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Abstract

The remarkable advances coming about through nanotechnology promise to revolutionize many
aspects of modern life, however, these advances come with a responsibility for due diligence to
assure that they are not accompanied by adverse consequences for human health or the
environment. Many novel nanomaterials (having at least one dimension < 100 nm) could be highly
mobile if released into the environment and are also very reactive, which has raised concerns for
potential adverse impacts including, among others, the potential for neurotoxicity. Several lines of
evidence led to concerns for neurotoxicity, but perhaps none more than observations that inhaled
nanoparticles impinging on the mucosal surface of the nasal epithelium could be internalized into
olfactory receptor neurons and transported by axoplasmic transport into the olfactory bulbs
without crossing the blood brain barrier. From the olfactory bulb there is concern that
nanomaterials may be transported deeper into the brain and affect other brain structures. Of
course, people will not be exposed to only engineered nanomaterials, but rather such exposures
will occur in a complex mixture of environmental materials, some of which are incidentally
generated particles of a similar inhalable size range to engineered nanomaterials. To date, most
experimental studies of potential neurotoxicity of nanomaterials have not considered the potential
exposure sources and pathways that could lead to exposure, and most studies of nanomaterial
exposure have not considered potential neurotoxicity. Here, we present a review of potential
sources of exposures to nanoparticles, along with a review of the literature on potential
neurotoxicity of nanomaterials. We employ the linked concepts of an Aggregate Exposure
Pathway (AEP) and an Adverse Outcome Pathway (AOP) in order to organize and present the
material. The AEP includes a sequence of Key Events progressing from material sources, release
to environmental media, external exposure, internal exposure, and distribution to the target site.
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The AOP begins with toxicant at the target site causing a Molecular Initiating Event and, like the
AEP, progress sequentially to actions at the level of the cell, organ, individual and population.
Reports of nanomaterial actions are described at every key event along the AEP and AOP, except
for changes in exposed populations that have not yet been observed. At this last stage, however,
there is ample evidence of population level effects from exposure to ambient air particles which
may act similarly to engineered nanomaterials. The data give an overall impression that current
exposure levels may be considerably lower than those reported experimentally to be neurotoxic.
This impression, however, is tempered by the absence of long-term exposure studies with realistic
routes and levels of exposure to address concerns for chronic accumulation of materials and/or
damage. Further, missing across the board are “Key Event Relationships”, which are quantitative
expressions linking the Key Events of either the AEP or the AOP, making it impossible to project
quantitatively the likelihood of adverse neurotoxic effects from exposure to nanomaterials, or to
estimate margins of exposure for such relationships.
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Introduction

The revolution of nanotechnology has led to a wide variety of innovative products and
applications but has also raised concerns for potential exposure of the general population
and adverse health effects, including effects on the nervous system. Among the innovative
applications are biocompatible nanomaterials that enhance drug delivery across biological
barriers and into target cells (e.g. neurons X or cancer cells 2). The concerns for
nanomaterials arise because, just by their size (< 100 nm), they can interact with biological
structures (e.g. cell-surface receptors, proteins, etc. 3) that are not targeted by larger particles
or materials 4. Moreover, by these interactions with the biological environment the
characteristics of nanomaterials can change dramatically, especially with respect to their
biokinetics °. It appears that although nanomaterial uptake into the body and translocation to
the nervous system may be slow, their clearance may be even slower, raising an opportunity
for biopersistence 58, The possible biopersistence and unwanted bioactivity of
nanomaterials or released components (e.g. toxic metal ions) 9 raises concerns for human
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neurotoxicity. Over the last decade or so, there has been a growing amount and variety of
research on the potential risks of nanomaterials to the nervous system 9. The potential for
exposure to engineered nanomaterials (ENM) co-exists in a complex environment where
other common exposures, such as ambient air ultrafine particles (UFP according to ISO/TC
146/SC 2/WG1 N 320), may also cause adverse neurological effects. In comparison to larger
particles, just the size of this material offers the possibility that inhaled nanosized materials
deposit in the olfactory region during nasal breathing and might translocate to the olfactory
bulb and the brain 11. Thereby, additional routes of exposure need to be considered when
airborne ENM are inhaled during nasal breathing. However, computational fluid dynamics
(CFD) simulations 11 as well as measures in human nasal replicate casts 12 revealed that
very small nanoparticles (1-2 nm) will deposit in the olfactory region of the human nose to a
larger extent than larger particles (> 10nm). Such characteristics have to be considered in
human health risk assessment when (a) describing the relevant routes of exposure, and (b)
identifying the relevant target organs of ENM toxicity.

It becomes important to consider the potential for exposure to engineered nanoparticles and
neurotoxic effects in the context of total aggregate exposures and cumulative insults (see
Figure 1). In this article, we attempt to synthesize the growing research in the context of
aggregate exposures and adverse outcome pathways. This effort will reveal areas of research
concordance, areas where additional work is required, and help guide development of
efficient testing strategies for the potential risks of nanomaterials to the nervous system.

Nanoparticles readily disperse in air, soil or water systems. The properties of being both
highly reactive and widely dispersed raised concerns that nanoparticle releases would lead to
inadvertent exposures, rapid biouptake and distribution, and potential toxicity. It has become
important to consider the potential for nanoparticle release in occupational and
environmental contexts, including from nanomaterial-enabled consumer products across
their complete life ranging from manufacture, use and disposal at end of life cycle 13,
Although many nanomaterial product formulations apparently have little or no potential for
substantial release of nanomaterials into the environment, there is a clear potential for
occupational exposure during manufacturing 14, and for exposure to members of the public
from use of some nanomaterial products marketed in dispersive formulations. There is also
the possibility of industrial or transportation accidents which could lead to large volumes of
nanomaterials being released.

The complex nature of possible exposures to known environmental sources of nanomaterials
that aggregate across time and sources; the uptake and translocation across portals of entry
such as the nasal olfactory epithelium, the respiratory tract, and the Gl system; the transport
to various target organs in the human body (including the brain), possible damage to
molecular and cellular structures in the nervous system, and finally adverse health effects
related to these perturbations are schematically given in Figure 1.

For human risk assessment it is important to consider all relevant exposure scenarios, the
biological intermediate steps including organ distribution, tissue/ cell uptake, clearance/
accumulation, and finally the (neuro)toxic outcome. These four aspects schematically given
in Figure 1 are subsequently described in more details.
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1. Sources of nanoparticle exposure include: manufacture of engineered
nanomaterials, both for occupational exposure to workers, and for potential
releases during the manufacture process to the surrounding communities;
generation of incidental nanoparticles such as from common sources such as
ultrafine air pollution particles (UFP) from automobiles, as well as nanoparticles
associated with traffic such as particles from degradation of tires or brakes; use
of nano-enabled consumer products such as nanomaterial containing spray
cleaners but also from foodstuff; and re-entrainment of dust from various sources
that had settled on indoor or outdoor surfaces, but is disturbed and re-entrained
into the airborne breathing zone. The relative contribution of these sources will
vary from time to time and place to place, but the overall exposure assessment
should consider an aggregated sum across sources and time.

2. Routes of exposure: The predominant routes of exposure to nanoparticles are
inhalation 1% and ingestion 16, Nanomaterials also encounter the skin, such as
with use of cosmetic products or sunscreens, but absorption through the dermal
route is typically found to be negligible 17. The major route of absorption is
inhalation, where particle size and density determine the deposition pattern of
particles along the respiratory system. Small and large particles both impinging
on the mucosal lining of the head region including the nasal cavity, where
absorption and transport along the neurons of the olfactory or trigeminal nerve
(axonal transport) and paracellular pathways 18 into the olfactory bulb or other
brain structures can occur (yellow arrow). This pathway into the brain does not
enter the blood or pass the blood-brain-barrier before entering the central
nervous system. Inspired particles may also be engulfed by pulmonary
macrophages in the tracheal and bronchial regions to either enter the lymphatic
system or be cleared either through the mucociliary escalator to be swallowed
and become a source of oral exposure. Nanometer (ultrafine) size particles also
penetrate deep into the alveolar region of the lung where they may translocate
into the blood in the particle form or as dissolved ionic particle constituents.
Finally, particles may be swallowed either following lung clearance or from
ingestion of particles present in food or water. A small proportion of these
nanoparticles may be absorbed in the gastrointestinal (GI) tract and become
present in the blood stream 16. This uptake is also relevant for nanoparticles in
foodstuff (e.g. food-grade TiO» as a whitening agent). Following systemic
absorption, particles may be distributed to the other organs, including the brain
(red arrow), where they would need to cross the blood-brain barrier to enter the
brain tissue.

3. Biodistribution to the brain: Nanoparticles may enter the brain directly through
the nasal olfactory pathway as described above, or to a lesser extent after being
absorbed into other cranial nerves such as the trigeminal or facial and transported
by axoplasmic transport into the brain (yellow arrow). This pathway might also
be exploited for the nose-to-brain delivery of drugs 1921, In addition, particles
may be absorbed into the blood stream either from the lungs or Gl tract, where
depending on coatings and size, they become associated with serum proteins.
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Some blood borne particles can enter the brain (red arrows) by transporting
across the blood brain barrier (dashed black line), or in a few locations where
there is no blood brain barrier (e.g. circumventricular organs). After entering the
brain, the limited evidence currently available suggests that particle clearance
from the brain may be slow.

4. Outcomes: Given that clearance of particles may be slow, and damage recovery
in the central nervous system (CNS) is limited, it is important to consider the
potential for accumulation of materials and damage over time. At the level of the
neuron, nanomaterials have been shown to alter neuronal function 22:23, cause
generation of reactive oxygen species and oxidative damage 24-30, neuronal
apoptosis 243135 and reactive microglia activation 24. At the neuronal systems
level, particle exposure and accumulation can lead to persistent inflammation 24,
altered function of neuronal networks 3036, reduced neuroplasticity 37, and
potentially cumulative damage 38. At the level of the individual, these cellular
and organ-level changes, interacting with factors such as a person’s genetic
susceptibility and lifestyle factors, could overtime increase the potential for
development of neurodegenerative conditions.

Targeted application of ENM as drug carrier to the brain

While there is concern for inadvertent exposures, at the same time nanomaterials have
beneficial biomedical applications. Neuroscientists became fascinated by nanotechnology
tools 39 and used them in basic (e.g. functionalized quantum dots %) and clinical
neuroscience (e.g. fullerene-based antioxidants 41). Drug delivery either via the nose-to-
brain pathway 18 or by functionalized nanomaterials that are able to cross the blood-brain
barrier 42 after systemic administration are thought to be powerful tools for the treatment of
various brain diseases 43. Currently, there are three clinical trials available on PubMed
(MeSH Terms: nanoparticles; neurodegenerative diseases 44-6) showing for instance the
beneficial effects of small interfering RNA encapsulated in lipid nanoparticles in the
treatment of transthyretin amyloidosis 4°. The 77RsiRNA (ALN-TTRO1) successfully
reduced levels of mutant and non-mutant forms of transthyretin in the patients. Another
clinical trial in transthyretin-mediated amyloidosis using lipid nanoparticles as SiRNA
carriers confirmed the safe use with no dose-limiting side effects 46. Karussis et al. 44 used
mesenchymal stem cells (MSCs) that were labeled with superparamagnetic iron oxide
ferumoxides in the treatment of multiple sclerosis (MS) and amyotrophic lateral sclerosis
(ALS) patients. Based on magnetic resonance imaging scans, they showed the presence of
supraparamagnetic particles (ferumoxides-labeled MSCs) in CNS areas such as the
meninges and the spinal cord parenchyma. Neither the intrathecal injection of MSCs via a
standard lumbar puncture nor the ferumoxides labeling of stem cells cause major toxic or
inflammatory side-effects. Even though nose-to-brain nanodelivery systems have been
discussed 47 approaches that use nanocarriers to translocate across the blood-brain-barrier
(BBB) after systemic drug application 8 are probably more important. However, the BBB
has also been identified as a possible target of ENM such as silver nanoparticles 4° and also
UFP found in air pollution 0. Nevertheless, the examples of functionalized ENMs illustrate
that not only the size but also other intrinsic properties of such materials determine their
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behavior or fate when humans are exposed to ENMs. Accordingly, standardized safety or

toxicity testing with a strong focus on the brain is necessary for assessing the risks of ENM
51

Safety Assessment and Neurotoxicity

With respect to the safety assessment of ENM, there is growing emphasis on developing
non-animal alternative methods (NAM) for testing potential toxicity. Traditional toxicity
testing based on administering substances to laboratory animals is expensive and time
consuming. Developmental neurotoxicity testing protocols are one of the most animal-
intensive of the testing guidelines required for registering chemical substances under OECD
harmonized testing guidelines. Toxicity testing in live animals, based on well standardized
protocols published by the OECD, however, has been internationally recognized standards
for providing data for risk assessments. Due to both economic and humanitarian goals, and
to speed assessment of previously untested substances, there is now a strong incentive to
transform traditional toxicity testing to emphasize in vitro and computational approaches to
screen compounds for potential toxicity. The US Environmental Protection Agency (EPA)
has stated a goal of 30% reduction of funds for animal testing by 2025 and eliminate animal
testing by 2030 (https://www.epa.gov/sites/production/files/2019-09/documents/
image2019-09-09-231249.pdf).

The nervous system is one of the more complex systems of human health concern 52. The
nervous system contains multiple types of cells that operate in a complex network which,
despite much sophisticated research, remains incompletely understood. The functions of the
nervous system include such important roles as life-supporting autonomic and
neuroendocrine systems, sensory perception, coordinated motion, memory and cognition.
These operations depend on elaborate network interactions that cannot be fully studied in
isolated components, such as simple in vitro systems, other than the formation and function
of simple neural connections. The development of the nervous system adds considerations of
the timing and sequencing of developmental processes to the already complex study of the
nervous system. Similarly, nanotoxicology is arguably one of the more complex challenges
of the field of toxicology. The size of nanoparticles makes their movement in the body
across cell membranes and normal diffusion barriers possible, and their reactivity due to
their large surface area to mass makes them potentially toxic. The kinetic behavior of
nanoparticles is dependent on particle physics and complex physical-biochemical
interactions occurring on a scale too small for most instrumentation to observe. Whereas
standard toxicological assessments focus largely on the chemical composition under
considerations, nanotoxicology must consider not only chemical composition (often of
mixtures of materials), but also unique properties related to the physicochemical properties
of the nanoparticles 53. For these reasons, considerations of the neurotoxicity, including
developmental neurotoxicity, of engineered nanomaterials presents a challenging case study
for implementing alternative approaches for environmental health and safety assessments.

A strategy has evolved to help organize diverse sets of information relevant to potential
environmental health implications of chemical substances, that can be referred to as
Aggregate Exposure Pathway / Adverse Outcome Pathway (AEP/AOP) (Figure 2). AOP
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structures were described first %456 and featured a sequence of steps/ events beginning with
a molecular initiating event (MIE) in which a toxic substance interacts at the molecular level
with a biological target to initiate a toxic response. The MIE is followed by a sequence of
Key Events (KE) at the cellular, organ, individual and perhaps population level that
characterize the development of a particular type of toxic response. The AOP concept
stipulates that the pathway is chemically agnostic so that any material causing the MIE can
initiate the sequence of KEs leading to the adverse outcome. This structure has the virtue of
helping illustrate the biological significance of molecular events for potential toxicity. While
the AOP may simplify complex multi-channel toxicity pathways, the concept is useful for
organizing different levels of information. The usefulness of the AOP concept gave rise to a
companion exposure concept referred to as the Aggregate Exposure Pathway (AEP) °/. The
AEP delineates KEs leading from the original generation of a material through its use,
release, exposure of an individual, and eventual delivery to the target tissue. Both AEPs and
AQOPs are important, and a combination AEP/AQP concept represents a useful structure to
consider available information related to potential neurotoxicity of nanomaterials. The
depiction of the AEP/AQP concept in Figure 2 is presented with issues specific to
nanomaterial exposures and neurotoxic outcomes.

a. Aggregate Exposure Pathway: The AEP, 1o depicts potential pathways of
exposure to nanoparticles in a sequence of KEs including: Sources,
environmental medium, external exposures internal exposures and delivery to the
biological target site. Multiple potential sources and pathways are considered,
and the target site exposure reflects the summed aggregate across sources and
pathways. It is important also to consider nanoparticles transformations and
agglomerations along the AEP since nanomaterials transform rapidly in
environmental and biological media, and the ultimate exposure to the target site
may be to forms of the material different than that originally released from the
source. The arrows in the diagram between the KEs reflect Key Events
Relationships (KER) which are quantitative expressions of the transition from
one step to the next. There is currently a lack of quantitative information for each
of the KERs that would enable prediction of nanoparticle target tissue doses from
any given potential exposure scenario (Adapted from the original concept of
Teeguarden et al., 2016 °7).

b. Adverse Outcome Pathway: The AOP, 3, depicts sequential Key Events
between the molecular initiating event (MIE) where the nanoparticle causes the
initial toxic molecular interaction that leads subsequently to changes at the
cellular, organ, organism and population level. In the diagram, examples are
listed under each KE of results that have been reported following exposures to
nanoparticles. At the population level, the evidence is primarily from
epidemiological studies of populations exposed to ultrafine air pollution particles
having increased risks of neurodegenerative diseases. As for the AEP, the arrows
between KEs of the AOP depict KERs that should be quantitative functions
linking the measurable events between adjacent KE. While specific instances of
nanoparticle effects can be identified at each KE, there are currently no
qualitative data for the KERs. Therefore, it is not currently possible to predict the
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likelihood or dose-response relationships between generation of the MIE and the
progression to an ultimate adverse outcome at the individual or population level
(Adapted from the original concept of Ankley et al. °4).

Using these two conceptual frameworks the subsequent sections will provide an overview of
the current scientific knowledge addressing the various aspects of exposure and
neurotoxicity of ENM.

Aggregate Exposure Pathway (AEP)

Sources

The Aggregate Exposure Pathway concept involves release of the material from one or more
sources, transport through the environmental media (air, water, food, soil etc.) exposure to
individuals, absorption, transport to target tissues, and finally presentation to the molecular
target initiating the MIE 57. One of the primary features of nanomaterials relative to
conventional chemicals is their unique transport in the environment, biodistribution in the
body, time-course and dose delivered to the target site. To understand potential risks from
inadvertent exposure to engineered nanoparticles, it is first necessary to understand potential
sources of nanomaterial release.

There are already many nanomaterials available on the commercial market for wholesale
purchase and application to industrial processes or to consumer products. One commercial
wholesale market lists over 3500 different nanomaterials for sale (https://
www.nanowerk.com/). The variety of materials includes single and multi-walled carbon
nanotubes, fullerenes, graphene, nanoparticles including metals, metal oxides, binary and
higher order combinations of materials, quantum dots, nanowires, nanofibers, and non-
carbon nanowires. The group of products labeled simply as “nanoparticles” is by far the
largest group on this website. Many of these as “nanoparticles” are core element
composition nanoparticles containing metals as their core (e.g. silver or gold). Here, there
are commercial products available across a range of particle sizes, coatings or capping
agents. The diversity of formulations is especially wide for gold nanoparticles, which can be
conjugated with a range of biomolecules or fluorescent tags intended primarily for
biomedical research and pharmaceutical development. Nanoparticles made from other core
materials might be destined for any variety of applications. Thus, there are a large number of
nanomaterials currently used in industry and commerce.

Products Containing Nanomaterials—Many consumer products are being developed
using nanotechnology, but the number of such products is almost impossible to know.
Currently, most companies are not required to report the nanomaterial content of their
products, and the composition of many products is considered as confidential business
information. Some companies, however, do advertise products that incorporate
nanomaterials, presumably for perceived marketing advantages were nanotechnology is
viewed as an asset. Different groups have endeavored to catalogue lists of nanomaterial
containing consumer products based on voluntary submissions or from searching the internet
for mentions of nano-enabled products. One of these efforts began at the US Woodrow
Willson Center, which afterward was transferred to Virginia Tech University %8,
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Unfortunately, this database is not currently being curated. Another effort in Denmark is
being actively curated and contains over 3000 entries %°. Our analysis of two of these
datasets revealed several factors that limit understanding of the nanomaterial content of
consumer products. The inventories are based on voluntary self-reported nanomaterial
content and therefore are not comprehensive since many companies chose to not reveal such
information. Among the self-reported nano-enabled products, over half the entries do not
report the composition of the nanomaterials used. There is very little information regarding
the percentage of nanomaterial content in the products, or the nanomaterial physical-
chemical properties (size, shape, functionalization, coating, etc.). With a few exceptions,
there is very little information about nanomaterial release from nano-enabled products
during their normal use or disposal at the end-of-product life cycle. Finally, very little is
known regarding the market penetration of nanomaterial containing products or the
proportion of the population using them.

Nano cerium dioxide (CeO,) has been introduced as a fuel borne catalyst for on-road diesel
engines in Europe 9. Although no longer registered for on-road vehicles in the US, nano
CeO, may be used in fuel for off-road applications such as railroad and mining equipment.
When introduced into diesel fuel, CeO5 reduced the emissions of multiple exhaust
components including CO», CO, total particulate mass, and some volatile organic
compounds and polycyclic aromatic hydrocarbons 1. However, there was a corresponding
increase in other exhaust components, notably the number of ultrafine particles. The greater
the concentration of cerium in the fuel, the smaller the diameter of emitted ultrafine
particles. Air monitoring near a busy bus terminal in New Castle England before and after
introduction of CeO, to the bus fleet fuel showed an increase of soluble forms of cerium in
PM 1o samples 6062 Thus, because of the large number of on-road diesel vehicles, the use of
nano CeO5 as a fuel-borne catalyst may represent one of the most dispersive applications of
an engineered nanomaterial to date.

Occupational exposure—Workplaces are typically where humans are first exposed to
new materials 14, and the workers are exposed at greater concentrations than occur to the
general population. A systematic review summarized the results of 46 studies providing
quantitative date on airborne exposures to ENMs 63, Here, data for only 14 types of ENMs
could be summarized: (1) six carbonaceous nanomaterials (e.g. fullerene C60, multiwalled
carbon nanotubes (MWCNTS), single-walled carbon nanotubes (SWCNTS), (2) seven
metallic nanomaterials (aluminum oxide, titanium dioxide, silver, silicon dioxide, iron,
cerium oxide, and zinc oxide), and (3) nanoclays. For the most frequently used ENMs,
dendrimers and gold nanomaterials, no exposure data were available. In contrast to the
enormous production and widespread use of ENMs, empirical evidence about real exposure
situations in working environments is far from conclusive.

Another systematic review identified 27 epidemiological investigations of workplace
exposures to engineered nanomaterials 14. One or more studies were identified in which
workers were occupationally exposed to carbon black, silica nanoparticles, titanium dioxide,
multiwalled carbon nanotubes, carbon nanotubes /carbon nanofibers, silver, and various
nanomaterials (Ag, iron-oxide, nanogold, CNT, TiO2, SiO2, nanoresins, hanoclay,
nanoalumina and metal oxides). The most common route of exposure was by inhalation, and
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the primary target effects evaluated were respiratory and cardiovascular. For the most part,
these studies found limited evidence of adverse effects related to ENM exposures, although
in some cases changes were observed in inflammatory markers, eosinophil counts, markers
of oxidative stress or damage, increased levels of antioxidant enzymes, altered pulmonary or
cardiovascular function, or increased respiratory allergies. In one severe case, female
workers without respiratory protection were spray-painting silica nanoparticles in a
polyacrylic ester and experienced shortness of breath, pleural and pericardial effusion,
pulmonary inflammation and 2 of 7 workers died 84. Most of the studies were cross-
sectional, and relatively little time had elapsed since the onset of exposures for the
observation of chronic exposure effects. No studies were identified that evaluated potential
neurotoxicity in nanomaterial-exposed workers for instance by including standardized
neurobehavioral testing.

In addition to manufacturing of ENM or ENM-containing products, occupational exposure
to ENM may occur through the workplace usage of ENM enabled products. Examples of
this exposure scenario occur in the construction industries, where building materials, paints,
glues or other construction products may incorporate nanotechnology. A website dedicated
to nano-enabled building materials categorized products as: additives for asphalt, additives
for coatings, additives for concrete/cement, adhesives, boiler additives and caulking, with
currently more than 60 products listed (http://www.nano.elcosh.org/). Exposure to
construction workers is possible during both the construction phase where these materials
are first applied, and during demolition where dust containing nanomaterials could be
generated and workers may have little or no awareness of the composition of the materials
being removed.

Consumer products, foodstuff, indoor sources—Potential sources of non-
occupational human exposure to engineered nanomaterials include from nanomaterial-
enabled consumer products or foodstuff that might release nanomaterials during usage or at
other stages along the product life cycle, such as end-of-life disposal. Consumer products in
which the nanomaterials are constituents of solid articles, such as sports equipment with
carbon nanofibers, have little chance of releasing ENM during their in-use phase. In
contrast, nanoparticles in liquid sprays or formulas such as silver nanoparticles in spray
surface cleaners and personal care products, or TiO, or ZnO as UV blockers in skin creams
are more likely to cause direct consumer exposures. While research suggests that little TiO,
from sunscreens is systemically absorbed through intact skin, absorption may be increased
after sunburn or in otherwise damaged skin 5. The prospect of inhalation exposure to nano-
sized silver particles in spray cleaners is feasible. Commercially available spray disinfectants
or dietary supplements advertised to contain colloidal silver, consisted of wide ranges of
silver concentrations, with only approximately 20% of the products being within their
nominally claimed concentrations %6. When analyzed by TEM silver containing products
showed particle size distributions that were, for the most part, either <5 nm or between 20—
40 nm 56, Both particle size distributions are highly respirable. The US FDA declared that
all over the counter drug products containing colloidal silver ingredients or silver salts are
not generally recognized as safe and effective https://www.govinfo.gov/content/pkg/
FR-1999-08-17/pdf/99-21253.pdf). This warning was echoed by the US National Institutes
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of Health (https://nccih.nih.gov/health/colloidalsilver). TiO, is not only used in sunscreens,
it is also a white pigment used as food additive. Thus, external exposure to nanoparticles
from foodstuffs might be possible. Food-grade TiO, containing a fraction of nanosized TiO,
is approved as a pigment (E171 in Europe) in common foodstuffs 7. However, due to a
recent study in rats showing adverse effects of food-grade TiO, on intestinal and systemic
immune homeostasis % French authorities (ANSES; French Agency for Food,
Environmental and Occupational Health & Safety) asked for a better characterization of the
hazard and the risks of E171 and recommended the promation of products that do not
contain nanomaterials (https://www.anses.fr/en/search/site/food-grade?isol=fr&iso2=en).
More recently, the generation of NPs emitted by appliances operated by brush electric
motors has been discussed 9 and especially in indoor environments NPs containing metals
(e.g. Cu) might be a relevant source. However, these non-combustion related nanoparticles
are not engineered nanomaterials in the narrower sense.

Environmental Medium (Air, water, soil, food)

Should engineered nanomaterials be released into the environment, they will enter air, water
or soil media and contact and interact with elements of the natural environment 13,
Nanomaterials are subject by multiple forces affecting interactions and attractions with other
particles and surfaces. In natural systems there will usually be an abundance of natural
particles and surfaces relative to the expected low concentrations of released engineered
nanomaterials, meaning that released ENM will rapidly become hetero-aggregated with
prevailing environmental substrates, such as airborne particles or waterborne natural organic
matter. Some nanoparticle compositions are relatively stable, such as TiO,. Others, such as
silver, may react quickly so, for example, silver nanoparticles entering a sewer system will
rapidly convert to silver sulphide 7071, While graphene entering river system will complex
with natural organic matter and eventually sink to the sediment layer, graphene oxide is
more polar, less hydrophobic, and able to stay suspended in water columns for a longer
period of time enabling transport over greater distances from the source of contamination 72.
The extent of ENM attachments and transformations in natural environments can be
influenced by multiple factors including the ENM composition or coating, and the
environment it enters. These factors make prediction of environmental fate transport and
transformations complex /3. Similarly, the consequences of environmental exposures are
also difficult to project. Accordingly, for the risk assessment of ENM it is important to
address these interactions with environmental media. The OECD provides guidelines (e.g.
OECD TG 29) that are especially relevant for metals and metal compounds such as silver
nanoparticles 7.

There have been efforts to model the quantities of nanomaterials along the phases of their
product life cycles extending from manufacture and use to final disposal. The first attempt to
quantify global life cycle releases of nanomaterials evaluated market information for the top
ten ENMs by production volume, and estimated material flows into the environment and
their final disposal site 7°. The ten materials modeled included silica (SiO5), titania (TiO,),
alumina (aluminum oxides), iron and iron oxides, zinc oxides, ceria, nano-silver, nano-
copper, carbon nanotubes and nanoclays. Limitations of the analysis included that for many
materials, the production and emission data did not distinguish nanoparticle from bulk
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chemical forms, and several of the release parameters had to be bounded by high and low
estimates. The assumptions for the percentages released into air varied according to usages
but ranged from a low of zero % (filtration, packaging, paper and boards, sensors) to a high
of 5 % (academia and research, aerospace, automotive, catalysts, composites, electronics and
optics, medical and textiles). Overall, it appeared that the ultimate destination of 63-91% of
ENM would be landfills. Only about 0.1-0.5 % of ENM were expected to be released into
air and 0.4-7 % into bodies of water. These estimates suggest that human exposure to ENM
from environmental releases is overall a low probability, and that inadvertent human
exposures were more likely to occur occupationally or through nearfield use of nano-enabled
consumer products.

External exposure

After their release to any environmental medium external exposure of humans may take
place via various routes of exposures. Like for environmental or unintentionally produced
nanoparticles 7677 inhalation, ingestion, and dermal uptake are the potential routes for
external exposure to engineered nanomaterials (ENMs). According to Figure 1 and the
epidemiological studies among workers, the respiratory tract is the most important portal of
entry for ENM as well as for UFP from air pollution. However, for some external exposures
the gastrointestinal tract is also relevant when discussing internal exposures and subsequent
uptake and translocation. In both cases, different compartments of these portals of entry
need to be considered because of (a) physiological differences (e.g. cellular composition) of
these sections, and (b) deposition differences due to intrinsic characteristics of the
nanomaterial (e.g. particle size). The respiratory tract is usually divided into the upper and
lower respiratory tract (URT and LRT). The URT consists of the nasal cavity, the pharynx,
and the larynx. The LRT can be divided into trachea, primary bronchi, and lungs (including
the alveoli). In the Gl tract especially the intestines (gut) are relevant for the uptake of ENM
into the bloodstream and possible translocation to other organs including the brain. External
exposure of the skin is likely when applying consumer products containing ENM or in the
indoor environment (see previous section). In consumer products, such as sunscreens,
dermal uptake through intact skin is negligible 17 and local toxicity is usually low for most
ENMs 78, However, controlled and targeted functionalization (e.g. lipid nanocarriers for
topical drug-delivery) seem to be necessary to increase transdermal uptake and the
subsequent internal exposure of specific targets in the organism 7°. Here, targeting the brain
is less relevant and the next section about internal exposure will focus on the respiratory and
gastrointestinal tract.

Internal and target site exposure

The route of exposure is relevant for determining the organ or cell types (e.g. airway or skin
epithelial cells) that will be affected from the toxic interactions with the agent, or in this case
ENM &0, One needs to distinguish local effects (e.g. eye or skin irritation), occurring at the
site where the toxin/ ENM comes in contact with the organism from systemic effects (e.g.
liver fibrosis, neurodegeneration) that are related to toxicity in other organs after the
translocation of the toxin/ ENM from the initial target site. Translocation of ENMs to the
nervous system is thought to be a prerequisite to cause any neurotoxicity associated with
neuropathological changes. However, the innate immune system plays an important role in

Chem Res Toxicol. Author manuscript; available in PMC 2021 July 21.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Boyes and van Thriel

Page 13

defense mechanisms related to the protection of the organism against xenobiotics including
particles and ENM 8. As a consequence of peripheral inflammation the functionality of the
brain can be altered as shown by increased hippocampal slice excitability in a model of
inflammatory bowel disease using 2,4,6-trinitrobenzene sulfonic acid (TNBS) treatment in
rats 82. Such an “indirect” pathway of neurotoxicity has been shown in the context of air
pollution 8 and might be a possible mechanism for the neurotoxicity of ENM.

Due to size, shape, and various biophysicochemical properties, ENM interact with biological
components in the body (e.g. proteins, membranes, phospholipids, endocytic vesicles,
organelles, DNA and biological fluids) 3. Therefore, almost all cells in the human body are
capable of taking up ENMs via various physiological pathways 3. Here, the three most
relevant uptake mechanisms are macropinocytosis, clathrin- and caveolae-mediated
endocytosis. With respect to internal exposure and neurotoxicity the nasal cavity is of utmost
importance as nanoparticles can deposit especially in this region (see Figure 1). Here, the
olfactory epithelium provides some unique features as nanoparticles are in direct contact
with CNS structures. The absence of a blood-brain barrier on this pathway prompted the
olfactory receptor neurons (ORN) located in this structure to be called a “window to the
brain” 84, In the context of nanomaterials the first demonstration of the relevance of this
pathway dated back to the 1970 when De Lorenzo 85 showed via electron microscopy that
50 nm colloidal gold traveled from ORNs to mitral cells located in the olfactory bulb.

Upper Respiratory Tract/Nasal-Olfactory Route—Airborne ENMs as well as
ambient ultrafine particles have been studied with respect to their ability to translocate to the
brain via olfactory receptor neurons, the olfactory bulb and finally to neuroanatomically
connected central brain regions. To our knowledge, magnetite, a strong magnetic
(ferrimagnetic) mixed Fe2*/Fe3* iron oxide is the only nanosized air pollution particle that
could be found in human brain tissue (frontal cortex) 86. The authors concluded that iron or
other transition metal nanoparticles have the ability to enter the brain via the olfactory bulb.
However, the neuropathological findings were limited to brain samples taken from the
frontal lobes and the translocation from the olfactory epithelium along olfactory pathways
has not been studied. In contrast, an animal study that exposed rats to radiolabeled aerosols
of water-soluble %°Fe(11)SO, (mass median aerodynamic diameter: 2,990 nm) for
approximately 90 minutes showed that over a time course of 21 days >°Fe was not
transported via the olfactory route to the brain 87. As Fe(11)SO, is water-soluble ferrous
sulfate was dissolved in the nasal lining fluid of the olfactory and respiratory mucosa of the
nose as the radioactivity measured in these compartments of the nasal cavity was elevated in
the treated rats/ nostrils. Iron nanoparticles might behave differently and after intranasal
instillation of radiolabeled Fe30,4 nanoparticles (mean size: 30 nm, hydrodynamic diameter
of agglomerates in physiological saline: 462 nm). In rats the instillation of radiolabeled
Fe304 led to increased radioactivity measured in the olfactory bulb, the striatum and other
brain areas 8. In the histopathology of the rat brain tissue the presence of the particles was
not confirmed by Electron microscopy (EM) as suggested by Yokel 7. Accordingly, the
translocation of the ENM was not verified. Moreover, in this study 20 pg in 10 pl
physiological saline were instilled into the nostrils of rats, leading to concentrations of 2 g/l.
These exposure units are not comparable to airborne exposure concentrations in the working
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environment. For example, respirable Fe in welding fumes in the breathing zone of active
welders were measured as 370 pg/m?3 that would be 0.00000037 g/l 8. Moreover, the size of
the particles when applied to the animals was above 100 nm, and thus, Wu et al. 88
investigated the possible translocation of larger particles. While Maher et al. 86 provided
transmission electron microscopy images of brain sections showing the size and morphology
of the magnetite nanoparticles in the tissue this information is not provide by Wu et al. .
This difference as well as the different exposure scenarios of these studies hamper the direct
comparison of these iron oxide (magnetite) nanoparticle studies.

As mentioned in a previous section, metals are often the core element of ENM with respect
to the olfactory transport and various rodent studies have investigated the translocation of
metal oxides, including TiO, 0. In addition, many “translocation” studies have
systematically investigated the olfactory uptake of manganese (Mn), a neurotoxic metal 91
that can be found in welding fumes 92. In several studies using rats, the results showed that
inhalation or nasal instillation of MnO NP increased Mn in olfactory bulb and brain regions
93, Moreover, the nasal olfactory uptake of MnO NP is clearly size dependent, whereas 1.3
um particles were taken up but 18 um particles were not 4. Both studies showed that Mn
accumulation in the olfactory bulb was dramatically higher than in any, more remote brain
areas like the cortex or the basal ganglia. Here, it must be mentioned that the outcome
measures of such studies (e.g. inductively coupled plasma mass spectrometry (ICP-MS)) are
only capable of measuring the concentration of the elemental metal, and cannot distinguish
whether to metal is in particulate or dissolved ionic form.

A widely used nanomaterial TiO,, when repeatedly administered intranasally to mice, led to
increased Ti concentrations in olfactory bulb, cortex, hippocampus and cerebellum. The
increase in Ti content was time-dependent, showing the highest concentrations of Ti, as
measureed by ICP-MS, after 15 installations over 30 days. t Moreover, the concentrations of
Ti depended on both particle size and brain region. After 30 days of instillations, the smaller
NPs (80 nm) were associated with higher Ti tissue concentration in the hippocampus.
During the other durations tested (2, 10, and 20 days), the concentration in the olfactory bulb
was higher than in the other brain areas, namely the cerebellum and cortex 9. In another 90-
day inhalation study 96 the translocation to the olfactory bulb was not reported.

Nanoscale aluminum oxides of different sizes (13, 20, and 40-50 nm), as well as aluminum
salts, were used to determine the olfactory uptake of this metal into the brain 97. The authors
observed a dose- and time-dependent increase of the Al concentration in the olfactory bulb
only for the water-soluble Al salts. For the different aluminum oxides, no translocation to
the olfactory bulb could be observed after intranasal installation.

Silica nanoparticles (SiO,-NPs) were investigated with respect to their ability to reach more
remote brain areas after intranasal installation 98. After treatment with radiolabeled SiO,-
NPs, radioactivity was detected in the striatum which is closely connected to the olfactory
bulb 9.
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With respect to carbon UFP that are relevant in the context of air pollution the translocation
into the olfactory bulb has been shown by using 36nm 13C-labelled UFP 190, This example
shows that the olfactory pathway might be relevant for nanomaterials without a metal core.

In addition to the olfactory epithelium, the respiratory epithelium in the nasal cavity is richly
innervated by peripheral nerve fibers, especially the maxillary branch of the trigeminal nerve
(fifth paired cranial nerve). The trigeminal sensory system is involved in nociception, and
mechano, thermo, and polymodal nociceptors are located in specialized nerve endings in the
nasal mucosa 101, The relevance of this cranial nerve as a way of directing uptake into the
brain was investigated for manganese chloride (MnCl,) aerosols, as this material
translocates to the olfactory bulb and into the brain. After 10-days of controlled inhalation,
increased Mn concentrations could be measured in the trigeminal ganglion of rats and mice.
Even 14 days after the exposure, the Mn levels were still significantly elevated. The authors
also observed weak elevation of Mn in the spinal trigeminal nucleus in the medulla,
indicating translocation to neuroanatomically-connected but more remote brain areas 102,

For some ENM the trigeminal pathway might be even more important than the olfactory
pathway, as described for curcumin (Cur)-loaded polycaprolactone nanoparticles (PCL NPs)
in rats after nasal instillation 193, Thus, for intact polymeric nanoparticles the uptake from
the respiratory epithelium might be more relevant.

The relevance of these animal studies for humans is limited due to the large neuroanatomical
and -physiological differences between the upper respiratory tract of rodents and humans
104 As direct comparisons are often not possible due to the invasiveness of the methods that
are needed to estimate transport and deposition on metals/ nanomaterials into the human
brain, computational fluid dynamics (CFD) studies are one attempt to estimate the
deposition of particles in the various compartments of the upper respiratory tract. A CFD
study simulated the particle deposition pattern in the nasal cavity of humans exposed to
particulate matter such as welding fumes 105. The authors showed that especially small
particles (< 20 nm) and compact agglomerate morphology are associated with a deposition
in the olfactory region of the human nose. In general, they estimated that 0.1 to 1% of the
inhaled welding fume agglomerates were deposited on the olfactory mucosa. To our
knowledge such estimates are not available for exposures of ENM to humans, so the results
obtained in rodent studies have to be interpreted with caution if they are to be extrapolated to
humans.

Nevertheless, the exact pathway of the uptake of ENM along the olfactory or trigeminal
nerve needs to be addressed in future research to shed more light on this particular pathway
of “internal brain exposure”. Neurobiologically, neurons are phagocytic as shown for
apoptotic and necrotic cell debris or 2.8 um microspheres 196 and neurophysiologically this
is important during embryonic development as well as during postnatal life. Therefore, it
appears to be possible that intranasal nerve endings as well as ORNs are able to internalize
nano-sized materials using a endocytosis. lon channels like the transient receptor potential
channels (TRP channels) located on the free nerve endings of the trigeminal nerve are Ca2*-
permeable, nonselective cation channels 197- Other metal ions (e.g. Mn?*) might be
transported into the nerve fibers via this pathway. In case of the olfactory pathway, the
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opening of cyclic nucleotide—gated ion channels after the activation of ORN might provide
an entrance for metal ions dissolved from ENM or UFPs. The subsequent and dynein-driven
transport along axons and dendrites has been described and modelled by Kuznetsov 108,
These mechanistic considerations, demonstrated by the use of nanocarriers for intranasal
drug delivery to the brain 18, need to be considered when estimating the internal exposures
to ENM in the context of the AEP. Here, the stability of the ENM in the biological
environment is crucial and alternative in vitro assays have been suggested to provide such
information for the multitude of possible formulations of nanomaterials 109,

Lower Respiratory Tract/ Lung—During the production of ENMs, inhalation is the
most relevant route of exposure and toxicological risk assessments typically emphasized the
lungs and the respiratory tract as primary target organs ‘6. Sufficient /n vivo data were
available to perform a recent meta-analysis of transcriptomic responses to seven ENMs (i.e.
carbon nanotubes, carbon black (CB), TiO, nanoparticles, mixtures of metallic nanoparticles
in welding fumes) in comparison to a pathogen-induced mouse models of lung diseases (e.g.
bleomycin) 110, The response of other organs, including the brain were not investigated in
this meta-analysis. Clear signatures for two groups of ENMs (metal-based/ carbon black vs.
multiwalled carbon nanotubes (MWCNT)) could be derived and at least the m MWCNTSs
response showed some similarity to the disease models. For the MWCNTS, time-dependent
expression profiles could be investigated that also fit with the progression of the bacteria-
driven and Th2-response-mediated allergy disease models that are associated with lung
fibrosis. In contrast, nanoTiO, and CB induced inflammation was predominantly
neutrophilic. Welding fume related transcriptomic responses were comparable to nanoTiO,
response patterns, showing that this particular metal nanoparticle might act via similar
pathways. In addition, the metal response profiles were unrelated to lung fibrosis. The
nanoTiO, effects depended on the route of exposure, and also the way the NPs were
administered 119, Intratracheal instillation of TiO,, but not cerium dioxide (CeO5) 111,
induced inflammatory responses in bronchoalveolar lavage fluid (BALF) 112, TiO, given to
rats in a single intratracheal dose showed slow pulmonary clearance to thoracic lymph
nodes, but no translocation to brain 198, CeO, and ZnO administered to Calu-3 lung
epithelial cells in an /n vitro epithelial translation system showed low particle translocation
(<0.01%) at 24 hours 109, In humans occupationally exposed to ENMs, inhalation is the
more relevant and realistic exposure scenario and quantitative data about the exposure is a
prerequisite before epidemiological studies could estimate adverse health effects at the
respiratory tract.

TiO, given to rats in a single intratracheal dose showed slow pulmonary clearance to
thoracic lymph nodes, but no translocation to brain 113, The translocation of ENM across the
epithelial layer of the lungs can also be studied 7 vitro by using transwell systems like the
In Vitro Epithelial Translocation system (INVET) 114, Here, CeO, and ZnO administered to
Calu-3 lung epithelial cells in this /n vitro epithelial translation system showed low particle
translocation (<0.01%) at 24 hours 114,

The translocation of ENM across the air-blood barrier seems to be age dependent 115,
Neonatal animals showed a higher translocation of AuNPs (100 nm) from the air to the
blood than 21-day old rats, who were comparable to adult rats with respect to the
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translocation. Accordingly, the internal blood concentration of ENM might be higher in
infants and, in combination with the less mature BBB in children 118, age-dependent effects
might be relevant for the uptake of ENMs from the lungs into the blood and finally into the
brain.

The primary target organ of airborne organic and inorganic particles is the respiratory tract,
including both cancer and non-cancer lesions 117. With the advent of nanotechnology and
increase in research on the multiorgan effects of ultrafine particles (UFP) 118
extrapulmonary target organs such as liver, kidney, gastrointestinal tract and brain have been
included into the toxicological risk assessment of nanoparticles (NPs) 119, Particle size is an
important predictor of deposition in the different compartments of the respiratory tract 11,
Size also appears to be crucial for the subsequent translocation of NPs from the nose into the
brain 190, Environmental nanoparticles with at least one dimension smaller than 100 nm are
mainly combustion-derived nanoparticles (CDNP) and represent a diverse group of materials
120 In this size range a large proportion of the inhaled particles will deposit in the nose 11
and at least in animal studies carbon NPs 121 as well as manganese oxide can translocate to
the olfactory bulb and more remote parts of the brain 93. Size also alters toxicity as shown
for TiO, particles. TiO, nanoparticles in the size of 20 nm induced a stronger inflammatory
response (percentage of neutrophils in lung lavage of rats and mice) than larger NPs (250
nm) 76,

The gastrointestinal tract—Humans given oral TiOo NP showed increased particles in
blood by dark-field microscopy, increased titanium in blood by ICP-MS, and systemic
absorption of TiO, 122, Engineered nanomaterials are also used in various food products 16
and metal oxides and silicon dioxide are the most frequently used ENMs in food (e.g. food-
grade TiO, (E171) as a whitening agent). The food industries use ENMs as food additives,
in food packaging, as antimicrobials for improving food preservation, for nutrient
encapsulation and enhancing bioavailability, as well as in sensing applications for
microorganism detection and identification (see 123.124 for review). The amount of daily
ingested microparticles, including ultrafine (< 0.1 um) particles, has been estimated to be
around 1012 particles/ person 125 mainly consisting of TiO, and mixed silicates. Especially
for TiO, the widespread use of some food products (e.g. salad dressing, sugar coating) can
lead to high uptake levels of TiO5 via ingestion 125, Lomer et al. 125 showed that in patients
suffering from Crohn’s disease, the reduction of dietary intake of particles reduced the
disease severity. In addition to this clinical relevance, the review by Sohal et al. 16 provides
an extensive overview about the safety of ENM in food products. Various /n vitroand in
vivo studies, including gut microbiome models, were summarized and several toxicological
endpoints as well as aspects of dissolution in cell culture media, body fluids or cellular
compartments (e.g. dissociation of Zn ions from ZnO in lysosomes and mitochondria 126). In
their conclusion, the authors stated that in most of the available studies relevant test material
(e.g. use of food-grade nanomaterials, most susceptible cell type), dose ranges (e.g.
considering daily intake), dosimetry and dissolution Kinetics (e.g. acidity in lysosomes) were
not always considered carefully. Illustrating the importance of these factors, silver
nanoparticles, when exposed to simulated stomach fluid (water, HCI and glycine at pH 1.5),
rapidly agglomerated and fused, and the particle surfaces were converted largely to AgCl
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127" Accordingly, the toxicological risk assessment of ingested ENM in humans addressing
local effects in the gut is difficult. However, EFSA provides guidance for the safe intake of
ENMs as food additives on their website (https://www.efsa.europa.eu/en/data/chemical-
hazards-data). In nutritional epidemiology and controlled human ingestion studies the intake
of ENM has not been addressed yet. If this aspect would be incorporated into recent cohort
studies the local and systemic health effects of chronic consumption of ENM containing
food could be estimated more precisely. Effects on the gut microbiome in the context of
Parkinson’s disease (PD) has recently gained attention, 128 and ENM effects on the
microbiota-gut-brain axis might be relevant for neuropathological changes caused by
ingested ENMs.

Translocation into the brain/ nervous system

An in vitro model of the blood-brain barrier (BBB) showed increased permeability,
disruption of tight junctions, reduced antioxidant defenses, inflammation, and apoptosis
following treatment with AgNP 32, Similarly, an in vitro BBB model showed disruption of
epithelial cell monolayer, implying BBB breakdown, from TiO, 129,

Rats were exposed by inhalation for 90 days to 14-15 nm silver nanoparticles, and elevated
tissue concentrations of silver were measured at the end of the exposure period, and while
they declined after 4 or 12 weeks of recovery 8. Although there was some variability across
groups, in general silver was retained during the recovery period to a greater extent in the
eyes, brains and, for females, ovaries, than in the other tissues measured. This slow
clearance suggests a greater potential for bioaccumulation in the eye, brain and ovaries than
other tissues.

Yokel et al. 130 published a review about the interaction of metal-based nanoparticles with
the nervous system. They focused particularly on the flux across the blood-brain barrier after
systemic injection of ENM and summarized that for nanoceria, nanogold, nanosilica,
nanotitania, and nanoiron less than 0.1% of the applied dose can be found in the brain of the
treated animals. However, coating of NPs with polyethylene glycol (PEG), also called
“PEGylation”, markedly increased the brain concentration of metal-based nanoparticles.
Other groups showed that only high dose intratracheal instillation of PbO NP or MnO NP
increased brain Pb 131 or brain Mn 132, respectively. Another study injecting silver
nanoparticles (average size: 36 nm) at doses of 10, 25, and 50 mg/kg BW ip to male mice for
seven days showed a dose-dependent increase of Ag in the hippocampus 33. Up to 0.5 pg/g
wet weight of Ag could be found in this brain area but, as outlined later in this review, the
learning and memory abilities of the animals were not compromised. As a dose comparison,
a dose of 2.5 pg/kg BW/d (with a safety factor of 100) was recommended as a Tolerable
Daily Intake (TDI) value for elemental silver 134135 meaning that the dose levels of 10, 25,
or 50 mg/kg are 4,000, 10,000 or 20,000 times the TDI, or 400, 1000 or 2000 times the Low
Observable Adverse Effect Level (LOAEL) for oral silver, respectively. The relevance of
such high dose exposures for typically exposed humans is unclear.

The ip or iv injections of nanomaterials, however, outside of some medical procedures, are
worst-case exposure scenarios that are not comparable with the typical non-medical routes
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of exposure for humans. Many biological barriers are bypassed with these injection routes,
and such uptake and translocation data must be interpreted with caution when extrapolated
to humans and their exposure to ENM in everyday life.

At the cellular level, metallic nanoparticles can be observed to be taken up into cells using a
combination of dark-field and fluorescent microscopy 36, Using retinal pigment epithelial
cells, silver particles were observed to grow in brightness after being internalized into the
cytoplasm, presumably reflecting agglomeration of particles to form larger brighter
reflective surfaces. The particles were translocated intracellularly to the vicinity of the
endoplasmic reticulum. When stained also for lysosomes, collections of silver nanoparticles
were co-located with the lysosomes, apparently as a cellular defensive process.

Adverse Outcome Pathway

The AOP begins with a toxic substance reaching the molecular target in the target tissue and
the generation of a molecular initiating event (MIE). Subsequent “Key Events” along the
AQP reflect measurable consequences of the MIE at successively more complex levels of
the organism including the cellular, organ, and individual. In some cases, such as ecosystem
studies or when exposures can be linked to demographic groups, it may be of interest to
project outcomes to a population level.

Molecular Initiating Event (MIE)

The molecular mechanisms of action through which nanoparticles exert toxicity is an active
research area. Much of the molecular and cellular toxicity work has been addressed in non-
neuronal cell types. Buchman et al. 137 proposed three general categories of cytotoxic
mechanisms of nanomaterials including (1) direct interactions at the cell surface, (2)
dissolution of material releasing toxic ions, and (3) generation of reactive oxygen species
leading to oxidative stress and damage. In the first category, cytotoxic mechanisms are
related to highly reactive nanoparticles that exert toxicity through direct interactions with the
cell surface either damaging the membrane or initiating signaling pathways that damage the
cell 137 These highly reactive materials will likely cause toxic interactions at the point of
entry to the body and, because of multiple intervening tissues, never reach the brain. The
second and third categories of action, however, are actively hypothesized as molecular
initiating events for the neurotoxicity of nanomaterials. In addition, other proposed
mechanisms of nanoparticle neurotoxicity include inflammation, altered function of nerve
membrane ion channels or receptors, and actions disrupting key stages of neuronal
development.

With respect to the detection of MIEs in the context of nanotoxicity the use of alternative
species such as zebrafish or caenorhabditis elegans can provide some relevant information
that has been recently summarized in a meta-analysis 138. The authors processed
transcriptomic data of various experiments investigating different ENMs within alternative
species in a highly standardized procedure. Biostatistics showed that, regardless of the
applied nanomaterial, genes that are related to energy generation are among those most
frequently deregulated. When generating toxicity profiles for the Ti-, Ce-, Zn-, and Au-based
ENMs across the different species the gene ontology (GO) term “energy generation” was
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also overrepresented. Thus, after interaction with the different cells of these species a
general mechanism of ENM toxicity seemed to be related to the depletion of various cellular
energy sources such as adenosine triphosphate (ATP). However, in this meta-analysis the
individual studies differed markedly with respect to the exposure duration, the size of the
ENM, etc.

Dissolution of metal particles to toxic metal ions (Ag, Zn, Cu)—One of the
principal theories for the mechanism of toxicity for some nanoparticles is that they dissolve
to release toxic metal ions. This is relevant for materials that may be relatively soluble in
biologically fluids, such as silver, copper, or zinc but unlikely for more stable particles such
as TiO, or CeO,. For example, similar effects on brain neurochemistry were reported
following 28 days of oral administration to 14 nm silver particles and the same dose level (9
mg/kg/d) of silver acetate 3. Singh et al. 139 observed murine macrophages took up silver
particles, where the particles rapidly dissolved releasing silver ions, and the cytotoxicity was
remediated in the presence of Ag ion-reactive, thiol containing compounds. This suggested
that the proximal toxic entity was the Ag* ions delivered into the cell via the nanoparticles.

For silver, however, the case may be somewnhat unclear 140.141, Several authors have
included silver ion control conditions to experiments of silver nanoparticle toxicity, and
observed that the effects of ionic silver differed from those of silver particles, leading to a
conclusion that silver nanoparticles have a different molecular initiating event than release of
toxic ions, or in addition to the release of toxic ions. Differences between treatment with
ionic silver and silver nanoparticles include the biodistribution, and locally delivered dose
and time course. Nanoparticles can be taken up into cellular cytoplasm via endocytosis,
where they traverse to the perinuclear region, perhaps interacting with the endoplasmic
reticulum, and eventually being concentrated in lysosomes. The low pH of the lysosomal
environment promotes the dissolution of AgNP and the locally concentrated release of Ag
ions over a prolonged time. By contrast, silver ions taken up into the cell are available to
cause lipid peroxidation or protein adduction more widely and rapidly across the cell. The
nanoparticles therefore may have a different cellular distribution than silver ions and have a
more localized and prolonged time course of dissolution and release silver ions. The spatial
distribution, local concentration, and time course of action could differ between treatment
with silver nanoparticles and silver ions. The dose-response relationship and time course of
exposure are important determinants of toxicity. In addition, it is very difficult to match the
dose of ionic silver to that of silver nanoparticles, other than by matching total mass of
treatment under the assumption of total silver particle dissolution. For these reasons, it is
reasonable to expect different toxicity manifestations following treatment with ionic silver
and silver nanoparticles, even if the ultimate molecular toxicity of silver nanoparticles is the
release of toxic silver ions.

Generation of reactive oxygen species (ROS)—The generation of free radicals
followed by formation of reactive oxygen species, oxidative damage to the cellular
components, and expression of antioxidant response pathways, is a common theme
following cellular treatment with engineered nanomaterials. The formation of ROS in
neuronal or glial cells treated with nanomaterials has been reported often (e.g. 24-39). The
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molecular responses of cells to treatment with metal based nanomaterials include reduced
cellular glutathione from exposure to gold and silica NP in murine microglia cells 142;
altered gene expression profiles in N27 rat dopaminergic neurons following AgNP
treatment, including activation of NRF2 pathway which controls the expression of an array
of antioxidant response genes 143.144,

One refinement of the theory of free radical generation as the initiating event for
nanomaterial toxicity was proposed for the case of metal oxide nanoparticles causing
pulmonary inflammation by Zhang et al. 145, Metal oxide nanoparticles have semi-
conducting properties by which the outer shell electron can be elevated from the valence
band to the conduction band, with the energy difference between the bands referred to as the
band gap. Some metal oxide nanoparticles in an aqueous environment such as the interior of
cells have band gap energies in the range of —4.12 to 4.84 eV, a magnitude that may interact
with biomolecular redox reactions, interfering with cellular redox cycling and in the process
generate reactive oxygen species. Zhang et al. 14° tested 24 metal oxide nanoparticles and
observed that those within this range of bandgap energies were more cytotoxic than those
with higher or lower values. The Zhang et al analysis was based on actions in pulmonary
cells, but similar reactions are conceivable in the nervous system should the nanomaterials
reach those tissues.

The theory that semiconductor metal oxides of an optimal bandgap participate in cellular
redox cycling and generate free radicals which disrupt cellular metabolism has a related
feature for photoactive semiconductor nanomaterials. Titanium dioxide, in particular, is both
a semiconductor and a photocatalyst, in which absorption of a photon of light elevates
valence band electrons to the conduction band. This excitation generates both loose
electrons in the conduction band and holes where the electrons left the valence band. In an
aqueous environment, the generated free conduction-band electrons and the valence holes
catalyze the degradation of water molecules, creating both oxygen and hydroxy free radicals
that then precipitate oxidation or hydroxylation reactions with nearby biomolecules.
Phototoxic mechanisms are relevant in tissues exposed to the sun, including the skin and
eye. In the eye, the retina is the only part of the central nervous system exposed to light. In
retinal pigment epithelial cells, exposure TiO, is much more toxic following co-exposure to
UVA wavelengths of light 146. UVA irradiation reaches the retina only for young animals
prior to the maturation of the UV filtering aspects of the lens. Some materials such as
fullerene (hydroxy-fullerene), however, have a photoactivation spectrum extending into the
visible wavelengths of light, and can be a phototoxic risk for any age 147:148,

Inflammation—~Perhaps in reaction to the generation of ROS, or perhaps related to other
injuries, treatment with nanoparticles causes cells to increase expression of proinflammatory
gene expression pathways, and the release of proinflammatory chemicals. Microglia,
immune cells of the central nervous system, take up larger amounts of carboxylated
polystyrene nanoparticles than do neurons, showing higher local doses for immunological
cells 149, AgNP increased the expression pro-inflammatory gene pathways including NRf2
and NFkB 143.144.150 Release of pro-inflammatory markers leads to activation of microglia
and other inflammatory responses that, if prolonged, can themselves become neurotoxic.
Silver NP caused mouse microglia to secrete cytokines that were toxic to hippocampal
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neurons 151, TiO, nanoparticles applied to mouse primary striatal cultures containing
microglia and dopaminergic neurons caused the release of inflammatory markers, ROS
formation, and eventually lead to neuronal apoptosis. TiO, was more toxic in mixed neuron-
glia cultures than pure neurons, possibly due to microglia activation and ROS release 24, The
cytokines and other factors isolated from a mouse microglia cell line (BV2) after treatment
with AgNP, were toxic to mouse hypothalamic cells 121,

In response to nanoparticles of silver or gold, primary rat brain microvessel endothelial cells
showed size dependent release of proinflammatory mediators and increases in permeability
49.152 TjO, also caused inflammation and disruption of an in vitro model of the BBB 129, In
an in vitro co-culture BBB model system containing rat brain microvascular endothelial
cells, pericytes and astrocytes, treatment with AgNP triggered inflammatory responses that
were associated with increased BBB permeability, disruption of tight junctions, reduced
antioxidant defenses and apoptosis 32,

Cellular Events

Altered function of nerve membrane ion channels and/or receptors—Silver
nanoparticles (50-100 nm) at 107> g/ml (10 ug/ml) inhibited hippocampal CA1 neuron
membrane voltage-gated sodium currents in rat hippocampal slice preparations 23. Exposure
of primary cultures of rat cerebellar granule cells to AgNP in vitro showed initial activation
of NMDA receptors, leading to intracellular calcium imbalance, altered mitochondrial
function and ROS production, culminating in excitotoxic cytotoxicity 22. In this scenario,
ROS generation was a consequence of prior molecular interactions of the nanoparticles,
rather than the original initiating event.

Altered neurodevelopment at the cellular level—The potential effects of chemical
substances on neurodevelopment is currently an active research area. In particular, there is
an ongoing search for alternative approaches to evaluate developmental neurotoxicity to
replace traditional developmental neurotoxicity testing guidelines involving whole animals
(e.g. 153.154) There are several alternative approaches being considered and many include,
either explicitly or implicitly, an adverse outcome pathway-like approach 1%9:156 Among the
Key Events of neurodevelopment identified in AOP approaches are: proliferation, migration,
differentiation, neurite outgrowth, synaptogenesis, network formation and network function,
synaptic pruning and apoptosis 157:158_ These frameworks for evaluating developmental
neurotoxicity of chemicals are also relevant for assessing nanoparticles.

Research on neurodevelopmental effects of nanomaterials has included some of the Key
Events being targeted for developmental neurotoxicity (DNT) assays including proliferation,
differentiation, and neurite outgrowth. In primary rat cortical cultures, AgNP inhibited of
neurite outgrowth, reduced cell viability, and also caused degeneration of mature neurons
159 1n PC12 cell cultures, silver nanoparticles impaired cell replication, and differentiation
into a cholinergic cell type in a manner that was dependent on particle coating and size
160,161 Cuyltures of human embryonic stem cells treated with silver nanoparticles showed an
increased astrocyte/neuron ratio, altered astrocyte morphology, reduced neurite outgrowth,
decreased expression of synaptic proteins, and neurodegeneration 162, Other studies have
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shown neurodevelopmental effects of nanomaterials at the network and organ level and will
be discussed in those sections below.

Apoptosis/cytotoxicity—Many nanomaterials have been reported to cause autophagy,
apoptosis and/or cytotoxicity in neuronal or glial cell culture systems, usually in a dose and
time-dependent fashion. These include: copper oxide 163; manganese 27, silver 31:49; gold
152: graphene and graphene oxide 28:33.164: single-walled carbon nanotubes 28:29; silica-
coated iron oxide 165; superparamagnetic iron 34, and TiO, 6. Clearly, most materials when
added to cell culture will kill cells if the concentration added is sufficiently high, so the
relevance of these reports depends on the dose and the sensitivity relevant to other outcome
measures. In an AOP framework, the critical considerations are quantitating Key Event
Relationships between molecular level effects, changes in cellular functions and cytotoxicity
or apoptosis. This quantification of Key Event Relationships has yet to be done for the
neurotoxicity of nanomaterials.

In one possible exception, TiO5 toxicity to human astrocyte and neuronal cells /n vitro was
compared to the exposure levels causing brain damage /7 vivo3°. In this study, 69 nm
anatase TiO, was given to human glial (D384) and neuronal (SH-SY5Y) cell lines either
acutely or for 7-10 days of prolonged exposure. Acute exposure caused cytotoxicity based
on the MMT assay or calcein-AM/PI staining. After 7 d exposure colony formation was
reduced by dose levels as low as 0.2 pg/ml, which the authors conclude were comparable to
brain Ti concentrations in lab animal intranasally administered TiO, and demonstrating
neurotoxic effects as reported by %° and 37. Note however, that the TiO, dose levels of Ze et
al. 37 were very high, as previously discussed.

Organ Responses

Altered neural network functioning—In primary mammalian (mouse or rat) cortical
neurons grown on a microelectrode array (MEA), carbon black, iron oxide (Fe;O3), TiOo,
and CeO» nanoparticles were all shown to alter patterns of spontaneous neuronal network
activity 30166 The potency of carbon black, TiO, and Fe,O5 nanoparticles for generating
ROS was opposite to that for altering neuronal network activity, indicating that ROS
formation was unrelated to changing neuronal firing patterns 3. Subtle changes in the firing
rates of neuronal networks at dose levels below those producing cytotoxicity were caused by
Ce0, and TiO, nanoparticles 166, The effects of silver nanoparticles in an MEA system
following a bicuculline challenge varied depending on particle size and coating, with
increased network activity caused by 10 nm Ag-citrate, but decreased network activity
following 75 nm Ag-PVP 3. In this case, the patterns of effects caused by silver nitrate as
an ion control differed from those of silver nanoparticles, arguing for mechanistic actions of
particulate nanosilver on neuronal network firing that were independent from the release of
dissolved silver ions. Thus, in reports of the effects of ENM on neuronal network firing
patterns, there is evidence that ENM actions are unrelated to either the generation of ROS or
the dissolution of metal ions; two of the most prominent theories for molecular mechanisms
of the neurotoxicity of ENM.

Chem Res Toxicol. Author manuscript; available in PMC 2021 July 21.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Boyes and van Thriel

Page 24

Generation of reactive oxygen species and inflammation at the organ level in
vivo—The generation of reactive oxygen species and subsequent oxidative damage is
commonly cited as a potential MIE for the effects of nanoparticles, including the neurotoxic
effects. Much of this data has come from in vitro experiments, as discussed previously. The
generation of ROS and oxidative damage to the brain has also been reported from in vivo
animal experiments. Much of the data, however, involves relatively high dose levels or
unrealistic routes of exposure. For example, in a study comparing three nanomaterials, adult
male mice given suspensions of either TiO,, ZnO, or Al,O3 by oral gavage at a dose of 500
mg/kg/day for 21 consecutive days, showed increased reactive oxygen species in brain and
other tissues, as well as decreases in dopamine and norepinephrine concentrations, and
evidence of nanoparticles in brain tissue observed by TEM 167, Mice given 25 nm silver
nanoparticles at doses of 0, 100, 500, or 1000 mg/kg, (ip) and tested 24 h afterward showed
gene expression profiles at the two higher doses indicative of oxidative stress, apoptosis and
neurotoxicity in caudate, frontal cortex, and hippocampus 168, Antioxidant gene expression
in the brain differed between TiO, or AgNP given by a single iv injection to adult rats and
measured 28 days later 169, In these studies, paradoxically, AGNP decreased brain oxidative
stress parameters, where TiO, did not. TiO, (80 or 155 nm) was administered to adult mice
via intranasal instillation (500 pg/mouse), every other day for 1, 5, 10 or 15 times 9°.
Titanium concentration was increased in brain regions in a rank order were hippocampus >
olfactory bulb > cerebellum > cortex. Increased antioxidative markers (GSH-Px, GST, SOD)
were observed for 80 nm at 10 days, but not at 30 days. MDA, a marker of oxidative
damage, was greater for 155 nm than 80 nm TiO,. Increased tumor necrosis factor alpha
(TNF-a) and interleukin 1 (IL-1p) in were found in brain following 155, but not 80, nm
TiO,. Across these studies, it is unrealistic to imagine human exposure scenarios involving
intravenous injection of metal or metal oxide nanoparticles, or exposure by any route where
exposure levels approach 500 or 1000 mg/kg/d for multiple consecutive days.

Mice treated intranasally with TiO, (2.5, 5, or 10 mg/kg/d for 90 days) showed proliferation
of spongiocytes and hemorrhage in the brain, increased RNA and protein expression,
including increased heme oxygenase 1 (HO-1) levels, indicative of p38-Nrf-2 signaling 170.
The changes were associated with production of ROS and oxidative damage to the brain.
The same dosing paradigm also reportedly produced a decrease in brain weight, an increase
in whole brain titanium concentration, glial proliferation, apoptosis of hippocampal cells,
and a host of gene expression changes 171, however these studies were criticized for the
unreasonably extended period of daily intranasal instillation, and the high dose levels 172,

Male mice were given intranasal FITC-labeled SiO, (115 nm, 8 mg/kg/day for 81 days) 173.
When assessed 1 or 2 months later, nanoparticle deposition was observed in prefrontal
cortex and in CA1 and CA3 regions of the hippocampus, but not in the dentate gyrus.
Activated microglia and inflammatory cytokines were increased in the hippocampus. Mice
also showed altered behavior in several test paradigms, neurodegeneration, altered synaptic
physiology, and neuro-inflammation evident by increased microglia.

In addition to metal and metal oxide nanoparticles, reports investigating oxidative stress in
the brain also include olfactory instillation of carbon black 174. In this case, mice treated
with 95 pg/kg carbon black by nasal instillation on GD 5 and 9 showed differential gene
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expression profiles when offspring were tested at 6 or 12 weeks. These changes, however,
were not reduced by 500 mg/kg/d ascorbic acid (ip GD5 and 9), suggesting a lack of
protection from antioxidant co-treatment.

Alterations of brain neurochemistry in vivo—Female mice, given either 14 nm silver
nanoparticles ip (4.5 or 9 mg Ag/kg/d) or ionic silver (9 mg/kg/d) for 28 d caused an
increase of brain dopamine (DA) concentration 3. A lower dose for a shorter time (2.25 or
4.5 mg/kg/d for 14 d), in contrast, reduced brain DA. Brain weight was not affected, nor
were brain concentrations of norepinephrine (NE) or serotonin (5-HT). The similarities of
AgNP and Ag ion treatment led the authors to conclude that the effects of AgNP were likely
related to dissolution and release of toxic silver ions, however, the reversal of effects on
brain DA with extended dosing is concerning.

The effects of particle size and surface properties were examined in adult female mice given
repeated intranasal instillations of TiO, in either nano (10 nm) or bulk (1 pm) size particle
and rendered either hydrophobic (no coating) or hydrophilic (3 — 4.8 % Si) composition 17°,
The titanium concentration in cerebral cortex was greater following hydrophilic than
hydrophobic nanoparticles, and greater for nano- than bulk-sized particles. Similarly, the
nano-sized hydrophilic nanoparticles caused cortical neuropathology, and had greater effects
on dopamine (DA) and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) and 5-hydroxytryptamine (5-HT) and its metabolite 5-
hydroxyindoleacetic acid (5-HIAA).

Mice given daily ip injections of TiO, (5, 10, 50, 100, and 150 mg/kg BW (nano); 150
mg/kg (bulk) / day) for 14 days showed a decrease in the brain / body weight ratio, increase
in brain ROS, lipid peroxidation, reduced brain antioxidants, reduced acetylcholinesterase
(AChE) activity, reduced brain glutamate content/g protein and increased nitric oxide
synthases (NOS) and nitric oxide (NO) concentrations in brain 176, Repeated intragastric
administration of anatase TiO, (5-10 nm) to adult rats at dose levels of 0, 50, 100, or 200
mg/kg/d for 60 d caused dose-related reduction of brain weight, reduction of brain AChE
activity, increased cerebellar interleukin 6 (IL-6), and increased cortical GFAP 177, Thus,
there are two reports that repeated ip injections of high doses of TiO, reduce brain AChE
activity, along with changes in multiple other brain parameters.

In summary, the effects of repeated treatments nanomaterials on brain neurochemistry have
been reported, although the evidence is slim. Silver nanoparticles were reported to first
reduce but then increase brain DA concentration, while high dose levels of TiO, were
reported to reduce brain AChE activity.

Alterations in behavior, including learning and memory—There are multiple
reports that systemic exposure to engineered nanoparticles altered the behavior of rats or
mice. Nanoparticles of TiO, (5—6 nm) given to adult mice by daily nasal administration for
90 days 37 altered behavior in the Morris Water Maze. The later study, however, was
criticized for repeated daily intranasal administrations, which may have produced local nasal
irritation or worse 172, Silver nanoparticles (20-30 nm) given to mice by iv injections (1
injection/week for 1, 2, or 3 weeks) increased latencies in the Morris Water Maze, as well as
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altering tests of social and motor behavior 178, TiO, given to rats (intratracheal, 5d/w, 6 w)
in a high dose increased lung weight, reduced brain/weight to body weight ratios, and
reduced grip strength. Both low and high doses, increased latencies of somatosensory,
auditory and visual evoked potentials. Somatosensory latencies correlated with the
concentration of titanium in cortex 179,

Silver nanoparticles (20-30 nm) given to mice by iv injections (1 injection/w for 1, 2, or 3
weeks) increased latencies in the Morris Water Maze, as well as altering tests of social and
motor behavior 178, Adult mice treated with 36 nm silver nanoparticles (10, 25, 50 mg/kg/d
for 7 d) did not show any deficit in Morris Water Maze or in neuro-progenitor cells 133,
Following much higher acute doses, adult mice given 0, 100, 500 or 1000 mg/kg in a single
ip injection showed changes in gene expression profiles in caudate, frontal cortex indicative
of oxidative stress 168, Adult mice given 10 nm AgNP orally for 14 d (0.2 mg/kg/d) showed
ultrastructural alterations of brain synapses, blurred synaptic structure, enhanced density of
synaptic vessels, disturbed synaptic membranes, synaptic degeneration, myelin and
membrane-like fragments, neurodegenerative processes, decreased levels of synapsin I,
synaptophysin and PSD-95 protein 180, Effects were more pronounced in hippocampus than
cortex. Cerebellar glial fibrillary acidic protein (GFAP), a marker of reactive gliosis in
response to neuronal damage, was increased relative to controls following intranasal
instillation of up to 1 mg/kg/d for 14 weeks 180, The effects were attenuated by vitamin E.
Thus, repeated exposure to silver nanoparticles was able to alter behavior in the Morris
Water Maze and other behavioral paradigms and also show changes in silver content of the
brain, changes in brain structure and biochemistry. The dose ranges applied in these studies
varied widely, as did the routes of exposure, making it difficult to compare across studies.
The report of silver nanoparticle effects being attenuated by vitamin E suggests the
involvement of oxidative damage in the pathogenesis.

Zinc and zinc oxide nanomaterials are among the more soluble of the metal/metal oxide
nanomaterials, and therefore more likely to be transformed to soluble zinc ions after /n vivo
treatment. Rats given 25 mg/kg/d of 20-30 nm ZnO by ip injection for 10 days showed
altered concentrations of the trace elements Fe and Ca, but not Zn, in the brain, and minimal
changes in behavior on the plus maze 181, In another study, very different dose levels of ZnO
(68.96 nm) were given to mice for 5 days, including “environmental” dose levels of 5.625 x
1075 mg/kg (ip), and “toxic” dose levels of 300 mg/kg (ip) 182. Mice in the “toxic” dose
group lost body weight and showed an increased brain-to-body weight ratio. No changes
were observed in the elevated plus maze or the forced swim tests, but in an open field test
Zn0O exposed animals in both dose groups spent significantly less time in the center
segments of the open field. Zinc concentrations were elevated above controls in both groups,
even the low “environmental” dose level. Note that the concentrations of Zn reported by
Amara et al. 181 in rat brain tissue of control animals was about 258 g/g tissue, where that
reported by de Souza et al. 182 in mice was only about 15 pg/g tissue raising concerns about
the validity of the analytical chemistry.

Studies are available in which rats were given either Mn or MnQO particles by inhalation,
intranasal or intratracheal instillation. Intranasal instillation or inhalation of 3-8 nm Mn
particles led to increased concentrations of Mn in the olfactory bulb, striatum, frontal cortex
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and cerebellum 93, Following nose- only inhalation, particles of 1.3 um MnO were taken up
into the olfactory bulb, but larger particles (18 um) were not %4. Repeated intratracheal
instillation of MnO (23-30 nm) to adult rats reduced body weight, increased brain Mn
concentration, and impaired locomotion 183,

Lead oxide nanoparticles (2 or 4 mg/kg) given via intra- tracheal instillation to adult rats (5
d/w, 3 or 6 w), increased lead concentration in the brain and other organs, while altering
neurophysiological function of peripheral nerves and the ascending somatosensory system
131 Silica particles (115 nm) given to adult mice by intranasal instillation (8 mg/kg/d for 81
d) impaired performance on Morris Water Maze and other behavioral tasks, and also caused
nanoparticle deposition in prefrontal cortex and hippocampus, neurodegeneration and
increased microglia as a sign of inflammation 173, Copper oxide nanoparticles given to adult
rats by daily ip injections (0.5 mg/kg/d) impaired performance in the Morris Water Maze
and altered electrophysiological measurements including the slope of excitatory post-
synaptic potentials (EPSP) in long term potentiation (LTP) testing, this was associated with

reduced NR2A expression and impaired pre- and post-synaptic glutamate neurotransmission
184

Autonomic function—A 5-hour daily inhalation exposure for 7 days to MWCNT-7 (5
mg/m3) increased heart rate variability of rats, indicating a change in sympathetic/
parasympathetic balance 185, Heart rate variability has been a marker for the effects of
exposure to airborne particulate matter on the autonomic control of cardiovascular function,
and a proposed causal event for increased risk of cardiovascular death from exposure to
ambient air pollution. The proposed mechanism for particulate matter involves activation of
irritant receptors on pulmonary C-fiber sensory afferent neurons, activation of medullary
cardiovascular regulatory centers, and autonomic efferent neuronal activity modulating heart
rate.

Neurodegeneration/neuropathology—Neuropathology has been reported in the brains
of rodents treated systemically with engineered nanomaterials. Rats were treated with
citrate-capped 10 nm AgNP ip at a dose of 0.2 mg/kg/d for 14 d 186, Ultrastructural
evaluation of brain tissue revealed alterations of brain synapses, blurred synaptic structure,
enhanced density of synaptic vesicles, disturbed synaptic membranes, synaptic degeneration,
presence of myelin and membrane-like fragments, and neuro-degenerative processes. In
addition, there were decreased levels of synapsin I, synaptophysin and PSD-95 protein. The
effects of AgNP treatment were more pronounced in hippocampus than cortex. Following
long term (90 d) intra-nasal administration of TiO,, studies that were criticized as noted
above 172, mice showed reduced body and brain weight, hippocampal neuropathology, and
other alterations including deficits in Morris Water Maze, as described previously 37. Also
following long-term (81 d) intranasal deposition, this time with SiO, (115nm, FITC-tagged),
the prefrontal cortex and hippocampus of mice showed nanoparticle deposition,
neurodegeneration, and increased microglia indicative of neuroinflammation 173,

Developmental Neurotoxicity in vivo—Developmental neurotoxicity is an important
consideration and has been studied in several in vivo experiments in which rats or mice were
treated pre- or postnatally after which the effects were studied in resultant offspring. The
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neurodevelopmental effects of TiO, have been reported in multiple studies 187. Pregnant rats
were given oral doses of 100 mg/kg/d from GD2-GD21 188, The offspring had increased
titanium concentrations, reduced cell proliferation in the hippocampus, and impaired
performance on Morris Water Maze and Passive Avoidance tasks at postnatal day 60. Mice
were given much lower doses of 6.5 nm TiO», either 1, 2, or 3 mg/kg/d, but over a time
period encompassing both prenatal and postnatal lactational periods (GDO — PND21) 187,
After PND 21, the offspring mice showed a thinning of cerebral and cerebellar cortex,
decrease in neuron density in cerebrum, damage in hippocampal pyramidal cells, and a
decrease in learning and memory. These deficits were related to alterations in the expression
of Rho protein family, which are involved in several key neurodevelopmental processes 187,

In a study evaluating potential developmental neurotoxicity of (20-50 nm) AgNP, pregnant
rats were given ip injections of uncoated AgNP, PVVP-coated AgNP silver nitrate or sodium
nitrate every other day from GD10-GD18 189, Silver NP dose levels were 20 mg/kg. Escape
latency relative to the other groups was prolonged over successive days of testing in the
offspring treated with PVVP-coated AgNP, however the silver content of the hippocampus
was much higher in pups receiving uncoated AgNP than PVP-coated AgNP or the other
groups. The authors interpreted this result as showing that PVVP-coating stabilized the
nanoparticles, allowing fewer toxic silver ions to be released into brain tissue than from the
uncoated AgNP. Neonatal rats were treated with intranasal drops of 0.1, 0.2, 0.5, or 1
mg/kg/d AgNP (20-25 nm) daily for 14 weeks 189, Animals in all dose groups lost weight
and showed increased glial fibrillary acidic protein (GFAP) in cerebellum 189, In this report,
vitamin E (100 mg/kg/d) co-treatment reduced the effects of AgNP.

In an in vivo study paired to an in vitro study, Hawkins et al. 190 studied cobalt chromium
(CoCr) nanoparticles, which can disrupt autophagy in the placenta, thereby altering placental
function in pregnant mice. The impaired placenta did not adequately provide signaling
factors critical for neurodevelopment to the fetus, and neurodevelopment of the fetal brain
was impaired. DNA damage was observed in neonatal blood and liver without increased
levels of Co or Cr, and neonatal brains had reactive gliosis indicated by increased GFAP
mMRNA and GFAP immunohistochemistry in the neonatal hippocampus. Therefore, exposure
to CoCr nanoparticles during pregnancy altered fetal neurodevelopment without penetrating
the placenta or directly contacting the fetus or the fetal brain.

Maternal carbon black inhalation (45 m/d to 0, 4.6 or 37 mg/m3 GD 4-18) increased
perivascular GFAP expression in cerebral cortex and hippocampus, enlarged lysosomes in
brain perivascular macrophages, and decreased parvalbumin positive interneurons in
offspring, with deficits observed as long as 120 days post exposure. Behavior in an open
field was altered in a dose-dependent manner at 90 days of age 1°1. Carbon black was given
by bilateral intranasal instillation to pregnant mice GD5-9 and gene expression by
microarray was tested in the frontal cortex of offspring 174. Differential gene expression at 6
and 12 weeks of age showed 1353 total genes up or down regulated. Effected gene ontology
families were epithelial cell development, cytokine activity, transforming growth factor beta
receptor signaling, hemostasis (6 weeks), and cysteine-like endopeptidase inhibition
involved in apoptosis, and muscle organ development (12 weeks) 174,
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Pregnant mice were exposed to alumina (13 or 50 nm, or 10 pm (“bulk™); 50 mg/kg) by
nasal drip three times/day throughout pregnancy 192. The body weight of pups at birth was
reduced by both nanoparticle treatments but not by the bulk material. All three conditions
raised the AL content in pup brains, with the smaller nanoparticle causing the greatest
increase and the bulk material the least. Developmental physical markers (ear, teeth and eye
appearance/opening) were delayed by the nanoparticles. Nanoparticles also increased the
distance traveled, and reduced the time spent in the central region of an open field, which the
authors interpreted as anxiety-like behavior 192,

Population Level

Ultrafine Air Pollution Particles—To date, there have been few studies of humans
exposed to engineered nanomaterials, and all have either related to measuring exposure or
potential health effects other than neurotoxicity. There have been no systematic studies
related to the potential effects of inadvertent exposure to ENM on the human nervous
system. There are clinical applications of nano-sized superparamagnetic iron oxide particles
that can be used as MR contrast agents, such as Ferumoxtran 193 but clinical studies 194 as
well as toxicological risk assessment 19° did not reveal any elevated risk for neurotoxicity.
However, these ENM are specifically designed to support the diagnosis and treatment of
severe diseases, are applied under controlled conditions, and their side-effects might be
tolerated due to their clinical benefits 194,

There is, however, a growing body of evidence related to potential neurotoxicity of
inhalation of ambient air particle matter (PM) of the same size range as engineered
nanoparticles 2019, There is concern particularly that, in addition to the cardiovascular and
pulmonary systems, the nervous system may be a susceptible target of exposure to PM,
especially to particles less than 2.5 um in size (PM, 5). Epidemiological studies now
correlate exposure to air pollution, including PM, to increased rates of stroke or
neurodegenerative diseases including Alzheimer’s disease, and dementia or cognitive
impairments that together comprise an Alzheimer’s-like phenotype 118, In a review article
Jayaraj et al. 38 identified 30 epidemiological studies investigating a measure of air pollution
compared to the risk of an “Alzheimer’s Disease (AD)-like” phenotype, which included
dementia, a diagnosis of AD, cognitive dysfunction, neuroimaging changes, or a diagnosis
of mild cognitive impairment. Of those 30 studies, 25 showed a statistically positive
relationship between air pollution and an AD-like phenotype. For studies specifically
looking at PM> 5 as the measure of air pollution exposure, there were 12 positive and 1
negative studies. Similarly, there is also growing concern that air pollution particles may be
related to neurodevelopmental deficits, such as autism 197, The US Environmental Protection
Agency recently published a final revision after review of the Integrated Science Assessment
of Particulate Matter (EPA/600/R-19/188, December 2019, www.epa.gov/isa). This is an
extensive review and evaluation of the available scientific literature that is required
periodically by the U.S. Clean Air Act. The current document is almost 2000 pages long. In
that document the EPA concluded that the linkage between long-term exposure to PM> 5 and
nervous system effects was likely to be causal. Short term exposure to PM5 s, or short or
long-term exposure to PM1g_» 5 and ultrafine particulate matter was considered to be
suggestive, but the current evidence was not sufficient to infer causality. Since ultrafine
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particles (< 100 nm) and PM, 5 share a common size range with engineered nanoparticles,
may be taken up into the brain through similar pathways, and may serve as a source of ROS
generation as do engineered nanoparticles, evidence from exposure to ultrafine particles or
PM, 5 adds to the concern that there may be neurotoxic risks for exposure to engineered
nanoparticles, particularly by the inhalation route. To date, the population exposure to air
pollution particles far exceeds that of engineered nanoparticles, but nevertheless there is
concern that ENM exposures may add to the burden of PM exposure or, for some
individuals, become a sufficient source of exposure by themselves to cause adverse effects.

General conclusions regarding potential neurotoxicity of engineered

nanomaterials

As a general conclusion from this and other reviews 10:130.198.199 there s scientific evidence
that ENM can cause neurotoxic effects. By using general and related concepts in toxicology
to structure the existing knowledge more systematically, namely the aggregate exposure
pathway (AEP) and adverse outcome pathway (AOP), we showed that relevant exposure to
ENM exists, internal exposure of the nervous system to ENM is possible, general toxic
mechanisms (e.g. oxidative stress) or neuron-specific mechanisms (e.g. synaptic
degeneration) can cause perturbations of neurotransmission, and finally the possible
impairment of neuroplasticity and the risk of subsequent neurodegeneration. However, we
also identified knowledge gaps that are described in the subsequent statements:

1.

In comparing the large number and variety of engineered nanomaterials being
developed and incorporated into products with the relatively small number and
narrow range of materials that have been studied for neurotoxicity, there is a
large gap, with many currently used materials having little or no published data
regarding environmental health and safety. In particular, there is a dearth of data
for most materials regarding potential neurotoxicity.

The gap between the number of nanomaterials being produced and the capacity
to test them argues for development of efficient higher throughput screening
approaches. There is an active effort to develop screening tests for chemical-
induced neurodevelopmental disorders that is conceptually linked to an AOP
designation through selecting outcomes for screening that reflect Key Events of
neurodevelopment. This approach may also have merit for developing screening
tests for potential developmental toxicity of nanomaterials. The primary
difference being the need to consider dosimetric issues of nanomaterials, which
may differ from traditional chemicals.

Given a sufficiently high dose to adult animals, nanoparticles can enter the brain
in quantities large enough to cause neurotoxic effects, including: neuropathology,
neuroinflammation and changes in behavior. The development of screening
approaches for nanomaterial neurotoxicity in adults, however, is receiving less
attention than neurodevelopment.
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4, Given a sufficiently high dose to pregnant animals, nanoparticles can enter the
fetus and the fetal brain to damage neurodevelopment, effecting the brain and
behavior of the offspring.

5. Very little attempt has been made to match expected exposure patterns in terms
of dose levels, routes of exposure and exposure durations between expected
exposures to the general public and those used in experimental studies. In fact,
the dose levels employed in many experimental studies appear to be very high,
and the durations of exposure unreasonably long, given anticipated usage
patterns of non-occupationally exposed members of the general public. In order
to detect effects of infrequent exposures to low dose levels expected for the
general public, subtle effects on neurological functioning should be considered.

6. Very little attempt has been made to establish Key Event Relationships
quantitatively between any of the Key Events of either AEP or AOP constructs,
which would be necessary to construct quantitative exposure-dose-response
relationships of existing materials or of predictive risk estimates of novel
materials.

7. It appears that the rate of uptake and distribution of nanomaterials to the brain is
slow by all systemic routes of exposure, with nasal olfactory uptake perhaps
being relative higher than others, but still small in mass transport volume. It also
appears the clearance of ENM from the brain is also slow, and likely, slower than
uptake. This opens the possibility of long-term low-level exposure leading to
bioaccumulation of ENM in brain tissue. This may be a particular concern for
nanomaterials composed of relatively stable and insoluble materials such as TiO,
or CeO,. The types of studies required to address long-term mass balance and
quantifying rates of nanomaterials uptake and clearance from the brain have yet
to be performed.

8. Insufficient research has been conducted in which the physical/chemical
properties of engineered nanomaterials are systematically manipulated (such as
comparative studies of nanoparticles differing in size, composition or surface
properties) and their effects directly compared on the nervous system. This
would be required for each core-nanomaterial. Those studies to date indicate
greater biodistribution and toxicity for smaller nanoparticles.

9. Across the AEP and AOP schematic, examples of nanomaterial exposure or
nervous system effects can be found at virtually every stage, leading to the
impression that neurotoxic effects from exposure to nanomaterials may pose
possible risks. However, the examples are scattered across exposures to
nanomaterials of different composition, size and surface conditions, and the
effects scattered across different cell types, species, exposure routes, dose levels
and durations, and outcomes measured. Therefore, there is no example of a
single nanomaterial that has been studied across the linkages spanning
manufacture, exposure, effects and adverse outcomes.
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Some experimenters have measured metal content of whole non-perfused brain
tissues using chemical detection methods such as ICP-MS or AA, and concluded
that nanoparticles entered the brain, without considering that the technology
employed does not discriminate between particle form and dissolved ionic form
of the metal (especially a concern for moderately or highly soluble compounds
such as silver or zinc), and also considering that the measurement of whole non-
perfused brain tissue may contain nanomaterials in the blood or embedded in the
vascular endothelium which not have actually crossed the blood-brain barrier and
entered the neuronal parenchyma of the central nervous system.

Many studies have demonstrated that treatment with nanomaterials has increased
reactive oxygen species and/or caused oxidative damage in brain tissues and
concluded or implied that the generation of ROS is the primary mechanism
leading to neurotoxicity. However, it is also possible that the generation of ROS
is a secondary response to some other action of the nanoparticles. For example,
intracellular nanoparticles are trafficked to the lysosomes 136, where generation
of ROS is a cellular defensive reaction designed to breakdown foreign materials
or pathogens. Similarly, microglial responses may also generate ROS as a
component of reactive inflammation. In such cases the generation of ROS is a
secondary reaction to the ENM or the damage caused by the ENM, and unless
neuroinflammation is the key toxic mechanism, may not be the primary
mechanism initiating neurotoxicity.

Two primary theories of nanotoxicity explain the molecular generation of oxygen
or hydroxy free radicals. One involves semiconductor metal oxides of an optimal
bandgap participating in the cellular redox cycling and generating free radicals
that disrupt cellular metabolism. The other theory has similar elements involving
elevation of valence band electrons to the conduction band following absorption
of a photon of light and subsequent excitation of photoreactive materials such as
TiO, 146 leading to generation of oxygen and hydroxy free radicals that then
precipitate oxidation or hydroxylation reactions with nearby biomolecules. Of
course, phototoxic mechanisms are relevant for neurotoxicity solely in the retina,
the only part of the central nervous system exposed to light 147.148,

Although it might be assumed that a prerequisite for nanomaterials to cause
neurotoxicity is the penetration of nanoparticles into the nervous system, two
recent lines of evidence argue otherwise. First, it is hypothesized that inhalation
of particles into the respiratory tract initiates pulmonary inflammation and the
systemic release of proinflammatory chemical markers, which then enter the
CNS and initiate an inflammatory response in the brain including persistent
activation on microglia that, if prolonged, has adverse neurotoxic implications 38.
Second, an analogous process has been proposed for developmental exposures in
which the nanoparticles initiate inflammatory reactions in the placenta,
preventing the placenta from providing adequate support for rapidly developing
fetal nervous system with persistent adverse consequences for the developing
offspring 19
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Despite of the uncertainties addressed in these thirteen statements, the economic and societal
benefits that can be achieved by the safe use of nanotechnology are enormous, including the
combination of nanocarriers for drug-delivery with stem cell therapy for the treatment of
neurodegenerative diseases 200, Nevertheless, the whole repertoire of experimental and
epidemiological research in neuroscience/ toxicology needs to be exploited to help cure and
not harm the brain.
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TNBS 2,4,6-trinitrobenzene sulfonic acid
TNF-a tumor necrosis factor alpha
TRP transient receptor potential
UFP ultrafine particles
URT upper respiratory tract
uv ultraviolet
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Figure 1.
A schematic overview representing exposure to nanomaterials/ -particles (1), aggregated

across sources and over time, their absorption and distribution in the body (2), and
accumulated outcomes from exposure accumulated across materials and over time at the
cellular, organ (3) and individual or population level (4).
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Figure 2.
A schematic depicting the combination of an Aggregate Exposure Pathway for

nanomaterials (AEPpano) With an Adverse Outcome Pathway for neurotoxicity (AOPneuro)-

-/
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