potential Adverse
Effects of Engineered Nanomaterial Exposure to Human Health Following
Pulmonary, Oral and Dermal Exposure”) and environmental systems (chapters
“Overview of Nanotoxicology in Humans and the Environment; Developments,
Challenges and Impacts” and “Nanotoxicology in the Environment”), methods for
measuring nanoscale materials and their transformations in complex systems (chap-
ter “Factors Affecting Nanoparticle Dose—Exposure and Cell Response”), and
efforts to model exposures (chapter “Mapping Exposure onto Nanoscale Toxicity
Measures”). This chapter can help inform the others by looking specifically at what
we have learned through the process of curating inventories of nano-enabled prod-
ucts, particularly in the US and Europe. While additional work and resources are
needed to improve these inventories, some initial trends have become evident
through recent assessments of the CPI and Nanodatabase published by Vance et al.
(2015) and Hansen et al. (2016), respectively. Their findings, which we must be
careful to interpret as snapshots in time and subject to change as new products
emerge and consumer trends vary, may provide important insights into critical ques-
tions such as (1) which products are most likely to contain nanoscale materials, (2)
which nanomaterials are encountered most often in those products, (3) how likely
nanomaterials are to be released from certain products and at what rates, (4) what
analytical approaches and studies should be prioritized to help protect human health
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and the environment, and various others. Carefully and regularly curated inventories
of nano-enabled consumer products may help researchers determine which product
usage scenarios are likely to result in the release of ENMs and ENM/composite
materials.

The CPI and the Nanodatabase

A number of inventories containing information about nanomaterials and nanoprod-
ucts exist, such as the CPI, The Nanodatabase, the Nanoproduktdatenbank, main-
tained by the Bund fiir Umwelt und Naturschutz Deutschland (BUND), and the
inventory established by the European Association for the Co-ordination of
Consumer Representation in Standardisation (ANEC)/The European Consumer
Organisation (BEUC), which contains products available on the EU market claim-
ing to contain nanosilver particles. The CPI, which was the first of its kind, arguably
tends to focus on the North American market and has only been updated about once
a year since it originally launched in 2006 (PEN 2015; Vance et al. 2015). The
BUND databank focuses mainly on products available on the German market and is
only available in the German language, whereas the ANEC/BEUC focuses specifi-
cally on products with nanosilver and has not been updated since 2013 (BUND
2015; ANEC/BEUC 2015). Beyond Europe and North America, the Iran
Nanotechnology Innovation Council has established an inventory that includes
nano-enabled consumer goods, industrial products and services, nanotechnology
companies, and “certified protoype” products that may be in development but are
not yet commercially available (see http://nanoproduct.ir for further information).

Cosmetics regulations in the EU require that the European Commission pub-
lishes a catalogue of nanomaterials used in cosmetic products by January 2014, but
the European Commission has failed to do so, supposedly due to “anomalies” in
notifications by the industry (Zainzinger 2015; Hansen et al. 2016). When the cata-
logue was finally published in June of 2017, it only contained the name of 43 mate-
rials (e.g. alumina, cellulose, colloidal copper) and information about the category
of cosmetics (e.g. face mask, nail varnish, sun protection products), exposure route
(e.g. dermal) and whether the cosmetics is a rinse-off or leave on product (European
Commission 2017). Brand name, nanomaterial function, particle size distribution,
nanomaterial surface chemistry are among the information not included in the cata-
logue (Oziel 2017). Recently, the European Commission decided against the estab-
lishment of an EU-wide nanomaterial register, as it was not perceived as an
appropriate way to provide information to consumers on nanomaterials, and because
full coverage of all nanomaterials and mixtures would be difficult to achieve (Paun
2015). Conversely, the Belgian, Danish and French governments have proposed and
established their own nanomaterial/product inventories, but any information col-
lected so far has only been made available publically in an overview and summary
format and has generally been considered not to “...add much more to what it could
be already known by an informed audience” (BIPRO and RPA 2014).
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Collectively, all of the above-mentioned inventories have a number of limita-
tions. First of all, they are not continuously updated, meaning that months or even
years may pass before the provided information is checked and revised. The lack of
regular updating can lead to the listing of products that do not actually contain
ENMs (false positives) as well as the exclusion of products that actually do contain
ENMs (false negatives). The potential for such misrepresentation of products can
erode stakeholder confidence in nano-enabled product inventories. Secondly, the
inventories contain a large number of “dead” products, i.e. products that are no lon-
ger on the market. Thirdly, some of them are not available to the public, thereby
preventing consumers from easy access to information regarding the products they
buy. Except for The Nanodatabase, none of the inventories provide analytical tools
(or in most cases, the necessary analytical data) necessary for researchers and others
to perform their own independent analysis of inventoried products. And finally, the
inventories do not contain any health and safety information. A comparative analy-
sis of the different databases and inventories is provided in Table 1.

A complete review of nano-specific inventories is beyond the scope of this chap-
ter, but consideration of the inventories and the information they do/do not contain
is essential to understanding the challenges of assessing the potential for ENMs to
be released from nano-enabled consumer products. Subsequent sections discuss
recent findings related to the two primary inventories — the CPI and The
Nanodatabase.

The Consumer Products Inventory (CPI)

The Nanotechnology Consumer Products Inventory (CPI) was developed in 2005
with support from the Woodrow Wilson International Center for Scholars (WWICS)
and the Project on Emerging Nanotechnologies (PEN). The purpose of the CPI was
to document the availability of “nano-enabled” products across consumer markets.
The CPI is available online and freely accessible to the public at http://www.nano-
techproject.org/cpi/.

The Consumer Products Inventory (CPI) launched publicly in March 2006 and
offered an online tool for viewing and interacting with information related to con-
sumer products that were claimed to contain nanoscale materials. Initially, the CPI
listed about 200 such products. The total number of products now listed exceeds
1800. The CPI provided the test case through which the challenges noted earlier
(namely the tedious process of updating product entry/exit from consumer markets
and the limited health and safety data available) could be discovered, and various
follow-on efforts have been undertaken to address them. These efforts have included
modification of the original CPI (see Vance et al. 2015) and the development of new
resources such as The Nanodatabase (which is discussed in greater detail in section
“The Nanodatabase and Use of Nanomaterials in Consumer Products in the EU”).

When the CPI launched in 2006, information on the roughly 200 products origi-
nally listed could be curated manually. As the number of products grew, however,
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manual curation became a challenge that was not easily addressed. When funding
for the inventory from the nonprofit Pew Charitable Trusts ended in August of 2009,
product curation effectively ceased. In 2013, Virginia Tech’s Institute for Critical
Technology and Applied Science (ICTAS) contributed funds to support updating of
the CPI and a conversion to a crowd-sourced curation mechanism. The initial results
of that effort are detailed by Vance et al. (2015). No new resources have been con-
tributed to the CPI since the Vance et al. publication and efforts to keep the CPI
operational are largely voluntary and crowd-based. A key takeaway here is that
databases such as the CPI are critically dependent on continuous funding. While
they may offer excellent utility at one particular point in time, that utility can be
diminished as new products enter consumer markets (and older ones exit) and new
information about a particular product becomes available.

Throughout its existence the CPI has suffered from three primary challenges: (1)
limited information, (2) limited resources, and (3) unrealistic expectations from
stakeholders given challenges 1 and 2. Generally speaking, information on the com-
position of consumer products is remarkably limited, regardless of whether or not
they are “nano-enabled”. Listing of products on the CPI is based on manufacturer
claims of nano-based components and the “reasonableness” of such claims by
researchers. Without additional information, particularly verification by a reputable
third-party, such claims can be (and indeed were) widely contested/debated.
Overcoming the information gap requires sustained financial resources to help ver-
ify claims or to identify nano-enabled products in situations where claims are not
made at all. The cost of such an effort is difficult to estimate, but the Virginia Tech
contribution of approximately $40,000 USD helped position the CPI for crowd-
based support. It remains to be determined whether or not the crowd can be moti-
vated to adequately support the curation of the CPI amidst continued entry/exit of
nano-enabled products to consumer markets. The longer challenges 1 and 2 persist,
the more likely they are to erode stakeholder confidence in the CPI. From the CPT’s
launch it has been criticized as much for what it is not (i.e., a professionally curated
database backed by rigorously vetted scientific data) nearly as often as it has been
cited for what it is (i.e., an approximation of the growing number of products that
are thought to contain nanocale materials and which are readily available to con-
sumers). Looking ahead, it is unclear how the CPI can remain useful to the stake-
holders it serves without regular investement into enhanced curation and verification
efforts. More effective funding models for sustaining shared resources like the CPI
may exist; identifying or developing such models should be prioritized for fur-
ther study.

Vance et al. (2015) described the results of the Virginia Tech-led effort to update
the CPI and integrate a crowd-sourcing component intended to help sustain curation
of nano-enabled consumer products through the “crowd”. New product categories
were added to help convey the amount and type of information available for each
product listed and a survey was performed to identify strategies to help meet the
expectations of stakeholders who use the CPI. Key findings from Vance et al. are
summarized in the sections immediately following.
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The Missing Data Conundrum

One of the most notable findings from the Vance et al. study is the lack of data avail-
able on which to determine and categorize nano-enabled products. Suitable data
would include, at a minimum, information such as ENM composition, concentra-
tion, and median size. More than 70% of the products listed on the CPI lack any
information to support the claim that a given product indeed includes one or more
ENM ingredients. Hull proposed to address this shortcoming by assigning products
to one of five general categories based on the information available to support man-
ufacturer claims. The categories, which are described in greater detail in Vance et al.
(2015), were extensively verified (Category 1), verified (Category 2), manufacturer-
supported (Category 3), unsupported (Category 4), and known but not claimed
(Category 5). In general, these descriptors identify the nature of information pro-
vided in support of a product’s claimed ENM composition. For example, the ENM
composition of Category 1 products have been extensively verified through multiple
peer-reviewed publications and direct observation (e.g., electron microscopy
images). Only nine products (less than half a percent of the 1814 products listed at
the time), could be assigned to Category 1. Most products were assigned to Category
4 (unsupported claim). Of the supporting information available to support product
claims, most was provided directly by the manufacturer (Category 3). It is worri-
some to note that the second largest grouping of products was Category 5, which
suggests that an increasing number of manufacturers may eliminate claims of ENM
composition altogether. Absent manufacturer claims and regulatory drivers to pro-
mote information exchange with stakeholders, it will be difficult to track the entry/
exit of nano-enabled products moving forward.

Silver ENMs Dominate the CPI

About half of the products listed on the CPI include no information about their
composition. For the products that do include this information, however, ENMs
composed of silver are most frequently encountered. Not surprisingly, “antimicro-
bial protection”, which is frequently associated with silver ENMs (but also other
ENMs, such as those comprised of titanium dioxide) was most often cited as the
expected benefit of incorporating ENMs into consumer products. While silver dom-
inates the CPI in terms of number of products listed, it is unclear whether this is the
case in terms of mass or volume of ENMs used in commerce. Further, it is unclear
if the relatively high number of products citing silver ENM composition is the result
of a reporting bias. Owing in part to the known toxicity of ionic silver, nanoscale
silver became a focal point of the nanotoxicology community at an early stage rela-
tive to the greater introduction of nano-enabled consumer products. As a result, CPI
curators may have been disproportionately biased to seek and list products contain-
ing silver ENMs. Thus, the potential for over-reporting of silver ENM-containing
products within the CPI cannot be ruled out.
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Major Product Categories

More than 40% of the products listed on the CPI are contained within the Health and
Fitness category. The abundance of products in this category may, in part, reflect the
relatively high use of silver ENMs to impart antimicrobial properties to certain per-
sonal care products and articles of clothing, which are two of the largest subcatego-
ries of the Health and Fitness grouping. It is worth noting that the number of
products listed in the Health and Fitness category dropped by nearly 30% between
2012 and 2014 due to archiving of products that no longer met CPI listing criteria.
Applications of ENMs in consumer products within the Home and Garden and
Automotive sectors have increased over the last decade.

Exposures

Detailed exposure assessments for most of the products listed on the CPI are not
possible due to the inherent data gaps noted previously. Despite such limitations,
one may still infer likely exposure routes based on the intended use of a particular
product and the general location of ENMs within that product according to previous
work by Hansen et al. (2008a) (e.g., ENMs located on the surface of a product or
within a liquid suspensions may be more likely to be released than ENMs located
within the bulk). Inferring exposure routes in this manner for a subset of CPI-listed
products, Vance et al. concluded that dermal exposures were likely to dominate due
to the relatively high fraction of products characterized by ENM surface coatings or
ENM-containing fluids that were meant to be touched or applied to the skin/hair. In
addition to dermal exposures, ingestion or inhalation were also notable routes of
potential exposure to ENMs from CPI-listed products.

Similar Findings Across Inventories

In general, the findings reported by Vance et al. for the CPI are similar to those
reported by Hansen et al. (2016) following their analysis of The Nanodatabase.
Both efforts cite four key findings — (1) the ENM composition of most products is
unknown; (2) of the listed products with known composition, ENMs comprised of
silver are most frequently disclosed; (3) the antimicrobial benefits imparted by
ENMs are popular among manufacturers of nano-enabled consumer products; (4)
some products no longer meet criteria for listing on either the CPI or The
Nanodatabase. While the current section has focused on analysis of the CPI by
Vance et al., the next section takes a closer look at The Nanodatabase and previous
work by Hansen et al. (2016). Subsequent sections of the chapter will focus more
heavily on The Nanodatabase as this resource has been updated more frequently and
more recently than the crowd-sourced CPL.



Nano-enabled Consumer Products: Inventories, Release, and Exposures 97

The Nanodatabase and Use of Nanomaterials in Consumer
Products in the EU

In order to address the limitations of previous inventories, The Nanodatabase (www.
nanodb.dk) was established in 2012 by DTU Environment at the Technical
University of Denmark, the Danish Consumer Council and the Danish Ecological
Council. The Nanodatabase is an online inventory of products claimed by manufac-
turers or others in Europe (e.g. retailers, product reviews) to contain nanomaterials.
Along with a description of the product, The Nanodatabase provides available expo-
sure/hazard information. Moreover, to broaden its usefulness, The Nanodatabase is
equipped with different analytical tools, thereby allowing the user to sort and extract
data in different ways (Hansen et al. 2016). The Nanodatabase originally contained
a little more than 1200 products and now has information about more than 3000
products.

Through research by Hansen et al. (2016), it was found that most of the products
fall into the category of “Health and Fitness” and “Home and Garden”. Personal
care products and clothing are the predominant subcategories when it comes to
“Health and Fitness” whereas cleaning products are by far the largest subcategory
of “Home and Garden”. The most used NMs are silver and titanium dioxide, but it
is not possible to identify the NMs used for almost 60% of the products in the data-
base. The following sections summarize information available in The Nanodatabase
and data published by Hansen et al. (2016) and Mackevica et al. (2016a). The most
up-to-date information can be found at www.nanodb.dk.

Development of Nanoproduct Commercialization

Similar to what has been observed with the CPI, the number of products contained
in The Nanodatabase has increased steadily over time: 1212 products were origi-
nally in the database from the outset in 2012, and this number had risen to more than
2200 by 2015 (see Fig. 2). At the beginning of 2017, more than 3000 products can
be found in The Nanodatabase. This increase in the number of products is primarily
the result of increased nanoproduct marketing, as nanomaterials are employed in
new applications. A total of 59 products have been retracted from the market and 16
products have lost their “nanoclaim” since 2012.

Distribution of Nanoproducts in Product Categories and Subcategories

Most of the products listed in The Nanodatabase belong to the product category
“Health and Fitness” (55%), followed by “Home and Garden” (21%) and
“Automotive” (12%) (see Fig. 3).

In The Nanodatabase, individual product categories include a number of subcat-
egories, for instance personal care, clothing and cleaning (see Fig. 4). In some cases,
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Fig. 2 Number of products listed in The Nanodatabase in the period January 2012 to August 2015
and in the Consumer Product Inventory (CPI) in the period 2005-2015. (Hansen et al. 2016)

for example in the “Health and Fitness” category, products fall into several different
subcategories, suggesting a broad range of applications of nanotechnologies in a
specific field (see Fig. 4a). In other cases, such as “Home and Garden”, nanomate-
rial utilisation is restricted to fewer or single subcategories, thereby indicating
potential for the further development and utilisation of nanotechnologies in this area
(see Fig. 4b).

Nanomaterials Reported to Be Used

Figure 5 shows the identity of nanomaterials that are claimed to be used across the
various product categories in The Nanodatabase. The analysis shows that silver is
the most prominently used nanomaterial across all product categories (see Fig. 5).
Other nanomaterials are specifically relevant to specific product categories: carbon
nanotubes and bamboo charcoal in “Health and Fitness”; titanium dioxide in
“Health and Fitness” and “Home and Garden”; gold in “Appliances”, “Health and
Fitness” and “Home and Garden”; titanium in “Automotive”, “Health and Fitness”
and “Home and Garden” and phosphate in “Appliances”. Similar to the findings
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reported by Vance et al., it should also be noted that for a large number of products
it was not possible to identify and/or report the type of nanomaterial employed, due
to the lack of information provided by the manufacturer. This was especially the
case for the product categories “Automotive”, “Electronics and Computers” and
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where the used nanomaterial is “unknown” are excluded. Please note that individual products may
have more than one type of nanomaterial. (From Hansen et al. 2016)

“Home and Garden”, where 89%, 79% and 80% of the products, respectively, could
not be associated with a specific nanomaterial type. The share of unknown nanoma-
terial was 15%, 17%, 35% and 47% for “Appliances”, “Goods for Children”, “Food
and Beverages” and “Health and Fitness”, respectively. The Nanodatabase (and
CPI, the BUND Nanoproduktdatenbank and other public inventories) only contains
products in which the manufacturer or others claim comprise nanomaterials, though
nanomaterials are also used in consumer products where the manufacturer does not
disclose this information publically. In 2012, the European Commission (2012)
published a so-called Staff Working Paper (SWP) to accompany the Second
Regulatory Review on Nanomaterials. From this SWP, it is clear that a wide range
of nanomaterials is used in products and processes that could potentially be relevant
to consumers. For instance, silica is well known to be used widely in the food indus-
try (e.g. for clarifying wine, beer and fruit juice), but according to the data collected
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in The Nanodatabase, its use is not declared in any of the more than 90 products
listed in the “Food and Beverages” category as of 2016 (Hansen et al. 2016). There
are two products with nanosilica in this category, but both of them are reported by
third parties to contain nanoparticles. Similarly, carbon black and carbon nanotubes
are used widely in the automotive industry but do not appear under that category in
the database.

The lack of reporting the identity of nanomaterials is a major limitation to any
effort to obtain an overview of what kind are actually being used in products avail-
able to European consumers, as well as to any kind of subsequent exposure and
hazard evaluation. Knowing the identity of the nanomaterial or chemical substance
is the starting point for any exposure assessment, hazard evaluation or risk assess-
ment. It is noteworthy that even for the category “Cosmetics”, in which products
containing nanomaterials must be labelled with the term “[nano]” as part of the list
of ingredients according to the European Cosmetics Directive, the identity of the
nanomaterial is not reported for almost 50% of the items found in The Nanodatabase
(Hansen et al. 2016).

Biocidal Products and Treated Articles

A number of NMs are utilised as biocides, due to their antimicrobial or antifungal
properties, but little is known about to what extent biocidal products containing
NMs are available on the market. The current list of approved substances, under the
Biocidal Product Regulation (BPR), and those substances being examined under the
Review Programme, gives a good indication as to what kinds of nanomaterials
might be used in biocidal products in the EU (Mackevica et al. 2016b). This list cur-
rently contains a number of materials which are commercially available in nano-
form, namely basic copper carbonate, boric oxide, copper (II) oxide and copper
hydroxide (Nanowerk 2016). It is unknown whether the nanoforms of these materi-
als are sold as biocidal ingredients in Europe, although some are clearly being mar-
keted as such, such as the “biocidal copper carbonate nanoparticles” sold by the
German company nanoSaar (Hansen and Brinch 2014; Mackevica et al. 2016b). So
far, only synthetic amorphous silicon dioxide (SAS) has been approved as an active
substance in the BPR as a product type (PT) 18 (insecticide). Silicon dioxide (as a
nanomaterial formed by aggregates and agglomerates) and silver adsorbed on sili-
con dioxide (HeiQ AGS-20) are currently under review for PT 18 and PT 9 categori-
sations, respectively (ECHA 2016a, b). Considering the list of existing active
substances that are currently under review, it is clear that at least some of them
might also be available in the nanoform, for instance silver, copper, dicopper oxide
and silicon dioxide. See Table 2 for substances currently being examined under the
review programme which might be available in the nanoform, and the product types
in which they have been notified for use.

Many NMs are used in consumer products due to their biocidal activity; for
example, the antibacterial properties of nanosilver and nano-copper are exploited in
various products such as antifouling paints, cleaning products, socks, toothbrushes
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Table 2 Substances being examined under the Review Programme that might be available in the
nanoform and the Product Types that they have been notified to be used in

PT1 |PT2 | PT4 PT5 | PT7 |PT9 |PT11 |PT18 |PT21

X X X
X

Silver

Silver phosphate glass

X X
X X

Silver-Zinc-Zeolite

X |

X
Silver copper zeolite X

Silver adsorbed on silicon dioxide

PP R <

>
o
o
>

Silver zeolite

Silicium dioxide X

Dicopper oxide X

Copper X
From Mackevica et al. 2016b

and many others (Mackevica et al. 2016b). Out of the 2329 products in The
Nanodatabase claimed to contain nanomaterials and estimated to be on the European
market as of 2016, 342 contain nanosilver, 48 contain silicon dioxide and six con-
tain copper (see Fig. 6).

Most of the products that use biocidal nanomaterials fall into the “Health and
Fitness” (for example personal care products and clothing), “Home and Garden”
(cleaning products) or “Food and Beverages™ (food supplements, storage and cook-
ing) categories. Around 100 products contain titanium dioxide, which can be con-
sidered as an active substance, though it must be noted that it is also widely used as
a pigment. In about half of all the nanosilver- containing products in The
Nanodatabase, the producers make antibacterial or antifungal claims.

According to an analysis carried out by Mackevica et al. (2016b), The
Nanodatabase contains 88 biocidal products in total, and most of them are repre-
senting product types 1 and 2, i.e. human hygiene products and disinfectants and
algaecides, respectively (Fig. 6b). Silver is the nanomaterial that is most often used
as the active substances in those biocidal products (46 products), but almost half of
them contain nanomaterials of unknown identity (39 products). Most of the biocidal
products fall into the “home and garden” category, which is for the most part repre-
sented by different cleaning products, detergents and paints, corresponding to prod-
uct type 2 — disinfectants and algaecides — according to the BPR (Fig. 3).

In total, there are 202 nano-enabled treated articles reported in The Nanodatabase
as of 2016, and most of them (157) have nanosilver as the active substance (see
Fig. 7a). Other nanomaterials used in treated articles include bamboo charcoal, nano
iron, gold and titanium. The largest proportion of nano-enabled treated articles
(79%) fall into the “Health and Fitness” category, representing different textiles,
personal care items and food contact materials (Fig. 7b) (Mackevica et al. 2016b).
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The Release of Nanomaterials from Consumer Products

Understanding which products do or do not contain ENMs is the first challenge. The
next challenge lies in determining whether and to what extent ENMs may be
released from products that do contain them. Such releases may occur either through
normal use of the product or as an unintended side effect of its use.
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In 2014, Froggett et al. (2014) published a review on the release of nanomaterials
from solid nanocomposites, by identifying a total of 54 experimental studies
describing nanomaterial release (Froggett et al. 2014).

A review by Koivisto et al. (2017) attempted to construct a release library based
on the available experimental data on release from nanocomposites. They found 60
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studies describing released fragments (airborne particles with unspecified composi-
tion), and 36 studies reporting quantitative release from various solid materials.
Based on these studies Koivisto et al. were able to identify 374 different release
scenarios.

A different review by Mackevica and Hansen (2016) aimed at compiling experi-
mental studies on quantified mass release from solid nanocomposites, and investi-
gated the extent to which information and data found in these studies could be used
to perform a consumer exposure assessment according to existing REACH require-
ments. The numbers of scientific publications of relevance have increased substan-
tially over the last years, and in total, 76 studies were identified as of 2014, when the
review was conducted (see Fig. 8a). Most of the studies analysed the release of Ag
and TiO, from textiles and paints, as well as CNT and SiO, from various nanocom-
posites (see Fig. 8b).

While the aforementioned 76 studies have provided some quantitative informa-
tion regarding release of NPs from various items, only a handful of studies have
attempted to quantify and characterize the nanomaterial present in consumer prod-
ucts, and only a small number of release experiments report quantitative data on
released NP size and quantity. One example is a study by Mackevica et al. (2016¢)
on the release of total Ag and Ag NP from commercially available adult and chil-
dren’s toothbrushes. Using inductively coupled plasma-mass spectrometry
(ICP-MS) analysis, single-particle ICP-MS and transmission electron microscopy
(TEM), Mackevica et al. (2016c) found that the median size of the released Ag NPs
ranged from 42 to 47 nm, and the maximum total Ag release was 10.2 ng per tooth-
brush, corresponding to <1% of total Ag present in the toothbrush bristles. Nano-
specific release including information on particle sizes and quantitities has also
been reported in numerous studies investigating AgNP migration from food contact
materials (Echegoyen and Nerin 2013; von Goetz et al. 2013; Mackevica et al.
2016d), and TiO, release from fabrics (Wagener et al. 2016; Mackevica et al. 2018b).

When analyzing release of ENMs from products, several factors come into play,
such as the nature of the tested product, the experimental setup, imagined use sce-
narios, different production methods employed by different producers of seemingly
the same product and even the batch of the tested product (Mackevica and Hansen
2016). Because of these factors, the results can vary significantly from study to
study, which is why several review articles have provided recommendations to use
standardized test guidelines, harmonize data reporting and use state-of-the-art anal-
ysis methods for NP detection and characterization (Koivisto et al. 2017; Jokar et al.
2017; Mackevica and Hansen 2016).

Only a small number of studies have attempted to replicate findings from previ-
ous studies or follow standardized test guidelines (e.g. ISO guidelines for color
fastness in textiles, artificial weathering for paints and varnishes, or European
Commission guidelines for food contact materials), which hampers the overall abil-
ity to interpret the value of the information and data generated. However, by inves-
tigating four brands of commercially available plastic food storage containers, using
European Commission test standards (Commission Regulation EU 10/2011) for
plastic materials and articles intended to come into contact with food and SP-ICP-MS
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and TEM- EDS, Mackevica et al. (2016d) have attempted to replicate the findings
of Hauri and Niece (2011) and von Goetz et al. (2013) in regard not only to Ag NP
released from plastic containers and amounts leached from food containers, but also
in regard to the size distribution of particulate fractions. Mackevica et al. (2016d)
found that the total mass and the median size of released particulate Ag were
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Table 3 Dissolved and particulate Ag leached into food simulants, measured by spICP-MS

Release Dissolved Ag | Particulate Ag (10° | Paniculate Ag | Median
Product medium (pg/L) partides/L) (ng/L) size (nm)
Frcsher MilliQ - 37.6 13.9 30.3
Longer™
Miracle Pood 10% - 2.8 0.5 239
Ethanol
Storage™ bags | 3% Acetic | 6.79 - - -
acid
The Original MilliQ 0.57 18.3 10.5 41.1
Always Fresh | 10% 0.66 9.5 7.1 35.5
Ethanol
Containers™ 3% Acetic | 10.71 2.0 27.5 89.6
acid
Kinetic Go MilliQ - 2.7 0.1 17.4
Green™ 10% 0.13 7.4 2.5 26.9
Premium Ethanol
3% Acetic | 3.18 4.2 27.8 67.2
acid
Special MilliQ 0.03 5.5 4.5 29.8
Nanosilver
Mother’s milk | 10% - 5.8 1.4 25.5
pack Ethanol
3% Acetic | 7.51 1.9 18.3 63.8
acid

From Mackevica et al. 2016d

generally highest in 3% acetic acid for three out of four food container brands. The
total content of silver in the containers varied from 13 to 42 g/g. Similar to Hauri
and Niece (2011), Mackevica et al. (2016d) found that the highest migration was
observed in the 3% acetic acid food simulant for all four brands of containers, with
total silver release up to 3.1 ng/cm? after 10 days at 40 °C (see Table 3).

Although the body of literature on the release of nanomaterials from consumer
products is growing, little of the information provided in currently available studies
is of relevance to regulatory exposure assessment models. In a regulatory context,
both in EU (REACH) and USA (U.S. Food and Drug Administration) nano-specific
exposure metrics are not required. In principle, inhalation, dermal, oral and environ-
mental exposure estimates can be derived using REACH guidelines, but it is clear
that the models and metrics are not yet developed to take into consideration the
unique properties of nanomaterials. It has been acknowledged that further research
is needed in order to develop more relevant consumer exposure models of nanoma-
terials and nanoproducts, and to develop more generalised methods for representing
nanomaterial release from different product groups in relevant conditions (Larsen
et al. 2015; Mackevica 2016; Mackevica and Hansen 2016). It is worth noting that
similar efforts are needed to develop more effective methods for assessing environ-
mental exposures to ENMs (Nowack 2017).



108 S. F. Hansen et al.
Nanomaterial Analysis in Consumer Products

Findings reported by Vance et al. (2015) and Hansen et al. (2016) for the the CPI
and The Nanodatabase, respectively, indicate that there is a large number of con-
sumer products available on the market that claim to contain ENMs. The verifica-
tion of such claims can be complicated, since the manufacturers rarely describe
essential information, such as the chemical composition or size of the ENM(s) or
how and at what quantity it is incorporated in the product. For instance, textiles
belong to one class of nano-enabled products where it is particularly difficult to
determine ENM composition based solely on information provided by the manufac-
turer, one of the reasons being that there are numerous techniques for textile impreg-
nation with ENMs. For example, a particular ENM could be either incorporated
within the bulk of the textile fibers, or simply added to surface of the fibers, or
woven into the fabric as threads. Without knowing the identify and properties of the
ENM used, as well as where it is located and how it was manufactured, one must
apply rigorous experimental/analytical investigations to arrive at a reasonable deter-
mination of this information. For instance, according to The Nanodatabase, out of
the 129 products that are produced in Denmark, 122 are listed as “unknown” when
it comes to ENM type, which makes it close to impossible to verify whether or not
the product actually contains ENM, and what is the chemical identity of those ENMs.

Further complicating these efforts is the fact that the exact methods of ENM
integration into many materials may be highly proprietary to industrial producers of
nano-enabled products. For example, an analysis of the linkages between US pat-
ents and prior research demonstrated that “papers in nanoscience and nanotechnol-
ogy, materials science, and biomaterials were the most closely linked to patents”
(Ahmadpoor and Jones 2017). With so much economic incentive understandably
limiting what producers disclose about their nano-enabled products and processes,
it is likely that the challenges of determining the precise ENM composition of prod-
ucts and industrial process will persist for years if not decades to come. Even with
strong regulatory drivers, policy-makers would likely need to carefully limit disclo-
sure requirements to ensure that enabling intellectual property is protected.

Analytical Methods and Sample Preparation

There are various methods available that allow either direct characterization of
ENMs in the product or require extraction of particles from their product matrix to
verify that ENMs are actually present in the product, and provide quantification and
characterization of these ENMs. Which methods are most appropriate to use for a
particular situation are highly dependent on both the type of ENM used in the prod-
uct and the product matrix. Here, we focus solely on analysis of ENMs comprised
of metal and metal oxides, which are among the most popular NMs in consumer
products. We will also limit our discussion to methods that are useful for
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determining the physico-chemical identity of the ENM as there there are many ana-
lytical techniques available for quantifying the size of ENMs irrespective of compo-
sition. These techniques include, for example, Dynamic Light Scattering (DLS) or
Nanoparticle Tracking Analysis (NTA). Chapter “Factors Affecting Nanoparticle
Dose-Exposure and Cell Response” of this book includes additional discussion of
nano-metrology techniques, and an overview of state-of-the-art analytical methods
together with their analytical capabilities and size detection limits can be viewed in
a recent literature review (Laborda et al. 2016).

As noted above, suitable analytical methods and sample preparation procedures
can be selected depending on what matrix the product represents — whether it is a
spray (e.g. disinfectants and cleaning products), liquid (e.g. dietary supplements,
personal care products, paints), or solid (e.g. sports equipment, food contact materi-
als, textiles) (see Fig. 9).

Analytical methods that are applicable for ENM analysis in consumer products
can be separated into two general categories — (1) quantitative and (2) qualitative.
Quantitative methods provide information on ENM chemical identity, size and con-
centration, and are based primarily on spectrometry techniques. Such methods
include inductively coupled plasma — mass spectrometry (ICP-MS), which can be
used in single particle mode ICP-MS (SP-ICP-MS), or coupled with pre-separation
steps, such as field-flow fractionation (FFF). These analyses require that samples be
in a liquid form, so appropriate sample preparation steps are necessary for ENMs in
complex matrices. Solid articles may be subjected to various extraction procedures
(e.g., acid, alkaline or solvent extraction, enzymatic digestion) as well to liberate the
ENMs from the matrix. Alternatively, if the product is in a powder form, less com-
plicated sample preparation methods might be sufficient, such as dispersion in water
or other suitable medium. Products that are already in liquid form may be directly
analyzed after dilution or pre-concentration, or will require phase separation or
ENM extraction steps before analysis, depending on the composition of the liquid.
Each sample type presents different characteristics that have to be taken into consid-
eration for choosing an appropriate method for sample preparation and analysis. For
instance, products like cosmetics and sunscreens have a high fat content, and will
require appropriate sample preparation steps for NM analysis (Nischwitz et al.
2012). Other samples, such as water-based dietary supplements or liquid food prod-
ucts may be directly analyzed, or diluted and analyzed (Qu et al. 2014; Peters et al.
2014). For analysis of airborne samples, ICP-MS can be coupled with a Scanning
Mobility Particle Sizer (SMPS), which is applicable for various water-based spray
products (Losert et al. 2015).

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy
(SEM) are usually used as qualitative ENM characterization methods, but can in
principle be used to obtain quantitative information. Coupled with Energy-
Dispersive X-ray Spectrometry (EDX), electron microscopy can provide informa-
tion on particle size, shape, and chemical composition. If possible, it is usually
recommended to complement the results from spectrometry methods with micros-
copy investigations, and vice versa (Mackevica and Hansen 2016). Usually, for
electron microscopy analysis, the sample is fixed over a solid support as a thin film.
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To achieve this, various sample preparation procedures are necessary, which can be
cumbersome and time consuming. The sample cannot usually be analyzed as an
aqueous suspension (with few exceptions that require special instruments), so the
main procedures involve depositing and drying the sample, and subsequently coat-
ing it with a conductive layer if necessary. Analysis of some solid samples may
require cross-sectioning to facilitate examination of ENMs embedded in the matrix
or coated on the surface. Preparation of cross-sections is very time-consuming, and
consists of embedding the sample in epoxy resin prior to thin sectioning by cryo-
ultramicrotomy (De La Calle et al. 2016). This sample preparation method requires
special training and availability of expensive equipment, such as a diamond knife
for thin-sectioning of the sample. A simpler approach to finding ENMs in complex
matrices is dry ashing (heating the sample in a muffle at high temperatures), which
has been applied for sample preparation of various textiles (Benn and Westerhoff
2008; Kulthong et al. 2010), food storage boxes (Huang et al. 2011), and sunscreens
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(Dan et al. 2015). However, this method involves destroying the sample matrix and
may introduce artefacts.

Generally speaking, even when it comes to analyzing ENMs in consumer prod-
ucts comprised of challenging matrices, a variety of techniques are available to
facilitate thorough characterization and quantification of the ENMs present.
However, oftentimes the process can be lengthy, cumbersome and costly, as many
samples may require extensive sample preparation for ENM extraction, which can
result in particle transformations, such as dissolution, aggregation, changes in par-
ticle size, lack of sample stability and representativity, formation of salts (chlorides
or sulphides) and matrix complexity, which subsequently includes higher level of
uncertainty during sample analysis. Therefore, the process of choosing appropriate
and compatible sampling methods and analytical techniques is critical to obtaining
reliable data on the ENM composition of nano-enabled consumer products.

Several examples of ENM analysis in consumer products and sample preparation
procedures are listed in Table 4 together with references to scientific studies that
have performed such investigations. We have selected examples that can realisti-
cally be applied to various commercial products that are available in Denmark and
the EU according to www.nanodb.dk.

Human Exposure to Nano-enabled Consumer Products

Ultimately, the primary purpose of nano-specific consumer product inventories is to
better understand the scope of human and environmental exposures to ENMs and
the potential for subsequent adverse health effects. The sections that follow discuss
recent findings related to such exposures.

The route of exposure associated with the use of a particular nano-enabled prod-
uct is essential to understanding its potential health and safety impacts. Based on the
nature and intended of the product, Hansen et al. found that dermal exposure is the
most prominent route of exposure for most product categories (Fig. 10). Inhalation
exposure may be significant for the “Automotive” and “Home and Garden” catego-
ries, whereas, as expected, oral exposure may be more significant when considering
product categories such as “Food and Beverages” and “Health and Fitness”. When
looking at Fig. 10, it is important to note that the figure displays only the potential
route of exposure across the individual product categories (if exposure takes place)
but does not include any considerations regarding whether the exposure is high,
medium or low.

There are many products in The Nanodatabase for which the identity of the nano-
material is not reported. For nanoproducts in the database for which nanomaterials
are reported, silver is the most prominent type when it comes to dermal exposure
(see Figs. 6 and 7), followed by titanium dioxide and bamboo charcoal. For inhala-
tion, silver is also the most prevalent followed by titanium, titanium dioxide and
gold. Finally, a total 34 products can lead to the oral exposure of nanosilver, whereas
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Table 4 Examples of analysis of NMs in consumer products (based on the literature) with price
estimates and examples of products from www.nanodb.dk for which a similar approach may

be applied
Analytical Examples from
Nanoproducts methods Sample preparation experimental studies
SEM-EDX | Dry ashing * Ag in plastic food
\ TEM-EDX storage boxes (Huang
: etal. 2011)
* Ag in textiles (Benn
Solids and Westerhoff 2008;
¢ Plastic food Kulthong et al. 2010)
containe?s TEM-EDX | Resin embedding and * Ag in plastic food
° Fabr19s cryo-ultramicrotomy storage boxes (Addo
* Food items Ntim et al. 2015)
¢ Coatings * TiO, in chewing gum
(dried). . (Chen et al. 2013)
* Paints (dried)  "gpn EDX | Resin embedding and polishing | » TiO, in textiles
(Windler et al. 2012)
SEM-EDX | Direct investigation * ZnO and Ag in fabrics
(Lietal. 2014)
* Ag in silicone
keyboard covers
(Mackevica et al. 2018a)
¢ CuO in paint
(Mackevica et al. 2018a)
SP-ICP-MS | Direct analysis, dispersion in * TiO, in sunscreens
water, solvent or surfactant (Dan et al. 2015)
FFF- Direct analysis, dispersion in * Agin dietary
3 ICP-MS water, solvent or surfactant supplements and
¥ antiseptic products
Liquids (B({lea fmd Castillo 2011)
« Suncreens . TlOz in sunscreens
« Personal care (Nischwitz and Goenaga-
products Infante 2012)
« Spray products | TEM-EDX | Direct deposition, dispersion in | « Paints with SiO,, Ag,
« Coatings SEM-EDX | water, solvent or surfactant TiO, (Fiorentino et al.
* Paints 2015)
* Dirt repellants * TiOy, ZnO in
* Beverages sunscreens (Lewicka
* Dietary etal. 2011)
supplements * Ag in spray products
(Lorenz et al. 2011)
TEM-EDX | Resin embedding and * Metal oxides in
cryo-ultramicrotomy sunscreens (Butler et al.
2012)
TEM-EDX | Centrifugation onto grid/ * Ag in spray products
SEM-EDX | substrate (Hagendorfer et al. 2010)

(continued)
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Table 4 (continued)

Analytical Examples from
Nanoproducts methods Sample preparation experimental studies
SMPS- Spraying in a spray chamber * Ag in spray products
ICP-MS (Losert et al. 2015)
SP-ICP-MS | Cooling spray cans in liquid * Ag in spray products
nitrogen, opening cans and (Losert et al. 2015)
Airborne evaporating the solvent, dilution
e Spray products | TEM-EDX | Cooling spray cans in liquid * Ag in spray products
 Coatings SEM-EDX | nitrogen, opening cans and (Losert et al. 2015)
¢ Disinfectants evaporating the solvent, dilution,
* Personal care and centrifugation onto grids
products TEM-EDX | Precipitation of spray onto a * Ag in antiodor spray,
SEM-EDX | grid/substrate throat spray, and
surface disinfectant
(Quadros and Marr 2011)
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Fig. 10 Potential route of exposure for individual product categories. Please note that individual
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et al. 2016)
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Fig. 12 Identity of nanomaterials reported according to their potential route of exposure: (a)
including products for which the nanomaterial used is unknown and (b) excluding products for
which the used nanomaterial is unknown. (From Hansen et al. 2016)

17 and 4 products lead to oral exposure of nanotitanium dioxide and nanocalcium,
respectively (see Figs. 11 and 12).

When considering the body parts that might be exposed during use of the nano-
products in The Nanodatabase, it is clear that the palm only, the face and scalp (chin,
cheeks, hair) and the upper torso (hips, back, trunk, chest, loins) are the areas of the
body that might be most exposed (see Fig. 13) (The Nanodatabase 2017).
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Environmental Release

Historically, the environmental concentration of chemical substances has been
found to increase with their use in society. These increases can be related to the
intentional release of substances through their normal and routine application (e.g.,
agricultural fertilizers or household disinfectant sprays) or as an unintended conse-
quence of their use in another form or product (e.g., pharmaceuticals or fuel addi-
tives). Consequently we can expect that over time, the use of nano-enabled consumer
products is likely to result in increasing concentrations of ENMs in surface waters,
air, groundwater and soils (Ganzleben and Hansen 2012a). As the conentrations of
ENMs in the environment increase, so too does the likelihood that they may pose
risks to human health and the environment.

The environmental release of ENMs may occur at different stages during the life
cycle of a material (e.g. production, use and end-of-life), and can occur via multiple
pathways and from multiple sources. The diversity of ENMs produced and com-
mercialised coupled with the diversity of nano-enabled products that incorporate
them may have a magnifying affect on the number and complexity of ENM release
pathways. Potential point sources of ENM emissions include spills (e.g., during
manufacturing, integration, or transport), industrial emissions (e.g., to air, water,
soils), emissions into the air (e.g., from use at construction sites and incineration
plants), effluents (released into surface waters from urban wastewater treatment
plants), landfill leachates (into soil and groundwater), and direct releases of ENMs

Forehead
- Eyelid EyesEyelas;h
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~ Chin

Hair
Eyebrows
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Chest
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Fig. 13 Number of products in The Nanodatabase distributed across human body parts
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(e.g., into soils and groundwater for remediation purposes). Diffuse sources include
ENM release from products during use and re-use, ENM leaching into groundwater
and then into surface waters from landfills, the run-off from agricultural land of
pesticides that contain ENMs, and from sewage sludge and spilt lubricants that are
washed off roads into stormwater discharges (Baun et al. 2009; Ganzleben and
Hansen 2012a, b).

Available data on point-source emissions remain very limited, while a reliable
estimate of diffuse source emissions from nanoproducts is currently hampered by
the lack of information and lack of access to information about: volumes of ENMs
on the market; volume fractions incorporated into products; market penetration and
use patterns and emissions of ENM from products throughout the life cycle
(Ganzleben and Hansen 2012a, b). Once in the environment, the behaviour of ENMs
will depend on their physicochemical properties, and on the environment into which
they are released. The fact that ENMs behave differently relative to dissolved chem-
icals limits the applicability of existing exposure models (Ganzleben and Hansen
2012b; Gottschalk et al. 2015). Insights into the environmental fate and pathways of
ENMs has increased in the last decade to the extent that aquatic reactions of ENMs,
such as dissolution and aggregation, can be modelled in complex media, especially
in the case of data-rich ENM materials such as Ag (e.g. Quik et al. 2011; Dale et al.
2013). The first attempts to group different ENMs in regard to environmental fate
and behavioural properties have been made, such as by Hartmann et al. (2014) (see
Table 5).

Attempts have also been made to model the environmental fate and pathways of
ENMs (see Ganzleben and Hansen (2012a) and Gottschalk et al. (2015) for a review;
see also Nowack (2017) for a more recent review of all currently available nano fate
models), suggesting a number of data characteristics relevant to environmental
exposure data for ENM, including:

e Mass concentrations in the range of pg/L — pg/L depending on the environmental
media and changes in concentrations over time;

 Particle properties such as size and shape and range of particle distribution, i.e.
identifying and measuring the size fractions of different nanoforms;

e Available ENM surface area;

» Distinguishing between ENMs and naturally occurring nanomaterials, and;

* Data on the degree of aggregation and dissolution, i.e. ongoing fate and behav-
iour (Ganzleben and Hansen 2012a).

However, there are gaps in our knowledge when it comes to understanding the
environmental fate and behaviour of nanomaterials. A number of these process
require further study including, for example, chemical/photochemical transforma-
tion, dissolution/precipitation/speciation, agglomeration/aggregation, biological
transformation, sedimentation, adsorption and desorption, and, above all, validation
of appropriate characterisation and measurements for ENMs in environmentally rel-
evant media (Hartmann et al. 2014).
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Table 5 Relative importance of transformation processes for modelling the environmental fate of
uncoated, non-functionalised forms of selected NMs

Process Importance of the environmental process in fate modelling
Low Medium High
(Photo) Photochemical nZVI,CB |ZnO, Ag, |TiO,,
chemical CuO CeO, | CNT
Redox TiO,, CNT, | ZnO, Ag,
Cel,,CB CuO nZVI
Dissolution TiO,, CNT, | CeO, CuO Ag, ZnO
nZVI, CB
Physical Aggregation/ Ag, ZnO | TiO,
Agglomeration CNT,
CuO,
nZVI,
CeO,,
CB.
Sedimentation Ag, Zn0O | TiO,,
CNT,
CuO,
nZVI,
CeOZ,
CB
Interaction NOM adsorption Ag, CNT,
with surface/ TiO,, CB
substances Zn0O,
CuO,
nZVI,
CeO,
Sorption onto Ag, TiO,, CNT,
other surfaces/ 7Zn0O, | CeO, nZVI,
retention in soil CuO CB
Biologically | Biodegradation Ag, TiO,, |CNT
mediaed Zn0, CuO,
nZVI,
CeO,, CB
Bio-modification Ag, CNT
TiO,,
ZnO,
CuO,
nZVI,
CCOZ,
CB

From Hartmann et al. 2014

Solid Waste Flows from Nano-enabled Consumer Products

The increasing use of ENMs in society, and specifically in consumer products,
means that ENMs will eventually find their way into various forms of waste treat-
ment processes (incineration, wastewater treatment plants, etc.), some of which
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may not have been originally designed to treat such materials (Heggelund et al.
2016; OECD 2016). Very few experimental studies have investigated the fate and
behaviour of pristine nanomaterials in simulated landfill conditions (e.g. Bolyard
et al. 2013) and during incineration (Walser et al. 2012). Recently, Salieri et al.
(2018) published a review discussing the current status of life cycle assessment
(LCA) of manufactured nanomaterials.

In order to gain a better understanding of the end-of-life waste treatment of nano-
enabled consumer products, Heggelund et al. (2016) used The Nanodatabase to
provide an overview of ENMs flowing into and throughout waste systems in Europe,
including in Denmark and the United Kingdom. First, the available nano-enabled
products were categorised into waste material fractions. Then the types of ENMs
present in waste material fractions were estimated, followed by an estimation of the
region-specific waste management of individual waste material fractions. Finally,
the information obtained was combined to determine the distribution of ENMs
routed to specific waste treatment options (Heggelund et al. 2016). The largest of a
total of nine different waste fractions identified by Heggelund et al. (2016) was
found to be “Plastic, packaging”, “Textile” and “Electronics”, with 847, 390 and
306 products, respectively, out of a total of 2312 products in The Nanodatabase. The
most abundant ENM across all waste fractions was found to be silver, but otherwise
the second-most abundant ENM was found to vary between different waste frac-
tions (see Fig. 14). Plastic packaging waste comprised the largest variety of ENMs,
namely 20 different ENMs, which might be caused by the fact that this waste mate-
rial fraction is generated from many different sources (product categories) such as
the automotive, food & beverage and home & garden sectors.

By combining information on the distribution of ENM types in waste fractions
with information on how the individual waste fractions are treated within the
European Union (EU), Denmark (DK) and the United Kingdom (UK), Heggelund
et al. (2016) estimated the relative distribution of nanoproducts to waste treatment
technologies and found that more than 50% of the nanoproducts are likely to end up
in recycling processes for all three regions within the nine waste fractions identified
(see Fig. 15). Europe and the UK offer quite comparable incineration and landfilling
treatment options, routing 19% and 13% to incineration and 26% and 29% to land-
filling, respectively. Denmark, on the other hand, to a large extent, combines incin-
eration with energy recovery, which results in 38% of nanoproducts ending up in
waste incineration plants and only 8% in landfills.

By combining the distribution of ENM types in waste fractions (Fig. 14) and the
relative distribution of end-of-life (EOL) nanoproducts into waste treatment options
in the EU, Denmark and the UK (Fig. 15), Heggelund et al. (2016) finally derived
the distribution of nanomaterials for the four different waste management options:
incineration, recycling, landfilling and composting/anaerobic digestion (see
Fig. 16).

From Fig. 16, one can see that 31% of EOL nano-enabled consumer products in
Europe entering a waste incineration plant will contain nanosilver and that anaero-
bic digestion/compost is expected to be relevant for a few nanoproducts only. The
distribution of NMs in the different waste management systems was found to be
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Distribution of ENM types in waste fractions
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Fig. 14 Distribution of ENM in the different waste material fractions according to data from
nanodb.dk. The Y-axis represents the number of products containing a certain ENM (nanodb.dk).
Please note that the products have been grouped according to which primary nanotechnology sub-
stance they contain, e.g. “Titanium” includes both titanium and titanium dioxide, and “carbon
based” includes CNTs, carbon black, fullerenes and graphite. (From Heggelund et al. 2016)
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Fig. 15 Relative distribution (%) of end-of-life nanoproducts into waste treatment options in the
three analysed scenarios: Europe (EU), Denmark (DK) and the United Kingdom (UK). (From

Heggelund et al. 2016)

similar for Europe, e.g. the numbers of items containing silver and titanium NM
were more or less the same, regardless of the management scenario. Some interest-
ing regional differences were furthermore observed; the proportions of titanium-
and carbon-based NMs were found to be higher in the UK landfill scenario, because
greater amounts of plastic waste (both packaging and other plastic) are disposed of
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Fig. 16 Distribution of nanomaterials for the four different waste management options: incinera-
tion, recycling, landfilling and composting/anaerobic digestion. The figure illustrates the percent-
age of products entering a waste treatment option that will contain a certain ENM. Note: the area
of the pie is proportional to the number of products entering individual treatments, thus reflecting
the size of the bars in Fig. 15. (From Heggelund et al. 2016)
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in landfills in the UK compared to Denmark, whereas bamboo charcoal and nano-
gold are expected to be present in Danish landfills, due to the larger amounts of
textile waste.

In order to assess the environmental exposure of nanoparticles from solid waste,
Boldrin et al. (2014) proposed a five-step framework (see Fig. 17) and applied it to
three different examples: nanosilver in polyester textiles, nano-scale titaniumdiox-
ide in sunscreen lotion and carbon nanotubes in tennis racquets. Boldrin et al. (2014)
found that considerable amounts of these nanoproducts entered waste management
systems, based on data available in 2011 (globally 23.7 x 10* Mg of polyester tex-
tiles, 715-1430 Mg of sunscreen lotion and 313-825 Mg tennis racquets). On a
global scale, this would result in 0.8-5.6 Mg of nanosilver, 14—-143 Mg of nanoTiO,
and 0.5-1.2 Mg of CNTs being released annually into the environment, based on
potential waste management practices and exposure routes (Boldrin et al. 2014).

Boldrin et al. (2014) observed that the main challenges in relation to further
research into nanomaterials and waste were: (1) the transformation of nanomaterials
within waste treatment technologies, (2) release mechanisms in conditions relevant
for waste disposal, (3) exposure assessments performed at the local level and within
a precise context, (4) the characterisation of nanowaste and the development of
appropriate analytical methods and (5) a definition of appropriate regulatory limit
values and nanowaste data reporting.

Fig. 17 Proposed ! Nanowaste !

frarpework for an . (waste containing NMs) )
environmental exposure T T T T T -~~~ -~ 1 77777777777

assessment of

nanoparticles in solid [1 Quantification of nanowaste amounts ]
waste. The framework
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combined with results 2. a. Evaluation matrix properties
from an effect assessment, b. Evaluation of nanowaste treatment
the results of the exposure
process

assessment may be used as
an input into the ¢
environmental risk 3. Evaluation of of physicochemical
assessment of nanoparticle properties of nanostructure
emissions from waste ¢
(lower dotted box, outside
the scope of the present 4. a. Evaluation of transformation processes
chapter) b. Evaluation of release of NPs
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- Effect assessment of NMs
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Conclusion and Outlook: Toxicological Implications
of Exposure to Nano-enabled Consumer Products

The first step to assessing the release of ENMs from consumer products is to define
which products are likely to contain them. Over the last decade, two inventories
have emerged that aim to help address a wide variety of concerns related to nano-
enabled consumer products, particularly the potential for nanomaterial release.
Based on assessments of these inventories by multiple research groups, several key
trends have emerged. First, the data provided by manufacturers are simply inade-
quate to assess whether or not given products do or do not contain ENMs or how
likely a given product is to release ENMs during routine use or otherwise. Secondly,
the products with known composition represent relatively simplistic applications of
nanotechnology — i.e., first- to second-generation nano-enabled products with
enhanced antimicrobial efficacy, dispersion properties, or mechanical strength. If
development trends proceed as anticipated, future nanoproducts are likely to have
increased complexity and properties that go beyond simply antimicrobial efficacy
or increased surface area.

Investments in nanometrology and nanotechnology environmental health and
safety research over the last decade have equipped researchers with the tools and
protocols needed to effectively measure the ENM composition of products as well
as their release into complex biological and environmental systems. The effective-
ness of those tools can be greatly enhanced when manufacturers provide sufficient
information about the ENM composition of their products. Ideally, manufacturers
would provide this information proactively so that products entering commerce may
be prioritized for risk assessment based on their ENM composition and release pro-
file. Ultimately, such efforts could allow for the timely identification and mitigation
of potentially adverse impacts to human health and the environment resulting from
the release of ENMs from nano-enabled products. However, as noted previously, the
maintenance of inventories like the CPI and the Nanodatabase is costly and requires
sustained investment. As long as the adverse impacts of ENM are speculative or
limited to controlled experiments, then securing such investments will likely remain
a challenge. Conversely, should the use of ENMs in commerce lead to clear evi-
dence of adverse impacts on humans or the environment, then regulatory actions
might require manufacturers to comply with detailed reporting requirements for the
ENM composition of their products Until then, such resources are likely to be main-
tained primarily through assemblages of concerned stakeholders, academic groups,
and proactive consumer goods manufacturers.
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Abstract To understand cell response and the dose-dependent interaction between
particles and cells, in vitro dosimetry of nanoparticles has become an important
concept in predicting the dose delivered to cells that are cultured in plastic wells.
The usefulness of any dosimetry method, however, requires a throughout experi-
mental characterization of the physicochemical properties of the particles in the
dispersion under study. Here we present the major aspects one must carefully con-
sider and adapt in order to obtain reliable and reproducible results.

Keywords In vitro dosimetry - Nanoparticles - Dispersion - Physicochemical
properties

Introduction

Nanotechnology enables engineering nanoparticles (NPs) with desired physico-
chemical properties useful for a wide range of applications. NPs are materials with
any external dimension on the nanoscale and properties differing from their bulk
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equivalents, which allows for novel applications in almost any (industrial) sector.
This huge potential has led to an increasing growth of research and development
activities and created an entire new class of materials which are used in a broad field
of applications such as in optics, electronics (e.g. for efficient and cost-effective
energy storage or their use as semiconductors) (Jariwala et al. 2013), and in the
medical field as potential carriers for drug and gene delivery or as diagnostic tools
and contrast agents (De Jong and Borm 2008).

However, these new properties and the increasing industrial production have
raised concerns about potential adverse effects for human health; thus, a better
understanding of cellular consequences upon the direct exposure of (human) cells to
NPs is prerequisite for their safe-by-design and successful use in any applications.
New concepts for efficient, cheaper and evidence-based testing strategies were pro-
posed, based on the in vitro use of human primary cells and cell lines (Krewski et al.
2010; Drasler et al. 2017a).

In order that the outcomes of in vitro studies can be useful in a regulatory con-
text, the results must be transformed to concentrations that are meaningful in real
scenarios. Concentrations of NPs and their respective doses should be realistic, i.e.
relevant to human exposure scenarios such as occupational exposure limits for NPs
(Gordon et al. 2014), e.g. using a model for calculation of the deposited dose based
on the concentration in the dispersion or suspension administered (Hinderliter
et al. 2010).

When interpreting data from studies within nanotoxicology, attention should be
paid to the administered concentration and cellular delivered doses since discrep-
ancy between the administered and deposited doses might be substantial. The
deposited dose can be evaluated with dosimetry models or by experimentally assess-
ing NP concentration on the cells or intracellularly, for instance with mass
spectroscopy-based techniques (Drasler et al. 2017b).

Physicochemical Properties of Nanoparticle Dispersions
and Suspensions

Classical particle systems are essentially biphasic colloidal systems where the
matrix phase is a liquid, e.g. a buffered aqueous solution in which the solid-phase,
organic, inorganic or hybrid nanoparticles (NPs) are dispersed or suspended. By
dispersion one usually refers to a colloidal system where particles do not settle due
to gravity (even over a long period of time), and by suspension, to systems where
the particles settle due to gravity, which would be a typical case of aggregates and
agglomerates of NPs.

The primary chemical and physical properties of NPs are particle concentration,
particle size and size distribution, particle shape and shape uniformity, chemical
composition of the core and surface and their relative proportions of components,
surface density and conformation of functional groups on the surface, phases found
in/on the particle (such as amorphous and crystalline phases and purity of phases),
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porosity and structure of porosity. From these primary properties derived are the
secondary properties, such as elasticity, volume-averaged mass density, hydrody-
namic size, and effective surface charge. All these factors determine physical stabil-
ity and chemical integrity (e.g. dissolution, ligand exchange) and also colloidal
stability in terms of aggregation and agglomeration. While the underlying physical
principles of the formation of aggregates and agglomerates are identical, from the
point of view nanoparticle dose—exposure and cell response, one must still distin-
guish these two terms describing particle clusters. While each term has its specific
meaning, they are frequently interchanged (Nichols et al. 2002): Agglomerates cor-
respond to particles held together by a relatively weak net inter-particle force, and
accordingly the cluster formation is reversible. For example, agglomerates can be
broken up easily by shaking or sonicating the sample, and temporary colloidal sta-
bility can be restored by e.g. simply diluting the sample. In contrast, aggregates are
held together by strong net inter-particle forces that the clustering process is irre-
versible via the means mentioned before, and colloidal stability cannot be restored.
Briefly, aggregation is an irreversible process, whilst agglomeration is a reversible
process (Sokolov et al. 2015).

Therefore, colloidal stability refers to particle systems that do not aggregate.
Stability is essential if one is interested in studying the physiochemical properties
and their surface activity relating to the exceptionally high surface-to-volume ratio
NPs can provide. To achieve permanent stability, one must ensure that repulsive
inter-particle forces dominate attractive forces. Systems that agglomerate can offer
only temporary stability, because of the weak but attractive net inter-particle force
that drives the formation of clusters. Given that the strengths of these forces (a) are
functions of the distance between particles, and (b) inter-particle distance is a func-
tion of the concentration, colloidal stability can be considered concentration depen-
dent. A typical case is a dispersion that is stable at low concentration (e.g. below a
few pg/mL), but aggerates quickly at higher concentrations. The most important
thing is to always keep in mind that primary particles and their aggregates (even if
aggregation is reversible) are definitely not identical systems. A typical example
could be the case of superparamagnetic NPs: when they are well-dispersed they
exhibit magnetic properties that their aggregates cannot reproduce (Jeon et al.
2016). Accordingly, describing the particles in regard to colloidal stability, extent of
aggregation, is of primary importance (Faria et al. 2018), albeit not without difficul-
ties (Miernicki et al. 2019). Furthermore, any feature that might be useful for poten-
tial applications—such as optical, thermal, magnetic, mechanical and catalytic
characteristics—will be eventually defined by the primary and secondary properties
mentioned above, and consequently, the behaviour and physicochemical properties
of a NP cannot be decoupled from the matrix.

From this aspect, physiological and biological fluids—such as cell culture media,
intra-and extracellular fluid, plasma and blood—themselves are truly complex col-
loidal media (Urban et al. 2016), for they are mixtures of substances either dis-
solved or dispersed or suspended in water. They contain of a multitude of components
and are generally rich in ions and proteins, which may affect and completely trans-
form the surface-related physicochemical properties of the NPs (Fong et al. 2019).
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For example, gold NPs aggregate in water due to the van der Waals forces and the
high Hamaker constant, but they become colloidally stable in human plasma, owing
to the proteins that adsorb onto the surface, resulting in repulsive and thus stabiliz-
ing inter-particle forces (Michen et al. 2015). With other particles the opposite is
frequent, and aggregation is rapid upon dispersion in complex media (Balog et al.
2015), because for example the electric double layer originating from the particle’s
surface charge can collapse in the presence of an electrolyte. Dissolution of silver
NPs—owing to the presence of an oxidizing agent—is a typical case of loss of
physical integrity that transforms chemical reactivity as well (Loza et al. 2014). To
summarize, there are material properties that do not change in the matrix interacting
with the NPs, e.g. crystallinity and shape of the particle core. If such ‘intrinsic’
properties change, it is considered as a ‘transformation’ of the NPs, and it is often
irreversible. There are properties that change easily, often reversibly. A typical
example is surface charge and related zeta-potential.

What exactly happens to a particle system and to what extent in a complex
medium is generally not trivial to predict, for it depends on the initial volumetric
and surface properties of the NPs and on the components of the complex medium.
Accordingly, the characterisation by experimental means should be able to resolve
particle properties in either scenario. The major techniques either directly dedicated
or adapted to the physicochemical characterisation of NPs in complex media are
described elsewhere (Lin et al. 2014; Treuel et al. 2014).

It is important to stress that changes that happen to NPs are not always instanta-
neous, but can take time, e.g. the reaction kinetics of dissolution can be very slow,
and the rate of change is in general dependent on the concentration of the compo-
nents taking part in the reaction. Therefore, characterization of ‘particle transforma-
tion” should be also able to capture the course of time-dependency. Only when the
physical and chemical properties and their course in time are characterized, one can
begin the dose-exposure-response analyses.

Administered, Delivered and Cellular Dose

Here we focus on factors that are relevant to in vitro submerged cell cultures assays
(Drasler et al. 2017a), applying concepts developed in cell biology, hazard assess-
ment and pharmacology. Exposure refers to any situation that provides an opportu-
nity for the given particle type to interact with the cell capable of adhering to the
outer cell membrane, being internalised and possibly eliciting a biological response.
Dose quantifies the number of NPs that actually come in contact with the cell.
Accordingly, the dose-response assessment requires a realistic and quantitative
characterization of the relationships between varying doses and magnitude of
adverse effects in exposed populations.

In this relationship, at least three levels of doses can be distinguished: adminis-
tered dose which is usually given as a particle concentration, delivered dose to the
cell surface, and intracellular dose. In this order increases the difficulty to reliably
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determine these three distinct measures, and the metric may be multi-fold. The most
basic ones are number, mass, and surface area of the NPs, but given the composi-
tional versatility, this primary list can be quickly expanded by e.g. charge, ligand
type, conformation, charge distribution and density (Burnand et al. 2018). While the
conversion from one to the other is relatively straightforward when NPs are uni-
form, polydispersity in size and heterogeneity in shape rapidly eliminates this con-
venience for average values may not be sufficiently intricate. Therefore, the
experimental characterization should be able to account for these variables as well
as their conversion. Additionally, another aspect is to consider is the fact that many
experimental techniques do not probe the primary quantities, but rely on physico-
chemical phenomena and measurable quantities to estimate primary quantities via
e.g. mathematical relationships (Gao and Lowry 2018). For example, optical extinc-
tion of gold and silver NPs may be used to estimate particle size and concentration
via the phenomenon of localised surface plasmon resonance, yet the accuracy may
be limited by particle polydispersity and shape heterogeneity—even if the particles
are nominally spherical (Haiss et al. 2007).

The administered dose is the totality of the quantity of interest and is directly
proportional to the concentration of the particles added to the adherent cell cultures.
The delivered dose refers to the quantity that reaches the cell and is able to interact
with. The delivered dose is defined by the rate NP arrive to the cell level (e.g. pg/h),
via translational diffusion and gravitational settling, which may be followed by
adhering to the outer cell membrane and subsequent internalization. The last step
defines the cellular dose.

The delivered dose is dependent on the time of exposure and on the hydrody-
namic properties of the NPs that defines the rate of translational diffusion and sedi-
mentation velocity, which both are functions the particle hydrodynamic radius and
effective mass density. When using the correct hydrodynamic model for the observed
particle shape obtained by e.g. transmission electron microscopy (TEM) character-
ization, one can successfully predict the hydrodynamic properties of the particles
(Martchenko et al. 2011) and they can be also obtained directly by experimental
means, for example via analytical ultracentrifugation (Silvera Batista et al. 2014;
Walter et al. 2014, 2017; Bekdemir and Stellacci 2016; Thajudeen et al. 2017), cen-
trifugal sedimentation (Davidson et al. 2017; Minelli et al. 2018), and dynamic light
scattering (Boluk and Danumah 2013; Balog et al. 2014; Stoehr et al. 2015; Geers
et al. 2016; Bossert et al. 2017, 2018).

The cellular dose is a more complex function of several other variables, because
the physicochemical properties of the particle can play a fundamental role in endo-
cytosis, which may involve a variety of mechanisms. Until now shape, volume,
elasticity, overall surface chemistry, spatial arrangement and surface density of
ligands, adhesion strength to cell membrane, cell type, cell cycle, and the environ-
ment and experimental conditions have been recognized to the influence intracel-
lular dose (Burnand et al. 2018; Zhang et al. 2008; Jiang et al. 2008; Verma et al.
2008; Nel et al. 2009; Yuan et al. 2010; Yuan and Zhang 2010; Summers et al. 2011;
Kato 2011; Kim et al. 2011; Albanese et al. 2012; Walkey et al. 2012; Kettler et al.
2013; Huang et al. 2013; Zhang et al. 2015; Li et al. 2015, 2017; Anselmo and
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Mitragotri 2017; Yi and Gao 2017). Additionally, particles may aggregate, may be
dissolved, may either lose or replace their ligands, which further adds to the com-
plexity of this subject (Dale et al. 2017; Hirsch et al. 2014).

It is not less important that even the way one administers particles influences
experimental outcomes describing particle-cell interactions (Moore et al. 2019). It
has been demonstrated by Moore et al. that the initial formation of the protein
corona may be different, depending on whether the total administered dose is a
concentrated bolus of particles or particles pre-mixed in complete cell culture media
prior to cell exposure (Moore et al. 2019). Given that particle size and surface prop-
erties determine the protein corona as well: its composition and ‘layer-cake-like’
structure (Lundqvist et al. 2008), the high degree of variations and subsequent com-
binations between (a) particle properties, (b) techniques of particle administration,
(c) composition and concentration of proteins, as well as (d) cell type may result in
a large variety of different protein coronas, and accordingly, a large variety in the
rates of cellular adsorption and uptake (Walkey et al. 2012; Moore et al. 2019), even
if the experiments were most diligently executed with minimal error and bias.

The delivery of particle dose can be reliably modelled by knowing the hydrody-
namic properties of the particle system (whether it is single particles or particle
aggregates), which is highly relevant when considering that the interactions between
particles and cells are extremely intricate. However, it is important to point out that
the rate of particle internalization may also define the delivered dose itself: while
large particles, whose transport to the cell-level is driven dominantly by gravita-
tional settling, will be delivered to the cell no matter whether uptake happens or not,
diffusion-driven transport of small NPs is induced by concentration gradient created
by cellular uptake, and when cells do not take up particles, delivery does not occur.
Such aspects render it difficult to model and predict the rate of internalization, and
consequently, the knowledge of the delivered dose is essential when deciphering
interactions between cells and particles (Faria et al. 2019).

Indeed, the fundamental role of delivered particle dose for translating toxicologi-
cal dose-response data into risk assessment techniques and exposure limits cannot
be stressed enough, for it is of overarching significance for any type of particle
exposure scenario (Schmid and Cassee 2017). Therefore, state-of-the-art computa-
tional models aim to provide standardized protocols that integrate the necessary
steps and algorithms to estimate in vitro delivered dose (Hinderliter et al. 2010;
Teeguarden et al. 2007; Mahnama et al. 2014; Rodriguez-Lorenzo et al. 2015;
DelLoid et al. 2015, 2017; Thomas et al. 2018; Johnston et al. 2018; Price et al.
2019; Johnston et al. 2020, 2021; Balog et al. 2021; Bohmert et al. 2018; Frenzel
et al. 2020). The concept stems from the recognition that in in vitro cell culture
experiments, dilute suspensions and dispersion are used in the absence of fluid flow,
and therefore, the Reynolds number is small. In such dilute and quiescent colloidal
dispersions/suspensions there is no collective fluid motion, and viscous forces dom-
inate over inertial forces, and interparticle interactions are negligible. Accordingly,
the transport-relevant particle property is a function of two parameters: hydrody-
namic radius and mass density, and is quantified by the diffusion coefficient (the
Stokes—Einstein equation) and the settling velocity (the Stokes’ law). Estimating the
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delivered dose profile helps in planning the overall time span of the exposure and
particle delivery, defining endpoints, and defining the administered concentration of
particles according to the area of the cell-culture and the depth of the medium cover-
ing the cells.

Therefore, the knowledge of the delivered dose becomes essential in the interpre-
tation of any experimental data addressing the interaction between cells and parti-
cles. Nonetheless, there are particle systems that are truly heterogeneous and
ill-defined in size, shape and composition (such as high aspect ratio materials, i.e.
carbon nanotubes, gold nanorods), and characterization provides very limited infor-
mation on averages. In this case, a direct estimation of delivered dose should be
achieved by experimental means, via, for example, UV-Vis spectroscopy (Rischitor
et al. 2016).

To summarize, in this chapter we outlined the major concepts one must carefully
address (also illustrated in Fig. 1) when interpreting nanoparticle dose—exposure
and cell response. These concepts are essential guidelines leading to a multidisci-
plinary effort converging on analytics, and one must always keep in mind that the
devil is in the detail. Indeed, like any guideline, ours may shed light on the cruciality
of good analytics, but it cannot confer experience and awareness. Given that each
particle material and physiological / biological environment may present their own
box full of challenges, analytical protocols must be most carefully designed
accordingly.
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Fig. 1 A schematic of the scenic road any scientist working on the nanomaterial-cell interaction
must take for in vitro dosimetry and related particle system characterization
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Outlook

In order to develop nanoparticle systems that are safe by design, another aspect is
opening the field (open science), and make research data, software and other tools
to analyse data freely available. This could permit verifying and perhaps even
improving obtained results in comparison to the approaches followed by the origi-
nal research team, and also promote transparency and reproducibility (Leong et al.
2019; Nat Nanotechnol 2019).

Not to mention but one example, intelligent machine systems are able to explore
the volume of (big) data beyond human capacity and can discover off-target or hid-
den relationships that were not addressed in the original analyses (Labouta
etal. 2019).
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Abstract Risk assessment consists of investigations of both the hazard of an agent
and the likelihood that the agent will come into contact with a human or other target
organism. This chapter introduces exposure assessment as it applies to predicted
exposure concentrations for substances generated by emerging technologies, espe-
cially nanotechnology. It also identifies areas where assessing exposure to emerging
technologies may differ from conventional exposure assessments.
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Introduction

Risk is a common metric for public health and environmental decision making.
Scientifically credible risk assessments must underpin decisions regarding the
potential safety of emerging technologies (National Research Council 1983).
Furthermore, those who may be exposed to the nanoparticles and other constituents
of the products from these technologies must understand and predict the exposure
to allow them decide whether the pending risks are acceptable. Most enviromental
exposure decisions have a low probability of risk, e.g. purchase of pollution control
and personal protective equipment. Many, perhaps most, personal decisions made
each day relate to risk, for example:

e Can the risk of cancer be reduced by what one has for breakfast?

¢ Do the ingredients in ths shampoo add to one’s risk of allergic reactions?

* Isriding a bike to work safe enough to arrive safely at a destination while reduc-
ing one’s carbon footprint (risk of exacerabing climate change)?

e Is it too risky to use this pesticide?

When such decisions that involve emerging technologies like nanotechnology
and synthetic biology the consumer has even greater uncertainty than these every-
day and common exposure scenarios. The policy maker and regulator deal with
such uncertainty with incomplete data, often relying on comparisions to conven-
tional technologies. However, the flaw in this logic is that there may be substantive
differences in the physical, chemical and biological properties of contaminants pro-
duced from nano-scale processes.

The more advanced the technology, the more uncertain the potential hazard,
exposure and risk will be. Uncertainty has at least three dimensions: scientific; regu-
latory; and attitudinal (Arnaldi and Muratorio 2013). From a scientific perspective,
most of the data and information available to assess risk are from experiments in
tightly controlled settings (Poel 2009). Real-life expsoure scenarios have myriad
factors that vary in space and time from the experiments, increasing the likelihood
that most important variables are untested and unforeseen. Regulatory uncertainty
stems from the diversity in how various governances attempt to control and prevent
the risks. Some agencies emphasize precautionary approaches, others awaiting reli-
able evidence of harm (Falkner and Jaspers 2012). The third dimension, risk percep-
tion, is highly variable even for conventional pollutants, but uncertainty of the risks
posed by nanotechnology increases the social aversion (Linkov et al. 2006;
Satterfield et al. 2009).

Traditional exposure events have track records that may span decades, so that the
probability can be calculated from the event’s past rate of occurrence. Estimating
the likelihood of any event from a historical perspective depends on the amount and
quality of the data (Solomon and Vallero 2016). By definition, emerging technolo-
gies lack clear and relevant historical lessons. Thus, it is not easy to determine when
the potential that emerging technological exposures involve rare outcomes, e.g. can-
cer or loss of endangered species, i.e. low-probability, high consequence events,
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which present special challenges to risk assessment and communication (Solomon
and Vallero 2016). Scientific and engineering rigor are essential for rare events, as
they are for any risk assessment scenario. Certainly, managing the risks presented
by rare events requires many of the same fundamental communication elements of
any credible risk-based decision analysis. Given the diversity of stakeholders and
unconventional aspects of most rare events in which knowledge about nanotech-
nologies is evolving, a greater understanding and application of numerous other
factors are needed, especially psychosocial and ethical factors. The potential expo-
sure to nanomaterials is a function of a person’s biological and genetic makeup,
location, and activities, i.e. the so-called “exposome” of who you are, where you are
and what you are doing (Wild, 2012).

For most substances, identifying potential hazards is the first step in risk assess-
ment. Sometimes there are clues based on the physicochemical structures of ana-
logues of similar, better known substances. All too frequently, there are little or no
reliable data and information available for even crude hazard assessments for newly
synthesized substances like nanomaterials. Preliminary or screening toxicity data
may be available for a substance from an emerging technology if it is sufficiently
similar to a known substance, but information about its potential uses and exposures
are uncertain. Thus, exposure information requires both information about the sub-
stance’s biological, chemical and physical properties along with human activity and
use. The former information may be derived, e.g. from quantititative structure-
activity relationship (QSAR) model, which is showing promise for some nanopar-
ticles, i.e. metals (Puzyn et al. 2011). However, even if the QSAR results are
acceptable for toxicity, this is only half of the risk equation, so they may not in
themselves support exposure predictions, especially if the emerging technology
relates to a new, understudied use or other human activity.

Risk estimates are further complicated in that it requires that the exposure esti-
mates be combined with the inherent hazards of the substances. Regulatory pro-
grams such as REACH in Europe (Kortelainen 2015) and the U.S.’s recent efforts in
exposure-based prioritization (Egeghy et al. 2011) and rapid exposure and dosime-
try (Dionisio et al. 2015; Egeghy et al. 2016; Wambaugh et al. 2014; Barber et al.
2017) are a first step in identifying and categorizing the risk of substances according
to potential toxicity and potential exposure. The risk estimate, in a sense, is akin to
an index that is only as reliable as its components, in this instance the inherent toxic-
ity, inherent physicochemical properities, and the type and likelihood of uses
(Birnbaum and Jung 2011; Klaine et al. 2008; Wiesner et al. 2009). Each of these
factors has uncertainty, e.g. in vitro-to-in vivo-human toxicity extrapolations
(Pieters et al. 1998), QSAR uncertainties (Sahlin 2013; Sahlin et al. 2014), and
known use-to-unknown use scenarios (Ernstoff et al. 2016; Beaudrie et al. 2015;
Grieger et al. 2009). Thus, the uncertainty of risk predictions are propagated with
each component, but added uncertainties may result when the individual compo-
nents are combined, i.e. “hidden dependencies” (Hamraz et al. 2012).

Much can happen internally after a nanomaterials are absorbed. The mass at the
interface between the organism and the environment, e.g. breathing zone, is merely
the potential dose. Once the chemical crosses the interface it is considered applied
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dose, but the toxicokinetics (ADME) begin with absorbed dose. Exposure is com-
pleted at biologically effective or target dose, i.e. when the nanomaterial or its meta-
bolic products reach the organ/tissue that is the site of effect/outcome, e.g. the liver
for a hepatotoxin brain for a neurotoxin. Any damage that results from this exposure
falls in the realm of effects. For example, an exposure biomarker would show that
the xenobiotic has hit the target (e.g. release of a liver enzyme), whereas an effects
biomarker would show liver damage (perhaps a different liver enzyme, or the same
enzyme, but at higher concentrations to indicate hepatotoxicity).

The differences between the dosimetry of nanoscale and bulk materials are not
well understood. Measuring the hazard of a substance is difficult in part because the
applied dose will not be the same as the absorbed and biologically effective dose,
given the losses to container wall, dissolution, aggregation and other mechanisms
that may be much more important for nanoscale materials, but also much more dif-
ficult to quantify at the nanoscale (Ivask et al. 2018; Sekine et al. 2015; Lead
et al. 2018).

For many emerging chemicals and substances, the traditional far-field exposure
scenario does not completely apply. That is, release from a source and movement
within and among environmental media is often only a small fraction of the mass
that comes into contact with the receptor. Most comes as a result of handling and
use of products, buidling materials and articles. One means of determining whether
a substance is properly regulated is whether it exceeds the level of acceptable risk.
Often the criteria for deciding what constitutes too much risk are arbitrary and not
necssarily based on sound science. When risk is unacceptable, governance is per-
ceived to have failed society. Societal expectations of acceptable risk are mandated
by the standards and specifications of certifying authorities. Unfortunately, these are
often absent or inappropriate for new technologies that differ substantially from
their conventional analogs. The conventional metrics are incorporated into health
codes and regulations, zoning and building codes and regulations, design principles,
canons of professional engineering and medical practice, national standard-setting
bodies, and standards promulgated by international agencies (e.g. ISO, the
International Standards Organization). In the United States, for example, the
U.S. Environmental Protection Agency (EPA) issues guidelines, such as those for
designing waste sites and rules for emissions, uses and handling of pollutants. The
guidelines and rules cite other standards, e.g. mateial specifications for equipment,
such as those of the National Institute of Standards and Testing (NIST) and
ISO. Existing guidelines and rules can quickly become obsolete and less effective
in reducing exposures in the myriad scenarios likely to arise when the new technol-
ogy moves from research to application. Often, especially in the U.S., emerging
technologies follow standards articulated by private groups and associations, but
which may be so focused on the utility and other benefits of the technology that
potential exposure and risk receives comparatively less rigorous and inadequate
emphasis (Vallero 2010a).
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Assessment Methodologies

Risk is generally understood to be the likelihood that an unwelcome event will
occur. For public health and ecological risk, the unwelcome event is an adverse
outcome in a receptor, e.g. cancer in a human population or loss of biodiversity in
an ecosystem. Risk assessment is the scientific investigation into the factors that
lead to a risk. An assessment may be retrospective, i.e. to see what damage has
occurred; or prospective, i.e. to predict risk posed from reasonable present and
future risk scenarios. Much of the risk assessment for the use of nano-scale materi-
als is prospective. Steps needed to manage the risk are based on the risk assessment.
Ideally, dispassionate and objective scientific findings must underpin decisions
needed to reduce the otherwise highly likely, adverse outcomes. For example, an
assessment may indicate that a particular type of nanoparticle poses a risk to human
health if it were present in the water supplies. Risk management would then include
the design and installation of containment structures to limit the migration of the
nanoparticle from its source to the aquatic environment.

Hazards can be expressed according to the physical and chemical characteristics,
as in Table 1, as well as in the ways they may affect living things. For example,
Table 2 summarizes some of the expressions of biologically-based criteria of haz-
ards. Other hazards, such as flammability, are also important to environmental engi-
neering. However, the chief hazard in most environmental situations has been
toxicity.

This chapter principally focuses on one type of hazard, i.e. toxicology. Hazard
(H) is half of the risk (R) equation, with exposure (E) the second half:

R=f(HE) 0
Risk assessment of an actual or potentially manufactured nanoscale substance, like
any agent, must describe the physical, chemical and biological characterics of the
hazard. The hazard is not a static agent. During its life cycle, a nanomaterial will be
transformed in time and space and may act synergistically or antagonistically with
abiotic and biotic components of the environments to which it is introduced. Indeed,
in various parts of the life cycle the nanomaterial may, through accumulation, aggre-
gation and other processes, may not be a nano-scale substance. For example, the
metal cerium is a fuel additive as a nanoparticle,. With time, it will aggregate to a
larger particles, but after combustion some of the cerium returns to the nano-scale
as an ultrafine particulate matter (PM). To assess the importance of such life-cycle
scenarios, the severity of the effect and the likelihood that it will occur in that sce-
nario is calculated. This combination of the hazard and exposure particular to that
scenario constitutes the risk.

The relationship between the severity and probability of a risk follows a general
equation (Doblhoff-Dier et al. 2000):
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Table 1 Hazards defined by the Resource Conservation and Recovery Act

Hazard
type

Criteria

Physical/chemical classes in
definition

Corrosivity

A substance with an ability to destroy tissue
by chemical reactions.

Acids, bases, and salts of strong
acids and strong bases. The waste
dissolves metals, other materials, or
burns the skin. Examples include
rust removers, waste acid, alkaline
cleaning fluids, and waste battery
fluids. Corrosive wastes have a pH
of <2.0 or >12.5. The U.S. EPA
waste code for corrosive wastes is
“D002.”

Ignitability

A substance that readily oxidizes by burning.

Any substance that spontaneously
combusts at 54.3 °C in air or at any
temperature in water, or any strong
oxidizer. Examples are paint and
coating wastes, some degreasers,
and other solvents. The U.S. EPA
waste code for ignitable wastes is
“D001.”

Reactivity

A substance that can react, detonate or
decompose explosively at environmental
temperatures and pressures.

A reaction usually requires a strong
initiator (e.g. an explosive like TNT,
trinitrotoluene), confined heat (e.g.
salt peter in gunpowder), or
explosive reactions with water (e.g.
Na). A reactive waste is unstable and
can rapidly or violently react with
water or other substances. Examples
include wastes from cyanide-based
plating operations, bleaches, waste
oxidizers, and waste explosives. The
U.S. EPA waste code for reactive
wastes is “D003.”

Toxicity

A substance that causes harm to organisms.
Acutely toxic substances elicit harm soon
after exposure (e.g. highly toxic pesticides
causing neurological damage within hours
after exposure). Chronically toxic substances
elicit harm after a long period of time of
exposure (e.g. carcinogens,
immunosuppressants, endocrine disruptors,
and chronic neurotoxins).

Toxic chemicals include pesticides,
heavy metals, and mobile or volatile
compounds that migrate readily, as
determined by the Toxicity
Characteristic Leaching Procedure
(TCLP), or a “TC waste.” TC wastes
are designated with a waste codes
“D004” through “D043.”

From: Vallero 2015

R=f(S.P);R=SxP

2

Where risk (R) is a function (f) of the severity (S) and the probability (P) of harm.
The right-hand part of the equation simplifies the function as the product of severity
and probability. Indeed, the units of exposure are the reciprocal of hazard units. For
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Table 2 Biologically-based classification criteria for chemical substances

Criterion Description

Bioconcentration | The process by which living organisms concentrate a chemical contaminant
to levels exceeding the surrounding environmental media (e.g. water, air,
soil, or sediment).

Lethal Dose (LD) | A dose of a contaminant calculated to expect a certain percentage of a
population of an organism (e.g. minnow) exposed through a route other than
respiration (dose units are mg [contaminant] kg~' body weight). The most
common metric from a bioassay is the lethal dose 50 (LDs,), wherein 50%
of a population exposed to a contaminant is killed.

Lethal A calculated concentration of a contaminant in the air that, when respired
Concentration for four hours (i.e. exposure duration = 4 h) by a population of an organism
(LO) (e.g. rat) will kill a certain percentage of that population. The most common

metric from a bioassay is the lethal concentration 50 (LCs,), wherein 50%
of a population exposed to a contaminant is killed. (Air concentration units
are mg [contaminant] L~ air)

Source: Wambaugh et al. 2014

instance, exposure can be expressed as mass of the pollutant per body mass per
time, e.g. mg kg=! d-!, with the complementary hazard units being [mg kg=' d=']~".

Articulating the hazard, i.e. the physical, chemical or biological agent of harm, is
matched against the receptor’s contact with that hazard, i.e. exposure. The types of
receptors range in scale and complexity, for example, the exposed receptor may be:

e an individual organism, e.g. a human or other species;

e asub-population, e.g. asthmatic children or endangered plant species in a habitat;
* an entire population, e.g. all persons in a city, nation, or the world; or,

* amacro-system, e.g. a forest ecosystem.

Hazard is an inherent trait. Thus, the hazard may occur before a waste is gener-
ated, such as a component of a manufacturing process. For example, if
1,1,1-trichloroethane (TCE) is used as solvent in a chemical processing plant, it
may be hazardous to the workers because it is carcinogenic. It may also be hazard-
ous if it finds its way to a landfill (in drums or in contaminated sawdust after a
cleanup). Similarly, a genetically modified organism (GMO) has inherent properties
that render it hazardous, e.g. production of exotoxins or infection of higher organ-
isms. Thus, synthetic biological hazards are a combination of conventional hazards,
e.g. the use of solvents and biological materials in the synthesis phases, and emerg-
ing hazards, e.g. the hazards introduced by a modified organism.

The second component of the risk assessment is the potential exposure to the
hazard. In the previous TCE/GMO example, people can come into contact with the
solvent in occupational settings and the GMO in environmental (e.g. escape) and
use (e.g. drinking water). Thus, the exposure to TCE varies by activities (high for
workers who use it, less for workers who may not work with TCE, but are nearby
and breathe the vapors, and even less for other workers). The exposure to the GMO
is zero if it is completely contained and increases with loss of containment. Also,
worker exposure is commonly based on a 5-workday exposure (e.g. 8 or 10 hours),
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Fig. 1 Risk assessment and management paradigm as employed by environmental agencies in the
United States. The inner circle includes the steps recommended by the National Research Council.
The outer circle indicates the research and assessment activities that are currently used by regula-
tory agencies to meet these required steps. (Source: National Research Council 1983)

whereas environmental exposures, especially for chronic diseases like cancer, are
based on lifetime, 24 hour per day exposures. Thus, environmental regulations are
often more stringent than occupational regulations when aimed at reducing expo-
sure to a substance.

The traditional chemical risk assessment paradigm (see Fig. 1)

is generally a step-wise process. The figure starts with the soruce of release or
emission:Source

l
Exposure
N\

Hazard

1)
Risk

This assessment draws from summaries of an agent’s physicochemical proper-
ties, routes and patterns of exposure, and a review of toxic effects. The tools for
hazard identification take into account the chemical structures that are associated
with toxicity, metabolic and toxicokinetic properties, short-term animal and cell
tests, long-term animal (in vivo) testing, and human studies (e.g. epidemiology, such
as longitudinal and case-control studies). These comprise the core components of
hazard identification, however additional hazard identification methods have been
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emerging that are increasingly provide improved reliability of characterization and
prediction.

Synthetic biology often involves mixtures of biological and chemical mixtures.
There is no unamimity in defining “mixtures.” The chemical definition distint-
guishes mixtures from compounds. Until relatively recently, toxicologists studied
mixtures in a step-wise manner, adding substances one at a time to ascertain the
response of an organism with each interation. A number of recent toxicological
studies have begun to look at multi-component mixtures. From an exposure per-
spective, a mixture is actually a co-exposure. People and ecosystems are exposed to
an array of compounds simultaneously (Kortenkamp et al. 2009). A key question is
how do the individual constituents physical and chemical properties affect those of
other chemical and biological constituents used during biological synthesis? The
additive, synergistic and antagonistic effects must be considered.

Thus, characterizing the inherent properties of an individual constituent used in
a process is the first step in risk assessment. A number of tools have emerged to
assist in this characterization. Risk assessors now can apply biomarkers of genetic
damage (i.e. toxicogenomics) for more immediate assessments, as well as improved
structure-activity relationships (SAR), which have incrementally been quantified in
terms of stereochemistry and other chemical descriptions, i.e. using QSAR and
computational chemistry. There are fewer tools available for biological agents, but
incorporating quantitative microbial risk assessment into a life cycle analysis (LCA)
is promising (Harder et al. 2015). Health-effects research has mainly focused on
early indicators of outcome, making it possible to shorten the time between expo-
sure and a determination of a potential adverse outcome (National Research
Council 2002).

To date, the greatest attention of the risk assessments has been on chemical haz-
ards, but emerging technologies often also generate non-chemical hazards. Notably
biological and infectuous wastes may be generated in certain life cycle stages that
present hazards from biological agents. Increasingly, synthesis of phamaceuticals
and other products involves the applications of genetic engineering and synthetic
biology. Of course, biological agents range from beneficial to extremely dangerous.
Indeed, the life cycle that produces a socially desired or essential drug may include
exposures of workers and releases of harmful substances in various life cycle stages.
For example, genetically modified microbes can be classified as (Doblhoff-Dier
et al. 2000):

» Risk class 1. No adverse effect, or very unlikely to produce an adverse effect.
Organisms in this class are considered to be safe.

» Risk class 2. Adverse effects are possible but are unlikely to represent a serious
hazard with respect to the value to be protected. Local adverse effects are possi-
ble, which can either revert spontaneously (e.g. owing to environmental elastic-
ity and resilience) or be controlled by available treatment or preventive measures.
Spread beyond the application area is highly unlikely.
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» Risk class 3. Serious adverse local effects are likely with respect to the value to
be protected, but spread beyond the area of application is unlikely. Treatment
and/or preventive measures are available.

» Risk class 4. Serious adverse effects are to be expected with respect to the value
to be protected, both locally and outside the area of application. No treatment or
preventive measures are available.

These classes indicate that even the safest microbes carry some risk and that with
more uncertainty about an organism, one cannot assume it to be safe, especially for
synthetic protocells and larger organisms about which little is known. The risks may
not be direct, such as a change induced by the release of organism into an environ-
ment where there are no natural predictors. Thus, risk scenarios include not only the
effects resulting from the intended purpose of the environmental application, but
also downstream and side effects that are not part of the desired purpose. For exam-
ple, the European Union (EU) requires that a synthetic biology risk assessment
define the “exposure chain”, i.e. the events leading to the adverse health or environ-
mental outcome (European Union 2015).

As mentioned, the large uncertainties associated with emerging technologies call
for conservative science and treating the potential hazards and exposure as risk class
4. The value of the impact could be widespread and irreversible. Also, the novelty
of these technologies often means that the effectiveness and problems may differ
substantially from any existing treatment or preventive measure. At best, efficacy
and risk can be extrapolated from available knowledge to similar technologies, e.g.
based on chemical or biological agents with similar characteristics. However, these
comparisons will be conducted in similar, but yet untested environmental condi-
tions. For example, a field study’s results in one type of field could be extrapolated
to a different agricultural or an environmental remediation setting. In chemical haz-
ard identification, this is accomplished by structural activity relationships.

Prioritizing and Screening Potentially Toxic Agents

In evidence-based risk assessments, the onus is on the regulator to show that an
action or agent is unsafe. This is the predominant perspective of most U.S. health
and environmental regulations, i.e. it is up to the agency to stop an action, such as a
new chemical being used in a product, only if sufficient information is available to
show that the chemical is unsafe. However, the agency usually may require the
applicant to provide such information. Chemical risk assessment is a scientific
approach to answering three basic questions (U.S. Environmental Protection
Agency 2004a):

1. What is the concentration of a nanoparticle or its toxic constituents in each envi-
ronmental medium or compartment, e.g. in the soil, water, air, carpet, walls, etc.?

2. What is the exposure of the receptor to the NP or chemical, i.e. the amount of
contact with a receptor in each medium and compartment?
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3. How toxic is the NP or chemical constituent?

These three questions, respectively, address a substance’s persistence, bioaccumula-
tion and toxicity. Indeed, these three factors, when combined, determine whether a
chemical compound is meets the criteria to be deemed a “PBT”. This was among
the first attempts of identifying environmental chemicals of concern. The EPA, for
example, constructed a PBT profiler (Environmental Health Analysis Center 2012a,
b) to quantify and rank chemicals. Persistence is related to the partitioning coeffi-
cients (see Table 3). The half-life (#;,) is a common way to express a chemical
substance’s persistence, i.e. the amount of time it takes to degrade one-half of the
mass of a compound. This varies by media; for example, Table 3 shows the atmo-
spheric half-Ifie of several compunds.

Thus, #,, is a metric of persistence, i.e. the larger the f,,, the more persistent the
compound. Persistence is both an intrinsic and extrinsic property of a substance. It
is dependent upon the molecular structure of the compound, such as the presence of
aromatic rings, certain functional groups, isomeric structures, and especially the
number and types of substitutions of hydrogen atoms with halogens (specifically
chlorines and bromines).

Persistence is directly related to bioconcentration. Generally, the larger the 7/, of
a substance in a compartment, the larger the bioconcentration factor (BCF). For
example, the lower ?;,, unsubstituted aliphatic compounds also often have lower
BCFs, e.g. acrolein’s BCF is half of the chlorinated aliphatic compound chloro-
form; and is 4 orders of magnitude lower than the BCF of the chlorinated aromatic
compound, 2,3,7,8-tetrachlorodibenzo-para-dioxin.

Persistence potential also depends upon the contaminant’s relationship to its
media. Compound #;,, values are commonly reported for each compartment, so it is
possible for a compound to be highly persistent in one medium, yet relatively reac-
tive in another. Persistence varies within each compartment and depends on many
factors, such as temperature, pH, intensity of sunlight, presence and diversity of
microbes and chemistry (e.g. reactivity of the pollutant, as well as the concentra-
tions of oxidizing agents, free radicals and catalysts).

Table 3 Atmospheric persistence compared to octanol-water and Henry’s law coefficient

Compound Half-life (days) Log K,,,, Log Ky
Benzene 7.7 2.1 -0.6
Chloroform 360 1.97 -0.7
DDT 50 6.5 -2.8
Ethyl benzene 1.4 3.14 0.37
Formaldehyde 1.6 0.35 -5.0
Hexachlorobenzene 708 5.5 -3.5
Methyl chloride 470 0.94 -0.44
Methylene chloride 150 1.26 -0.9
PCBs 40 6.4 -1.8
1,1,1 Trichloroethane 718 2.47 0.77

Source: Toro and Hellweger 1999
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The half-lives and rate constants (k) represent identically ordered decay pro-
cesses, and are inversely relate to one another. For example, first-order decay can be
expressed in terms of concentration versus time, concentration versus distance, and
as abiotic (e.g. photochemical) and biotic (e.g. microbial) degradation rates. The
relationships between #,, and k can be stated mathematically. The first-order
rates are:

. 0.693
t1/2 (3)
And,
~0.693
1/2 k (4)

Thus, a half-life of 2 years is the same as a first-order rate constant of 0.35 year~!,
and a half-life of 10 years = a first-order rate constant of 0.0693 (i.e. a slower rate
constant is inversely related to a longer half-life. This is an important consideration
in estimating the rate at which a contaminant plume will be attenuated, and is com-
monly used in groundwater studies.

Note that Table 3 contains no metals or metalloids, but only organic compounds.
Obviously, outside of nuclear fission or fusion, elements do not undergo degrada-
tion. For example, the degradation of the listed organic compounds does not involve
destruction of any element. The carbon, hydrogen, oxygen and other atoms remain
intact. However, in degradation, bonds are broken or added, elements are substi-
tuted and new compounds produced. This always involves changes in oxidation
states. Thus, even though a metal is an element which will not be changed by deg-
radation (i.e. its elemental half-life is infinite), particular metallic compounds will
indeed change, just as the particular carbon compounds change in the organic deg-
radation. Thus, even for inherently toxic compounds like mercury, #,),, is useful (e.g.
to state the atmospheric conditions under which the methylmercury compounds
degrade to elemental Hg° and simpler inorganic compounds).

The t,,, is also an important part of endogenous kinetics within an organism,
including adsorption, distribution, metabolism and excretion of substances. The #,,,
of a compound is indirectly proportional to that compound’s body burden. A large
t,» increases the likelihood of accumulation over time. Thus, if substance A’s ¢, = 1
day, and substance B’s #,, = 100 days, substance B would be expected to show a
much larger body burden than substance A. A substance’s #,,, also indicates which
aspects of the toxicokinetics are most important. For example, <15% of inorganic
Hg is absorbed by the human gastrointestinal tract (Rahola et al. 1973), whereas
about 95% of methylated forms of Hg are absorbed (Aberg et al. 1969). Thus, at the
same intake rate, the actual uptake is more than six times larger for methymercury
than for inorganic Hg compounds.
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Concentration versus time constants are known as point decay rates (k,;,), which
are derived from a single concentration value versus time plot, can be used to esti-
mate the length of time that a plume will persist. Bulk attenuation rates (k) are
derived from concentration versus distance plots, and are used to see if the contami-
nant plume is expanding. Thus, they are most useful for ground water contamina-
tion, but can be applied to other environmental media.

Substances that remain in the environment long after their release and deposition
are more likely to continue to cause problems or to be a threat to environmental
quality. The US Environmental Protection Agency considers a compound to be per-
sistent if it has a 7, in water, soil or sediment of greater than 60 days, and very
persistent if the #,, is greater than 180 days. In air, the compound is considered
persistent if its #;, is greater than two days. Some of the most notoriously toxic
chemicals are also very persistent, including polychlorinated biphenyls (PCBs) and
halogenated dioxins.

The worst PBT scenario is when a compound is persistent in the environment,
builds up in organic tissues, and is toxic. Each factor is a function of the contaminat-
ing agent and the conditions of the environment wherein he agent resides. Recently,
the United Nations Environmental Programme (UNEP) reported on the concentra-
tions of the persistent and toxic compounds. Each region of the world was evaluated
for the presence of these compounds.

The sources of PBTs are widely varied. Many are intentionally manufactured to
serve some public need, such as the control of pests that destroy food and spread
disease. Other PBTs are generated as unintended byproducts, such as the products
of incomplete combustion. In either case, there are often measures and engineering
controls available that can prevent PBT releases, rather than having to deal with
them after they have found their way into the various environmental compartments.
One of the principal reasons for the concern about the plethora of organic chemicals
and heavy metals in the environment has been the connection between exposures to
these substances and cancer and other chronic diseases. Intrinsic properties of com-
pounds render them more or less toxic. In addition, physical and chemical proper-
ties determine whether the compounds will resist degradation and persist for long
time periods and build up in organisms.

The concept of persistence elucidates the notion of tradeoffs that are frequently
needed as part of many responses to environmental insults. It also underscores the
importance of sound science and reliable data. For example, the pesticide DDT
[1,1,1-trichloro-2,2-bis-(4-chlorophenyl)-ethane (C;;HyCls)] is relatively insoluble
in water (1.2-5.5 mg L=! at 25 °C) and is not very volatile (vapor pressure:
0.02 x 107> mmHg at 25 °C (UNEP 2003). The water solubility and vapor pressures
alone may indicate that people and wildlife are not likely to be exposed in the air or
water. However, the compound is highly persistent in soils, with a #;,, of about
1.1-3.4 years, so it may still end up in drinking water in the form of suspended
particles or in the air sorbed to fine and ultrafine particles. DDT also exhibits high
bioconcentration factors (BCF), i.e. approximately 50,000 for fish and 500,000 for
bivalves. This indicates that once organisms become exposed, they tend to increase
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body burdens of DDT over their lifetimes. In the environment, the parent DDT is
metabolized mainly to DDD and DDE.!

There is a noteworthy exception to the continuous increase in body burden over
an organism’s lifetime. During gestation, there can be in ufero, cross-placental
transfer of lipophilic compounds from the fat reserves of the mother to the baby. The
initial peaks in both the male and the female whale represents contaminant offload-
ing via the mother’s milk. Since PCBs and pesticides are typically found in fat (i.e.
they are highly lipophilic) and because milk is the means by which the baby receives
the necessary fat for nutrition, the neonate receives large doses of these contami-
nants during the weaning stage of development. When rate of weaning diminishes,
the uptake by the calf declines. This is a detoxification or depuration stage during
which more mass of the contaminant is excreted than is absorbed. After this, for the
rest of the male’s life, the persistent compound body burden increases; whereas for
the birthing stage of the female, there is an oscillation between contaminant offload-
ing to the calves and accumulation periods.

Many nations take what is known as the precautionary approach. Regulators in
these nations will deny any application for product or process that may lead to
severe and potentially irreversible harm unless the applicant can provide sufficient
information showing that the action or product is safe (Persson 2016; Singh 2016;
Turvey et al. 2005; Harremoés et al. 2001; Science and Environmental Health
Network 1998). Unlike traditional risk assessments, which assume the regulatory
agency holds the burden of proof that something is harmless, the precautionary onus
assumes that the burden of proof is entirely on those who anticipate the new action
and if “reasonable suspicion” arises of a severe and potentially irreversible out-
come, the action as proposed should be denied. This requires an objective, well-
structured, comprehensive analysis of alternatives to provide a needed service,
including a “no-action” if any of the alternatives are worse than doing nothing new.

Other regulatory structures are employed around the world. The REACH rule in
Europe is an example of the precautionary principle in practice, but tends to be
driven by hazard assessments, with less but a growing emphasis on exposure
(Gustavsson et al. 2017). Other countries, especially developing nations, have yet to
prioritize chemicals with either approach, or are just beginning (Mansour et al.
2016; Diamond et al. 2015).

Increasingly, evidence-based risk assessments are being augmented or even sup-
planted by precaution, especially if the decision involves what a specific agency
deems to be a reasonable likelihood that an adverse effect is severe and irreversible
(United Nations Environment Programme 1992). The precautionary approach also
calls for systems thinking and sustainable solutions. Whatever the approach, new
screening models and tools are needed, including multi-criteria decision analysis
(MCDA), which allows for the consideration of numerous variables, from various
information sources. New ways to communicate risk and reliability include expert

'The two principal isomers of DDD are: p,p’-2,2-bis(4-chlorophenyl)-1,1-dichloroethane; and
0,p’-1-(2-chlorophenyl)- 1-(4-chlorophenyl)-2,2-dichloroethane. The principal isomer of DDE is
p,p’-1,1’-(2,2-dichloroethenylidene)-bis[4-chlorobenzene].



Mapping Exposure onto Nanoscale Toxicity Measures 155

elicitation (Wood et al. 2020), i.e. gathering insights from a swath of the scientific
community on newly emerging or otherwise poorly understood challenges to air
quality.

Among the important gaps in data and tools needed for risk-based and precaution-
based decision making is more reliable means of estimating and predicting expo-
sures to stressors. For example, human health characterization factors (CFs) in
LCAs have benefited from improved hazard, especially toxicity, information
(Schulte et al. 2013). Given that health risk is a function of hazard and exposure,
both traditional risk assessment and LCA’s human health CF must be based on reli-
able exposure predictions (Vallero 2016). For instance, in early life stages that,
when used, could result in the formation and release of pollutants at some later
stage, e.g. eliminating wastes before the reach the household or changing chemical
synthesis or product manufacturing approaches in early stages that prevent a future
problems (Gauthier et al. 2015).

Emerging Focus on Near-Field Exposure Assessments

Chemical risk assessment was codified for federal agencies in 1983 by the National
Research Council (NRC) of the National Academy of Sciences (National Research
Council 1983). Air was among the media addressed. Air pollution engineers and
managers may be tempted to perceive their roles as limited to laws and rules specifi-
cally targeted to address air quality. In the U.S., the main statutory authority rests
with the Clean Air Act and its amendments, which predominantly considers pollut-
ants from a “far-field” perspective. That is, a substance is released, and exposure
occurs after some time and within some space beyond the source. Thereafter, risk is
calculated based on the toxicity of substances and the likely exposure to those sub-
stances. However, these laws and rules are not the only ones that drive risk. Recently,
the Toxic Substance Control Act and other laws have authorized greater attention to
“near-field” exposure scenarios, i.e. exposure occurs when a person uses a product
or engages in some other activity within a home or other microenvironment.
Several NRC reports subsequent to the 1983 red book have since provided guid-
ance on ways to assess risks of chemicals, including reports that highlighted the
disparity between the rate of deployment of new anthropogenic chemicals and
assessment of their potential risks to public health (National Research Council
2007, 2009a). Central to these evolving recommendations has been to replace the
current practice of extensive animal-based characterization of chemical hazard,
dose-response relationships, and extrapolation to human health with high-
throughput in vitro tests, in silico models and evaluations of efficacy at the human
population level. In addition, human and ecosystem risk assessments require reli-
able approaches for exposure to these chemicals. Noting that risk is a function of
both hazard and exposure, the NRC added recommendations for advancing the risk-
based science that underpins environmental and human health decision making
(National Research Council 2012). Among these recommendations is to
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introduction of credible ways to screen and to prioritize chemical substances before
these chemicals become ingredients in products and components in articles that
reach the marketplace. Such an exposure-based prioritization approach will depend
on the high throughput (HTP) and other tools that are not only rapidly deployed, but
which are scientifically sound.

In the U.S., the Clean Air Act and its amendments have driven the selection of air
pollutants of concern, which fall into two categories, i.e. “criteria” and “hazardous”
air pollutants. The criteria pollutants are lead (Pb), tropospheric ozone (O3), carbon
monoxide (CO), nitrogen oxides (NOy), sulfur dioxide (SO,), PM with aerodynamic
diameters of 10 microns or less (PM,,), and PM with diameters of 2.5 microns or
less (PM,s). The 187 hazardous pollutants include organic and inorganic com-
pounds, including compounds of mercury (Hg), hydrochloric acid (HCI) and other
acid gases, heavy metals such as nickel and cadmium, and hazardous organic com-
pounds such as benzene, formaldehyde, and acetaldehyde are included among
these HAPs.

Although this may appear to be a large number of compounds regulated under air
pollution laws, it is dwarfed by other regulations, especially those regulated under
the Toxic Substances Control Act (TSCA) and its amendments, Unlike the Clean
Air Act, which regulates emissions, TSCA considers the potential risks from poten-
tial exposure to ingredients in yet-to-be-released products and estimated risks for
products already in use. If the risks are unacceptable, new products may not be
released as formulated or the uses will be strictly limited to applications that meet
minimum risk standards. For products already in the marketplace, the risks are peri-
odically reviewed, although often in a less stringent manner.

Another product-related development in recent years is the growth in the impor-
tance of screening and prioritizing chemicals for possible harm and exposure prior
to their appearance in the marketplace. For example, research suggests a link
between exposure to certain chemicals and damage to the endocrine system humans
and wildlife. In the U.S., the Endocrine Disruptor Screening Program focuses on
methods and procedures to detect and to characterize the endocrine activity of pes-
ticides and other chemicals (U.S. Environmental Protection Agency 2017a).

TSCA gives the EPA the authority to track thousands of industrial chemicals cur-
rently produced or imported into the U.S. This is accomplished through screen of
the chemicals and requiring that reporting and testing be done for any substance that
presents a hazard to human health or the environment. If chemical poses a potential
or actual risk that is unreasonable, the EPA may ban the manufacture and import of
that chemical.

Governments in North America, Europe and Asia track thousands of new chemi-
cals being developed by industries each year, if those chemicals have either unknown
or dangerous characteristics. This information is used to determine the type of con-
trol that would be needed to protect human health and the environment from these
chemicals. Manufacturers and importers of chemical substances first submit infor-
mation about chemical substances already on the market during an initial inventory.
Since the initial inventory was published, commercial manufacturers or importers
of substances not on the inventory have been subsequently required to submit
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notices to the EPA, which has developed guidance about how to identify chemical
substances to assign a unique and unambiguous description of each substance for
the inventory. The categories include:

* Polymeric Substances;

e Certain Chemical Substances Containing Varying Carbon Chain

e Products Containing Two or More Substances, Formulated and Statutory
Mixtures; and

e Chemical Substances of Unknown or Variable Composition, Complex Reaction
Products and Biological Materials (UVCB Substance)

Historically, air pollution has mainly been concerned with so-called “far-field”
exposure scenarios, i.e. those where a pollutant is released and finds its way to the
receptor. Indoor air pollution is a “near-field” exposure scenario in which pollutants
are either generated indoors or penetrated from far-field pollutants. More recently,
exposure from product use is increasingly the focus of risk assessors and research-
ers. As evidence, the European Commission and individual nations are strengthen-
ing their methods for screening and prioritizing chemicals based on precautions
before and after these substances enter the marketplace. The U.S. Congress recently
amended TSCA to prioritize and evaluate the risks of existing chemical substances.
The law contains deadlines and minimum requirements for the number of chemicals
that must undergo risk evaluation and lays out a process and the criteria by which
prioritization and risk evaluation must be conducted. A chemical designated as low-
priority indicates a risk evaluation is not warranted at that time. Final designation of
a chemical or chemical category as a high-priority immediately initiates the risk
evaluation process (Final Rule 2018). TSCA requires that high-priority chemicals
undergo risk evaluation to determine whether a chemical presents an unreasonable
risk of injury to health or the environment, without consideration of costs or other
non-risk factors, including an unreasonable risk to a potentially exposed or suscep-
tible subpopulation.

Meanwhile, systems sciences have been rapidly advancing across the disciplines,
e.g. systems biology and systems chemistry. The systems approach has been
employed in research and development, as well as in practice, e.g. systems engi-
neering and systems medicine (Jain 2017; Jain et al. 2011; Sample and Charles
2012). In recent decades, engineering and biomedicine have relied less on reduc-
tionist thinking, and increasingly call for translational science from one discipline
to another (Chan et al. 2016; Heath 2015). This requires that biological, chemical,
and physical principles be meshed with the social sciences to explain why and how
systems, including the human body and ecosystems, respond to stress. Engineers
and physicians, of course, have long recognized that the real-world cannot be
reduced to the sum of its parts, and that failure analysis and disease diagnosis and
treatment almost always has included “black boxes” (Modeling 2018). This is the
quarry of systems thinking, i.e. explaining how these black boxes work and apply
these lessons to real-world problems, including environmental quality.

Of the thousands of chemicals in the marketplace, many will be present in nano-
technology industrial and use scenarios. Some chemicals are nearly ubiquitous.


http://www.epa.gov/opptintr/newchems/polymers.txt
http://www.epa.gov/opptintr/newchems/alkyl-rg.txt
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They can be found in myriad manufacturing processes, consumer products and in
the environment (Nanotechnology Industries Association 2019; European Chemicals
Agency (ECHA) 2014). Some chemical compounds are inherently toxic, some so
extremely toxic that even extremely low concentrations are deemed to be an unac-
ceptable risk. Some of these are particularly persistent and bioaccumulate in the
environment and the food chain (Environmental Health Analysis Center 2012a, b).
When a chemical compound is both harmful and likely to reach people and ecosys-
tems, they present special challenges.

Prioritizing these chemicals based on the harm they may cause is now an inter-
national concern (Egeghy et al. 2011; Dix et al. 2007; Gangwal et al. 2012; Judson
et al. 2010; Wambaugh et al. 2013). However, such prioritization is complex in that
many chemicals may be toxic parent compounds that degrade into other compounds.
Some of these may be even more toxic, persistent and/or biodegradable than the
parent compounds (Mackay and Fraser 2000). Even parent compounds that are not
so toxic may degrade into toxic compounds. It must also consider the likelihood of
contact with receptors. For example, a chemical used in an industrial process may
be relatively safe within an industrial life stage if workers are wearing proper per-
sonal protection equipment, but in downstream life cycle stages may become prob-
lematic. During their residence time in solid waste, wastewater or other environmental
media may allow them to combine and react with other substances within these
substrates to become more hazardous. In nature and engineered bioreactors, e.g.
landfills, microbial populations help to degrade organic compounds (Boonyaroj
et al. 2017; Long et al. 2009; Muifioz et al. 2007; U.S. Environmental Protection
Agency 2007), and may also render metallic and inorganic compounds less toxic
and less mobile by changing oxidation states (Ehrlich 2017). However, these pro-
cesses can also lead to unwanted products, e.g. increasingly toxic degradation prod-
ucts, i.e. bioactivation (Sims and Steevens 2008; Williams and Park 2003).
Nanoparticles can be affected by these processes both physically and biologically.
They may aggregate in porous media and water and they may be sorbed onto sedi-
ment and soil particles, where the NP constituents are transformed.

Most chemical screening, until relatively recently, has been based on the inherent
properties of chemical. The screens were built from historical data from animal and
epidemiological studies, often based on pure doses. Recently, screening has been
based on both hazard, especially toxicity, and exposure information. For example,
exposure prioritization can complement and/or be integrated into decision tools,
such as EPA’s Chemistry Dashboard (Karmaus et al. 2016), which includes indi-
vidual chemical structures for over 700,000 compounds, and combines bioassay
screening data, exposure modes, and product categories. Screening tools can be
beneficial in identifying analytics associated with data-poor and emerging sub-
stance, e.g. nanomaterials, by showing rankings of chemicals based on hazard and
exposure potentials (Wood et al. 2020). Such screening tools can be also support the
evaluation of a hypothetical portfolio of products (e.g., cleaning products and cos-
metics) for various life stages of a product. A portfolio of products and an accompa-
nying set of their chemical ingredients can allow decision makers to rank products
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according to potential risk, including the likelihood of the formation and transfor-
mation of pollutants (Anastas and Lankey 2000).

Exposure Probability Assessments

Like the hazard identification process for chemicals, a natural or synthetic microbe
is classified according to inherent properties. It is in the next stage that environmen-
tal conditions are taken into account; characterizing different responses to dose in
different populations. Both the hazard identification and dose-response information
are based on research that is used in the risk analysis. For microbes, the highest
score for any one determines the overall risk class for environmental application. In
addition, the exposure estimate is the sum of all the exposures, i.e. the evaluation of
the likelihood of the occurrence if each potentially adverse outcome (European
Union 2015). This guidance would be particularly useful to nanobiotechnology risk
and exposure assessments.

The factors leading to the exposure probability include the release, replication,
dispersion and ultimate contact with the microbe and other contaminants produced
during and after the synthesis. The release may be intentional, e.g. use of the prod-
uct during medical, veterinary, agricultural and consumer activities, and unintenti-
ional, e.g. during laboratory studies and manufacturing.

Managing exposures to nano-scale substance (and any pollutant for that matter)
must consider protecting the most vulnerable members of society, especially preg-
nant women and their yet-to-be-born infants, neonates, and immunocompromised
subpopulations. Also, the exposure protections vary by threat. For example, adoles-
cents may be particulary vulnerable to hormonally active agents, including many
pesticides.

In the United States, ecological exposure and risk assessment paradigms have
differed from those applied to human health risk. The ecological risk assessment
framework (see Fig. 2) is based mainly on characterizing exposure and ecological
effects. Both exposure and effects are considered during problem formulation (US
Environmental Protection Agency 1992).

Interestingly, the ecological risk framework is driving current thinking in human
risk assessment. The process shown in the inner circle of Fig. 1 does not target the
technical analysis of risk so much as it provides coherence and connections between
risk assessment and risk management.. When scientific assessment and manage-
ment are carried out simultanously, decision making could be influenced by the
need for immediacy, convenience or other political and financial motivations. The
advantage of an arms-length, bifurcated approach is that decisions and management
of risks are based on a rational and scientifically credible assessement (Loehr et al.
1992; Ruckelshaus 1983).

In both human health and ecological assessments, the final goal is “characteriza-
tion”, i.e. integrating the “quantitative and qualitative elements of risk analysis, and
of the scientific uncertainties in it” (National Research Council 2009b). The
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Fig. 2 Framework for integrated human health and ecological risk assessment. (Sources: US
Environmental Protection Agency 1992; World Health Organization 2000)

problem formulation step in the ecological framework has the advantage of provid-
ing an analytic-deliberative process early on, since it combines sound science with
input from various stakeholders inside and outside of the scientific community.

The ecological risk framework calls for the characterization of ecological effects
instead of hazard identification used in human health risk assessments. The term
“hazard” has been used in chemical risk assessments to connote either intrinsic
effects of a stressor or a margin of safety by comparing a health effect with an esti-
mate of exposure concentration. Thus, the term becomes ambiguous when applied
to non-chemical agents, such as microbial hazaards. Specific scientific investiga-
tions will often be needed to augment exisitng assessment methods and data, espe-
cially when adverse outcomes may be substantial and small changes may lead to
very different functions and behaviors from unknown and insufficiently known
chemicals or microbes. For example, a genetically modified microbe (GMM) may
have only been used in highly controlled experiments with little or no information
about how it would behave inside of an organism. Often, the proponents of a prod-
uct will have done substantial research on the benefits and operational aspects of the
chemical constituents, but the regulatory agencies and the public may call for more
and better information about unintended and yet-to-be-understood consequences
and side effects (Doblhoff-Dier et al. 2000).

Even when much is known, there often remain large knowledge gaps when try-
ing to estimate environmental impacts. The bacteriusm Bacillus thuringiensis, for
instance, has been applied for several decades as a biological alternative to some
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chemical pesticides. It has been quite effective when sprayed onto cornfields to
eliminate the European corn borer. The current state of knowledge indicates that this
bacterium is not specific in the organisms that it targets. What if in the process,
B. thuringiensis also kills honey bees? Obviously, this would be a side effect that
would not be tolerable from either an ecological or agricultural perspective (the
same corn crop being protected from the borer needs the pollinators). Furthermore,
physical, chemical and biological factors can influence these effects, e.g. type of
application of Bt can influence the amount of drift toward non-target species.
Downstream effects can be even more difficult to predict than side effects, since
they not only occur within variable space, but also in variable time regimes. For
example, exposure potential can arise from both the application method and from
the build up of toxic materials and gene flow following the use of a GMM.

Mapping Exposure Metrics onto Toxicity Values

The predicted no-effect concentraton (PNEC) is a key toxicity metric employed for
nanoparticles. This is the concentration of a substance below which no effect is
expected. In this sense, it is a forward-looking threshold analogous to the retrospec-
tive no adverse effect concentration (NOAEC). PNEC values are derived from acute
toxicity data, exposure to bacteria, e.g. bacillis subtilis and escherichia coli, to a
nanoparticle to determine threshold concentrations for each species.

The PNEC and NOAEC for a substance are directly proportional because the
PNEC can be derived by dividing the NOAEC by a series of assessment factors to
address safety and uncertainty. Thus, if uncertainties are high, very large safety fac-
tors are used, so that the PNEC is much smaller than the NOAEC for a substance.
Unfortunately, assessment factors can be arbitrary and PNECs for many substances
avre not quantified, limiting their use to well-studied, data-rich substances (Jin et al.
2012). This excludes most nanoparticles.

Often the PNEC is compared to existing concentrations in one or more environ-
mental media or to the predicted environmental concentration (PEC). Ideally, the
risk quotient PNEC hould be much less than 1.

From a higlfglgoughput, high-tier screening perspective, the first order problem
occurs when the likelihood of exposure and the likelihood of hazard coexist. No
matter the steepness of the hazard curve of substance, it will only elicit risk when it
comes into contact with the receptor. For example, in the EPA’s risk-based chemical
prioritization efforts, the substances of greatest concern are those with high poten-
tial toxicity and high potential exposure profiles. Indeed, even when toxicity remains
the same, those substances with higher exposure potential will lead to higher risk
(see far-right of Fig. 3). The listing of contaminants of concern by this approach will
differ from one based solely on toxicity, since even moderately toxic substances can
have high risk potentials. Similarly, when hazard concentrations (e.g. greater than
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Fig. 3 Potential risk extrapolated from constant toxicity and increasing exposure potential. (Based
on: Judson et al. 2011)

PNEC) and exposure potential intersect, there is greatest concern, since populaitons
are being exposed at concentrations most likely to lead to adverse outcomes.

Similarly, exposure calculations are linked to risk estimates by metrics based on
toxicity thresholds that are modified by uncertainty factors (UFs). The uncertainties
are largely due to the differences between results found in animal testing and
expected outcomes in human population. For environmental risk analyses and
assessments, the safe level is expressed in the RfD, or in air the RfC. This is the dose
or concentration below which regulatory agencies do not expect a specific unaccept-
able outcome. Thus, all the uncertainty factors adjust the actual measured levels of
no effect (i.e. the threshold values, e.g. NOAELSs and LOAELS) in the direction of a
zero concentration. This is calculated as:

_ Threshold
UF__+UF__ +UF

inter intra other ( 5 )

RfC

The first of the three types of uncertainty are those resulting from the difference in
the species tested and that of humans (UF,,,). The UF,,, results from the differing
sensitivities of human subpopulations when exposed to a substance than those of the
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general human population. The UF,,, occurs because available data and science are
lacking, including the uncertainty introduced when, the data may indicate a lowest
observed adverse effect concentration (LOAEC), but not a NOAEC, i.e. the LOAEC-
to-NOAEC (Uy). That is, data show a dose at which an effect is observed, but the
“no effect” threshold cannot be delineated. In a hypothetical example, let us calcu-
late the RfC by using the that the animal data from Landsiedel et al. (Landsiedel
et al. 2010) for a titanium dioxide (TiO,) NP show no NOAEC but have a LOAEC
of 2 mg m™ and a silicate (SiO,) NP has a NOAEC of 10 mg m™. Using the EPA’s
(Benson et al. 2002) most protective recommended U of 10 and assuming the
remaining UF;,., = 10 for and UF,,, = 100 for both NPs, then:

2

RIC-TiO, =— =
JC =110, = 10 Toox10

=0.0002mgm’

RfC-SiO, = ﬁ =0.0lmgm’

Thus, although the thresholds may indicate that the toxicity is similar for the two
NPs, given the lack of data to delineate a NOAEC, the TiO, NP requires a 50 times
larger factor of safety.

Since the UFs are in the denominator, the greater the uncertainties, the closer the
safe level (i.e. the RfC) is to zero, i.e. the threshold is divided by these factors. The
UFs are usually multiples of 10, although the UF,,, can range from 2 to 10.

Children and child-bearing age women are obvious sensitive subpopulations. As
evidence, the Food Quality Protection Act (FQPA) now includes what is known as
the “10X” rule. This rule requires that the RfC for products that contain pesticides,
for example, must assume that infants, children and females between the ages of 13
and 50 years old are exposed at a factor of 10 higher than mean exposure calcula-
tions. This factor is included in the RfC denominator along with the other three UF
values. The RfC that includes the UFs and the 10X protection is known as the popu-
lation adjusted dose (PAD). A risk estimate that is less than 100% of the acute or
chronic PAD does not exceed the Agency’s risk concern.

An example of the use of a reference dose or concentration as a factor of safety
can be demonstrated by the U.S. Environmental Protection Agency’s decision mak-
ing regarding the re-registration of the organophosphate pesticide, chlorpyrifos. The
acute dietary scenario had a NOAEL of 0.5 mg kg™! d™! and the three UF values
equaled 100. Thus, the acute RfD =5 x 1073 mg kg~! d~! but the more protective
acute PAD 5 x 10~* mg kg~! d~!. The chronic dietary scenario is even more protec-
tive, since the exposure is long-term. The chronic NOAEL was found to be
0.03 mg kg! d~'. Thus, the chronic RfD for chlorpyrifos =3 x 10~* mg kg~! d~! and
the more protective acute PAD 5 x 1075 mg kg~! d-!. Therefore, had the NOAEL
threshold been used alone without the safety adjustment of the RfD, the allowable
exposure would have been three orders of magnitude higher (Wiesner et al. 2009).



164 D. A. Vallero
Routes and Pathways of Exposure

The typical routes of exposure are inhalation, ingestion, and dermal. Humans and
other organisms can come into contact with nanomaterials through these and other
routes, including nasal and occular. Whereas exposure to manufactured NPs and
other nanomaterials can be by many routes, inhalation is almost always involved in
human exposues. Thus, given limited space, this section focuses on human, rather
than ecosystem expsoures, this discussion illustrates NP exposure via human inha-
lation. In addition, it is important to keep in mind that nanoscale exposure scenarios
also include gas-phase pollutants and that all pollutants released in nanotechnology
can reach the receptor via all exposure pathways and routes. In some exposure sce-
narios, these may be larger problems than those presented by particulate-phase pol-
lutant inhalation exposures.

Nanomaterial aerosols may consist of living matter, e.g. a modified cell, genetic
material or a whole genetically modified microbe (GMM), or abiotic substances,
e.g. metal oxides and organic compounds in an engineered nanoparticle (NP). For
GMMs, the EU (European Union 2015) has identied the potential for aerosol gen-
eration to be among the key factors in calculating the probability of exposure, along
with the scale of the activity, concentration and volume (cultures, supernatants,
etc.), setting and type of activity (e.g. in vivo or in vitro).

The exposure to a synthetic biological aerosol can illustrate the similarities and
differences in nanomaterial dosimetry. Another key characteristics of nanoscale
aerosols is their source. In particular, NP are engineered for a specific purpose. As
such they are likely to be more homogeneous in size, morphology, coatings (Warheit
2004) and oxidative potential (Okabe et al. 1973) compared to ultrafine PM, albeit
both have the same size cutoff, i.e. <100 nm aerodynamic diameter. In addition,
there is a time function associated with ultrafines in the atmopshere, i.e. after emis-
sion they begin to aggregate in to larger diameter particles and configurations. In
spite of these differences, much of what has been learned from ultrafines can be
extrapolated and applied to NP exposure and effect in at least four ways (Stone
et al. 2017):

1. The large body of literature linking adverse human health effects to PM expo-
sure, and more recently ultrafines, dwarfs the initial studies that have suggested
an association between exposure to nanomaterials and human health, but with
relatively few clinical or epidemiology data are currently available.

2. Data from PM epidemiology and mechanistic research provides and causation
base on which to develop hypotheses for NP and nanomaterial potential modes
of action.

3. Conversely, NP and nanoscale research can improve the understanding of mech-
anisms that lead to adverse outcomes for ultrafine exposure.

4. Characterization of ultrafine factors that lead to toxicity and exposure can be
applied to NP and nanomaterial toxicity and exposure. Factors include disper-
sion, size, agglomeration, and morphology. Such characterizations can improve
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mutually useful sampling and analytical methods, e.g. standard operating proce-
dures for filter selection and microscopy.

The Inhalation Route

The human respiratory tract can be divided into three regions, i.e. the extrathoracic,
tracheobronchial, and alveolar. The extrathoracic region consists of airways within
the head, i.e. nasal and oral passages, through the larynx and represents the areas
through which inhaled air first passes. From there, the air enters the tracheobron-
chial region at the trachea. From the level of the trachea, the conducting airways
then undergo dichotomous branching for a number of generations. The terminal
bronchiole is the most peripheral of the distal conducting airways and leads to alve-
olar region where gas-exchange occurs in a complex of respiratory bronchioles,
alveolar ducts, alveolar sacs, and alveoli. Except for the trachea and parts of the
mainstem bronchi, the airways are surrounded by parenchymal tissue composed
mainly of the alveolated structures and blood and lymphatic vessels. Incidentally,
the respiratory tract regions are made up of various cell types and the distribution of
cells that line the airway surfaces have different anatomical qualities in the three
regions (U.S. Environmental Protection Agency 2004b).

The first exposure characterization of a particle is its size and shape. The behav-
ior of a particle of any size in the lung depends on the aerodynamic characteristics
of particles in flow streams. In contrast, the major factor for gases is the solubility
of the gaseous molecules in the linings of the different regions of the respiratory
system (see Fig. 4). Thus, the size and morphological features of NPs and ultrafine
PM will affect rates of dissolution and desorption in the lung surfactant. Given the
size of nanoparticles, they may behave at times as an aerosol and other times
as a gas.

The aerodynamic properties of particles are determined not only by size, but also
by their shape and density. The behavior of a chain agglomeraion, nannotube or
fiber may also be dependent on its orientation to the direction of flow. The deposi-
tion of particles in different regions of the respiratory system depends on their size.
The nasal openings permit very large dust particles to enter the nasal region, along
with much finer airborne PM. Incidently, air pollution scientists and engineers call
PM with aerodynamic diameters of less than 100 nm, i.e. the upper size range of
nanoparticles, “ultrafine PM”.

Larger particles are deposited in the nasal region by impaction on the hairs of the
nose or at the bends of the nasal passages (Fig. 5). Smaller particles pass through the
nasal region and are deposited in the tracheobronchial and pulmonary regions.
Particles are removed by impacts with the walls of the bronchi when they are unable
to follow the gaseous streamline flow through subsequent bifurcations of the bron-
chial tree. As the airflow decreases near the terminal bronchi, the smallest particles
are removed by Brownian motion, which pushes them to the alveolar membrane
(Vallero 2014).
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Fig. 4 Anatomy of the human respiratory tract. (Source: U.S. Environmental Protection
Agency 2004b)

The respiratory system has several mechanisms for removing deposited aerosols.
The walls of the nasal and tracheobronchial regions are coated with a mucous fluid.
The tracheobronchial walls have fiber cilia which sweep the mucous fluid upward,
transporting particles to the top of the trachea, where they are swallowed. This
mechanism is often referred to as the mucociliary escalator. In the pulmonary region
of the respiratory system, foreign particles can move across the epithelial lining of
the alveolar sac to the lymph or blood systems, or they may be engulfed by scaven-
ger cells called alveolar macrophages. The macrophages can move to the mucocili-
ary escalator for removal. For gases, solubility controls removal from the airstream.
Highly soluble gases such as SO, are absorbed in the upper airways, whereas less
soluble gases such as NO, and ozone (O;) may penetrate to the pulmonary region.
Irritant gases are thought to stimulate neuro-receptors in the respiratory walls and
cause a variety of responses, including sneezing, coughing, bronchoconstriction,
and rapid, shallow breathing. The dissolved gas may be eliminated by biochemical
processes or may diffuse to the circulatory system (Vallero 2008).
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Fig. 5 Particle deposition as a function of particle diameter in various regions of the lung, from
nanoparticles (10-100 nm) to coarse particles (>10 pm). The nasopharyngeal region consists of the
nose and throat; the tracheobronchial (T-bronchial) region consists of the windpipe and large air-
ways; and the pulmonary region consists of the small bronchi and the alveolar sacs. (Source of
data: International Commission on Radiological Protection Task Force on Lung Dynamics, Task
Group on Lung Dynamics 1966)

Moderately sized particles (1-5 pm) are more likely to deposit in the central and
peripheral airways and in the alveoli but are often scavenged by macrophages.
Particles with an aerodynamic diameter less than 1 pm remain suspended in air and
are generally exhaled. Thus, NPs are likely to penetrate quite deeply.

Inhaled NPs may alter the lung tissue, changing the respiratory system either
directly (e.g. airway inflammation) or indirectly (e.g. by altering its immune
response). Susceptibility to air pollutants differs among individuals, as exemplified
by several diseases and conditions (e.g., asthma), but the fluid dynamics are the
same, i.e. disruption of the movement of air into the lungs to provide oxygen.

Respiratory Fluid Dynamics

The motion of air and gases in the respiratory system follow fundamental fluid
dynamic principles (Issacs et al. 2012). The motion of these fluids is governed by
the conservation of mass (continuity) equation and conservation of momentum
(Navier-Stokes) equation. To this point, the mechansims have been explained
descrptively; however fluid principles that apply to NP and nanomaterial exposure
and dose are best explained quantitively. The reader is reminded that the air and
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inhalation are merely one exposure pathway and route for NPs, respectively. Similar
quantifications must be made for other pathways and routes, such as skin penetra-
tion and diffusion partitioning for the dermal route (Larese et al. 2009) and diges-
tive, absorptive, distributive, metabolic, secretory, elimination and protective
mechansims for the ingestion route (Bergin and Witzmann 2013).

Under most conditions, the flow of air in the respiratory airways is assumed to be
incompressible. For incompressible flow, the continuity equation is expressed as*:

V-v=0 (6)

And, the continuity equation is:

pl:a—v+(V-V)V:|= pf —Vp+uvv

Where, V is a gradient operator; V?is a Laplacian operator; V is velocity; p is fluid
density; p is absolute fluid viscosity; p is the hydrodynamic density; and fis a volu-
metric force that is applied externally, e.g. gravity.

For cylindrical profiles like bronchi, the gradient operator V can be expressed in
cylindrical coordinates:

o0 10 0
or raob, oz 8)
Thus, the continuity equation can also be expressed cylindrically:
lQ(rVr)+lng +EV, =0
ror r 00 07 ° )

Where, V,, V,and V, are the components of the fluid velocity, which are depicted in
Fig. 6, i.e. radial (r), circumferential (0) and axial (z) directions, respectively. Thus,
the momentum equations in these directions can be expressed as:

ov. Vv ov,
—’+(V~V)Vr _1\/92 :_la_erfr +ﬂ(vzvr__;_%_9j
ot r p or Io} r- 00 (10)
oV,
_9+(VV)V6+VrV9 :—La_p_f_fe +£ VZVG_Q-F%%
ot r pr 00 Io} r° r° 00
(11)
R VAR
t P aZ (12)

2The source for Egs. (3) through (11) is Issacs et al. (2012).
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z=0 z=L

Fig. 6 Coordinate system for an ideal cylindrical airway, depicting velocity component at an
arbitrary point. (Sources of information: Vallero 2014; Issacs et al. 2012)

Where,

V-V=V,£+1V9i+VZ£
or r =00 0z (13)

The first terms (i.e. time derivatives) in these three equations can be ignored under
steady state conditions. The Laplacian operator can be defined in cylindrical
airways as:

5 16( aj 1 & &
Vi=eer—|r— +—2—2+—2
r@r ar r 69 aZ (14)

Airway velocities are complicated by numerous factors including lung and other
tissue morphologies, and the airway generations, i.e. levels of branching level
through which the air is flowing. This is one possible area where the fluid dynamics
of engineered nanoparticles and ultrafines may differ from most other aerosols, i.e.
their very small size may lead them to resemble a gas-phase substance more than an
aerosol, so they may either penetrate more deeply, which would worsen the expo-
sure, or conversely they may be more efficiently exhaled, having never been
absorbed. Other factors would likely determine which of these would hold. For
example, if they behave as surfactants, they may readily dissolve into lung tissue. If
they are relatively soluble in tissue or blood, they may also be absorbed and distrib-
uted efficiently, possibly leading to more toxic effects. However, if the physico-
chemical properties allow them to be readily hydrolized, they may be more
efficiently undergo phase 1 metabollism and elimination.

Equations can be tailored to these conditions or idealized velocity profiles can be
assumed for the cascade of generations. These include parabolic flow (laminar fully
developed), plug flow (laminar undeveloped) and turbulent flow (Issacs et al. 2012).
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For example, the upper tracheobronchial airways may be assumed to be turbulent,
but in the pulmonary region, plug and parabolic profiles may be assumed.

The right and left lung are connected via their primary bronchi to the trachea and
upper airway of the nose and mouth (see Fig. 4). From there, the bronchi, i.e. air-
ways, subdivide into a branching network of many levels. Each level, called a gen-
eration, is designated with an integer. The trachea are generation n = 0), the primary
bronchi are generation n = 1, and so forth. Thus, theoretically there are 2n airway
tubes at generation n. In the conducting zone (i.e. generations 0 < n < 16), air flow
is restricted to entry and exit in the airway (Grotberg 2011). That is, air is moving,
but there is no air-blood gas exchange of O, and CO..

Air exchange occurs in generations n > 16, known as the respiratory zone.
Generations 17 < n < 19 are the locations of the airway walls’ air sacs (alveoli),
which range from 75 to 300 pm in diameter (Grotberg 2011). Alveoli are thin-
walled and, owing to the rich capillary blood supply in them, are designed for gas
exchange. The respiratory bronchioles are the vessels by which air passes to alveo-
ili. The walls of the tubes or ducts in generations 20 < n < 22, consist entirely of
alveoli. At generation n = 23, terminal alveolar sacs are made up clusters of alveoli
(Issacs et al. 2012).

Two principal factors are relevant to gas exchange are the airway volume (V)
and airway surface area (A,,), which are proportional to the size of the person. Air
exchange increases in proportion to A,,. The V,,, (mL) for children is proportional to
height and is approximated as (Kerr 1976):

V., =1.018xHeight(cm)—-76.2 (15)

Ve (ml) can be estimated for adults by adding the ideal body weight (pounds)
plus age in years (Bouhuys 1964). For example, a 40-year-old adult whose ideal
body weight is 160 pounds has an estimated V,, of 200 mL (George and
Hlastala 2011).

The average human lung has from 300 to 500 million of these air sacs. In an aver-
age adult lung, the total alveolar surface area is 70 m?. This large A,, allows for
efficient gas exchange to supply O, for normal respiration but also large increases in
gas exchange needed when a person is stressed (e.g. during exercise, injury or ill-
ness). The Reynolds number varies by generation (very high in the trachea, but low
in the alveoli) (Grotberg 2011). Airways have liquid lining, with two layers in the
first generations (up to about n = 15). A watery, serous layer is next to the airway
wall; behaving as a Newtonian fluid. This layer has cilia that pulsate toward the
mouth. Atop the serous layer is a mucus layer that possesses several non-Newtonian
fluid properties, e.g. viscoelasticity, shear thinning, and a yield stress.

Alveolar cells produce surfactants that orient at the air-liquid interface and
reduce the surface tension significantly. Air pollutants can adversely affect the sur-
factant chemistry, which can make the lungs overly rigid, thus hindering inflation
(Grotberg 2011).- A pulmonary surfactant is a surface-active lipoprotein complex
(phospholipoprotein) produced by type II pneumocytes, which are also known as
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alveolar type II cells. These pneumocytes are granular and comprise 60% of the
alveolar lining cells. Their morphology allows them to cover smaller surface areas
than type I pneumocytes. Type 1 cells are highly attenuated, very thin (25 nm) cells
that line the alveolar surfaces and cover 97% of the alveolar surface. Surfactant
molecules have both a hydrophilic head and a lipophilic tail. Surfactants adsorb to
the air-water interface of the alveoli with the hydrophilic head collects in the water,
while the hydrophobic tail is directed towards the air. The principal lipid component
of dipalmitoylphosphatidylcholine, a surfactant that decreases surface tension. The
actual surface tension decreases depends the surfactant’s concentration on the inter-
face. This concentration’s saturation limit depends on temperature and the presence
of other compounds in the interface. Surface area of the lung varies during compli-
ance (i.e. lung and thorax expansion and contraction) during ventilation. Thus, the
surfactant’s interface concentration is seldom at the level of saturation. During lung
expansion (inspiration), the surface increases, opening space for new surfactant
molecules to join the interface mixture. During expiration, lung surface area
decreases, compressing the surfactant and increasing the density of surfactant mol-
ecules, thus further decreasing the surface tension. Therefore, surface tension varies
with air volume in the lungs, which protects the lungs from atelectasis at low air
volume and form tissue damage at high air volume (Schurch et al. 1992).

Another difference between engineered nanomaterial and larger scale PM is the
role of diffusion. Indeed, Fickian diffusion is important only for nanoscale particles
(<0.1 pm diameter) because the Brownian motion allows them to move in a “ran-
dom walk” away from the air stream. Thus, even though air pollution toxicology
usually ignores molecular diffusion as an important transport mechanism, this
assumption does not hold for ultrafine PM and engineered nanomaterials.

Other transport mechansims are also important following aggregaton or particle
growth (Cigdnkovd et al. 2021). Indeed, certain sections of the respiratory system
behave as a filter (see Fig. 7). Interception begins when the aggregates reach diam-
eters between 0.1 and 1 pm. As such, impaction is one mechanism for control of
released nanomaterials, because the aggregate does not leave the air stream but
comes into contact with an obstacle (e.g. respiratory cilia). Inertial impaction col-
lects aerosols that are sufficiently large to leave the air stream.

by inertia (diameters > 1 pm). Electrostatics consist of electrical interactions
between the atoms in tissure and those in the particle at the point of contact (Van der
Waal’s forces), as well as electrostatic attraction (charge differences between parti-
cle and tissure). Other important factors affecting filtration efficiencies include the
thickness and pore diameter or the filter, the uniformity of particle diameters and
pore sizes, the solid volume fraction, the rate of particle loading (e.g. affecting par-
ticle “bounce”), the particle phase (liquid or solid), capillarity and surface tension,
and characteristics of air or other carrier gases, such as velocity, temperature, pres-
sure, and viscosity. The nanoparticle clearance is affected by the pulmonary surfac-
tant, i.e.the mixture of lipids and proteins secreted by the epithelial type II cells into
the alveolar space (Schurch et al. 1992; Veldhuizen and Haagsman 2000). The sur-
factant reduces the surface tension at the liquid-air interface in the lung by forming
a surface film. Thus, the nanomaterial is sorbed and becomes dissolved or suspended
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Fig. 7 Mechanical processes leading to the deposition of particulate matter. Diffusion can be an
important filtration mechanism for nanoparticles, but the other factors increase in importance with
aggregation. (Sources of information: Vallero 2013, 2014; Rubow et al. 2004)

in this film. During breathing including, amongst others, selective adsorption of
dipalmitoylphosphatidylcholine (DPPC)-enriched domains, specific release of non-
DPPC lipids, lipid reservoir formation and modulation of monolayer packing
(Veldhuizen and Haagsman 2000). Each process likely needs a combination of both
the lipid and protein components of the surfactant.

Much of the toxicology of particles has been associated with inhalation expo-
sures. Inhalation exposure (E) can be expressed as (Vallero 2014; Derelanko 2014):

(C)-(PC)~(IR)‘(RF)~(EL)~(AF)‘(ED)-(10'6)

- (BW)-(1L)

(16)
Where,

C = concentration of the contaminant on the aerosol/particle (mg kg™")

PC = particle concentration in air (gm m~)

IR = inhalation rate (m® h™")

RF = respirable fraction of total particulates (dimensionless, usually determined by
aerodynamic diameters, e.g. 2.5 pm)

EL = exposure length (h d™')

ED = duration of exposure (d)

AF = absorption factor (dimensionless)

BW = body weight (kg)

TL = typical lifetime (d).

107 is a conversion factor (kg to mg)
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The human body and other biological systems have a capacity for the uptake of
myriad types of substances and utilize them to support some bodily function or
eliminate them. In work or exercise scenarios, for example, the exposure to NPs is
greatly increased because of the elevated IR and PC values.

The quality and amount of data from which to base nanomaterial exposures var-
ies. As analytical capabilities have improved, increasingly lower concentrations of
chemicals have been observed in various parts of the body. Some of these chemicals
enter the body by inhalation, whereas the dominant pathway for others could be in
drinking water, food, skin contact. Equations for each of these pathways are analo-
gous to Eq. (16). However, observing nanoparticles in various body tissues is very
uncertain since the particles often will have changed after absorption, e.g. undergo-
ing aggregation and metabolism (Darquenne 2012; Frohlich and Salar-Behzadi
2014; Isaacs et al. 2012; MacCuspie et al. 2011; Rogers et al. 2012). What may have
been inhaled at the nanoscale, may change to larger particles, may react and become
organometallic compounds, or may remain nanoparticles in suspension (Li
et al. 2011).

Toxicokinetics

Endogenously, varying amounts of the parent substance (e.g. zero-valent metal),
any salts and ions formed, and other chemical species (e.g. organometallic com-
pounds) are absorbed and distributed within the body. For inorganic metallic NPs,
the principal difference between the partitioning of that nanomaterials versus other
forms of the metal is the distribution among zero-valence, ions and metallic com-
pounds. However, within certain organic solvents e.g. metallic NP additives in die-
sel fuel, the distributions will be among metallic NPs, organometallic compounds
and larger suspended particles prior to combustion (Vallero 2012). Given the rela-
tively large specific surface area compared to that of PM, s, a nanoparticle or an
ultrafine has exponentially more potentially active sorption and solution sites. The
low mass of the NP means that it can remain suspended for a very long time. Such
nano-suspensions in surface waters allows the even heavy metal-laden NPs to
remain in the water column, rather than settle onto the surface; increasing the likeli-
hood that the metal will be exposed to free oxygen than to the more reduced and
anoxic conditions of the sediment. In the air, these features mean that the NP will be
more likely to remain airborne for longer time periods and to undergo atmospheric
transformation.

These differences in mass and volume from bulk materials can also translate into
endogenous differences, meaning that absorption, distribution, metabolism, excre-
tion, and toxicity could also be different for NPs compared to bulk materials and
larger PM. Based on pharmaceutical research, some of the factors that lead to these
differences, in addition to size, are surface charge and surface chemistry (Li and
Huang 2008; Elci et al. 2016). The fraction of the metal species or its transformation
products that accumulates in lipids and other tissue substrates could be higher, and
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the amount excreted decreased, so that the difference results in bioaccumulation and
increased body burden (see Fig. 8). Indeed, this is an example of how the drug deliv-
ery and pollutant toxicity research are mutually supportive, albeit for opposite ends.
That is, pharmaceutical research seeks to increase adsorption and minimize elimi-
nation of the active ingredient, whereas toxicokinetic research related to detoxifica-
tion, e.g. prevention of a xenobiotic toxin from reaching vulnerable tissue, aims to
decrease absorption and to maximize elimination.

The metal NP, cations, and its metabolites thereafter induce toxicity in various
ways. For toxicity (e.g. metal-induced neuropathologies) to occur, a metal must
reach a target (e.g. a neuron) at a concentration sufficient to alter mechanistically
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Fig. 8 Toxicokinetics for a hypothetical nanomaterial that has been inhaled, ingested or contacted
dermally. Note: V,,,, is the maximum velocity at which the enzyme catalyzes a reaction, and K, is
the substrate concentration that is required for the reaction to occur at one-half of V,,,, (Sources of
information: Vallero 2014; Agency for Toxic Substances and Disease Registry 2002)
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the normal functioning of the tissue. Metal toxicity can involve types of membrane
receptor-ligand disruptions. However, it may also damage intracellular receptors
and ion channels. Metals tend to react with nucleophilic macromolecules, e.g. pro-
teins, amino acids and nucleic acids. A nucleophile donates an electron pair to an
electrophile, an electron pair acceptor, to form a chemical bond. An NP, for exam-
ple, may react with sulfur (S) in thiols, cysteinyl protein residues and glutathione
and S in thiols and thiolates. However, some metals, e.g. lithium, calcium and bar-
ium, preferentially react with harder nucleophiles, e.g. the oxygen in purines. Lead
tends to exhibit universal reactivity with all nucleophiles (Shanker 2008). The most
damaging adverse outcome pathway for metallic NPs and metal oxides is ionic due
to reactive oxygen species (ROS) and cellular membrane damage (Beer et al. 2012;
Poynton et al. 2010, 2012).

Again, these effects have been observed in metals and metalloids in various
forms, with nanomaterials playing a role of either degrading or improving environ-
mental conditions. How metal NPs differ is a subject of current research. In addi-
tion, metals in various forms and sizes are influenced by the presence of NPs. For
example, Pb mobility and bioavailability can be adjusted by inserting Fe NPs (e.g.
Fe;(PO,),-8H,0) into Pb-contaminated soil, i.e. converting highly aqueous soluble
and exchangeable forms to less soluble and less exchange forms (Liu and Zhao
2007). Such findings can greatly improve environmental remediation efforts.

Exposure Models

Risk management depends on models to estimate exposures. Such models range
from “screening-level” to “high-tiered.” Screening models generally over-predict
exposures because they are based on conservative default values and assumptions.
They provide a first approximation that screens out exposures not likely to be of
concern (Judson et al. 2010; U.S. Environmental Protection Agency 2017b; Guy
et al. 2008; Zhang et al. 2014; Chemical Computing Group 2013; Hilton et al.
2010). Conversely, higher-tiered models typically include algorithms that provide
specific site characteristics, time-activity patterns, and are based on relatively real-
istic values and assumptions. Such models require data of higher resolution and
quality than the screening models and, in return, provide more refined exposure
estimates (U.S. Environmental Protection Agency 2017b).

Environmental stressors can be modeled in a unidirectional and one-dimension
fashion. A conceptual framework can link exposure to environmental outcomes
across levels of biological organization (Fig. 9). Thus, environmental exposure
assessment considers coupled networks that span multiple levels of biological orga-
nization that can describe the interrelationships within the biological system.
Mechanisms can be derived by characterizing and perturbing these networks, e.g.
behavioral and environmental factors (Hubal et al. 2010). This can apply to a food
chain or food web model (Fig. 10) or a kinetic model Fig. 11) or numerous other
modeling platforms.
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Fig. 9 Systems cascade of exposure-response processes. In this instance, scale and levels of bio-
logical organization are used to integrate exposure information with biological outcomes. The
stressor (chemical or biological agent) moves both within and among levels of biological organiza-
tion, reaching various receptors, thereby influencing and inducing outcomes. The outcome can be
explained by physical, chemical and biological processes (e.g. toxicogenomic mode-of-action
information). (Source of information: Hubal et al. 2010)

Exposure Estimation

Exposure results from sequential and parallel processes in the environment, from
release to environmental partitioning to movement through pathways to uptake and
fate in the organism (see Fig. 12). The substances often change to other chemical
species as a result of the body’s metabolic and detoxification processes. Certainly,
genetic modifications can affect such processes. New substances, known as degra-
dation products or metabolites, are produced as cells use the parent compounds as
food and energy sources. These metabolic processes, such as hydrolysis and oxida-
tion, are the mechanisms by which chemicals are broken down.

The exposure pathway also includes the ways that humans and other organisms
can come into contact with the hazard The pathway has five parts:

1. The source of contamination (e.g. fugitive dust or leachate from a landfill)

2. An environmental medium and transport mechanism (e.g. soil with water mov-
ing through it)

3. A point of exposure (such as a well used for drinking water)
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Fig. 10 Biochemodynamic pathways for a substance (in this case a single chemical compound).
The fate is mammalian tissue. Various modeling tools are available to characterize the movement,
transformation, uptake and fate of the compound. Similar biochemodynamic paradigms can be
constructed for multiple chemicals (e.g. mixtures) and microorganisms. (Source of information:
Vallero 2010b)

4. A route of exposure (e.g. inhalation, dietary ingestion, nondietary ingestion, der-
mal contact, and nasal)

5. A receptor population (those who are actually exposed or who are where there is
a potential for exposure)

If all five parts are present, the exposure pathway is known as a completed exposure
pathway. In addition, the exposure may be short-term, intermediate, or long-term.
Short-term contact is known as an acute exposure, i.e. occurring as a single event or
for only a short period of time (up to 14 days). An intermediate exposure is one that
lasts from 14 days to less than 1 year. Long-term or chronic exposures are greater
than 1 year in duration.

Determining the exposure for a neighborhood can be complicated. For example,
even if all of the contaminants of concern can be identified, along with their possible
source (no small task), we may have little idea of the extent to which the receptor
population has come into contact with these contaminants (steps 2 through 4). Thus,
assessing exposure involves not only the physical sciences, but the social sciences,
e.g. psychology and behavioral sciences. People’s activities greatly affect the
amount and type of exposures. That is why exposure scientists use a number of
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Fig. 11 Toxicokinetic model used to estimate dose as part of an environmental exposure. This
diagram represents the static lung, with each of the compartments (brain, carcass, fat, kidney, liver,
lung tissue, rapidly and slowly perfused tissues, spleen, and the static lung) having two forms of
elimination, an equilibrium binding process, and numerous metabolites. Notes: K refers to kinetic
rate; Q to mass flow; and Qg to blood flow. A breathing lung model would consist of alveoli, lower
dead space, lung tissue, pulmonary capillaries, and upper dead space compartments. Gastro-
intestinal (GI) models allow for multiple circulating compounds with multiple metabolites enter-
ing and leaving each compartment, i.e. the GI model consists of the wall and lumen for the stomach,
duodenum, lower small intestine, and colon, with lymph pool and portal blood compartments
included. Bile flow is treated as an output from the liver to the duodenum lumen. All uptaken sub-
stances are treated as circulating. Nonspecific ligand binding, e.g. plasma protein binding, is rep-
resented in arterial blood, pulmonary capillaries, portal blood, and venous blood. (Source: Dary
et al. 2007. Adapted from: Blancato et al. 2006)
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Fig. 12 Processes leading to organismal uptake and fate of chemical and biological agents after
release into the environment. In this instance, the predominant sources are air emissions, and pre-
dominant pathway of exposure is inhalation. However, due to deposition to surface waters and the
agent’s affinity for sediment, the ingestion pathways are also important. Dermal pathways, in this
case, do not constitute a large fraction of potential exposure. (Source: McKone et al. 2006)

techniques to establish activity patterns, such as asking potentially exposed indi-
viduals to keep diaries, videotaping, and using telemetry to monitor vital informa-
tion, e.g. heart and ventilation rates.

General ambient measurements, such as air pollution monitoring equipment
located throughout cities, are often not good indicators of actual population expo-
sures. For example, metals and their compounds comprise the greatest mass of toxic
substances released into the U.S. environment. This is largely due to the large vol-
ume and surface areas involved in metal extraction and refining operations. However,
this does not necessarily mean that more people will be exposed at higher concen-
trations or more frequently to these compounds than to others. A substance that is
released or even that if it resides in the ambient environment is not tantamount to its
coming in contact with a receptor. Conversely, even a small amount of a substance
under the right circumstances can lead to very high levels of exposure (e.g. handling
raw materials and residues at a waste site).

The simplest quantitative expression of exposure is:

E=D/t 17

where E is the human exposure during the time period t (units of concentration.
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(mg kg=! d7'); D is the mass of pollutant per body mass (mg kg='); and ¢ is
time (day).

D, the chemical concentration of a pollutant, is usually measured near the inter-
face of the person and the environment, during a specified time-period. This mea-
surement is sometimes referred to as the potential dose (i.e., the chemical has not
yet crossed the boundary into the body, but is present where it may enter the person,
such as on the skin, at the mouth, or at the nose).

Expressed quantitatively, exposure is a function of the concentration of the agent
and time. It is an expression of the magnitude and duration of the contact. That is,
exposure to a contaminant is the concentration of that contact in a medium inte-
grated over the time of contact:

E= ]ZC(t)dt
(18)

where, E is the exposure during the time period from ¢, to t,, and C(¢) is the concen-
tration at the interface between the organism and the environment, at time z.

The concentration at the interface is the potential dose (i.e., the agent has not yet
crossed the boundary into the body, but is present where it may enter the receptor).
Since the amount of a chemical agent that penetrates from the ambient atmosphere
into a control volume affects the concentration term of the exposure equation, a
complete mass balance of the contaminant must be understood and accounted for;
otherwise exposure estimates will be incorrect. Recall that the mass balance con-
sists of all inputs and outputs, as well as chemical changes to the contaminant:

Accumulation or loss of contaminant A = Mass of A transported in
—Mass of A transported out + Reactions (19)

The reactions may be either those that generate substance A (i.e. sources), or those
that destroy substance A (i.e. sinks). Thus, the amount of mass transported in is the
inflow to the system that includes pollutant discharges, transfer from other control
volumes and other media (for example, if the control volume is soil, the water and
air may contribute mass of chemical A), and formation of chemical A by abiotic
chemistry and biological transformation. Conversely, the outflow is the mass trans-
ported out of the control volume, which includes uptake, by biota, transfer to other
compartments (e.g. volatilization to the atmosphere) and abiotic and biological deg-
radation of chemical A. This means the rate of change of mass in a control volume
is equal to the rate of chemical A transported in less the rate of chemical A trans-
ported out, plus the rate of production from sources, and minus the rate of elimina-
tion by sinks. Stated as a differential equation, the rate of change contaminant A is:

aal__, d[AhﬁrM}r

dt i dx

(20)
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where v is the fluid velocity; I" is a rate constant specific to the environmental
. d|A| . . . .
medium; ﬁ is the concentration gradient of chemical A; and r refers to the
dx

internal sinks and sources within the control volume.

Reactive compounds can be particularly difficult to measure. For example, many
volatile organic compounds in the air can be measured by first collecting in stainless
steel canisters and analyzed by chromatography in the lab. However, some of these
compounds, like the carbonyls (notably aldehydes like formaldehyde and acetalde-
hyde) are prone to react inside the canister, meaning that by the time the sample is
analyzed a portion of the carbonyls are degraded (under-reported). Therefore, other
methods, such as trapping the compounds with dinitrophenyl hydrazine (DNPH)
treated silica gel tubes that are frozen until being extracted for chromatographic
analysis. The purpose of the measurement is to see what is in the air, water, soil,
sediment, or biota at the time of sampling, so any reactions before the analysis give
measurement error.

The general exposure Eq. (7) is rewritten to address each route of exposure,
accounting for chemical concentration and the activities that affect the time of con-
tact. The exposure calculated from these equations is actually the chemical intake
(1) in units of concentration (mass per volume or mass per mass) per time, such as
mg kg dh:

_C-CR-EF-ED-AF
BW - AT 1)

I

Where C is the chemical concentration of contaminant (mass per volume); CR is the
contact rate (mass per time); EF is the exposure frequency (number of events,
dimensionless);and ED is the exposure duration (time).

These factors are further specified for each route of exposure, such as the lifetime
average daily dose (LADD) as shown in Table 4. The LADD is obviously based on
a chronic, long-term exposure.

Acute and subchronic exposures require different equations, since the exposure
duration (ED) is much shorter. For example, instead of LADD, acute exposures to non-
carcinogens may use maximum daily dose (MDD) to calculate exposure (see Discussion
Box). However, even these exposures follow the general model given in Eq. (15).

Hypothetical Example of an Exposure Calculation/n the process of
synthesizing pesticides over an 18-year period, a polymer manufacturer has
contaminated the soil on its property with a nanoparticle. The plant closed
two years ago but vinyl chloride vapors continue to reach the neighborhood
surrounding the plant at an average concentration of 1 mg m=3. Assume that
people are breathing at a ventilation rate of 0.5 m®> h™! (about the average of
adult males and females over 18 years of age (Moya et al. 2011). The legal
settlement allows neighboring residents to evacuate and sell their homes to
the company. However, they may also stay. The neighbors have asked for
advice on whether to stay or leave, since they have already been exposed for
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20 years. is highly volatile, so its phase distribution will be mainly in the
gas phase rather than the phase. Although some of the vinyl chloride
may be sorbed to particles, we will use only vapor phase equation, since
the particle phase is likely to be relatively small. Also, we will assume
that outdoor concentrations are the exposure . This is unlikely, however,
since people spend very little time outdoors compared to indoors, so this
may provide an additional factor of safety. To determine how much vinyl
chloride penetrates living quarters, indoor air studies would have to be
conducted. For a scientist to compare exposures, indoor air measurements
should be taken.Find the appropriate equation in Table 4 and insert
values for each variable. are published by the EPA and the Oak Ridge
National Laboratory’s Risk Assessment Information System (http://
risk.lsd.ornl.gov/cgi-bin/tox/TOX _select?select=nrad). Vinyl chloride is
well absorbed, so for a worst case we can that AF = 1. We will also
assume that the person stays in the neighborhood is exposed at the
average concentration 24 hours a day (EL = 24), and that a person lives
the remainder of entire typical lifetime exposed at the measured
concentration.Although the ambient concentrations of may have been
higher when the plant was operating, the only measurements we have
are those taken recently. Thus, this is an area of uncertainty that must be
discussed with the clients. The common default value for a lifetime is
70 years, so we can assume the longest exposure would be is 70 years
(25,550 days). Table 5 gives some of the commonly used default values in
exposure assessments. If the person is now 20 years of age and has
already been exposed for that time, and lives the 50 years exposed at
1 mg m=3:

o (C}(m)(EL) (aF) (D)
(BW)-(TL)
_(1)-(0.5)-(24)-(1)-(25550)
(70)-(25550)
=0.2mgkg ' day '

If the 20 year old leaves today, the exposure duration would be for the
20 years that the person lived in the neighborhood. Thus, only the ED term
would change, i.e. from 25,550 days to 7300 days (i.e. 20 years).Thus, the
falls to 2/7 of its value:LADD = 0.05 mgkg~'day'Note that this is a straight-
forward, chemical exposure estimate in the gas phase. Often, a chemical will
exist as a vapor, an aerosol, or sorbed to an aerosol. In this case, the inhalation
exposure would have to be calculated for the gas and the , i.e. the
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concentration of PM and the concentration of the chemical in the PM (the first
two equations in Table 4). Furthermore, if this were an exposure involving an
emerging technology, it would be much more complex and uncertain, since
the routes and pathway information may be more difficult to ascertain, e.g. the
exposure and toxicity of nanomaterials will include factors other than their
inherent chemical composition. The risk assessment may even have greater,
since it is likely that at least some of the particle size, shape and coatings may
largely affect potential toxicity and hazard, so even if the exposure probabilty
is reliable, the risk assessment will be weakened if only based on published
chemical toxicity and exposure data.Once the hazard and are done, risks can
be characterized risk quantitatively. There are two general ways that such risk
characterizations are used in environmental problem solving, i.e. direct risk
assessments and risk-based cleanup standards.

Conclusions

Risk management decisions must be underpinned by scientifically credible and reli-
able assessments of both the hazards and the likelihood and extent of exposure to
those hazards. Thus, reliable exposure estimates are required for decisions involv-
ing synthetic biology and emerging technologies.

This chapter introduced exposure assessment approaches, identifying where
larger scale mechanisms may apply and those that differ for nanomaterials. These
also apply to ways to reduce exposures, incluing particle collection technologis.
There is much uncertainty as to the efficiency of these technologies and conven-
tional methods may fail due not only due to the small size and mass of nanoparti-
cles, but also to their chemical makeup and other physicochemical properties.

Acknowledgments and Disclaimer Kim Rogers and Caroline Stevens of EPA’s National
Exposure Research Laboratory provided substantive reviews and technical recommendations that
enhanced this chapter. This document has been reviewed in accordance with the U.S. EPA policy
and approved for publication. Mention of trade names commercial products does not constitute
endorsement nor recommendation for use. The views expressed in this journal article are those of
the author and do not necessarily reflect the views or policies of the U.S. EPA.



D. A. Vallero

184

6661 OUB[AIO(] :90IN0S

"OAOQE SB QUILS AU} IR SI[QRLIBA IYIQ

(,-p - Sun)

Qorjans urys jo eate Jiun 1od pajisodap [10s Jo ssewr oy ‘uonisodap [10s = JJS
(Sso[uoIsuUaWIP) 90INOS PAIBUILIBIUOD WOIJ [I0S [B10)

Jo uonoeyy = D4 (Aep 1od paqrosqe jueurwejuod jo juadrad) Afiqe[reaeolq = 49
(;-wo) pasodxa vare 90BLINS ULYS = VS

(,-3Y Sw) [10S 9y UT JUBUTWERIUOD A} JO UONBNUIDUOD = )

(12)-(44)
(,01)-(aa)-(2as)-(04)-(44) (vs)(0)

SIUBUIRIUOD
QUIOQ-[10S
M JorIu0))

"OAOQE S QUIeS A AIB SI[QRLIBA IYIQ

(sso[uorsuawiIp) pagrosqe

Aqreor3otorsAyd st je) JuBUIIIRIUOD PIJsadur oy jo (uonoery) uontod = Jy
(p) 2ansodx? jo uoneinp = qg

(,-p 1) uondwinsuod IareMm JO eI = YD

(;-7 Sw) 191eM SUDULIP 9Y) UI JUBUIWIELIUOD Y] JO UONRIUIIUOD = D)

Jorem SunyuLI

"9A0QE SE QWIES A} SI[RLIEA 1Y}O
(;—w Sw) oseyd ses oy UI JUBUIWEIUOD Y} JO UONBIIUIIUOD = )

SJURUTLIEIUOD
aseyd todea Surpequy

(3w 01 8Y) 10)9BJ UOISIOAUOD B ST 4 ()]

() dwnojif [eardA) = L,

(3Y) yS1om £poq = Mg

(ssequorsuawip) 1030ej uondiosqe = Jy

(p) 2ansodxa jo uoneinp = qg

(,-p Y) y3uoy amsodxo = 19

(wd ¢ 7 '30 ‘s1oyowrerp orwreuAporoe Aq

PAuUTULINAP A[[ensn ‘ssa[uorsuawiIp) saje[noned [810) Jo uonoely a[qeidsar = Iy
(1-Y ¢-u) e uonereyul = |

(¢~ wg) 1re ur uonenuaduod dpdnIed = Dg

(,-8Y 3w) 9ronIRd/[0S0IOR AY) UO JUBUIWERIUOD ) JO UONRIUIIUOD = D)

(12)-(mg)

(v-01)-(az)-(av)-(12)-(2)-(a1)-(0d)- (0)

(10neW 9re[nonted)
sjosooe Jureyuy

suonmuyaq

= (;-p -3 Sw ur) qQ V1 uonenbyg

amsodxy Jo oy

a1nsodxa Jo saynol snotrea 10J (QV 1) 9sop A[rep oSeroar awiriejI] Sunenofed 1oy suonenby  dqer,



Mapping Exposure onto Nanoscale Toxicity Measures 185

Table 5 Commonly used human exposure factors

Adult Adult Child (312 years of
Exposure factor male female age)
Body weight (kg) 70 60 15-40
Total fluids ingested (L d-') 2 1.4 1.0
Surface area of skin, without clothing (m?) 1.8 1.6 0.9
Surface area of skin, wearing clothes (m?) 0.1-0.3 10.1-0.3 0.05-0.15
Respiration/ventilation rate (L min~') — Resting 7.5 6.0 5.0
Respiration/ventilation rate (L min~") — Light 20 19 13
activity
Volume of air breathed (m? d-") 23 21 15
Typical lifetime (years) 70 70 NA
National upper-bound time (90th percentile) at 30 30 NA
one residence (years)
National median time (50th percentile) at one 9 9 NA
residence (years)

Sources of data: U.S. Environmental Protection Agency, 2003, Exposure Factor Handbook (Moya
et al. 2011); and Agency for Toxic Substances and Disease Registry, 2003, ATSDR Public Health
Assessment Guidance Manual (Agency for Toxic Substances and Disease Registry 2005)
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Abstract In this chapter, we provide an overview of an unprecedented body of new
knowledge about the emergence of perceived risks and benefits of nanotechnologies
and selected other new technologies through a set of linked studies. The chapter
highlights the results of over a decade of mixed methods social science research at
the Center for Nanotechnology in Society at the University of California at Santa
Barbara with reference to other key publications in the field. The chapter reviews
research on: views, perceptions, values, and attitudes and social action among mul-
tiple stakeholders in the nanotechnology enterprise; development and refinement of
innovative methods for public engagement with new technologies in the US and
comparative other nations; experts’ risk knowledge and views on regulatory pre-
paredness for safe handling of novel nanomaterials’ properties; and print and social
media and policy attention focused on nanotech risks and benefits, particularly with
reference to emergent public perceptions, risk amplification, or attenuation. In addi-
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tion, the chapter details modes of dissemination of such societal knowledge to an
array of critical stakeholders, including scientists and engineers developing these
new materials and their enabled systems and products, nanotoxicologists who have
been assessing the environmental and health risks presented by such novel materials,
the international nanomaterials industry, policymakers/regulators, journalists, the
diverse US public, and NGOs and civil society organizations (CSOs). Taken
together, the portfolio of new knowledge produced, the methodological advance-
ment evident in its production, and the transfer of knowledge accomplished through
engagement with diverse multi-stakeholders are argued to constitute an unprece-
dented advancement of socio-technical integration. The research process has also
generated for the first time a robust international community of socio-technical
scholars and experts with the skills and experience to advance societal benefits and
ethical governance of emerging technologies.

Keywords Nanotechnologies - Risk and benefit perception - Public participation -
Technological governance - Toxicology - Mixed methods social research

Introduction

In the earlier years of the concentrated effort to develop nanotechnologies, a core
question of foremost importance to many governing bodies, was ‘would nanotech-
nologies be an object of concern’? Would such technologies face significant back-
lash or stigma from an imagined public? Could such a backlash limit the realization
of their potential economic and/or social benefits, despite billions of dollars invested
into national innovation systems, including the US National Nanotechnology
Initiative (NNI 2019)? This chapter explores these questions, with the benefit of
hindsight and the insights gained through the lens of a suite of collaborative, inter-
national research projects. Ultimately, understanding the perceived risks and bene-
fits of these emerging technologies is neither simple nor straightforward.! We
anticipated that risk would come easily to mind amongst study participants given
extensive evidence on public and expert views on other new technologies (e.g., see
Slovic 2000, 2010; Pidgeon et al. 2003), and we anticipated legitimate concerns
regarding job creation or loss, as well as optimism regarding tangible benefits such
as adequate health, safety and environmental protection. Concerns regarding regula-
tion, trust, responsibility, and justice were also expected as were questions about
acceptable and affordable alternatives, and scientific uncertainty about the risks.
Further, we also suspected that context matters, and thus views might vary regarding

'The purpose in this chapter is primarily to synthesize the contributions to the study of expert and
public perceptions of nanotechnologies and nanotoxicologies by one large interdisciplinary, inter-
national team of risk perception researchers. Publications by others in the field are cited as appro-
priate but are not the main focus. For a complete cumulative list of the CNS-UCSB risk perception
and social response group’s publications 20062016, please see www.cns.ucsb.edu
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particular nano-enabled products (glossed here and in many other publications as
‘application’) and their requisite nanomaterials. We believed that experts should
discuss, anticipate, and address these concerns, but we had little idea how an ‘early
and often’ social science approach to understanding risk would play out, nor did we
anticipate the upheaval in the fundamental structure of the public communication
system produced by the internet over the course of the project. These latter concerns
created numerous conceptual and practical challenges for studying the effects of
communication about these new technologies on perceptions and their implications
for society.

Beginning in 2005 and proceeding through 2016,* the 3 co-authors of this chap-
ter jointly led a group at the NSF-funded Center for Nanotechnology in Society at
University of California at Santa Barbara (CNS-UCSB). We had the opportunity to
conduct a series of linked studies alongside a talented group of colleagues and grad-
uate students on formative nanotech perceived risks and benefits over time. We did
so by means of a carefully calibrated and staged set of mixed qualitative and quan-
titative social science research methods aimed at studying the views and beliefs
about these new technologies by multiple parties. By ‘multiple parties’ we mean
people in numerous and different social locations including: (1) science and tech-
nology (S&T) research and development (R&D) experts, that is, scientists and engi-
neers working at the nanoscale; (2) nanotechnology risk assessment experts,
regulators and government agency personnel, (3) industry leaders, scientists, safety
personnel and workers, (4) nongovernmental organizations (NGOs) or other social
movement organizations (SMO) and special interest groups, and science journalists,
and (5) members of the public who differ by gender, race/ethnicity, class, occupa-
tion, education, and age, and many other characteristics, as well as nationality. An
important aspect of our work has been a shared interest in investigating the diversity
and nuances of views both within and across these categories of difference. We have
pursued this interest because of the demonstrated importance of democratic partici-
pation in the innovation system (Dietz and Stern 2008), the ethical imperatives of
responsible research and innovation (Rip et al. 1995; Guston and Sarewitz 2002;
Owen et al. 2013), and the challenges to full participation posed by a large and
complex multicultural society such as the US. In addition, we proposed to imple-
ment deliberative models for enhanced public participation in technological dia-
logue—methods developed primarily in the UK and therefore new to US studies at
that time (e.g., Grove-White et al. 1997; Macnaghten 2004; Pidgeon and Rogers-
Hayden 2007; Horlick-Jones et al. 2007; Bickerstaff et al. 2008) and Europe
(Hagendijk and Irwin 2006; Kurath and Gisler 2009).

The work in the CNS at UCSB was supplemented by the authors’ collaborative
association with another large science center, the US NSF- and EPA-funded UC
Center for Environmental Implications of Nanotechnology (UC CEIN), based at
UCLA with a significant component at UC Santa Barbara (see UCCEIN 2019).

2Some collaborative work continues beyond the 2016 sunset of the CNS to the present. There was
a very large body of data collected in the multiple studies conducted by the group, and data analy-
sis and dissemination will continue for some time.
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Harthorn, Satterfield, Kandlikar and Beaudrie conducted joint expert and public risk
perception research in conjunction with the UC CEIN. This complemented and
extended that in the CNS, in particular allowing us to conduct expert workshops and
studies (Beaudrie et al. 2011, 2013b, 2014), studies of regulatory sufficiency for
nanomaterials oversight (Beaudrie 2010; Beaudrie and Kandlikar 2011; Beaudrie
etal. 2013a), industry surveys of the international engineered nanomaterials (ENMs)
industry (Conti et al. 2008; Engeman et al. 2012, 2013), and environmental risk
perception research among diverse cross-sections of the US public (Satterfield et al.
2012, 2018). Harthorn served on the UC CEIN executive committee since its incep-
tion in 2008 and as such has been part of numerous expert discussions about the
environmental hazards and safety of ENMs (e.g., Holden et al. 2016).

In sum, our overarching goals have been to generate an unprecedented body of
new knowledge about the emergence of perceived risks and benefits of nanotech-
nologies and selected other new technologies through a set of linked studies. The
scope of the work has included:

e Studying views and social action among multiple stakeholders in the
nano-enterprise;

e Developing and documenting methods for public engagement with new tech-
nologies in the US and comparative other sites;

* Characterizing expert knowledge and regulatory preparedness for safe handling
of these novel properties;

* Tracking media and policy attention paid to nanotech risks and benefits to pro-
vide critical evidence of risk signal amplification or attenuation; and

» Disseminating the knowledge gained to an array of critical stakeholders, includ-
ing scientists and engineers developing these new materials and their enabled
systems and products, nanotoxicologists assessing the environmental and health
risks they present, the nanomaterials industry, policymakers/ regulators, journal-
ists, the diverse US public, and NGOs and civil society organizations (CSOs).

Never before has a large class of new technologies anywhere in the world been
the focus of such a systematic, long-term, comparative, multi-stakeholder analysis
of perceived risk and the societal implications of new technologies. This unique
opportunity was realized through US NSF funding, and the considerable additional
leverage funding this generated (particularly the aforementioned collaboration with
UC CEIN), and the creation of both CNS-UCSB and an engaged, mixed methods
research team.

Approach and Methods

The main theoretical framework for this suite of research projects at inception of the
CNS in 2006 derived from the Social Amplification of Risk Framework (e.g.,
Kasperson and Kasperson 1996; Pidgeon et al. 2003), which provides a broad,
multi-factorial approach to understanding the evolution of past risk controversies.
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For example, changing public and regulatory views on nuclear power have been
exhaustively studied by risk analysts across its highly benefit-centric period of
strong public support, through to near absolute stigma of these energy systems fol-
lowing the partial meltdown at the Three Mile Island nuclear power plant in 1979
(e.g., Erikson 1994), and thereafter in reference to today’s cross-national variance in
public support for and opposition to nuclear power (OECD 2010), shaped also by
the aftermath of Fukushima Dai-ichi nuclear accident in 2011 (Butler et al. 2011;
Pidgeon 2011).

Briefly stated, our work has demonstrated (Satterfield et al. 2009; and below),
that nanotech R&D has evolved to the present in the US and abroad with only mod-
est evidence of public awareness, risk aversion, media attention, or widespread pro-
test. As aresult, our research moved progressively into methodological experimental
research modes to understand these upstream and muted perceptions, even though
many of the technologies themselves continue to move downstream into wider com-
mercial production and dissemination. This unprecedented lengthy opportunity to
study emergent attitudes, beliefs and perceptions has brought unique research chal-
lenges as well. As the work progressed in the absence of once-anticipated risk
amplification, a shift in focus to comparisons with other emerging technologies
enabled a better understanding of nanotechnologies’ reception.

The term ‘risk perception’ as we are using it here references cognitive and affec-
tive components of risk, which are dynamic and produced through complex drivers.
It includes linked cognitive concepts such as mental maps or models (Morgan et al.
2001) and schemata or templates (Casson 1983) but it also focuses on affective
responses that are particularly important in ‘fast thinking’ intuitive responses where
knowledge is low. For example, in the context of survey research, risk perception
also references deeper cultural values and beliefs that often underpin survey
responses but are better probed in systematic qualitative research, especially in an
upstream emerging technology context. Risk perception research overlaps with but
is not the same as public opinion or attitude polls and surveys. In particular, risk
perception research has shown that public perceptions are influenced by a wide
array of psychological and social factors that public opinion polls rarely examine
(Slovic 2000; Leiserowitz 2006).

In spite of a rich body of comparative literature on perceived risks (particularly
those of the diverse US public) regarding an array of past technologies, the case of
nanotechnologies® is different in some crucial respects. As indicated above, it has
been typified by unusually low public awareness, necessitating the move in our
research to what is best understood as ‘far upstream.” Studying public attitudes and
risk/benefit judgment formation in progress—as they take shape and are produced—
greatly extends the analytic terrain of attenuated (limited) risk perception. We thus
asked more fundamental questions about how people make sense of novel technolo-
gies in the context of many unknowns and in some cases unimaginable

*Due to the large diversity of materials and applications encompassed by the term ‘nanotechnol-
ogy’ we prefer in general to follow the recommendations in the UK Royal Society report on
Nanoscience and Nanotechnologies (Royal Society 2004) and refer to them in the plural.
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characteristics and implications. Low awareness has necessitated particularly deli-
cate approaches to how the research and the technologies are framed.

This upstream world (or moment) has also pushed us to consider what compara-
tively little is known about anticipated benefit perception compared to risk percep-
tion, and what nanotechnologies’ perceived benefits across different sectors of the
population signify. For instance, do varied members of the public have ready-to-go
templates for making cognitive sense of this new unknown terrain or are they creat-
ing them anew? Nanotechnologies emerged in the social and imaginative realm as
largely inchoate risk objects, indeed as a kind of tabula rasa risk object(s). Their
ubiquity, invisibility and uncertainty suggest consideration of what Morton (2013)
has referred to as “hyperobjects,” described as “entities of such vast temporal and
spatial dimensions that they defeat traditional ideas about what a thing is.” The com-
bination of ubiquity and invisibility of nanotechnologies, along with the complex
global/societal contours that mark their development and deployment, challenge
risk perception research in entirely unprecedented ways. In addition, the social and
political contexts of these molecular sized technologies are complicated by experts
whose own judgments of risk and benefit and need for regulation are highly uncer-
tain, particularly regarding longer term, downstream implications and consequences
of different nanotechnologies. Together these challenges necessitated creation of a
new set of research questions as well as a departure from the usual defaults as to
what constitutes risk perception research.

Methods

Each of these complications and admittedly spirited challenges has, along the way,
compelled us to ask a series of thorny methodological questions. What method-
ological innovations are needed to capture and understand public engagement and
thinking as it is unfolding rather than the conventional downstream risk controversy
approach where judgments are vastly more solidified, if not polarized? Low public
awareness creates particular demands for sensitive framing of risk versus benefit
information. Upstream deliberation has been essential to providing in-depth qualita-
tive data about emergent ideas, values and beliefs. Cross-cultural implementation
has required a more thoughtful approach to protocol development and refinement,
and critical reflection on researcher-driven effects is essential at every step. We have
used a broad set of systematic qualitative and quantitative methods to address these
issues, often starting from in-depth, qualitative methods such as open-ended induc-
tive interviews and group discussions to learn more about the mental models
(Morgan et al. 2001) or cognitive maps or schemata (Casson 1983) that people use
to think and talk about technologies. We then use this derived knowledge to build
quantitative survey instruments to ask well-grounded questions in a systematic and
carefully sequenced way, controlling for primacy effects, of much larger and more
representative samples.
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In essence, we have sought to build a suite of tools where none existed before.
Such innovation has included piloting and implementing novel decision pathway
survey methods. These enable a more dialogic and iterative approach to engaging
larger and more diverse samples than intensive qualitative deliberative work can yet
handle (Gregory et al. 2016). At every stage of work, we also sought to carefully
theorize and test ever greater use of tutorials and framing styles in surveys, inter-
view protocols, and the elicitation protocols used in deliberative workshops. We did
this systematically by varying both information content and opportunities for infor-
mation seeking (e.g., breaks in deliberation provided for café-style information
seeking across a broad array of sources), changing the very format and assumption
of survey design (e.g., embedding tutorials, using narrative framings so that new
information was more readily comprehensible), and altering the order of risk versus
benefit information to assess primacy effects, among other innovations.

Understanding expert judgments as they emerged is also more methodologically
challenging in the upstream moment. We conducted this work, that is, early in inno-
vation and development, in conditions of low public awareness and high scientific
uncertainty about both the commercial potentials and attendant hazards. Thus, this
too was a key focus of our work (Pidgeon and Rogers-Hayden 2007; Rogers-Hayden
and Pidgeon 2008). Experts, as with all, are subject to uncertainty in their views on
the risks and benefits of the materials and their nano-enabled products; and nano-
technologies represent an extremely large and variable class of materials and pro-
cesses. Full characterization and standardization of these are still in their early
stages 16 years into the process. Although in some other parts of the world precau-
tionary approaches have been implemented, for example the REACH program in
the EU (REACH 2019), and NICNAS’s industrial nanomaterial and nanotechnol-
ogy regulation in Australia (NICNAS 2019), engineered nanomaterials (ENMs) are
not yet subject to special regulatory controls in the US beyond individual company-
and material-specific products under TSCA, and regulatory gaps are considerable
(see Beaudrie 2010; Beaudrie et al. 2013a). Methodological approaches in this still
malleable context have included in-depth interviews with elite nanoscientists
(Harthorn and Mohr 2012b), survey research across different communities of
experts to capture affiliation-based variance (Beaudrie et al. 2013b; Beaudrie et al.
2014), and expert workshops designed to develop decision tools to bridge both
uncertainty and regulatory gaps (Beaudrie and Kandlikar 2011; Beaudrie et al.
2011, 2015).

Together this suite of efforts included standard, psychometric, consumer, and
experimental decision pathway phone and web-based surveys of demographically
diverse and representative US (and other) members of the public. But also surveyed
was a range of experts including scientists and engineers, regulators, and industry
leaders, and NGOs were systematically studied as well. Experimental research was
conducted on factors driving group polarization in emerging nanotechnology
debate, as was longitudinal tracking of print and internet media coverage of nano-
technologies, and longitudinal tracking and analysis of citizen mobilization and
action around nanotech products, research, and development. We also employed
systematic qualitative research methods that provide a substantive basis for and
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validation of quantitative results and include mental models interviewing, expert
interviews, expert structured decision-making workshops, ethnographic interviews,
and deliberative public engagement workshops and focus groups regarding the risks
and benefits of specific applications of nanotechnologies and related new technolo-
gies. In all research, a focus on the effects of application domains on perceived
benefits and risks was also key, whether environmental or ‘green nano,” energy-
efficient technologies, medical innovations, or military innovations.

Together, this research was designed to comprehensively examine the situated
knowledge, perceptions, and beliefs of the main actors in the nano-enterprise. By
“situated knowledge” we draw on social theory to indicate that knowledge (and
imagination) are both shaped and conditioned (but not necessarily determined) by
social location and position, and that social values, perception and knowledge pro-
duction are socially organized and co-produced through dialogue (Stoetzler and
Yuval-Davis 2002). These ideas and the broader social theoretical foundations of
the work are examined extensively in Harthorn and Mohr (2012a, b) and Harthorn
(2017a).

Lastly, our collaborations and research—with their focus on expert and public
risk perceptions—have to some extent bridged the strong focus in the NNI (2019)
on EHS (environmental health and safety) issues and the more modest focus on
societal (ELSI—ethical, legal, and social issues). This disparity is evident in the
relative funding allocated to these areas of research throughout the history of the
NNI (see Harthorn 2017b, 1544). Yet, the focus on risk perception, a vital compo-
nent of valid risk communication, has arguably increased the reach of our work (see
Pidgeon et al. 2011a).

The research reported below addresses these many issues. We have organized our
discussion into three main foci: (1) the “problem” of public acceptance; (2) the
regulatory challenges of nanotech; and (3) engaging the public: from precaution to
responsible research and innovation.

Main Findings
The “Problem” of Public Acceptability

Background. Government, industry, and scientists often express concern about pre-
sumed lack of public acceptability as a major potential impediment to technological
development. This has been the case throughout the development of nanotechnolo-
gies, and yet what constitutes acceptability is not as straightforward as it first
appears (cf. Devine-Wright 2007; Demski 2011). In the low knowledge context of
emerging technologies, we have found that diverse groups of the public are often
uncertain rather than assertive or habitually inclined toward risk-averse stances. For
example, in our meta-analysis of all nanotech public attitude surveys in North
America, Europe and Japan prior to 2009, on average almost half, or 44% of
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respondents were very knowledge and risk uncertain — that is, they replied that they
“don’t know” or are “not sure” about whether the risks outweigh the benefits or the
benefits outweigh the risks (Satterfield et al. 2009). This low knowledge context or
lack of familiarity thus suggested that preferences were still largely unformed for
good reasons, necessitating a specific thinking about the qualities and conditions of
new technology production. That is, risk perception and technological preferences
are appropriately conditional, however much some evidence for the role of other
variables (such as negative affect or distrust) is also present.

Another deceptively simple question is who are nanotechnologies’ diverse pub-
lic participants? An early meeting convened by the US National Nanotechnology
Coordination Office (NNCO) in 2006 struggled to address this issue in the low
awareness context, and many others since then have dealt with ‘the public’ as
‘stakeholders’ in very different ways. Some are invited to participate (and speak for
the wider and more diverse public). For example, NISEnet and nano science educa-
tion approaches have defined ‘the public’ as the science-interested (and presumably
knowledge deficit-ridden) public who seek out and attend science museums and
other science education events, including the Nano Days events we convened annu-
ally in the Santa Barbara community from 2006 to 2016. Survey researchers, our-
selves included, have used representative national samples (and quota samples
thereof), in the US and elsewhere, to gather and to some extent speak for those
diverse but anonymous people. Our deliberative work has used a similar (but neces-
sarily smaller scale) logic to draw quasi-representative diverse quota samples from
the communities in which the deliberations are held.

From a normative ethics point of view, the relevant members of the public are
those who might be affected by the development, and so follow the ethic of informed
consent (however contingent). But with such ubiquitous technologies or hyperob-
jects, that is virtually everyone, a universe we have no means to directly and fully
engage. Thus, the above means have served as proxies. From an instrumental point
of view, those members of the public who may be most strategic to understand and
engage with, particularly for a governing body whose mandate includes public
acceptance, are those who are most concerned (and vociferous). In the nanotech
case that has been a set of key social movement organizations (SMOs)/civil society
organizations (CSOs), glossed here as non-governmental organizations (NGOs).
For this reason and for their importance as actors in the Social Amplification of Risk
Framework (Pidgeon et al. 2003), we have mapped the actions of the full English-
language NGO nano-active population over the past decade, looking closely at the
views of watchdog organizations interested in particular risk scenarios (Engeman
and Harthorn 2013; Engeman et al. 2017).

The shifting sands of science journalism, print media, and social media have
provided a dynamic and challenging context for research on media coverage and its
potential effects on public views on nanotechnologies. We have conducted three
sequential print and social media projects led at UCSB by Bruce Bimber
(2006-2010), at Lehigh University by Sharon Friedman (2010-2015), and at UCSB
by Ariel Hasell (2014-2016) with Galen Stocking. The Bimber-led project at CNS
was based on 10 years of nanotech news coverage at the top 10 leading print media
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outlets in the US in English 1999-2009 and concluded that media coverage of nano-
tech was quite low overall and episodic compared to other issues, peaked in 2006 in
spite of regulatory action and buildup, and that frame analysis (Weaver et al. 2009)
showed that like other science journalism, ideas about progress dominated (70% of
the nano news as a whole was on progress), while the news on the social implica-
tions of nano displayed progress and risk frames at nearly the same volume.
Nanotech domains or applications were distributed differently over that decade,
with more concrete applications emphasized over time, and journalists only using
the progress frame in relation to nano applications in medicine, energy, computers
and economy. Notably, in spite of experts’ and regulators’ emphasis on nanotech-
nologies for environmental remediation, the “...connection the media draws
between nano and the environment seems to be a story of harm and not benefit”
(Lively et al. 2012: 234) (Fig. 1).

Science journalism scholars Friedman and Egolf, who began their work in con-
junction with a NIRT project based at UCLA, came under the CNS umbrella in
2010 and continued longitudinal analysis of nanotechnology risks in twenty US and
nine UK newspapers 2000-2014. In 2011, as a part of our edited special issue of
Risk Analysis (Pidgeon et al. 2011b), they also documented the low coverage of
nano in both countries and identified three main narratives over time: runaway tech-
nology, science-based studies, and regulation, with recurrent discussion of scientific
uncertainty in about half of the articles (Friedman and Egolf 2011). The continued
decline in coverage of nano in conjunction with the general erosion of science jour-
nalism in the US and abroad more broadly challenged traditional media studies
approaches (Friedman and Egolf 2012). In 2014-2016, we moved to social media
with a project by CNS-UCSB graduate fellows Galen Stocking and Ariel Hasell.
The research uses Forsight by Crimson Hexagon to access the content of all pub-
licly available messages posted on Twitter, focusing on messages related to
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Fig. 1 Frequency of nanotechnology news frames in print media, 1999-2009. (Based on Lively
et al. 2012: 234)
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Table 1 Gender deliberation study design for 6 workshops by (Harthorn et al. In preparation)

2009 Workshops Energy/Environment Health/Enhancement
Women only 1 1
Men only 1 1
Mixed W/M 1 1

emergent technologies (nanotechnology and fracking in particular), and examined
how public discussion of risk unfolds in social media. A series of projects examined
the public discussion of fracking on Twitter by examining tens of millions of mes-
sages shared by Twitter users. This project has looked at what types of risk objects
were highlighted in public discussions of nanotechnology and unconventional oil
and gas development (or ‘fracking’), and they found that much of the discussion of
nanotechnology is about innovation rather than risk, while about half of the discus-
sion of fracking is risk related. The team has made a series of conference presenta-
tions (e.g., Stocking and Hasell 2014; Hasell and Hodges 2015, and Hasell 2016),
and has several manuscripts in preparation for peer-reviewed publications.

All these studies document very low volume coverage of nano risk issues by
media, both traditional print media and social media. This parallel finding from
over a decade and a half and across traditional and social media lends strong sup-
port to the overall media context of low nanotech risk signal amplification, even
with rising risk and regulation issues in play.

In what follows we summarize selected key findings from our work on what
drives public acceptability of nanotechnologies.

Benefit Matters

Benefit has long been recognized to be a key component of the risk calculus and so
also critical to acceptability judgments (Slovic, personal communication, 2007).
However, the focus in much risk perception work is on explaining why, retrospec-
tively, risk amplification, technological stigma or harmful attenuation occurred.
Such questions are key to understanding health risks that might follow, but this
focus has also resulted in surprisingly little attention to benefit judgment itself.
Unpacking what is meant by benefit perception turns out to be critical for under-
standing nanotech risk perceptions, and perhaps for all far upstream and poorly
understood new technologies.

Our work has consequently provided extensive evidence of the largely benefit-
centric views the US and UK lay public have of nanotechnologies. This effect is
powerfully demonstrated in the quantitative meta-analysis of 22 surveys 2002-2009
conducted in N. America, Europe, and Japan and published in Nature Nanotechnology
(Satterfield et al. 2009), in which approximately 3 times as many respondents
judged the benefits to outweigh the risks of nanotechnology as compared to those
who thought the risks outweighed the benefits. The more compelling finding in this
study, however, we argued was that on average almost half of respondents (44%)
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Fig. 2 Public perceptions of nanotechnology risks and benefits: Benefit centric, but high uncer-
tainty and potential malleability, based on 22 surveys 2002-2009 in N. America, Europe & Japan.
(Figure by C. Beaudrie data from Satterfield et al. 2009; Benefits > Risks 33.1%; Benefits = Risks
14.1%; Risks > Benefits 8.5%; Not sure 44.1%)

were unsure which was the case. We pointed to this finding’s importance for poten-
tial future malleability of views in this low awareness, risk sensitive context (Fig. 2).

Our comparative US-UK deliberative work on nanotechnologies also found sur-
prisingly high levels of overall benefit centricity among participants in both coun-
tries, a somewhat surprising result given the legacy of interpretive risk ‘frames’
available from prior controversies in both the UK (e.g., the GMO and BSE, or mad
cow, controversies) and US (e.g., high profile chemical contamination disasters,
such as at Love Canal). In the case of these deliberations, benefit centricity was
predominantly driven by a preoccupation with the technologies themselves, that is,
they were assumed to be essentially beneficial until proven otherwise; the sheer
novelty of them was often seen in optimistic, even charismatic terms, whereas the
risks were overwhelmingly perceived by our participants as social and/or as pertain-
ing to governance demands (Pidgeon et al. 2009).

This analysis is further supported by our experimental survey research in which
provision of longer, more detailed narratives about specific technologies, including
those with positively-valenced information, did not produce the kind of benefit cen-
tricity evident in deliberation work and meta-analyses cited above (Conti et al.
2011). In our 2011 national US web survey, we further found that the benefit centric
views were reversible in the face of risk information, which we interpreted as a
betrayal effect. That is, presenting risk information (e.g., re: safety concerns about
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ENMs) after benefit-only information had a more detrimental effect on risk accept-
ability than the reverse order (Satterfield et al. 2012).

More recent comparative work we have conducted on shale oil and gas extraction
in the US and UK (Thomas et al. 2017; Harthorn et al. 2019). has driven home the
degree to which, by contrast, nanotechnologies in these upstream contexts are
essentially placeless—we were discussing technologies that in many cases were
still on the S&T drawing boards or even just imagined technological futures, rather
than material, geospatially situated technologies such as unconventional oil and gas
extraction. We conclude that much of nanotechnology’s benefit ‘halo’ derives from
this, and will remain there, far from our risk detecting sensorium, until risk ‘takes
place’—that is, until waterways are polluted, an explosion occurs, a transportation
spill happen or in some cases not even then. We note that chemicals more generally
are placeless in this way as well, until a facility/use exists (e.g., [rwin et al. 1999;
Bush et al. 2001). The critical aspect of this for risk perception is that upstream
benefit judgments should not be assumed to be fixed or enduring. Rather, what
acceptance there is may well be fragile, and is necessarily contingent, particularly
in the nanotech case where awareness is very low and invisibility of the technolo-
gies and their footprints is the dominant feature. Upstream benefit and acceptability
ratings may thus be highly mobile, and the nanotechnologies case demonstrates this

perfectly.

Application Matters

We made a strategic decision in 2005 when launching this research initiative not to
focus on generic ‘nanotechnology’ but instead to work with its specific applications.
This is in part because our close work with nanoscale scientists and engineers (NSE)
indicated that many of them found the generic term problematic or meaningless. In
part due to Nick Pidgeon’s role, we have in general followed the advice of the UK
Royal Society in its report on Nanoscience and nanotechnologies: opportunities
and uncertainties (Royal Society and the Royal Academic of Engineering 2004). As
the title indicates, the Royal Society chose to refer to the plurality of nanotechnolo-
gies. In following this, we have assumed from the start that differences between
technologies—either the engineering nanomaterials (ENMs) themselves or more
complex nano-enabled applications—would be important. And this has indeed been
borne out in the findings of our research.

We have followed specific nano-applications throughout our research design of
many studies. Both series of nanotechnology deliberations we conducted (2007,
US-UK; 2009, US gender) were structured to systematically compare nanotechnol-
ogy energy applications with nanotechnology medical/health/enhancement applica-
tions by convening separate workshops on each application topic. The findings from
both sets of studies reveal stark differences in perceived risk by application. The
US-UK comparative study found that cross-national differences were dwarfed by
strong differences across applications, with unmitigated enthusiasm for energy
applications, particularly those emphasizing renewable/new forms of energy rather
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than energy conservation technologies like energy efficient lighting. By contrast,
medical technologies elicited far more nuanced and ambivalent views in partici-
pants in both countries, particularly concerning issues of fairness and distributive
justice, responsibility, and in the case of human enhancement technologies, signifi-
cant moral and ethical concerns (Pidgeon et al. 2009). These application effects
between energy and health were even more evident in the 2009 gender deliberations
in the US (Harthorn et al. 2012; Rogers et al. 2012), and we found that food and food
packaging applications were viewed with universal mistrust and dislike (Rogers-
Brown et al. 2011). These three different application domains show the important
contextual information diverse members of the public draw on to make sense of
both risk and benefit from new technologies. Abundant clean energy is seen as so
urgently needed, such a high benefit application, that risks are not even part of the
picture. Medical applications themselves are seen as highly beneficial technically,
but not necessarily socially acceptable due to likely high cost and restricted access,
and also due to potential threats to privacy. And both food and food packaging appli-
cations are seen as providing consumers with little to no benefit and possible high
risk—they represent technological interference with a perfectly acceptable existing
product, while the benefits are seen as accruing solely to the grocery industry.
Applications do matter greatly.

Our survey research has also confirmed strong application effects in experimen-
tal design protocols. For example, our 2008 US national phone survey was designed
to assess how different nanotechnology applications were viewed by those in/from
different social positions. We focused on applications of food, health and energy,
and we explored in particular how vulnerability and environmental justice concerns
affected acceptability of different applications (Conti et al. 2011). We systemati-
cally altered information framing—from fully benefit centric to fully risk centric.
We found a nanofood application to be highly unacceptable to survey respondents,
even in its most positive, all benefit presentation form. Our national phone survey
also found strong application effects, in interaction with other safety and contextual
variables, with nano-energy and nanotechnology electronic applications seen as
highly beneficial, whereas medical and environmental applications were more
affected by other contextual variables (Satterfield et al. 2012).

While application has had a noticeable or strong effect on nanotech risk percep-
tion in this work, we have somewhat surprisingly found no such effect of the spe-
cific type of nanomaterial (ENM). Since carbon nanotubes (CNTs) have been the
focus of regulatory action, and regulatory action tends to generate news coverage
and risk amplification among other new technologies, we anticipated that there
might be more concern about CNTs than other ENMs. However, our 2010 and 2012
national web-based environmental risk perception surveys in which we included
ENM types including CNTs as variables provided almost no evidence for effects of
the ENM type on public acceptability. This is likely an effect of low awareness and
low media attention.
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Risk Signal Matters

By contrast, risk signal, the characterization of riskiness, particularly from trusted
sources, matters a great deal in diverse groups of the public’s risk versus benefit
judgments about specific nanotechnologies. We anticipated this in this low aware-
ness/knowledge situation, and therefore we built risk signal into all survey protocols
from the start as a test condition. By risk signal we mean, the provision of informa-
tion that indicates experts attribute ‘minimal,’ ‘moderate,’ ‘significant,” or ‘uncer-
tain’ risk. In our 2010 national web-based survey we found that sensitivity to the
risk signal, regardless of the particular application, prevailed. This was true across
environmental, medical, energy, and military applications using different ENMs
(among 8 types). This “dominance” of risk signal was true and affected judgments
of acceptability, even when nanomaterials and applications were carefully described
(Harthorn et al. 2011a; Satterfield, Harthorn, Collins, and Pitts In preparation (a)).
With one exception (an environmental remediation application), the relative ranking
of acceptability of 13 of the 14 applications described in the research protocol is
positively correlated with the degree of risk attributed to it in the description partici-
pants received. This same figure shows the lack of sensitivity to ENM type (see
above) (Fig. 3).

In all our qualitative, deliberative research we also worked strenuously to present
technological risks and benefits in as balanced a form as possible, aiming for neutral
researcher effects on risk judgments to the highest degree possible. We have
expressly avoided producing risk amplification (or attenuation) because the aim is
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to study participants’ own emergent perceptions based on their own relatively natu-
ralistic information seeking, uptake and group dialogue. This is even more impor-
tant in a context where we wish to assess the effects of deliberative thinking and
dialogue on the evolving views of the new technologies. Our approach has been
well validated in past research and from other sources (Pidgeon et al. 2013,
2014, 2017).

Overall, in the upstream situation (low public awareness and knowledge and
high scientific uncertainty about risk) that has typified nanotechnologies in the US,
UK and elsewhere, the diverse lay public demonstrate high sensitivity and potential
malleability in response to information context, be it about benefit, risk, or safety.

Equity and Politics Matter

Our work has also extensively explored in quantitative and qualitative work how
gender, race and ethnicity, and other aspects of identity and social position/social
location affect the way people make sense of new technologies and how they behave
in deliberative settings. This work builds on prior work on the sociology and politics
of gender (Fenstermaker and West 2002), the intersection of social positions and
identities (Alcoff 2006; Barvosa 2008; Bauer 2014), and on gender and race/ethnic-
ity as factors in risk perception, particularly the ‘white male effect’ (Flynn et al.
1994; Davidson and Freudenburg 1996; Finucane et al. 2000).

We have shown that the ‘white male effect’ has been misconstrued in a large
proportion of studies using or testing this concept (Satterfield, Findlater
& Harthorn Under review), by which we mean it is often cited by others as a gender
and race effect per se, while our own research demonstrates a situation where appar-
ent gender and race differences in risk perceptions are in reality explained by other,
largely socio-political and vulnerability variables. In our nanotech risk perception
survey work, gender and race/ethnicity do again predict acceptability, risk and/or
benefit judgments (Conti et al. 2011; Satterfield et al. 2012; Collins et al. In prepara-
tion, etc.). However, this result is also consistent with the ‘white male effect’—that
is, it is largely driven by a subset of white men with relatively higher income, educa-
tion, and more conservative views who are less concerned with technological risks,
and/or by a set of nonwhite women whose social-economic status and political
world views are in opposition to this.

Our deliberative work has also closely examined gender (and race/ethnicity)
effects. Our US-UK comparative nano energy and nano health and enhancement
sessions found strong associated gender effects in the nano health and enhancement,
but not the nano energy sessions, and, as we reported, ‘social risks” were far more
evident than technological risk concerns. These focused on distributive and proce-
dural justice issues by participants who were women and people of color in both
countries (Pidgeon et al. 2009). Based on this finding, the following set of US nano-
tech deliberative workshops was designed to explore gender effects more closely,
with a two application conditions (energy, health) by three group composition
(women only, men only, mixed women and men) design:
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This project has generated a number of papers exploring the ‘white male effect’
and views on food risk (Rogers-Brown et al. 2011), health and enhancement
(Harthorn 2016), technological ambivalence and linked patterns of gender- and
race-skewed results (Harthorn et al. 2011b). In one paper (Shearer et al. 2014), we
also contextualized participants with ‘low risk’ views to show that they actually had
‘high risk” views when focused on economic risk versus much lower risk views
when focused on environmental or health risks. We have studied the highly gen-
dered talk in deliberations—men speak more than women and use more intrusive
interruptions; whites use more intrusive interruptions than people of color; women
speak more, use more backchannels/cooperative overlaps, and use more self-
disclosure when discussing health and human enhancement applications versus
energy/environment applications, whereas men’s patterns of talk do not vary across
applications (Denes et al. In preparation). Thus, subtle and overt group dynamics
play a major role in deliberative settings, largely unexamined before this work. Our
work demonstrates that privilege and inequality are often implicated in the social
risks people attribute to new technologies (Harthorn et al. 2009, Harthorn et al. In
preparation).

Public views on new technologies thus clearly reflect issues of identity and power,
past experiences, and cultural understandings and preferences. Our work strongly
argues for the importance of including such factors in research on public attitudes
and perceptions.

Our work has also developed theories of trust in risk research. Trust is a critical
dimension of diverse public risk perception, and our results also confirmed the trust
asymmetry principle (cf. Slovic 1993) for the nanotechnology case—that it is much
easier to lose trust than to regain it. In our phone survey based on a representative
US sample, we extended this work using realistic examples of nanotech applica-
tions (designed in collaboration with S&E colleagues) (Satterfield et al. 2012) and
discovered:

* A counter finding—that mobility of trust is greatest for those with positive pre-
dispositions to nano—these respondents demonstrated a greater increase in trust
when faced with proactive risk management actions. We see this as indicating an
unusual opportunity for dialogue (and part of the benefit perception
research above).

* This same survey did find more mobility of views when bad news about risks
Jollows good than the other way around, showing experimentally the socially
risky aspect of benefit only risk communication.

It also found that affective ambivalence played a greater role in response to posi-
tive and negative news stories than for those who report stronger good or bad
feelings (Fig. 4).

Lack of trust, in governments and in corporations, is a recurring theme in all our
deliberative research. For example, our US-UK comparative nanotech deliberations
found lack of trust clearly associated with risk concerns, and more nuanced cross-
national differences with UK participants less trusting of government and US par-
ticipants more skeptical about the trustworthiness of corporations/business. Lack of
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Fig. 4 Mean ratings of six nanotechnology stigma condition statements. Mean ratings are shown
for affectively positive, negative and ambivalent participants, as well as ‘overall” scores (all partici-
pants combined). ‘Positive’ items are on left of Figure, ‘negative’ items are on right of Figure.
(Corner et al. 2010)

trust also obviously intersects with social and political inequality in ways that all
responsible governance needs to take account of—those who have experienced
environmental and health harms in the past express the greatest likelihood of future
harm and vulnerability, and these views are far more widespread among women and
people of color (Conti et al. 2011).

Counter-Intuitive Toxicology

In collaboration with the UC Center for Environmental Implications of
Nanotechnology (UC-CEIN), Harthorn, Freudenburg, Kandlikar, and Satterfield,
with our students and postdoctoral researchers, have pursued a series of studies with
more specific attention to the environmental health and safety, environmental val-
ues, and intuitive toxicology aspects of ENMs. We have asked in particular if and
how nanotechnologies are unique compared with what is known about other tech-
nologies, particularly in reference to perceived environmental risks. We hypothe-
sized that since nanotechnologies have many features common to other technologies
perceived as high risk, people may have amplified concerns about them if they know
about these characteristics. Among these intuitive factors are: invisibility of risk
objects, uncontrollability, scientific uncertainty, ubiquity, perceived toxicity, and
risks to future generations. However, intuitive judgments about risk are argued to
derive from rapid, “fast-thinking” assessments, heavily informed by affect or emo-
tion in conditions of low knowledge and awareness. We thus also hypothesized that
some reliance on one’s own sensory apparatus would be at play when ‘sensing’
hazard, avoiding exposure or assuming that the more material we’re exposed to, the
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greater the hazard. Such intuitive toxicological assumptions may not help us, for
example, if nanomaterials cannot be detected through our senses. For these reasons,
we explored multiple dimensions of “intuition” and found (Satterfield et al. 2018;
Satterfield et al. In preparation):

1. Rapid intuitions about different environmental media (e.g., air, water, and soil or
those situated within biomes, for example mountain-air, -water or -soil) can be
captured and predictive of risk attitudes. Four factors underlying intuitive
assessments of environmental media were found, with resilience and tangibility
emerging as key.

2. Rapid assessments of the perceived resilience of environmental contexts (e.g.,
recovers easily from harm) were particularly powerful in predicting the accept-
ability of nanomaterials.

3. Environmental values also correlate with ideas about resilience and environmen-
tal justice, but remain discrete constructs when examined via factor analyses or
PCAs (principal components analysis).

4. An index of perceived bodily resilience was also developed as part of the per-
ceived risk survey work, and is predictive of the acceptability of different
nanomaterials.

Nano Poses a Major Regulatory Challenge

Nanotechnologies have posed numerous challenges to governance and regulation.
Our research has contributed a significant body of work in this important area. In
spite of their arguable importance in the upstream nanotech research context,
there have been surprisingly few systematic and longitudinal programs of
research on nanotechnology experts outside that reported here.

Regulatory Anxiety

CNS has conducted leading research on the regulatory capacity of the US govern-
ment to safely handle the challenges posed by nanomaterials. Beaudrie, Kandlikar,
Satterfield and Harthorn began this work through analysis of the regulatory process
across the full product life cycle (Beaudrie 2010), which identified significant regu-
latory gaps across the life cycle and across regulating agencies (Beaudrie et al.
2013a). For example, dedicated downstream waste management for engineered
nanomaterials is lacking, even though it may be appropriate for some materials. As
well, the regulatory presupposition that dose and so bulk load of materials ‘makes
the poison’ may also not apply to the nanoscale. For these and kindred reasons, a
large-sample survey of nanoscale experts followed, engaging nano-scientists and
engineers, nano-environmental health and safety scientists, and regulatory scientists
and decision-makers. This work clearly demonstrates that among these three groups
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of experts, those who know the most about the regulatory process—regulators—
have the least trust in its preparedness and capacity to handle the challenges of
safely and responsibly regulating engineered nanomaterials across the life cycle
(Beaudrie et al. 2013b; Beaudrie 2013).

Expert Diversity

This same survey demonstrated the diversity of views across and within expert
groups. Across the groups, benefits are perceived to outweigh the risks generally,
but notable group differences are evident in Fig. 5. Across 14 different nano-
applications (Fig. 6) eight differences in perceived risk were found. A general pat-
tern of difference also reflected where experts were positioned in the nano life cycle.
Specifically, natural scientists and engineers working on nano-materials and pro-
cesses tended to see the risks of nanomaterials as comparatively low, nano environ-
mental health and safety (EHS) scientists see risks as somewhat higher, whereas
nano regulators are most inclined to evaluate the risks as comparatively highest.
This between group variation is explained in part by perceived novelty of nanoma-
terials, the perceived uncertainty of the effects of materials, and by those who prefer
precautionary versus market-based approaches to governance of these risks
(Beaudrie et al. 2014).

70%
60% ENSE
B NEHS
sl CINREG
Don't Know /
40% - Not Sure: H
NSE: 11%
| NEHS: 16%
2 NREG: 23%
20%
10%
Risks will greatly Risks will somewhat  Risks will equal Benefits Benefits will h Benefits will greatly
outweigh Benefits outweigh Benefits outweigh Risks outweigh Risks

Fig. 5 “Risk versus Benefit” ratings for nanotechnologies in general. Color-coded bars indicate
the proportion of respondents in each expert group (NSE, NEHS, and NREG) choosing the indi-
cated response. (Source: Beaudrie et al. PLOs One 2014 9(9) 106365, 5 doi:https://doi.
org/10.1371/journal.pone.0106365.g001)
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Occupational Settings a,b,c
Air or Water emissions - Production b
Children’s Toys b

Industrial Waste Products b

Environmental Releases from
Consumer Products NS

Food Ingredients NS

Cosmetics b ——NSE

-B-NEHS
&-NREG

Cleaning Products a, b

Fuel Additives b

Vitamins & Supplements NS
Clothing NS

Drug delivery NS
Environmental Remediation NS
Computer Chips a,b =

a - NSE & NEHS 1 2 3 I
b - NSE & NREG p<.05 Almost Slight Moderate High
c- NEHS & NREG no risk risk risk risk

Fig. 6 ‘Risk Perception’ ratings for NSE, NEHS, and NREG expert groups. Mean scores for
each group are indicated with points on respective color-coded lines capturing 14 different nano-
technology scenarios rated between ‘almost no risk’ and ‘high risk’. Significant differences in
means were determined using a one-way ANOVA with post hoc analysis, and are indicated with a,
b, and ¢ markings as outlined in the legend. (Source: Beaudrie et al. 2014 PLOS One 9(9),
3,106365, 6)

In addition, within group differences are evident in that significant gender differ-
ences were found in risk ratings for 12 of the applications, with men seeing lower
risk and women higher (see Fig. 7). Expert differences could affect safety practices
and research decisions as well, and experts are less cohesive than they (and we) think.

Importantly, this work provides evidence that we all, including experts, display
“motivated cognition” about risks that is affected by our social positions, values,
and a host of other factors.

Industry at Sea

Our group has conducted two major surveys of ENM risk perceptions and health
and safety practices in the international nanomaterials industry. The first study was
funded by ICON (the International Council on Nanotechnology) in 2006 and led by
ecotoxicologist/microbiologist Patricia Holden, in collaboration with Harthorn,
Conti, and Appelbaum (Conti et al. 2008). This first study developed a protocol for
industry self reporting of an array of EHS program characteristics such as PPE,
exposure monitoring, engineering controls, waste disposal product stewardship and
risk beliefs. We found uneven practices and distribution of nano-specific EHS
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Fig. 7 Experts’ risk perceptions differ by gender. (Beaudrie 2013)

practices and expressed need for more guidance on toxicology, exposure and
EHS. We (Holden, Harthorn, and Engeman) implemented a second survey in
2009-2010 to reach a broader international sample, assess the impacts of proliferat-
ing nano EHS guidance documents around the world, and probe risk perception and
attitudes toward regulation in more detail. We found a surprisingly high degree of
risk uncertainty across all ENM types, or moderate to high perceived risk—on aver-
age almost three quarters (72.5%) indicated uncertainty or moderate-high risk,
without much variance across materials. However, although this kind of uncertainty
and high risk translates to greater precaution in other groups, with industry we saw
a high degree of preference for autonomy from governmental regulation and a low
perceived need for self/other protective action—what we might call a risk manage-
ment stalemate. A majority (59%) agreed that employees are ultimately responsible
for their own safety at work. We also found industry attitudes toward the lay public
to be negative, reducing prospects for responsible engagement (Engeman et al.
2012; Engeman et al. 2013).

Expert Engagement

UBC collaborator Kandlikar published an influential piece pointing to the impossi-
bility of conducting ENM scientific risk assessment using the business as usual, one
material at a time approach (Jae-Young et al. 2009) and several others addressing
the importance of alternative methods for expert risk assessment to make risk
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analysis and assessment progress in the context of scientific uncertainty and regula-
tory gaps (Kandlikar et al. 2007; Beaudrie and Kandlikar 2011; Beaudrie et al.
2011). This work provided a careful analysis of the risk information needed and
research gaps in need of attention as concerns regulatory decision making. They
followed this work by conducting a state-of-the-art Structured Decision Making
(SDM) expert workshop tailored to the conditions of high complexity and uncer-
tainty, analytic difficulty and high stakes consequences (Beaudrie et al. 2014), gen-
erating new tools for use in this and parallel emerging technology contexts (Beaudrie
et al. 2015). The work demonstrates the importance and feasibility of developing
new, methodologically-sound approaches for expert decision making in what can
only be called situations of ‘regulatory limbo’ as is still the case for many
nanomaterials.

Governance and Public Participation: The Art and Science
of Public Engagement

Nanotechnologies in the US have been developed within an official rubric of
responsible development, which “... implies a commitment to develop and use
technology to help meet the most pressing human and societal needs, while making
every reasonable effort to anticipate and mitigate adverse implications or unin-
tended consequences” (National Research Council enter 2006). This ethical vision
is articulated in Risk versus Benefit terms: on the risk side of the equation are envi-
ronmental and human health risks and hazards, as well as wider social risks and
disruption; on the benefit side, technologies that answer needs and contribute good
to society (Fig. 8).

Although this sounds simple, in practice it’s very difficult—how should we
weight these different aspects? Whose judgments about both benefits and risks
should this be based on? And what processes need to be in place to do the kind of
risk analysis and management that incorporates such views? Expert judgment alone
is not enough. Democratic public participation is articulated as a key part of respon-
sible development for normative (ethical), instrumental (produce better outcomes),
and substantive (incorporate useful information) reasons (Fiorino 1990). So public
engagement and participation have been essential elements of the nanotechnology
societal implications enterprise at CNS-UCSB (Roco et al. 2011; Harthorn and
Mohr 2012a).

Over the course of the life of the CNS at UCSB, a European model for Responsible
Research & Innovation (RRI) has crystallized. It more explicitly advocates for tech-
nological governance that is: anticipatory, reflexive, inclusive/participatory, and
responsive (Owen et al. 2013). This language is not yet widespread in US techno-
logical governance terms, but we have compelling evidence that the diverse US
public strongly share these ethical stances (Harthorn et al. In preparation). And, as
pointed out in our edited volume, “Novel upstream research and engagement efforts
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.. Minimize
Maximize negative
benefits
consequences

Environmental

Economic

Fig. 8 NAS vision for responsible development of nanotechnologies. (Harthorn 2013)

challenge publics and experts to anticipate feelings, judgments, and actions for
whole new classes of technologies, and to imagine them as active agents in social
contexts that may reproduce, exacerbate, or ameliorate current inequalities, recre-
ancy [governance failure or incompetence] concerns (Freudenburg 1993), or obsta-
cles to democratic institutions” (Harthorn and Mohr 2012b: 11).

The Public Is Readily Engaged

Even far upstream, meaningful discussion has not only been possible but highly
productive in the nanotechnologies case. Our research has contributed at a very
prominent level to the development of conceptual thinking about the novel pro-
cesses of upstream engagement associated with the nanotechnology case. Upstream
engagement invites selected members of the public to participate in dialogue about
technologies before they are widely researched or known (Wilsdon and Willis 2004;
Pidgeon and Rogers-Hayden 2007; Rogers-Hayden et al. 2007; Rogers-Hayden and
Pidgeon 2008). Corner and Pidgeon conducted a systematic comparative review of
18 nanotechnology deliberation projects in N. America and Europe and found that
the ones that ‘worked’ shared the following characteristics (Corner and
Pidgeon 2012):

* They produced informed judgment, rather than intuitive, ‘fast’ thinking among
participants, that is, actual deliberation took place;
* Benefit centricity was quite widespread,
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e But also, they found latent ambivalence on the part of the public that was unaf-
fected by increased knowledge and awareness and had as key elements: skepti-
cism toward government & industry; concern about who represents the public’s
interests; and significant questions about the need for the new technology/prod-
uct at all.

In the latter case, Corner and Pidgeon (Corner and Pidgeon 2012; also Macnaghten
2010) argue that latent ambivalence “is really about the social context in which a
science is conducted, rather than the risks of the technology itself” (and we found
this in our own comparative US-UK deliberations). In the latter, concern focused on
the social rather than technical side of risk, no matter how much technical info or
expertise we provided. We have argued that these new upstream models for success-
ful nanotech upstream engagement can serve an important function in “broadening
the scope of public involvement in decision making about science and technolo-
gies” (Harthorn and Mohr 2012b: 11).

Our nanotechnology public engagement protocols and success have also served
as the foundation for a series of highly successful public engagements in the UK to
dialogue on such controversial new technologies as climate geoengineering
(Pidgeon et al. 2012, 2013; Corner et al. 2013; Parkhill et al. 2013b) and in the US
and UK to discuss shale gas and oil extraction (Thomas et al. 2017; Partridge et al.
2017, 2018; 2019). They have also served as the model for extensive public engage-
ment work in the UK on public values and acceptability of energy system change
(Parkhill et al. 2013a; Pidgeon et al. 2014; Demski et al. 2015; Thomas et al. 2018)
and on climate change (Corner et al. 2014). These studies demonstrate the impor-
tance of this foundational research on public engagement and citizen dialogue
about nanotechnologies’ risks and benefits.

Engaging Organized Groups of the Public

CSOs (Civil Society Organizations—a broader term than non-governmental organi-
zation) or SMOs (Social Movement Organizations)-- constitute an important type of
public often overlooked in calls for “upstream engagement” which invites participa-
tion from individual members of the public in dialogue about technologies before
they are widely researched or known (see Corner and Pidgeon 2012; Pidgeon and
Rogers-Hayden 2007). Researchers have argued that public engagement projects,
rather than creating spaces for public partnership in shaping technological develop-
ment, may serve as exercises in earning public trust in science experts (Bierle and
Cayford 2002). SMOs, however, deliberate nanotechnology in less controlled con-
texts, through the web, with the media, and within their communication networks
(Chilvers and Kearns 2016). As “the uninvited public” (Wynne 2007), SMOs are
participating in as well as facilitating upstream engagement, and they are well-
positioned to influence public perceptions, particularly in the context of low public
awareness of nanotechnology. In comparison to unorganized members of the public,
CSOs have better structural and financial resources to conduct research, issue
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reports, and communicate their views to the media, policymakers, and industry.
Additionally, some CSOs could be understood to represent wider groups of the
public in dialogues with government and industry leaders (Engeman, Rogers-Brown
& Harthorn 2016; Engeman et al. 2017; Han et al. 2015)

To investigate CSO involvement in nanotechnology development, we (Engemen,
Harthorn, Rogers-Brown & Earl) have studied their actions since 2010, building a
global database of 233 organizations that have expressed interest in or concern
about nanotechnology in English, 101 of whom we identified as ‘nano-engaged’—
doing more than just endorsing other groups’ nano-focused actions. Preliminary
findings demonstrate that nano-engaged CSOs targeted government institutions in
their pursuit of increased EHS funding, product labeling, and government oversight.
Some researchers have argued that, in regard to emerging technologies, CSOs are
filling the void left by governments in the wake of neoliberalism (Hess et al. 2008).
Despite a seeming lack of trust in government agencies to safeguard consumer and
environmental safety, the nano-engaged CSOs in this study, in seeking desired out-
comes, targeted government agencies and policymakers, rather than targeting indus-
tries directly as might be anticipated based on research in science and technology
studies (see Hess et al. 2008).

Public Participation

Our work shows that public ideas and values about responsible development include
four main factors: (1) the role of the public in tech development, (2) their views on
equity and power, (3) their belief in the need for informed consent to move forward
with development, and (4) their levels of trust in institutions in the context of nano-
technology. We take this to show that diverse members of the public do have a well-
defined and somewhat overlapping set of understandings about responsible
development, and that those who feel development is not happening responsibly in
these terms are less likely to find environmental exposures of MNM acceptable
(Harthorn et al. In preparation) (Fig. 9).

Our work on equity and politics as key drivers shows that gender is just one of
many factors that can drive perception and interaction; and we found that group
interactions (including multi-stakeholder ones) are socially very complex and dif-
ficult to decipher. More work on this and tools for such analysis are badly needed.

Because of our focus on risk concerns, this research has been of significant inter-
est to people in science and engineering (S&E), to the nanomaterials industry, to
policymakers and regulators, to NGOs working on related issues, as well as to mem-
bers of the wider public in the US, Canada, and the UK and EU where the three
co-authors are based. We have engaged with state, national and international gov-
erning bodies and agencies, S&E audiences, toxicologists and industrial hygienists,
the nanomaterials industry, and local and regional communities, science museums,
schools, colleges, community colleges, business groups, and civil society groups,
extending the work beyond the typical academic venues of disciplinary conferences
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and journal publications. Our work has also been covered in the national presses of
US, UK, and Canada.

Together, this body of research and our extensive public and expert engagement
activities in conjunction with it form an unprecedented effort to link social science
research with societal implications of a new set of potentially disruptive
technologies.

Summary

* Public acceptability of nanotechnologies is driven by: benefit perception, the
type of application, and the risk messages transmitted from trusted sources and
their stability over time; therefore transparent and responsible risk communica-
tion is a critical aspect of acceptability.

e Social risks, particularly issues of equity and politics, are primary, not secondary,
drivers of perception and need to be fully addressed in any new technology
development, not just nanotechnologies. We have devoted particular attention to
studying how gender and race/ethnicity affect risk judgments.

e The upstream dominance of benefit perception should not be taken as an indica-
tion of continued high public acceptability of nanotechnologies over time.
Conclusions regarding current views are tempered by a high level of uncertainty
and indicate the above noted malleability, particularly if benefit-only communi-
cation is followed by risk communication. Public acceptability should be viewed
as conditional, requiring continued trustworthy actions by government and
industry.

e There is almost no sensitivity among public groups to differences in the actual
engineered nanomaterials, even though toxicological evidence indicates increas-
ingly solid evidence for their differential effects. Therefore, the whole class of
nanomaterials is vulnerable in the event that more hazardous materials are not
regulated well and so become the basis for stigma or radiating effects, similar to
chemicals.

» Although representatives from the nanomaterials industry demonstrate relatively
high perceived risk regarding engineered nanomaterials, they likewise demon-
strate low sensitivity to variance in risks across type of engineered nanomateri-
als, and a strong disinclination to regulation. This situation puts workers at
significant risk and requires regulatory action now (above and beyond the cur-
rently favored voluntary or ‘soft law’ approaches).

* All stakeholders in the nano-enterprise, including experts, display dependence in
some circumstances on intuitive risk judgments that are at odds with current
evidence. Systematic social science research is therefore a critical part of respon-
sible policy and can be used to anticipate where experts most need research and
extension support.

e Scientists and engineers, toxicologists, and regulators display significant diver-
sity in their views on the risks of specific nanomaterials and the regulatory suf-
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ficiency of current frameworks for regulating this range of nanomaterials and
nano-enabled products. Therefore, a diverse composition of experts is needed in
regulatory decision-making bodies in order to capture the full range of
these views.

* Those scientists and engineers working most closely with nanomaterials in the
early stages of development (e.g., of novel materials and applications) show the
highest risk tolerance among experts. The implications for labs and bench sci-
ence safety among students, postdocs and workers should thus be investigated.

* Among experts, nanotech regulators and federal and state agency personnel
express the least confidence in the current regulatory system. There are clearly
identified gaps (often large) in regulatory coverage across product lifecycles that
contribute to these concerns. The aging regulatory system in place demands sys-
tematic policy maker attention and integration across agencies.

* In spite of regulatory and risk assessment uncertainties, diverse expert engage-
ment for development of new tools and approaches can be conducted success-
fully using current theory and practice in structured decision making. It is critical
to implement these now rather than to wait for completed hazard and exposure
assessments, particularly given this large and complex class of new materials
such as engineered nanomaterials.

e The public can and should be engaged, early and often, in the development and
commercialization of new technologies, particularly those with high potential for
risk (health, environment, and social) and disruption. European deliberative
models have been successfully implemented in the US by CNS and could be
scaled up for national deliberation. CNS research has shown that a majority of
the US public endorse the core values of responsible innovation.

» Civil society organizations such as NGOs can and should be invited participants
and have an increasingly important role to play in safe and responsible develop-
ment and innovation. Societal experts provide important evidence-based knowl-
edge and understanding for effective facilitation of this process.

» Experts can and should be productive and reflexive participants in public engage-
ment. The CNS at UCSB provides hundreds of examples of successful expert
engagement, facilitated by social science researchers and based on solid social
science evidence. Federal funders should require such integrated efforts and ded-
icated resources for all new technology R&D.

* Public participation has been greatly enhanced in the NNI through NSF invest-
ment in national societal research and education centers. This approach can and
should become an integral part of US technology development, with funding and
incentives to develop new methods and approaches, grounded in the best social
research practices.
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Abstract The first EU Regulation that mentioned nanomaterials was published in
2008 (EC) No 1333/2008) on Food Additives), and since then several Regulations
have been adopted that requires specific information for nanomaterials that are put
on the EU market. In 2011 the European Commission adopted a recommendation
for a nanomaterial definition (1-100 nm), that has been implemented e.g. in the
Biocidal Product Regulation. The main EU chemical Regulation, REACH, was
updated in 2018 with modification of several of its Annexes to require information
on nanoforms of chemical substances. Many regulations in the food area have nano-
specific provisions as well as in cosmetics and medical devices. Several EU Member
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EU Regulations: An Introduction

Laws within the European Union are based on core principles of human dignity and
human rights, freedom, democracy, equality and the rule of law, enshrined in the
Treaty of the European Union (TEU) and in the Treaty on the Functioning of the
European Union (TFEU) (European Union 2020). The TEU was first signed in
1992 in Maastricht, thus often still referred to as the Maastricht Treaty and the last
amendment was agreed in Lisbon in 2007, when the TFEU was also signed. Both
were unanimously agreed, at the time, by all the Members States of the EU and they
set out the four freedoms which are movement for goods, services, capital and peo-
ple. The core principles and the four freedoms in the EU are implemented through
legislative instruments. There are three main legally binding instruments in the EU;
Regulations, Directives and Decisions, as presented in article 288 of the TFEU.

EU Regulations are directly applicable in all EU Member States whereas
Directives have to be implemented into national laws to become legally binding.
Finally, a Decision is directed to an individual or a company. An example of a
Decision would be where the European Commission would directly intervene to
insist that a specific company or an individual perform a specific measure. Such
specific measures could include instruction to withdraw a product from the market.

As described in the TEU and TFEU EU law such as Regulations, Directives and
Decisions takes precedence over national laws. A Directive can be considered to set
out an aim of what should be achieved, whereas the practical route to achieve this
aim can be performed differently in Member States. An adopted Directive therefore
also sets out deadlines when Member States should have implemented the Directive
in its national regulations.

The EU has slowly transitioned to creating more and more legislation in the form
of Regulations. The advantage of Regulations are that they are applicable through-
out the union and thus allow for a harmonised system, more easily managed by
industries as well as by regulators and thus facilitating an understanding of the regu-
latory framework in EU. Nowadays, the EU approves on average 80 directives,
1200 regulations and 700 decisions per year (Toshkov 2014).

The European Commission, which is the EU Executive body, shape the EU’s
overall strategy, proposes new EU laws and policies, monitors their implementation
and manages the EU budget. The European Commission is the only EU body that
has the authority to initiate a legislative process of creating a new Regulation, a
Directive or a Decisions. A legislative proposal from the EC can be vetoed or
amended during the legislative process by the European Council or by the European
Parliament. The European Council is made of governmental representatives of all
EU Member States, and the European Parliament is composed of parliamentarians
elected every five year in European wide national elections (see Fig. 1 for the EU
institutional triangle). The process put in place by the EC to present a legislative
proposal follows a process that usually starts with the publication of a White Paper.
A White Papers contain proposals for European Union action in a specific area. The
purpose of a White Paper is to launch a debate with the public, stakeholders, the
European Parliament and the Council in order to arrive at a political consensus. A
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White Paper can outline several types of possible issues that the EU should tackle,
e.g. with regulatory actions, that could be developed over a longer timeframe, usu-
ally 5-10 years. Members States are consulted about the White paper, and com-
ments are invited from the public which includes interested stakeholders such as
industries, as well as individual citizens. The White Paper often outlines indicative
time frames for when the EC is planning to present a legislative proposal to the
European Council and the European Parliament. Before a legislative proposal is
presented, a substantive amount of preparatory work takes place, including the EC
asking for reports to be drafted by e.g. EU agencies in the sector in question, or by
tendering out the drafting to consultants. The EC also has to prepare an impact
assessment evaluating different scenarios that could arise depending on various pos-
sible regulatory measures.

Once the regulatory proposal is finalised by the EC, it is being officially pre-
sented to the European Council (2020) and to the European Parliament (2020),
where discussions will then take place in relevant Committees. After amendments
and agreement, the proposal, is adopted and published as a new legislative act in the
Official Journal of the EU (2020). Once the legislation is published, it usually enters
into force 20 days after publication as it is then an official EU regulatory act that
must be complied with.

Introduction to the EU REACH Legislation

The main legislation in the EU for chemicals is the REACH Regulation, published
in 2006. The acronym REACH stands for Registration, Evaluation, Authorisation
and Restriction of Chemicals (EC no 1970/2006) (Juncker 2018). The Regulation is
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made up of 141 Articles followed by 17 Annexes and applies to manufacturing and
import of chemical substances, mixtures and articles as well as certain substances
used research and development purposes. REACH provides a definition of a sub-
stance in Article 3 as ‘a chemical element and its compounds in the natural state or
obtained by any manufacturing process’.

The Regulation was negotiated for many years between the European
Commission, the Council and the Parliament and was adopted following the proce-
dure outlined above. REACH places the burden on industry to provide dossiers with
information on the substances used on the EU market under the ‘no data — no mar-
ket’ notion. The Regulation is managed by the European Chemicals Agency (ECHA)
based in Helsinki, Finland (European Commission 2020a).

The REACH Regulation is closely connected to another Regulation from 2008
on Classification, Labelling and Packaging of Substances and Mixtures EC no
1272/20089 abbreviated as CLP (Péttering and Le Maire 2008). The CLP Regulation
classifies substances as hazardous when they meet classification criteria in
CLP. Hazards of a substance are identified by assigning a certain hazard class and
category. The hazard classes in CLP cover physical, health, environmental and addi-
tional hazards. Once a hazard is classified it consequently needs specific labelling
and packaging. The CLP provides requirements to apply classification specifica-
tions for substances and how hazard labels should be presented on labels and the
packaging. The CLP incorporates the Global Harmonised System by the UN into
European legislation which harmonises hazard classification of substances.

Figure 2 provides an overview of EU regulations dealing with nanomaterials, in
one way or another, where REACH and CLP are horizontal regulations dealing with
chemicals in general, and where vertical regulations are dealing with specific areas
or sectors.

The requirement to register a substance, mixture or an article under REACH and
provide a dossier with information is based on annual tonnage produced in, or
imported into, the EU market. The general rule is that all substances with an annual
production over 1 tonne (1000 kg) should be registered. The tonnages are based on
a potential exposure, where larger production volumes would consequently mean a

Horizontal

Chemical

Regulations Classification Labelling and Packaging (CLP)

Vertical Food Food Contact materials
Specific

Regulations Cosmetics Biocidal products

Novel Foods

Electronics

Waste Medical devices

Fig. 2 Overview of EU Regulations dealing with nanomaterials. Each regulation is detailed fur-
ther in the chapter
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larger exposure thus with higher tonnage, more information needs be provided in
the dossier. There are 4 tonnage bands; above 1 tonne, 10 tonnes, 100 tonnes and
1000 tonnes. Above 10 tonnes, the dossier should be also accompanied by a chemi-
cal safety report (CSR) following Annex I of the Regulation.

The requirement on when to register a substance was staggered over three phases
to enable applicants to manage the transition to such a significant new legislative
framework. The initial deadline was 2010 for substances over the 1000 tonnes
annual production threshold, followed by 2013 for above 100 tonnes and finally
May 2018 was the last registration deadline, for substances over 1 tonne.

In addition to substances, REACH also has provisions for mixtures (composi-
tions of two or more substances) as well as articles (i.e. an object which during
production is given a special shape, surface or design which determines its function
to a greater degree than does its chemical composition).

The information to be provided in a dossier for a substance is provided in the
Annexes VII (above 1 tonne) to x (above 1000 tonnes) of the Regulation. Information
requirements include information on physico-chemical properties (e.g. melting
point, water solubility etc) and toxicological information (e.g. skin irritation/corro-
sion, acute toxicity etc) and ecotoxicological information (e.g. aquatic toxicity, bio-
degradability etc). For the higher tonnage bands, more comprehensive information
is required, sometimes involving testing on animals.

EU Regulatory History for Nanomaterials

Since publication of the 2004 UK Royal Society of Science (The Royal Society
2004) report, there has been an ongoing discussion among policy makers, including
EU Member States, and stakeholders how best to ensure that the specific character-
istics of nanomaterials are appropriately covered within EU legislation. This discus-
sion not only focused on how to regulate nanomaterials, but also how do define a
nanomaterial.

A Recommended EU Definition of Nanomaterial

Following discussions with stakeholders, policy makers and a public consultation,
the European Commission published a Commission Recommendation in October
2011 on the definition of nanomaterial (2011/696/EU) (Potocnik 2011). As it is a
recommendation (and not a Regulation), it is not legally binding and has to be trans-
ferred into a Regulation (or a Directive) to become legally applicable. However, a
recommendation from the European Commission creates a strong message and can
be referred to in court. The EC definition is also often referenced in activities out-
side the EU, possibly due to the comprehensive nature of EU regulatory frameworks
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that are often regarded internationally to set the minimum requirements for coun-
tries outside EU to trade with EU.

The definition provides guidance how the regulator (i.e. the European
Commission) intends to manage the complex issue of how to define nanomaterials
in a legally binding manner. The 2011 recommendation states that a ‘nanomaterial
means a natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for 50 % or more
of the particles in the number size distribution, one or more external dimensions is
in the size range 1 nm—100 nm.” It further states that ‘By derogation [...] fullerenes,
graphene flakes and single wall carbon nanotubes with one or more external dimen-
sions below 1 nm should be considered as nano materials.’

For the purpose of the recommendation, it also clarifies that ‘particle’ means a
minute piece of matter with defined physical boundaries; ‘agglomerate’ means a
collection of weakly bound particles or aggregates where the resulting external sur-
face area is similar to the sum of the surface areas of the individual components and
‘aggregate’ means a particle comprising of strongly bound or fused particles.’

What is interesting to note in the recommendation is that it is solely based on
size, as this is a property that can be measured, and thus should the need arise, hold
up in court. It is also noteworthy that it also includes natural materials containing
particles (Rauscher et al. 2019). The argumentation put forward by the European
Commission for this inclusion is that a nanomaterial is based on size, and there
could be instances where it could be appropriate to refer and describe natural mate-
rials as nanomaterials.

In practice, the accurate measurement of nanomaterial size is often challenging
and depends on the size of the nanomaterial to be measured and the method applied,
as well as on other aspects (e.g. matrix, elemental composition etc) (Miernicki
et al. 2019).

The REACH Regulation and Nanomaterials

The REACH Regulation covers chemical substances (with some agreed exemp-
tions), and consequently also nanomaterials. This was first agreed among EU
Members States in 2008 communication from a meeting of CARACAL, a decision-
making group of the EU Member States Competent Authorise for REACH (2008)
and CLP (European Commission 2020a). However, as industries were registering
their substances, the REACH Regulation did not specifically mention nanomateri-
als, nor place a requirement to provide detailed information on size or other proper-
ties. Therefore there was a concern that authorities, including ECHA, would not
receive enough information to understand if a substance could have a nanoform, and
if the properties of the nanoform would be different from the bulk or soluble form
of the registered substance, and if this would impact the safety of the substance.
The European Commission have over the years performed two regulatory reviews
on nanomaterials in EU legislation. The first one was performed in 2008 (European
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Commission 2008) and the latest one was performed in 2012, where it again was
reinforced that the European Commission considers the REACH Regulation to be
an appropriate legal act to regulate nanomaterials (European Commission 2012).
The second regulatory review stated that ‘...nanomaterials are similar to normal
chemicals/substances in that some may be toxic and some may not. Possible risks
are related to specific nanomaterials and specific uses. Therefore, nanomaterials
require a risk assessment, which should be performed on a case-by-case basis, using
pertinent information. Current risk assessment methods are applicable, even if work
on particular aspects of risk assessment is still required.’

The perceived lack of information on nanomaterials in REACH substance dos-
siers initiated a long, and sometimes heated, discussion between the European
Commission, Members States and stakeholders (including industry and civil society
organisation) how to best ensure information on nanomaterials are to be provided to
authorities. The discussions were initiated after the second regulatory review and
continued until the REACH Annexes were adopted in 2018.

After several assessments (European Commission 2019) the European
Commission, as the EU policy maker came to the conclusion that nanomaterials are
substances and therefore already fall under REACH, that a nanospecific Regulation
was not required, and that a modification of the REACH Annexes would be suffi-
cient to request information on nanomaterials.

Amendment of REACH Annexes to Include Nanomaterials
and Nanoforms

After many years of internal deliberations and discussions with Member States and
stakeholders, the European Commission announced its proposal for a revision of
several Annexes of the REACH Regulation in the Autumn of 2017. The proposal, in
the form of a European Commission Regulation, was discussed and voted upon in
the REACH Committee composed of representatives from the EU Members States.
The European Commission then adopted the Regulation and it was published in
December 2018 as Commission Regulation EU) 2018/1881 (KEMI 2020). This
Regulation is in itself only composed of 3 Articles, but has an Annex setting out
changes to 9 (Annex I, III, VI. VII, VIII, IX, X, XI and VII) of the 17 REACH
Annexes.

The most profound change is that REACH Annex VI now includes a legally
binding definition of nanomaterial, referred to as nanoform in the Annex, that, in
turn, is based on the 2011 European Commission recommendation. The term used
in Annex VI is not nanomaterial, but nanoform, as a nanomaterial can be considered
as another form of a substance. Thus, a substance (as defined in REACH) can have
several forms, including nanoforms. Further, an important aspect is that under
REACH the concept of ‘set of similar nanoforms’ can be applied during the regis-
tration process. By using sets, a registrant can, for instance, provide a justification
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that information from one nanoform can be applied to a wider group of similar
nanoforms, thus reducing the amount of information to be provided. How sets will
be used in practice will be interesting to find out once applicants are updating, revis-
ing or applying for registration under REACH.

Another notable modification of the REACH Annexes is that physicochemical
description of nanoforms now has to include information on number-based particle
size distribution, specific surface area by volume, morphology and surface function-
alisation. The REACH Annexes related to information requirements for tonnages
are also modified to include specific considerations, test methods and modifications
for when nanomaterials are part of the dossier (Clausen and Hansen 2018).

To facilitate the registration of substances according to the REACH require-
ments, ECHA has published many guidance documents. As of summer 2019, ECHA
is in the process of finalising a guidance document that describes the information to
be provided to describe and characterise a nanoform. A draft of the ‘Appendix for
nanoforms applicable to the Guidance on Registration and substance identification’
from June 2019 is available (European Chemicals Agency 2019). ECHA also has
specific Annexes to their main guidance document on information requirements and
chemical safety testing related to nanomaterials (ECHA 2020).

Vertical Regulations Within the European Union

Although REACH is a Regulation that, in principle, covers almost all chemical
substances, there are several sector specific Regulations that can take precedence of
REACH. These Regulations are prominent in food, cosmetics, biocides, medical
devices, and other areas. The nanospecific aspects of EU sector specific Regulations
are discussed below.

Nanomaterials Within Cosmetics

The EU regulates cosmetics in a Regulation from 2009 (EC No 1223/2009 on cos-
metic products) (Buzek and Ask 2009) that establishes rules to be complied with by
any cosmetic product made available on the EU market. This Regulation was the
first EU Regulation that provided a definition of nanomaterials. Article 2(k) defines
a ‘nanomaterial’ as an ‘insoluble or biopersistent and intentionally manufactured
material with one or more external dimensions, or an internal structure, on the scale
from 1 to 100 nm’. This definition is, in many ways, different from the definition
used in REACH and in the Biocidal Regulations, as well as the one used in the food
area for engineered nanomaterials. The cosmetic definition uses the same size range
(1-100 nm) as REACH and in Biocides, but also requires the nanomaterial to be
intentionally manufactured and importantly also requires insolubility and biopersis-
tence as its requirements. As a consequence, a substance that is used in several
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sectors can be defined as a nanomaterial in one regulation, but not in another regula-
tion. This can of course cause administrative burdens for producers who need to be
aware where their product will be used.

To help industries submit a dossier for a nanomaterial to be used in cosmetics,
the European Commission Scientific Committee on Consumer Safety (SCCS) pub-
lished in 2012 a Guidance on the Safety Assessment of Nanomaterials in Cosmetics’
(Scientific Committee on Consumer Safety SCCS 2012). This guidance provides
information on what an applicant should provide in order for fulfil the requirements
in the Regulation and for the SCCS to perform a risk assessment and provide an
opinion. As of autumn 2019, the SCCS is in final phases of updating its guidance.

Nanomaterials Within Food Production

Within the EU, there are many Regulations that cover the food sector, ranging from
Regulations on plant protection products, genetically modified organisms, hygiene
aspects and specific Regulations on e.g. food additives, flavourings, enzymes, novel
foods, as well as on food contact materials (i.e. food packaging) and labelling of
foods. Many of the food Regulations have been revised to include specifics related
to nanomaterials.

In the EU, there is a general food law from 2002 (EC) No 178/2002 (Cox and
Piqué i Camps 2002) that, among other things, defines in general terms food as ‘any
substance or product, whether processed, partially processed or unprocessed,
intended to be, or reasonably expected to be ingested by humans.” The general food
law also established the European Food Safety Authority (EFSA, based in Italy) to
provide scientific opinions on risk assessment issues related to food.

EFSA has published several opinions related to nanomaterials, and in 2018 they
published a new ‘Guidance on risk assessment of the application of nanoscience and
nanotechnologies in the food and feed chain: Part 1, human and animal health’
(Hardy et al. 2018). The EFSA nanomaterials guidance covers nanospecific aspects
and considerations of all types of dossiers that EFSA covers. In this regard, the
EFSA guidance focus on aspects that should be considered in addition to the normal
guidance document EFSA publishes. E.g. a nanomaterial used as a food contact
material should consider the nanospecific guidance in addition to the normal food
contact material guidance.

Food Information and Labelling

Labelling of foods and its packaging is regulated in the Food Information to
Consumers Regulation from 2011, Regulation (EU) No 1169/2011 on the provision
on food information to consumers (Buzek and Dowgielewicz 2011) With respect to
nanomaterials this Regulation uses the definition of engineered nanomaterials as
found in the Novel Food Regulation (EU) 2015/2283 (Schulz and Schmit 2015). For
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the list of ingredients to be used on the food label, the Regulation states that ‘all
ingredients present in the form of engineered nanomaterials shall be clearly indi-
cated in the list of ingredients. The names of such ingredients shall be followed by
the word ‘nano’ in brackets’. Currently, there are no known labelled nano food
products on the European market.

Novel Foods

Novel Food is defined as food that had not been consumed to a significant degree by
humans in the EU before 15 May 1997, when the first Regulation on novel food
came into force. The current Regulation on novel foods (EU 2015/2283) provides a
definition of engineered nanomaterials that is different from the 2011 EC recom-
mendation (Schulz and Schmit 2015). Article 3 in this Regulation specifically sets
out that food ‘consisting of engineered nanomaterials is to be defined as novel food,
and this is also applicable to vitamins and minerals if they ‘they contain or consist
of engineered nanomaterials’ (Schulz and Schmit 2015).

The same Article provides a regulatory definition of ‘engineered nanomaterial’
to mean ‘any intentionally produced material that has one or more dimensions of the
order of 100 nm or less or that is composed of discrete functional parts, either inter-
nally or at the surface, many of which have one or more dimensions of the order of
100 nm or less, including structures, agglomerates or aggregates, which may have a
size above the order of 100 nm but retain properties that are characteristic of the
nanoscale (Schulz and Schmit 2015). Properties that are characteristic of the
nanoscale include: (i) those related to the large specific surface area of the materials
considered; and/or (ii) specific physico-chemical properties that are different from
those of the non-nanoform of the same material.’

As can be noted, the regulatory definition in the novel foods Regulation refers to
engineered nanomaterials, and there are several differences compared to the 2011
recommendation as well as to the regulatory definition in the 2018 adopted REACH
definition of nanomaterial.

Notably, the novel food definition talks about one or more dimensions ‘in the
order of 100 nm’ which is imprecise compared with the 1-100 nm in
REACH. Furthermore, an engineered nanomaterial needs to be intentionally pro-
duced, so natural nanomaterials are outside this definition. This is logical, as many
constituents within foods are naturally in the nano size range and are thus excluded
from the engineered nanomaterial definition.

The novel food definition is unfortunately also imprecise in that it references
aspects that are difficult to objectively measure and define, including materials that
‘retain properties that are characteristic of the nanoscale’. These characteristics are
difficult to describe and agree upon in a regulatory precise manner.
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Food Additives

The food additives Regulation from 2008 ((EC) No 1331/2008) (Pottering and Le
Maire 2008) is the first EU legislation that specifically mentions nanotechnology,
and states in Article 12 concerning changes in the production process of a food addi-
tive that °...or there is a change in particle size, for example through the use of nano-
technology...’. This means that in practice that an applicant submitting a dossier for
a food additive authorisation needs to provide information on these changes in par-
ticle size. The EFSA guidance document for nanomaterials should therefore be fol-
lowed by food additive applicants.

Food Contact Materials

There is a Regulation from 2004 in EU (EC No 1935/2004 on materials and articles
intended to come into contact with food (Borrell Fontelles and Nicolai 2004) that
provides an overall framework for all materials intended to come into contact with
food. As this Regulation was adopted before the main nano discussions took place,
there is no specific mention of nanomaterials or nanotechnology within the text.
However, as it is a framework Regulation, it applies to all types of food contact
materials, and therefore also nanomaterials are covered under this Regulation, even
if they are not specifically mentioned.

In 2011, the Commission published a Regulation (EU) No 10/2011 on plastic
materials and articles intended to come into contact with food (Barroso 2011) that
specifically includes provisions for nanomaterials. Article 9 states that ‘Substances
in nanoform shall only be used if explicitly authorised and mentioned in the speci-
fications in Annex 1. Since 2011, several food contact material substances in nano-
form have been authorised, based on performed EFSA opinions, to be used in plastic
packaging. Such materials include e.g. carbon black, titanium nitride and silicon
dioxide. There is no definition of nanomaterials in this Regulation, rather the autho-
rised substances in Annex I have specifications of the substance in question that
needs to be fulfilled, e.g. that an authorised material needs to be within a specific
size range.

Active and Intelligent Food Contact Materials

The Regulation on active and intelligent food contact materials (EC) No 450/2009
(Vassiliou 2009) apply to food contact materials that have been manufactured to
have specific properties to inform about the food, or to release or absorb substances
from the food e.g. to increase shelf life. With regard to nanomaterials, as it also an
early Regulation, it is rather vague and refers to ‘New technologies that engineer
substances in particle size that exhibit chemical and physical properties that signifi-
cantly differ from those at a larger scale, for example, nanoparticles, should be
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assessed on a case-by-case basis as regards their risk until more information is
known about such new technology’ (Vassiliou 2009).

Nanomaterials and Biocides

The EU Regulation No 528/2012 concerning the making available on the market
and use of biocidal products (Schulz and Wammen 2012) is the first Regulation with
a definition based on the 2011 recommendation. However, as a biocide always has
an intent, the word ‘natural’ is removed from the nanomaterial definition provide in
Article 3(z). The Regulation requires that approval of an active substance shall not
cover nanomaterials except where explicitly mentioned. The Regulation also
requires that where nanomaterials are used in that product, the risk to human health,
animal health and the environment has been assessed separately. The Regulation
requires additional considerations for nanomaterials, as the simplified authorisation
procedure allowed for conventional biocides is not allowed for biocidal products
containing nanomaterials. Article 58 of the Regulation requires labelling of all arti-
cles treated with biocides. For nanomaterials this obliges the name of all nanomate-
rials contained in the biocidal products, followed by the word ‘nano’ in brackets to
be on the label.

Organic Production and Labelling of Organic Products

Organic farming and food production have a specific Regulation that was most
recently updated and published in 2018 (Miernicki et al. 2019). The Regulation
(EU) 2018/848 on organic production and labelling of organic products defines
‘engineered nanomaterials’ (Tajani and Pavlova 2018) by referring to the definition
in the Regulation on novel foods (EU 2015/2283) (Schulz and Schmit 2015).

Article 7 of the Regulation outlines specific principles applicable to the process-
ing of organic food and states (in 7(e)) that the production of processed organic food
shall be based, among others, on the exclusion of food containing, or consisting of,
engineered nanomaterials. Thus, food products cannot legally be labelled as organic,
if they contain engineered nanomaterials.

Nanomaterials Within Medicinal Products (Pharmaceuticals)

The basis for regulating medicinal products in EU is found in a Directive 2001/83/
EC on Community code relating to medicinal products for human use (Fontaine and
Reynders 2001). This Directive, due to its age, does not mention nanomaterials
however, during the second regulatory review of nanomaterials in 2012 (European
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Commission 2012), ‘The Commission took the view that current legislation on
medicinal products allows an appropriate risk/benefit analysis and risk management
of nanomaterials.” This was also mentioned in the 2011 definition recommendation
which noted the ‘special circumstances prevailing in the pharmaceutical sector’ and
stated that the recommendation should ‘not prejudice the use of the term “nano”
when defining certain pharmaceuticals and medical devices’. Thus, there is no defi-
nition of nanomaterials or nanomedicines in the EU. However, European Medicines
Agency (EMA, based in Amsterdam, The Netherlands, since it recent move from
London in 2019) does apply a working definition of nanomedicines which outlines
the following considerations:

* Purposely designed systems for clinical applications
» At least one component at nano-scale size resulting in definable specific proper-
ties and characteristics

— related to the specific nanotechnology application and characteristics for the
intended use (route of administration, dose)

— associated with the expected clinical advantages of the nano-engineering (e.g.
preferential organ/tissue distribution)

* Needs to meet definition as a medicinal product according to European
legislation.

The EMA produces most of the scientific assessment of medicinal products and
as such has produced a number of guidelines related to the use of nanomaterials and
nanotechnologies in the sector (European Medicines Agency 2020).

Nanomaterials and Medical Devices

The EU Regulation on Medical Devices, (EU) 2017/746 (Tajani and Borg 2017),
provides a definition of nanomaterials (in Article 2(18-21) that is based on the 2011
recommendation. Interestingly, this definition includes ‘natural’, which potentially
could give rise to measurement issues of abrasion from medical devices not inten-
tionally made of nanomaterials, thus giving rise to incidental nanomaterials. Chapter
II of Annex I of the Regulation discusses requirements regarding design and manu-
facture of medical devices. This states that medical ‘devices shall be designed and
manufactured in such a way as to reduce as far as possible the risks linked to the size
and the properties of particles which are or can be released into the patient’s or
user’s body, unless they come into contact with intact skin only. Special attention
shall be given to nanomaterials.’

The issue of nanomaterials is then further specified in Chapter III of Annex I
where a number of specific rules have to be considered with regards to classifica-
tion. For nanomaterials, Rule 19, which is based on potential exposure outlines the
following for classification:
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All devices incorporating or consisting of nanomaterial are classified as:

e class III if they present a high or medium potential for internal exposure;
e class IIb if they present a low potential for internal exposure; and
» class Ila if they present a negligible potential for internal exposure.

The separation into the three classes means that more information will need to be
provided where internal human exposure is elevated. A guidance document on how
to interpret Rule 19 is currently (autumn 2019) being drafted. It is foreseen to be
published later in 2019.

Nanomaterials and Electrical Equipment

The EU has a number of specific sectoral legislations, e.g. on electrical equipment.
Two important directives in this area are the RoHS and WEEE Directives, i.e.
‘Restriction of the use of certain hazardous substances in electrical and electronic
equipment’ (European Commission 2020b) and ‘Waste Electrical and Electronic
Equipment Directive’ (European Commission 2020c).

The RoHS directive lays down rules on the restriction of the use of hazardous
substances in electrical and electronic equipment. The directive currently in force is
referred to as RoHS?2 as the first RoHS directive was repealed in 2013. Nanomaterials
are mentioned in RoHS?2; in the absence of scientific evidence concerning nanoma-
terials hazardous properties, the European institutions are monitoring them during
the process of reviewing Annex II — List of Restricted Substances. The EC monitor-
ing is a constantly ongoing process. The list of restricted substances does not include
nanomaterials but upcoming reviews could target them in the future.

The WEEE Directive includes specific mentions of nanomaterials. However, the
directive has currently no nano-specific provision. As in the ROHS?2 directive, the
European Commission reserves the right to amend Annex VII of this Directive to
eventually apply selective treatment to nanomaterials contained in Electrical and
Electronic Equipment.

Country Specific Registers for Nanomaterials

Mandatory reporting of nanomaterials are required in several EU Members States
(EUON 2020). Demands for formalised reporting schemes originate from a number
of reasons, ranging from governments’ wishes to know what is on their national
market to calls for ‘the consumer’s right to know’ made by NGOs and consumer
organisations, to market analysts’ and policy makers’ interest in the extent of inno-
vation through and commercialisation of nanomaterials.

Diverse concepts for information gathering schemes have emerged. Some regu-
latory authorities sought simple notification of raw materials on the nanoscale as
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part of an existing substance- or chemical authorisation process (e.g. Norway and
Sweden), while others have set up traceability schemes that are applicable through-
out a supply chain and enable the registration of nanomaterials in both raw material
form and in final consumer products and waste disposal contexts (e.g. France,
Belgium and Denmark).

In 2013 France launched a mandatory declaration for nanomaterials (Anses
2020). Prior to April 30 each year, importers or manufactures of nanomaterials in
France must make a declaration for each nanomaterial produced, imported or dis-
tributed for the previous calendar year in quantities larger than 100 g.

Denmark, set up its registration of nanomaterials (Virk Indberet 2020a, b) in
2015, Belgium in 2016 (FPS Public Health 2020) and Sweden in 2018 (KEMI
2020). The four schemes are similar in the sense that they all base their definitions
of nanomaterial on the 2011 EC recommendation. However, there are also consider-
able differences between the schemes as they cover different aspects and require
different information. Notably, the Danish scheme focuses on substances that are
marketed to consumer, and exclude professional use whereas the French, Belgian
and Swedish schemes covers professional uses and consumer uses are excluded. In
Europe, Norway also has a register where information on nanomaterials should be
included (Norwegian Environment Agency 2020).

Innovation to Bring Safe Nanomaterials to the Market:
Responsible Research and Innovation (RRI) and Safe(r) by
Design (SbD)

The concepts of responsible research and innovation (RRI) and Safe(r) by Design
(SbD) have been developed over time to support industries to take an early and
active approach to develop new products and innovations that fulfil regulatory
requirements for environmental health and safety aspects. It should be recalled that
the terms research and innovation are two different processes where research is
about generating knowledge, and innovation is about generating new benefits, or
(economic) value. Applying RRI means engaging all societal actors early and with
the aim of inclusiveness while also addressing mandatory legal aspects and societal
relevance and acceptability of research and innovation outcomes (Dreyer et al.
2017). Both RRI and SbD approaches focus on the early stages of innovation and
product development where considerations of environmental, health and safety as
well as social aspects can have a profound influence of the progressive innova-
tion steps.

Both RRI and SbD in the nanomaterials sphere reflect efforts by policy, research,
NGOs and industrial communities to create a framework for the development of
novel nanomaterials and nano-enabled products that builds confidence for consum-
ers and industry as well as other communities e.g. public in general, NGOs, work-
ers, along with governments (Rose et al. 2019).
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The fast pace at which nanotechnology is currently evolving challenges the regu-
lators’ response time for amending legislation and providing a certain pathway for
nanomaterials innovation. Ways to minimize this information gap include: (a)
industry to reduce uncertainties and risks to humans and the environment from the
upstream, early phases of the innovation process (SbD); and (b) regulators to
improve anticipation in order that they can facilitate the development of adaptable
(safety) regulations that can keep up with the pace of knowledge generation and
innovation of MNMs and MNM-enabled products. The underlying fundamental
principles in the field to reduce uncertainties are filled by academic research efforts,
and by active screening and monitoring of early signs of emerging fields and risks.
Regulators should shift from a reactive to a proactive way of working, meaning that
it is more efficient to take a proactive approach to ensure that regulations already
cover new developments and products than to regulate when products and possible
damages have already occurred.

Regulators need to stay up to date regarding innovations and engage in dialogue
with academics, innovators, industry and society at large, while recognizing that
industry has the main responsibility and legal liability for the safety of their prod-
ucts. Such dialogue serves to share knowledge and insight on how nano-specific
characteristics influence exposure and toxicity, and to translate scientific knowledge
into action in an efficient manner. A key element of obtaining information and
knowledge is dialogue with industry and to obtain willingness of industry to share
information early in the innovation process by ensuring confidentiality and protec-
tion of commercial interests. This trust forming dialogue and sharing of information
needs to be balanced with the potential benefits for society in getting access to
innovative products and the public’s right to know and in turn, the public’s trust of
governments. This dialogue and co-creation between Regulators and industry is
essential for SbD implementation. Two approaches are discussed here, developed in
the EU ProSafe project, which can support the risk management of nanomaterials
(Teunenbroek et al. 2017).

The first approach is to change the current risk assessment process to shift it
towards a concern-based testing approach. A concern-based approach, for example,
put more emphasis on exposure assessments, where a limited exposure (e.g. only
under occupational settings) could allow for a simplified risk assessment and risk
management as when exposure is low the risk is consequently the risk is reduced.
The second approach is the application of SbD). The SbD ‘looks at ways to identify,
and thus to avoid, potential adverse effects of NMs from the earliest stages of the
innovation process onwards’ and ‘it also holds the potential to create a closer col-
laboration between product developers and safety scientists as well as among scien-
tists, innovators and regulators who all work together to further the common aims
of technology development that will be safe for human health and the environment’
(ProSafe Project Office 2017). The basis for SbD for nanomaterials is to create a
streamlined innovation process and support industries and academia in a structured
manner while still retaining a high protection for human health and the environ-
ment. The SbD is also a core part of the Safe Innovation Approach (SIA) which
encourages industries to an early integration of safety aspects in the innovation
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process as well as applying a regulatory preparedness approach which aim to
improve anticipation of regulators so that they are prepared to develop appropriate
regulations (Soeteman-Hernandez et al. 2019). SIA aims to be a responsible
approach to be used by industry when developing nanomaterials and products while
stimulating a proactive dialogue with policymakers and regulators to reduce the gap
between appearance and approval of innovative products.

SbD is still a somewhat academic concept and uptake of industries is still in
progress, although especially larger companies are sometimes applying the con-
cepts of SbD. The use in small to medium sized companies is still not widespread
(Sgrensen et al. 2019). For a transition into use by industry Safe by Design must be
accessible, robust, effective for achieving required level of protection and cost-
effective, tied to guidelines and standards and with a regulatory context. Adoption
of RRI and SbD approaches both academia and industry will encourage early and
continued assessment of product characteristics from a regulatory health and safety
perspective, through the innovation and product development process. This would
support efficient use of resources and allow for nanotechnology-enabled products
reaching the market faster while retaining a high level of protection for human
health and the environment.
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