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Abstract

Metal oxide nanoparticles (MONPs) represent one of the largest classes of
engineered nanomaterials (ENM) in the world. As with ENM in general, MONPs present a
challenge for regulatory risk assessment due to the numerous physicochemical properties
impacting their toxicity. One of the most critical properties of MONPs is their solubility in
biological microenvironments, affected by factors such as their surface area, surface
reactivity, and chemical composition. The relative contribution of the particulate and
dissolved fractions to toxicity induced by MONPs remains poorly understood. In this
context, the underlying question this thesis sought to address was: what is the relative

contribution of particulate and dissolved fractions to MONP induced toxicity?

To address the question, this thesis employed 21°t century toxicological tools in an
in vitro lung epithelial model system (FE1) examining MONPs with varying solubility
(including ZnO, CuO, NiO, Al,O3, TiO,). In the first approach, FE1 cells were exposed to
MONPs, their microparticle analogues, and dissolved metal salts for 2 - 48 h for
transcriptomic characterization. In the second approach, the genotoxic potential of the
same MONPs and equivalents was assessed using two high-throughput screening assays
(CometChip® and Microflow®). Finally, fluorescence darkfield hyperspectral imaging was
used to determine the co-localization of a set of MONPs with lysosomes, while the impact
of lysosomal dissolution / interaction on MONP toxicity was assessed by measuring

changes in viability with and without co-exposure to a lysosomal acidification inhibitor.

The results of the transcriptomic characterization and genotoxicity screening
indicated compound-specific effects of solubility and the particulate and dissolved
species on MONP toxicity; with the ‘HIF1a Signaling’ pathway being identified as a putative
biomarker of response to acutely toxic MONPs. Based on microscopy analysis, all MONPs
localized to lysosomes, with TiO, MONPs showing the greatest co-localization. Out of the

MONPs tested, lysosomal dissolution only contributed to the toxicity of CuO MONPs.

In conclusion, adverse effects of MONPs are not captured solely by their solubility

properties, raising concern that existing hazard groupings are based on oversimplified
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generalizations. While solubility is a key influence, mechanistic results from 21st century

toxicity approaches should be considered at the outset of regulatory priority-setting.
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Preface
This thesis is written as a series of articles, in accordance with the University of
Ottawa Academic Regulation C-7.3. Referencing in this document is formatted in the style

of APA 7% edition.

The thesis begins with a general introduction (Chapter 1) which provides the
purpose and scope of the thesis with a review and summary of the relevant literature

needed to contextualize the research question.

Chapters 2 to 7 are a series of manuscripts: Chapters 2, 3, 4 and 5 are published,
Chapter 6 is currently in peer review, while Chapter 7 has been prepared for publication
and will be submitted following Health Canada review. | am the first author on the
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7.
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1 Chapter 1: General Introduction

1.1 Purpose and Scope

The purpose of this thesis is to answer the question of “What is the relative
contribution of particulate and dissolved fractions to metal oxide nanoparticle
(MONP) induced toxicity?”. To address this question, this thesis utilizes 21°t century
toxicological tools (high content transcriptomic and high throughput genotoxicity screening
assays) in an in vitro approach with FE1 lung epithelial cells commonly exposed to 5 metal

oxide nanoparticles (MONPs), and their dissolved and microparticle analogues.

The MONPs chosen for investigation throughout this thesis were commercially
procured and are widely utilized in consumer and commercial products (ZnO, CuO, Al,Os,
and TiOy), or utilized in niche consumer applications but for which carcinogenic hazard is
known for larger size fractions (NiO NPs) (Table 7-1) (Hansen et al., 2021; IARC, 1990).
Furthermore, three subgroups of these MONPs are considered prioritized substances for
risk assessment in Canada, those being ZnO, NiO, and TiO, MONPs (Proposed Plan of
Priorities: substances prioritized for assessment under CEPA - Canada.ca). For all
MONPs, commercially sourced microparticle analogues > 1pm based on manufacturer
reported primary particle size were included for comparative analysis due to differences in
solubility between bulk and nanoscale metal oxides. Similarly, for all MONPs except TiO2, a
water soluble metal chloride equivalent was included in order to determine the
contribution of the dissolved species on toxicity. At least one concentration of each
dissolved equivalent used for mechanistic characterization and high-throughput screening
was based on solubility determined in cell culture medium using the same MONPs

investigated herein (Avramescu et al., 2020, 2022).


https://www.canada.ca/en/environment-climate-change/services/canadian-environmental-protection-act-registry/implementing-modernized-cepa/plan-of-priorities-landing-page/priority-substances.html
https://www.canada.ca/en/environment-climate-change/services/canadian-environmental-protection-act-registry/implementing-modernized-cepa/plan-of-priorities-landing-page/priority-substances.html
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Table 1-1. Select MONPs used in commercial and consumer applications. *: MONPs which are
the main subject of this thesis.

Element Oxide Application as a nanomaterial
- Sensors (Yoon et al., 2021)

Zinc ZnO* ] o )
- Cosmetic additive (Fytianos et al., 2020)
- Sensors (Yoon et al., 2021)
Copper Cuo* - Insecticide (.Rahman et gl., 2022)
- Supercapacitance (Ameri et al., 2016)
- Cement additive (Slosarczyk et al., 2023)
Manganese MnO, - Supercapacitance (Mothkuri et al., 2019)
Nickel NiO* - Sensors (Maduraiveeran et al., 2019)

- Photocatalysis (Mohamed et al., 2022)

- Paints and coatings (Jankovi¢ & Plata, 2019)
Aluminum AlLOs* | - Sensors (Chavali & Nikolova, 2019)

- Catalysis (Chavali & Nikolova, 2019)

- Biomedicine (Dhall & Self, 2018)

- Waste water treatment (Chaudhary et al.,

Cerium CeO;
2017)
Iron Fe20s/
Fes0a - Waste water treatment (Xu et al., 2012)

- Solar energy generation (Maduraiveeran et
al., 2019)

- Photocatalysis (Maduraiveeran et al., 2019)

Titanium Tio* - Sensors (Maduraiveeran et al., 2019)

- Waste water treatment (Liu, X. et al., 2021)

- Cosmetic additive (Boyadzhiev et al., 2020;
Fytianos et al., 2020)

- Cement additive (Slosarczyk et al., 2023)

In addition, for a subset of MONPs (CuO, NiO, Al,O3, and TiO,), nanoscale microscopy
in conjunction with inhibition experiments using a specific inhibitor of v-type ATPase
activity was used to assess the relationship between subcellular lysosome localization and

toxicity in terms of MONP solubility.

The scope of this thesis is primarily experimental, but does include an in vitro
grouping and prioritization component (Chapter 7) which extends the use of this data to

risk assessment activities.
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Included in this Introduction (Chapter 1) is a literature review to provide context for
the above overarching question, followed by a statement of the four main hypotheses, an
overview of the regulatory data gaps being addressed, and a short guide to the structure of

the thesis and the specific objectives of each chapter.

1.2 Background

1.2.1 A Brief History of Nanomaterials

Nanomaterials (NMs) have always existed naturally; in the form of dust particles and
pathogens. They can also be produced secondary to anthropogenic activities, such as
welding, grinding, brazing, or combustion and as by-products from natural processes, such
as volcanic eruptions and weathering (Oberdérster et al., 2005). Utilization of NMs in human
life dates back to the BCE with early human ancestors inadvertently depositing layers of
nanocomposites in their cave drawings, some of which date back to 40 — 34 000 BCE
(Barhoum et al., 2022; Yetisen et al., 2016). Ancient cultures including the Romans, Chinese
and Islamic cultures incorporated metallic nanocrystals in pottery and glass to confer
brilliant colours in their finished crafts (Barhoum et al., 2022). These pieces contained well
defined stratified layers of nanoparticulate copper (Cu) and silver (Ag) within the glass /
ceramic matrix that induce optical plasmonic effects and produce iridescent color
phenomena (Barhoum et al., 2022). While these brief examples serve to illustrate humanity’s
long history of NM utilization, a real appreciation for the unique effects exhibited by NM did
not become apparent until modern times when our ability to manufacture increasingly

smaller materials improved.

In the present age, the ability to purposefully and precisely manipulate matter at the
atomic or molecular level has given rise to the field known as nanotechnology, and through
it, engineered nanomaterials (ENMs). In 1959, leading physicist Richard Feynman gave a
seminal lecture at the American Physical Society titled ‘There’s plenty of room at the
bottom’ which proposed how different our world would be if we can precisely manipulate
matter at the atomic scale (Feynman, 1992). More importantly, he enthused that this is

physically possible and all that is stopping scientists from doing it, is that ‘we hadn’t gotten
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around to it’. In the next few decades he was shown to be correct, with the development of
ENMs beginning in earnest in the 1980s, with the discovery of Cg fullerenes in 1985 (Kroto
et al., 1985) and the elucidation of the structure of carbon nanotubes (CNTs) in 1991 (lijima,
1991). The intense interest in nanoscale carbon chemistry lead to an explosion in research
and development of many different kinds of ENM over the next decades. While the first
consumer products to contain ENM by design were released in the 1990s and consisted of
tennis rackets, baseball bats, and golf clubs reinforced with carbon nanotubes, by the
2010s more than 1000 ENM-containing consumer products were available in markets
globally (Hansen et al., 2021; Kessler, 2011; Vance et al., 2015), and this number continues to
increase yearly. With increasing production comes increased propensity for human
exposure and environmental release, which can pose risks that require regulatory

management.

1.2.2 Nanomaterial Definitions, Sources, and Identities

The International Organization for Standardization (ISO) defines an NM as a material
with any external dimension or structure between 1 and 100 nm (ISO, 2023). The US Federal
Drug Administration does not have its own NM definition and follows the ISO definition (U.S.
Department of Health and Human Services et al., 2014; US Department of Health and Human
Services et al., 2022). The US Environmental Protection Agency (EPA) and Health Canada
both have their own working NM definitions, which closely mirror the ISO definition (ECCC &
HC, 2022; EPA, 2017). According to the definition by the European Union, a material is
considered to be “nanoform” if 50% or more of the material in the number size distribution
in one or more external dimensions is in the size range 1 nm - 100 nm (ECHA, 2019).
Additional definitions are available in the World Health Organization document “Principles
and methods to assess the risk of immunotoxicity associated with exposure to
nanomaterials” (World Health Organization & International Programme on Chemical Safety,
2019). For the purposes of this thesis, the ISO NM definition will be used. Similarly, the term
‘bulk’ in this thesis refers to materials with all dimensions and structures larger than 100

nm in size.
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In the context of regulation, NMs cannot be organized like traditional chemicals
because unlike traditional chemicals, NMs do not have an unambiguous identity. NMs tend
to be defined by distributions of values (like primary particle size, aspect ratio, and
aggregate size in suspension) whereas traditional chemicals tend to be defined by singular
values (like Logk.w, and vapor pressure) (Miernicki et al., 2019). Broadly, NMs can be
classified based on their origin (Barhoum et al., 2022) and chemical composition. Incidental
or naturally occurring NM created inadvertently through human actions or through naturally
occurring processes have distributions which are broad and encapsulate many different
populations. ENMs on the other hand have tightly controlled physicochemical properties to
leverage specific effects at the nanoscale. They can be categorized into a few main
categories based on their chemical composition, such as metals and metalloid oxides or
organic ENM (ECCC & HC, 2022). ENMs can be further divided into subtypes based on their
morphology, such as rods, tubes, wires, flakes, or particles (ISO, 2023). These highly diverse
materials are part of a larger class of compounds known as ‘Advanced Materials’ which are
defined by the Organization for Economic Cooperation and Development (OECD) as having
been rationally designed with new or enhanced properties and/or targeted or enhanced
structural features (OECD, 2022b). These enhanced properties are what have allowed ENM
to inundate global markets, and are the reason for the ever expanding methods available to

synthesize ENM and the diversity of these materials.

1.2.3 Synthesis, Applications, and Properties of ENM

The range of ENM produced worldwide is quite broad and heterogeneous. Many
different approaches exist for ENM synthesis and many rely upon simple chemical
reactions which have been known for many years, such as chemical vapour deposition. In
fact, with advances in microscopy techniques numerous existing protocols have been
shown to result in the accidental synthesis of NM, such as ball milling. Over the last 2
decades more complex and varied approaches have been explored however all still involve
either ‘top-down’ or ‘bottom-up’ synthesis, or a combination of the two (Barhoum et al.,
2022). In ‘top-down’ synthesis, bulk materials are progressively broken down into smaller

and smaller forms until they reach the nanoscale through processes involving impaction,
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or ablation. Conversely, ‘bottom-up’ approaches build an ENM atom-by-atom through
deposition based methods. Hybrid approaches on the other hand combines both ‘top-
down’ and ‘bottom-up’ synthesis together in an alternating fashion. The production of
computer chip dyes is a hybrid ENM synthesis approach which uses nanoscale lithography
to both deposit materials onto and etch a silicon substrate. Etching being the top-down
component while ion growth is the bottom-up component. With the myriad of ways to
produce ENM, many varieties are available for purchase on global markets but they can be

divided into a few main groups.

Broadly speaking, the two major classes of ENM which make up the bulk of
worldwide production and use are carbonaceous ENM which include CNTs and inorganic
carbon, and metal/ metal oxide ENM which includes metals, metals salts, metalloids, and

metal oxides and metalloid oxides (Vance et al., 2015).

Carbonaceous ENM exist in many types and varieties; however, the main
commercially available types are CNTs, carbon black nanoparticles, Ceo fullerenes, and
graphene. CNTs present attractive mechanical properties which has led to their active
incorporation as strengthening agents in consumer and commercial products (e.g. tennis
rackets and aerospace materials), as well as potential applications in fields such as water
treatment due to their high propensity for metal ion adsorption (Santhosh et al., 2016; Vance
etal., 2015). Carbon black nanoparticles are nanoscale particles of carbon, produced in an
aggregated state for use as reinforcing materials in rubber tire production, as well as
everyday paints, printing inks and coatings (Long et al., 2013). The Ce fullerene, whichis a
one atom thick sphere of carbon, has unique redox chemistry and photodynamic
properties with many applications in fields such as photovoltaics, catalysis, and
biomedicine (Bakry et al., 2007; Collavini & Delgado, 2018). More recently, the industrial
production of graphene (a flat sheet of carbon with atomic thickness) and related
derivatives has been achieved (Zhu, Yanwu et al., 2017). This material presents unique
electrical, thermal, and physical properties, which make it attractive for the production of

high-strength poly-nanocomposite materials, stimuli-responsive materials, electronics,



Boyadzhiev 2025

and next generation energy storage media (Smith et al., 2019). Despite its relative novelty,

graphene is already being integrated into modern smartphones for cooling purposes.

Other than carbonaceous ENM, metal and metal oxide ENM are the most
ubiquitously produced and utilized worldwide (Vance et al., 2015). Metal nanoparticles, such
as silver (Ag) and gold (Au), have seen extensive utilization by the cosmetics and personal
care industry due to their antimicrobial and optical properties (Fytianos et al., 2020; Niska et
al., 2017). Silica (SiO2) nanoparticles (NPs) are used extensively to strengthen concrete due
to their ability to fill spaces between the particles of calcium-silicate-hydrates, and
reactions with contained calcium hydroxide that results in higher densification of the
concrete matrix (Aggarwal et al., 2015). Furthermore, mesoporous SiO, NPs have shown
promise as carriers for intracellular delivery of bioactive molecules due to relatively high
levels of biocompatibility, tuneable pore and particle sizes, and high loading capacity
(Hoang Thi et al., 2019). Various nano-fluids containing suspensions of metal oxide
nanoparticles (MONPs) have been investigated for their application in enhanced oil
recovery operations due to their ability to modify oil-water interfacial tension (Cheraghian &
Hendraningrat, 2015). In addition, other MONPs such as zinc oxide (ZnO) and titanium
dioxide (TiO,) NPs, have found use as invisible UV blocking ingredients in various personal
products, such as sunscreens (Vance et al., 2015). The full range of applications for MONPs
is much more diverse, including utilization in sensing, diagnostics, biomedicine, catalysis,
electronics, and coatings & pigments (Chavali & Nikolova, 2019; Jankovi¢ & Plata, 2019;
Slosarczyk et al., 2023). These applications are driven by their unique physicochemical

properties.

1.2.4 Metal Oxide Nanoparticles: Properties and Applications

The applications of MONPs across sectors is extensive, of which a brief overview of
major compounds is presented in Table 7-1. Owing to the wide assortment of applications
they are used for, MONPs are present in industrial, commercial, and consumer products
sold globally. As compared to their bulk counterparts, MONPs present unique electrical,

optical, and reactive properties.
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As compared to their bulk counterparts (metal oxide microparticles; MOMPSs),
MONPs possess very few edges and corners on their surface, which modifies their
electronic and magnetic configurations (Chavali & Nikolova, 2019). This can dramatically
increase their reactivity, such as their catalytic potential and conductive / insulative
properties. For this reason, certain species of copper oxide (CuO), TiO,, and aluminum-(ll)-
oxide (Al,O3) NPs are applied in the field of catalysis, photocatalysis, and next generation

electronics (Chavali & Nikolova, 2019).

A nanoscale size form can also confer unique optical properties to metal oxide
particles. As bulk substances, ZnO and TiO, particles have an excellent ability to filter UV-A
and UV-B light, making them attractive for use in sunscreens (Newman et al., 2009).
However, bulk forms leave unsightly white residue over the surface of the skin upon
application, which is undesirable. By bringing ZnO and TiO, particles to the nanoscale, the
formulation becomes transparent upon application but retain the ability to filter out UV
light (Newman et al., 2009). This has resulted in widespread utilization of ZnO and TiOz in
personal care products and sunscreens; with 85% and 72% of globally produced ZnO &

TiO2 nanoparticles (NPs) being used for this application in 2014 (Jankovi¢ & Plata, 2019).

In addition to purposeful inclusion of MONPs in many products, MONPs can also
comprise parts of existing formulations which were not specifically intended to be
nanoparticulate. An example of this is the metal oxide microparticulate food grade pigment
E171 (comprised of TiO;) which contains a 36% particle fraction that is nanoparticulate
(Weir et al., 2012; Yang & Westerhoff, 2014). These nanoparticles can be readily extracted from
edible items, such as chewing gum, and highlight the potential for unintentional consumer
exposure to MONPs (Chen, X. et al., 2012). This TiO, NP containing pigment was banned for
use in foods in the EU in 2021 due to concerns regarding the toxicity of the nanoscale

component when ingested (Younes et al., 2021).

Finally, nanoscale miniaturization dramatically alters the environmental stability of
MONPs. By increasing the available surface area for interaction, the solubility of MONP in

various biological media can markedly increase as compared to MOMPs (Avramescu et al.,
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2020, 2022; Semisch et al., 2014). Leaching of metal ions into the surrounding environment is
toxic to many microorganisms and has also made certain MONPs an attractive
antimicrobial additive to consumer products (Abo-zeid & Williams, 2019; Vance et al., 2015).
Many of these properties which make ENM and MONPs attractive to material scientists and

engineers can also drive adverse effects in living organisms.

1.2.5 Nanotoxicology: The Toxicity of The Very Small

The understanding that NMs can present additional toxicological considerations as
compared to bulk materials has lead to the inception of the subdiscipline of
nanotoxicology (Donaldson et al., 2004; Oberdorster et al., 2005). The term was coined in the
early 2000s to describe the study of the adverse effects of nanodevices and nanostructures
on living organisms, however its roots can be traced back to the study of virology and metal
fume inhalation in the early 20" century (Oberdérster et al., 2007). Viruses were not known to
be nanoscale until the advent of the electron microscope in the 1930s, while metal fumes
were not understood at the time to be composed of particles containing NM. Research in
the 1970s and 80s did show that NM can translocate across barriers, and gain systemic
access as well as access to the brain, however there was not much concern for their

toxicological effects.

In the 1980s and 1990s, pioneering work on particle deposition in the human lung
noted an enhanced propensity for deposition of ultrafine particles (UFPs, particulate
matter defined as particles <100nm in size) in the deep periphery of the lung where
clearance mechanisms are weaker and persistence is increased (Oberdérster et al., 2007). In
the 1990s, the first comparisons between bulk substances and ENMs were made, which
showed enhanced inflammation and translocation of TiO, and Al,Oz NPs, and noted that
responses correlated with the surface area of the particles (Ferin et al., 1990; Oberd et al.,
1990). This was the first time that the conclusion was made that NMs induce enhanced
toxicity due to their larger surface area and potential for translocation as compared to bulk
compounds. These studies led to the proposal of the ‘ultrafine particle hypothesis’ which
states that UFPs present in the ambient air play a role in causing lung injury in sensitive

populations, by inducing pulmonary inflammation and the release of mediators that affect

9
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cardiovascular health (Oberdorster et al., 1995; Seaton, 1995). During this time, an
understanding was developed that toxicity induced by UFPs, and NMs in general, can be
mediated through oxidative stress and their potential to induce the formation of reactive
species through surface interactions. Thus, by the end of the 90s, there was already an
understanding that surface area, surface reactivity, and size potentiate toxicity induced by

NM.

From 2000 - 2010 nanotoxicology was first coined as a term, and there was a
recognition of the impact of biomolecule adsorption onto the surface of ENM, forming a
‘corona’ which mediates interactions (Lynch et al., 2007). CNTs were observed to induce
similar effects to asbestos when introduced into the lungs, and there was an increased
understanding of the specific hazards posed by high-aspect-ratio nanomaterials (Poland et
al., 2008; Schinwald et al., 2012). IARC also classified TiO, as a group 2b carcinogen, using a
number of studies assessing inhalation or instillation of ultrafine (nanoscale) TiO (IARC,
2010). In the 2010s, the first recommended exposure limits for ENM inhalation were
released by the National Institute for Occupational Safety and Health (NIOSH) for TiO, NPs
and CNTs (NIOSH, 2011, 2013). One class of CNTs was also classified as a group 2b
carcinogen by IARC during this time (IARC, 2017). These regulatory steps serve to highlight
the growing understanding of the unique size associated toxicological considerations of

ENM, and the inability to directly predict the toxicity of an NM from its bulk counterpart.

1.2.5.1 Human Health Risks of MONPs
From available information it can be seen that MONP production and application is

increasing globally, and like ENM in general, they possess the potential to induce additional
toxicity as compared to their bulk analogues. Some of the earliest evidence available
regarding human health effects related to MONP exposure can be extrapolated from data
available on metal fume inhalation — of which incidentally produced MONPs present a

sizeable fraction (Berlinger et al., 2011; Tossavainen, 1976).

Incidentally produced MONPs (iIMONPs) are generated as by-products of industrial

processes involving evaporation of metals, such as welding and casting and thus have

10
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varied composition and heterogenous physicochemical properties (Berlinger et al., 2011;
Chavali & Nikolova, 2019; Tossavainen, 1976). The main route of IMONP exposure in humans is
primarily inhalation in industrial environments. Welding of metals causes evaporation of
the filler material and base metal. These vapours condense and react with the atmosphere,
producing a heterogeneous particle mixture which contains a sizeable fraction of diverse
iMONPs (Berlinger et al., 2011). Because of their small aerodynamic diameter, iMONPs have
an increased propensity for alveolar deposition and pulmonary retention. Clinical reports
of metal-fume induced pulmonary toxicity are numerous (Andujar et al., 2014; Antonini et al.,
2002; Balkissoon, 2006; Hull & Abraham, 2002; Rohrs, 1957). The two main effects commonly
noted in literature are ‘metal fume fever’ which presents as acute pulmonary inflammation
with flu-like symptoms, and pneumoconiosis which is a progressive, fibrotic disease
characterized by the persistent presence of metal oxide particles in the lungs (Antonini et al.,
2002). Welding fumes were classified as a group 2b carcinogen in 1989, with a
reassessmentin 2017 relabeling welding fumes as a group 1 carcinogen (Guha et al., 2017).
A review of nearly 30 occupational or population cohort studies in this reassessment found
an increased risk of lung cancer in welders and other workers exposed to metal fumes
(Guha et al., 2017). While the composition of metal fumes is heterogenous, research has
shown that iMONPs are present inside fibrotic foci in welders and are at least partially
responsible for the observed pathologies (Andujar et al., 2014). Due to mixture effects and
the heterogenous nature of the produced particles, the toxicity of metal fumes and iMONP
inhalation in humans cannot be directly extrapolated to MONPs which are engineered with
tightly controlled physicochemical properties. However, they do provide preliminary
evidence of potential hazards they can pose to workers if inhaled, especially during
manufacture and manipulation of dry MONPs in chronic exposure conditions. In recent
years, occupational biomonitoring and epidemiological studies have been carried out
which provide more accurate indications as to the human health effects posed by exposure

to MONPs.

Studies in workers exposed to ENM occupationally, including MONPs, have found

evidence of adverse pulmonary effects (Bellisario et al., 2024; Bergamaschi et al., 2022; Bocca

11
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et al., 2023a; Bonetta et al., 2023; Chen et al., 2021; Hemmendinger et al., 2023; Panizzolo et al.,
2024; Pelclova et al., 2016). In one of the first biomonitoring studies carried out, researchers
found significant associations between occupational exposure to TiO, NPs and 5 markers
of oxidative stress in the exhaled breath condensate (EBC) of workers (Pelclova et al., 2016).
Similar effects were seen in Chinese workers exposed to TiO, NPs in a nanomaterial
production facility, with significant changes to the serum metabolite profile in exposed
workers related to lipid peroxidation, also pointing towards the induction of oxidative stress
(Chenetal., 2021). The EU-led NanoExplore project examined a larger international cohort of
workers exposed occupationally to mixtures of ENM, including MONPs such as TiO,, ZnO,
ALO3, and FeO, and did not observe indications of oxidative stress in EBC samples, but did
observe significant associations between particle number and deposited lung surface area
and the levels of inflammatory mediators including IL-1B and TNF-a (Hemmendinger et al.,
2023; Panizzolo et al., 2024). In the same cohort, increased levels of titanium and silica in the
urine in exposed workers was associated with ENM exposure, indicating absorption and
systemic distribution of the inhaled material (Bellisario et al., 2024). Absorption of indium
oxide NPs was similarly observed in Italian workers exposed occupationally to MONPs,
with detectable 38 nm particles in the blood (Bocca et al., 2023a). Another cohort study
examining the EBC of workers exposed to pigment grade TiO, which contains a nanoscale
component, also found significantly increased levels of IL-10 and IL-1B inflammatory
mediators (Bergamaschi et al., 2022). Increased levels of DNA damage was found in these
workers which was associated with oxidative stress and inflammation (Bonetta et al., 2023).
Importantly, these effects were noted at lower particle concentrations than TiO, NP
exposure limits recommended by the National Institute for Occupational Safety and Health
(NIOSH) (0.3 mg/m?3), indicating even more conservative limits may be needed to protect
workers from hazards posed by MONPs. Overall, the current epidemiological data available
on occupational exposure to MONPs indicates a pulmonary hazard, marked by
inflammation and oxidative stress. Pulmonary inflammation is a central event in the
development of a number of adverse outcomes relevant to ENM exposure (Halappanavar et

al., 2020). The potential risk MONPs present to human health is only expected to increase
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over time as their application across sectors increases and the potential for exposure
grows. In order to inform safer-by-design MONP production and regulatory decision making

related to potential risk, toxicological research is ongoing on a wide assortment of MONPs.

1.2.5.2 In Vivo Effects of MONPs Following Pulmonary Exposure
There has been a large amount of research conducted on pulmonary toxicity

associated with MONP exposure in rodents (some noteworthy reviews discussing the
subject are: (Karlsson et al., 2022; Liu et al., 2016; Murugadoss et al., 2017; Sengul & Asmatulu,
2020; Shakeel et al., 2015; Sharifi et al., 2011)). The main adverse effects commonly noted in
vivo are 1) inflammation, 2) fibrosis and fibrosis-like pathologies, 3) and in a minority of

cases emphysema and emphysema-like pathologies.

Both inhalation (nose only and full body) and intratracheal instillation of MONPs has
been shown to result in pronounced lung inflammation (Gosens et al., 2016; Larsen et al.,
2016; Rahman, L. et al., 2017b; Xia et al., 2011). The characteristics and severity of the
inflammation, as well as its tendency to resolve is dependent on the physicochemical
properties of the MONP, exposure dose and the model test system used. Acute pulmonary
inflammation related to MONP exposure in rodents is characterised by pronounced
infiltration of immune cells within the alveolar space and thickening of alveolar/
bronchiolar walls. Increases in acute phase cytokine levels and total protein in the
bronchoalveolar lavage fluid (BALF) are commonly noted, as are decreased levels of
reduced glutathione indicative of oxidative stress. The potency and mode-of-action related
to acute pulmonary inflammation induced by MONP exposure is related to their tendency
to dissolve in biological fluids, and their surface properties (ex. Surface charge) (Cho, W. et

al., 2012; Zhang et al., 2012).

If the inflammatory response to MONP exposure is sustained, a progression to
fibrotic pathologies is possible. Pulmonary fibrosis is defined as a chronic lung disease
characterized by excessive deposition of extracellular matrix (ECM) and remodelling of the
lung architecture ((Todd et al., 2012), https://aopwiki.org/aops/173). This results in

progressive decreases in lung function & capacity which culminates in mortality. This
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condition has been shown to develop after pulmonary exposure to CuO, nickel-(ll)-oxide
(NiO), TiOz, ZnO, cerium-(ll)-oxide (Ce0,), and crystalline SiO, nanoparticles in rodent
model systems (Chang, X. H. et al., 2016; Jacobsen et al., 2015; Lai et al., 2018; Ma et al., 2019;
Rahman, L. et al., 2017b; Zhao, X. et al., 2019). Histopathological evidence for collagen
accumulation and increased production of TGF-3 and PDGF in the lung proceeds sustained
inflammatory responses (Byrne & Baugh, 2008; Rockey et al., 2015). Like other ENM, MONPs
have high specific surface areas and typically present enhanced surface reactivity
(increasing the propensity to produce reactive species) as compared to bulk particles,
which has been implicated in an increased potential to induce lung injury (Horie & Fujita,
2011). Recent research with SiO, nanoparticles in vivo and CuO nanoparticles in vitro
indicates that vesicular localization and impairment may play a large role in potentiating
downstream pulmonary toxicity / fibrosis in response to MONP exposure (Strauch et al.,
2020; Wang, M. et al., 2020). Further research is needed to elucidate the exact mechanistic

underpinnings of pulmonary fibrosis induced by MONPs.

In addition to fibrosis, there are sparse reports of MONP pulmonary exposure also
inducing emphysema-like changes. This adverse outcome results in the destruction of
alveolar walls and widening of alveolar spaces, which reduces the surface area for gas
exchange. This has been noted in a single paper where authors exposed ICR mice to 100
and 500 pg of TiO, NPs via intra-tracheal instillation and noted airway destruction

characteristic of emphysema 1 week post-exposure (Chen, H. et al., 2006).

The above highlighted adverse effects indicate a wide range of MONPs are capable
of inducing local adverse outcomes in rodent lungs following pulmonary exposure, which
are relevant to effects seen in humans after exposure to iMONP-containing metal fumes,
and MONPs in an occupational setting. While the exact mechanistic underpinnings behind
the development of these pathologies are not fully defined, there has been extensive
mechanistic research conducted in lung cell line models which highlights key areas for

further research.
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1.2.5.3 Effects of MONPs on Lung Cells: Mechanisms of Toxicity
Cytotoxicity and genotoxicity are two important adverse effects observed and

reported in the lung and lung cell lines following in vitro and in vivo exposure to MONPs. A
number of physicochemical properties may influence these responses. Two of these
properties which have shown a pronounced impact on toxicity are the solubility of the

MONPs in various biological media, and their surface reactivity.

Solubility is defined as the maximum amount of a substance (known as the solute)
that can dissolve in a specific solvent at a specified temperature and pressure. Factors
such as the pH of the solvent and the presence of common ions in solution can affect
solubility. Dissolution on the other hand is the act of a solute dissolving into a solvent and
is defined in terms or rate. One is a point value while the other is a dynamic process, and
both are inexorably linked. The solubility of MONPs can be described according to criteria

proposed in (OECD, 2015), using the maximal dissolution as the solubility (Table 7-2).

Table 1-2. MONP solubility defined by maximal dissolution based on criteria in (OECD, 2015).

Solubility Grouping Maximal Dissolution
Highly soluble >70%
Soluble 10-70%
Poorly soluble 1-10%
Negligibly soluble <1%

For some poorly soluble and negligibly soluble MONPs, such as cobalt oxide (CoO)
and chromium-(lll)-oxide (Cr.03), the band gap structure of the particle has been shown to
strongly correlate with biological reactivity and toxic potential (Zhang et al., 2012).
Specifically, particles that have conductance band gaps in the range of the cellular redox
potential have the ability to disrupt redox couples and lead to reactive oxygen species
(ROS) imbalances within the cell (Zhang et al., 2012). Accumulation of ROS, and direct
particle interaction can lead to cytotoxicity, genotoxicity and mutagenesis. This is however,
not enough to fully explain the toxicity of poorly soluble and negligibly soluble MONPs

since particles like TiO, NPs do not have this electrical configuration, but still possess the
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ability to induce pulmonary inflammation and fibrosis-like changes in lung tissue in vivo

(Rahman, L. et al., 2017b).

For MONPs of varying solubility, subcellular localization to lysosomes and
endosomes / phagosomes has been shown to strongly potentiate toxicity (Zhang et al.,
2012). With respect to negligibly soluble MONPs, localization to the lysosome can induce
formation of ROS due to interactions with the particle surface (Asati et al., 2010) and
vesicular destabilization due to particle overload (Decan et al., 2015; Wang, M. et al., 2020).
MONPs trafficked to such compartments can exhibit enhanced solubility as a
consequence of the acidic conditions (Koltermann-Jilly et al., 2018; Semisch et al., 2014). The
rapid liberation of metal ions can cause damage to the vesicular membrane, resulting in
permeabilization, cytoplasmic leakage and toxicity. By either inhibiting endocytosis (and
thereby lysosomal particle localization) or lysosomal acidification, the toxicity of some
MONPs can be greatly reduced (Strauch et al., 2020; Zhang, Jun et al., 2018). Recently, a new
target for MONPs has been identified in the pulmonary epithelium in vivo and in vitro (Kokot
et al., 2020). In this mechanism, ENM can be endocytosed by lung epithelial cells and
interact with cellular lipids and actin fibers to create what are known as ‘cauliflowers’ that
are exocytosed and decorate the outside of the cell. These exocytotic aggregates can then
be internalized by macrophages and the organic components degraded, exposing them to
the ENM stressor. These macrophages can then die and release the ENM back into the
extracellular space, allowing for reuptake by epithelial cells and for the cycle to begin
again. This effect was shown with TiO, and ZnO NPs, however it is not known whether this

effect is seen more consistently with MONPs of intermediate solubility.

The toxicity of MONPs depends on the degree to which they dissolve in various
biological fluids, which is dependent on their size and chemical composition (Avramescu et
al., 2020; Semisch et al., 2014). The ability for the exposed cells / tissue to handle imbalances
in the liberated metal ion affects toxic potential. Furthermore, the intrinsic reactivity of the
metalion and its localization (extracellular vs intracellular) can strongly affect adverse
outcomes (Horie & Fujita, 2011; Wongrakpanich et al., 2016). Changing the rate of dissolution

of the MONPs by either coating or doping has been shown to dramatically reduce the in
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vitro and in vivo toxicity of NPs such as CuO, CoO, and ZnO, showing that their dissolution
is important to their toxic potential (Cai et al., 2017; Naatz et al., 2016; Xia et al., 2011). For
many soluble MONPs, the toxicity mode-of-action in vitro is related to the kinetics of
dissolution, with both the particle and dissolved species impacting the dynamics of
cellular response over time. The contribution of these two species to toxicity has of yet, not
been extensively explored in the context of MONPs and presents an avenue of great

promise for toxicological exploration.

Aside from these important properties, additional physicochemical descriptors
such as crystal phase, dustiness, specific surface area, primary particle size, and
morphology all play a role in the toxic potential of MONPs. Many of these are applicable to
other ENM classes, and this wide breadth of relevant properties create a challenge in the

world of regulatory risk assessment.

1.2.6 Regulatory Human Health Risk Assessment and the Challenge of ENM

Risk in the context of regulation can be defined as the product of hazard and
exposure, where both the potential to induce adverse effects and relevant exposure to the
hazardous agent are necessary to have risk. Chemical human health risk assessment is
similarly defined as the process of characterizing and quantifying potential negative effects
resulting from exposure to chemical agents (Mcclellan, 1999). A chemical human health risk
assessment comprises 4 main parts, those being: 1) exposure assessment, 2) hazard
identification, 3) hazard characterization, and 4) risk characterization (World Health
Organization, 2021). Globally, different risk assessment agencies and pieces of legislation

are responsible for this task but all follow the same format.

In Canada, the Canadian Environmental Protection Act (CEPA) governs the
regulation of chemicals on the Canadian market. All chemical compounds for sale in
Canada introduced after 1986 must first undergo a human and environmental health risk
assessment, after which point they are added to the domestic substances list (DSL) with
any relevant restrictions to their use (ECCC, 2022; Health Canada, 2017). In the US, the

Environmental Protection Agency is responsible for controlling substances in commerce,
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originally through the Toxic Substances Control Act (TSCA) which has been amended in
2016 with the Lautenberg Chemical Safety Act. Analogous to Canada’s DSL is the US TSCA
Inventory which lists all non-exempt chemicals for sale on the US marketplace after they
have undergone risk evaluation. In the European Union, the European CHemical Agency
(ECHA) is the governing body responsible for the regulation of chemicals through
Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) regulations
(European Parliament, 2006). Unlike Canada’s DSL and the US’ TSCA Inventory, the EU has 3
separate lists, 2 of which comprise past substances (EINECS: European INventory of
Existing Commercial chemical Substances. NLP: No-Longer Polymers) and 1 which
contains substances introduced to market post-1981 (ELINCS: European Llst of Notified
Chemical Substances). For all mentioned inventories in each of these major regulatory
agencies, substances are identified based on Chemical Abstract Services Registry
Numbers (CAS-RNs). CAS-RN entries do not specify the size fraction of the chemical

compound, which was problematic with the emergence of ENM.

Due to the inundation of ENM in global markets and the use of CAS-RNs to define
substance identity, there are many MONPs for sale on global and Canadian markets which
lack relevant regulatory risk assessments. Furthermore, risk assessment frameworks used
in chemical toxicology required adaptation for use with ENM, taking into account the
increased diversity of physicochemical properties impacting ENM toxicity. Additionally, due
to the breadth of ENM in production, and the continued creation of new and complex multi-
component ENM, traditional testing strategies routed in in vivo animal experimentation and
high-dose phenotypic endpoints are unable to keep pace. The changing paradigm of
toxicology in the 21 century proposes new in vitro based alternative approaches that are
highly suited to ENM, and seek to overcome many of the economic, ethical, and practical

limitations associated with traditional regulatory toxicity testing strategies.

1.2.6.1 21° Century Toxicology and ENM-Specific Risk Assessment Frameworks
Toxicological testing in the 21°* century has been guided by a landmark report titled

Toxicity Testing in the 215 Century: A Vision and a Strategy, which places a greater emphasis

on the three fundamental principles of reduction, refinement, and replacement of in vivo
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animal experiments (Gibb, 2007). Due to economic, ethical, and practical shortcomings, the
report outlines a shift from in vivo experimentation to in vitro and in silico testing focused
on high throughput / content systems biology & omics methods. This approach places
greater emphasis on mechanisms underlying toxicity and uses pathway-based knowledge
to glean biological meaning (Gibb, 2007). These principles are being integrated into

regulatory risk assessment frameworks, which is will expedite risk assessment of ENM.

With the ever increasing use of ENM worldwide, and the ever increasing complexity
in the types of ENM produced, there was a growing need for ENM-relevant risk assessment
frameworks and grouping strategies which allow for rapid screening, prioritization, and
evaluation of ENM toxicity. These frameworks were also necessary for manufacturers to
know what kind of characterization data to include in new ENM submissions. Work on
assessing and adapting current risk assessment frameworks and testing guidelines for
ENM has been conducted by the OECD (OECD, 2009, 2019, 2022a), and both Canada and the
EU have produced specific frameworks or guidance for regulatory risk assessment and

reporting (ECCC & HC, 2022; More et al., 2021; Nielsen et al., 2021).

A common theme in both the EU and Canada ENM regulation is the requirement of
rigorous physicochemical characterization which include primary particle size, shape,
composition, surface area, surface charge, surface reactivity, and solubility (ECCC & HC,
2022; ECHA, 2022). These are considered the minimum characteristics required to establish
the identity of an ENM in the context of regulatory risk assessment, and is a common
requirement under REACH and CEPA regulations. In all frameworks, it is acknowledged that
the vast variety of ENM available for a single CAS-RN makes case-by-case assessment
impractical, and all call for the utilization of tiered-testing strategies centered around

grouping and read across.

Grouping as defined by the OECD in the context of regulatory risk assessment is
simply considering more than one chemical at a time, while read-across is defined as a
technique where information from one chemical is used to predict the same information

for a chemical which lacks data (OECD, 2014a). Grouping typically precedes read-across,
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and there is well defined guidance for chemicals. With respect to ENM, a number of
different grouping frameworks have been proposed with varying sets of physicochemical
descriptors that are used to define the identity of ENM (Arts et al., 2015; ECHA, 2016b; Hund-
Rinke et al., 2017; Kuempel et al., 2015; Oomen et al., 2015; Stone et al., 2020). In Canada, a
combination of approaches are used for grouping, however read-across is not yet widely
used for ENM and is evaluated on a case-by-case basis (ECCC & HC, 2022). Grouping and
read-across are both considered alternative approaches in regulatory toxicology and can
be used to fill data-gaps for regulatory assessment without the use of additional testing.
For data-poor ENM which are unsuitable for read-across, New Approach Methodologies
(NAMs) can be used to derive endpoint-specific data in vitro for hazard identification, and

mechanistic characterization purposes without making use of animals.

1.2.6.2 New Approach Methodologies and Toxicity Testing of MONPs
NAMs represent a type of alternative method that can be broadly defined as

technologies, methods, and approaches that provide meaningful information useful for risk
assessment activities while avoiding, or reducing, the use of animals (ECHA, 2023; EPA,
2018). These approaches encompass chemical-based assays, targeted endpoint-specific
in vitro assays, computational modelling approaches, and molecular bioassays which
includes omics technologies. NAMs are particularly well suited to the challenges facing
human and environmental risk assessment of MONPs, especially as the first or second
levels in tiered-testing frameworks for hazard identification and prioritization (Doak et al.,
2022; Hristozov et al., 2024). There are numerous NAMs which have found regulatory
acceptance in chemical hazard characterization, such as defined approaches for skin
sensitization and eye damage and irritation (OECD, 2023a, 2024), and assays for in vitro
genotoxicity (OECD, 2023c), in vitro immunotoxicity (OECD, 2023b), and in vitro mutagenicity
(OECD, 2016). For ENM however, it is recognized NAM-based test guidelines will require
modification, as is the case for the in vitro micronucleus assay (TG 487) (OECD, 2022c), orin
some cases are not relevant at all such as for the Ames test (TG 471) (Rasmussen et al.,
2015). Arecent review of ENM-specific NAMs identified 8 which have regulatory

acceptance in the EU, with another 120 under development (Jagiello et al., 2022). No ENM-
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specific in vitro tests have accompanying OECD test guidelines, but some have published
ISO standards (ISO, 2016, 2021). The publishing of an associated OECD guideline is
important for the regulatory uptake of a NAM, however the current NAM validation
procedures outlined in OECD GD 34 are too onerous to properly keep pace with the rapid
development of NAMs in the 21 century. For example, the local lymph node assay
provided as an example in the aforementioned guideline had almost 10 years worth of
validation studies before a formal test guideline was published in 2002 (OECD TG 429). The
current OECD GD 34 is undergoing review, to consider the recent NAM framework from van
der Zalm (Van Der Zalm et al., 2022), which could also result in faster validation and
acceptance of ENM-specific NAMs. Numerous other challenges still require attention for
regulatory uptake of NAMs which were outlined in a recent ECHA workshop on NAMs in
regulation (ECHA, 2023). Even in the absence of regulatory uptake or extensive validation,
NAMs can provide crucial mechanistic information that can form part of the weight-of-
evidence used in screening and prioritization activities. In the context of regulatory
decision making, a weight-of-evidence approach considers a variety of information
sources and lines of evidence to arrive at a conclusion (Bao et al., 2018). In this way,
targeted endpoint-specific NAM data can be used to supplement limited information
available from more heavily validated approaches and methods. Furthermore, this sort of

datais integral to the gradual uptake and acceptance of a NAM in a regulatory setting.

One of the largest bottlenecks when it comes to nanotoxicology is the throughput of
existing assays (how many samples can be tested at the same time). Due to the wide
breadth of existing ENM (including MONPs), and the large changes in biological response
that can occur after slight alteration of particle-specific physicochemical properties, there
is a need for NAM-based high-throughput screening (HTS) assays that can assess many
conditions in one experiment (Collins et al., 2016; Halappanavar, S. et al., 2017). As compared
to conventional assays, they are typically both time and cost-efficient, and in-line with the
vision for toxicology in the 215t century (Collins et al., 2016). There has already been
successful application of HTS and multiplexed platforms for the evaluation of MONP

induced toxicity in vitro. For example, researchers have successfully applied the
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ToxTracker® transgenic reporter-based assay system to mechanistically characterize the
cytotoxic and genotoxic response of 6 different MONPs, and reported that DNA damage
appears to be caused by oxidative stress rather than direct DNA binding (Karlsson, H. L. et
al., 2014). In another example, researchers from the lab of Andre Nel developed a multi-
parameter HTS assay for detection of changes in ROS levels, intracellular calcium flux,
mitochondrial membrane potential, and surface membrane potential simultaneously. This
tool was successfully used to conduct potency ranking of metal nanoparticles and MONPs
using an in vivo zebrafish embryo model (George et al., 2011) and also in the elucidation of
the band-gap effect related to the toxicity of insoluble and poorly soluble MONP in vitro
(Zhang et al., 2012). Continued application of new NAM-based HTS assays to the study of
MONP induced toxicity can aid in the elucidation of shared and distinct mechanisms of

action useful in the context of regulatory assessment.

In addition to the development of HTS assays, the adoption of high-content ‘omics’
approaches to nanotoxicology has helped develop a holistic understanding of organismal
response. The term ‘ome’ is a suffix which is used to denote objects or parts of a specific
nature. For example, the genome is the entirety of the genetic landscape, and the
transcriptome is the entirety of the transcriptional landscape. Therefore, omics can broadly
be considered as the study of biological landscapes. The application of transcriptomics to
toxicology began in the late 1990s and a new field termed ‘toxicogenomics’ was created
(Nuwaysir et al., 1999). This field presents an attractive, cost-effective method to probe the
molecular mechanisms underlying organismal response to substances in a holistic
manner, with higher sensitivity than traditional toxicity endpoints (Chen, M. et al., 2012;
Frohlich, 2017). Furthermore, it presents the opportunity for the production of biomarker
panels which are indicative of specific adverse responses and can be used to predict the
toxicity of novel substances rapidly, while minimizing animals used. For example, a pro-
fibrotic biomarker panel consisting of 17 genes (PFS17) has been developed using in vivo
transcriptomic data sets of mice exposed to fibrotic substances (ex. Bleomycin and carbon
nanotubes), and has been put forth as part of a robust method to assess the fibrotic

potential of ENMs (Rahman, L. et al., 2020). Another biomarker panel, the TGx-DDI gene
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panel, has been developed (using transcriptomic approaches) for the detection of DNA
damage arising from chemical exposure in human cells (Li, H. et al., 2019). The latter
biomarker panelis currently under review by the US FDA for use as a preclinical biomarker
of DNA damage in novel drug discovery as well as chemical risk assessment (Li, H. et al.,
2019). Indeed, in vitro transcriptomics has a high degree of application as a NAM in hazard
characterization and risk assessment in general (Beal & Everett, 2023). The use of
transcriptomics, therefore, lends itself well to the mechanistic study of MONP induced
toxicity, and should be able to delineate how responses are modified over time with respect

to particles which show different dissolution profiles.

1.2.6.2.1 Adverse Outcome Pathways and Concentration Modelling in the Context of MONPs
The mechanisms-of-action associated with MONPs, as they pertain to adverse

outcomes, can be organized through what is known as the adverse outcome pathway (AOP)
framework. This systematic process uses the available mechanistic information
concerning an adverse response to define a linear, causal pathway describing its genesis
and development (Ankley et al., 2009; Halappanavar et al., 2020; Villeneuve et al., 2014). These
pathways originate at molecular initiating events (MIEs), progress through a series of key
events (KEs) connected by causal key event relationships (KERs), and terminate at specific
adverse outcomes (AOs). These AOPs can inform the development of novel NAMs such as
in vitro biomarkers of response and predictive computational models that can be used as
first-pass screening tools. For instance, AOP 173 describing the development of pulmonary
fibrosis was used as the basis for an in vitro - in vivo extrapolation approach that identified
IL-6 and IL-13 secretion in simple in vitro models as screening markers for in vivo
pulmonary inflammation predictive of fibrosis developmentin response to ENM (Mclean et
al., 2023). This AOP was also used as the basis for a quantitative structure activity (QSAR)
model for multi-walled carbon nanotubes (MWCNTSs) which predicts their potential to
induce transcriptional pathways related to early KEs in the development of fibrosis based
on their aspect ratio (Jagiello et al., 2021). This was later used to build a web-based
application that can be used to predict gene expression changes in the lungs of mice based

on the aspect ratio of the MWCNT ((Gromelski et al., 2022), available through https://sea-
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lion-app-sn3wq.ondigitalocean.app/apps/aop_app). However, just as AOPs can inform
the development of novel NAMs, existing NAM data from toxicogenomic and HTS assays
can be used to fill gaps present in existing AOPs as well as assist in the development of
novel AOPs (Halappanavar et al., 2020; Nikota et al., 2017). This is especially relevant with
respect to MONP induced toxicity, and the impact of dissolution (or lack thereof) on
downstream cellular responses. Integral to the development and refinement of AOPs is the
production of empirical data to support key event relationships and the chronology of the
pathway. This can be accomplished using the concept of benchmark concentration (BMC)

modelling for point-of-departure (POD) derivation.

Targeted endpoint assays can be used to provide empirical support for AOPs, or help
understand underlying mechanisms of toxicity through the use of BMC modelling. The BMC
approach was introduced in the 1980s as an improvement over point-based PODs such as
no observed effect levels (NOELs) or lowest observed effect levels (LOELS) (Haber et al.,
2018). NOELs and LOELs are determined based on the doses used for exposure and
represent the highest dose at which no effect is seen, and the first dose where a significant
(typically statistically significant) effect is seen respectively. These PODs are sensitive to
the precision in the dataset, and can require a large number of animals in order to achieve
satisfactory sensitivity. Furthermore, differences in the effect size in different studies can
make it difficult to directly compare NOELs and LOELs. The BMC approach is an alternative
method that fits a series of curves to dose-responsive endpoint data and determines the
dose at which a predefined response known as the benchmark response (BMR) occurs.
Unlike traditional POD methods, BMC modelling utilizes the entire dose-response range,
provides a measure of uncertainty around the BMC which reflects the precision of the
study, and does not require the POD to be part of the dose range used for exposure. BMC
modelling is regularly used in risk assessment and is the preferred method of defining
health-based risk values, with guidance for regulators produced by the EU and US (EPA,
2012; More et al., 2022). There are multiple ways of defining a BMR in a regulatory setting,
and itis not always a trivial task. For quantal data, extra risk is the metric most commonly

employed which normalizes all responses to the zero dose control, and determines the
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dose at which a response a number of percentage points over the control is achieved. Most
commonly 1, 5, and 10% extra risk are used. For continuous data, more expert knowledge
is required and the BMR should be selected based on what is considered an adverse
response through that endpoint. In addition to use in risk assessment applications, BMC
modelling is a useful tool for in vitro toxicity testing and potency grouping. In these
applications, more leeway is available in the choice of BMR. For example, BMRs of 50 or
200% extra risk (equating to a 1.5 or 3-fold increase in response over control) have been
used for BMC modelling of in vitro micronucleus data (Wills et al., 2015). When applied to in
vitro endpoint screening, BMC modelling can be used to generate mechanistic hypotheses
based on obtained substance or endpoint rankings, or for determining associations
between physicochemical properties and endpoint response. Both of these applications
are particularly relevant to ENM and MONPs, where many diverse physicochemical
properties can act to influence toxicity and where many variants of similar compounds are
commercially available. For example, BMC modelling was used to define cell-line
dependent differences in the mechanisms underlying CuO NP mediated toxicity in A549
and BEAS-2B cells based on differences in enzyme activity and ranking of endpoint BMCs
(Pink et al., 2020). In another example, BMC modelling identified ZnO NPs functionalized
with triethoxycaprylylsilane as more potent than non-functionalized ZnO NPs at inducing
toxicity in mice following pulmonary exposure based on hazard identification and ranking of
10 endpoints (Gosens et al., 2015). The application of BMC modelling to in vitro and in vivo
endpoint data is particularly useful in the context of omics datasets, where the large scale

and breadth of data can support mechanistic characterization and AOP development.

Change in gene expression is regarded as one of the most sensitive endpoints that
precedes induction of apical effects. When BMC modelling is applied to transcriptomic
data, transcriptional points of departure (tPODs) can be derived either at a pathway or gene
level. These tPODs define the dose below which significant changes in gene expression are
not expected to occur, and as such, the likelihood of experiencing downstream adverse
effects is minimal (O’Brien et al., 2024). The use of tPODs in regulatory toxicology is also

gaining acceptance, with the US EPA producing tools and guidance for the use of tPODs
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derived from short-term in vivo exposures for defining chronic reference values for daily
human consumption (EPA, 2023). With respect to ENM toxicity testing, BMC-derived tPODs
can provide empirical data to support existing AOPs. For example, tPODs were used in a
case study approach with MWCNTs and AOP 173 for pulmonary fibrosis (Labib et al., 2015).
In this approach, in vivo pathway level tPODs anchored to the upstream key event of ‘Th2
Signaling Activation’ were shown to present similar BMCs to those determined for the
apical induction of fibrosis. Furthermore, similar pathway responses and BMCs were noted
for the different varieties of MWCNTSs tested, implying a similar response to this stressor
type. A later study compiled over 20 different in vivo ENM-exposed transcriptomic datasets
and again noted similar potency response to most MWCNTSs, however particularly potent
tPODs were observed for long and stiff nanotubes (Halappanavar et al., 2019). This is not only
relevant to in vivo exposures though. In a recent non-ENM multi-omics BMC approach,
both tPODs and proteomic PODs were derived for pathways anchored to the KEs of AOP
432 for the development of myeloid leukemia (Q. Vuong et al., 2025). In addition to providing
preliminary empirical data to support the chronology of events in the AOP, additional co-
modulatory events related to cell cycle regulation, cell death, and cytoskeletal changes
were identified. This study conducted in vitro exposures to radiation in white blood cells
isolated from healthy human volunteers, and so was animal free. Overall these attempts
show how existing AOPs can inform mechanistic characterization, and how tPODs and
omics-derived PODs can in turn provide crucial empirical information to support key event
relationships for chemicals as well as ENM. In the context of MONP toxicity,
transcriptomics data represents an invaluable resource which can be used in conjunction
or alone for BMC-informed mechanistic analysis to tease apart the influence of the

dissolved and particulate species on response.

1.3 Hypotheses

This thesis addresses four main hypotheses presented below:
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First Hypothesis (Chapters 2 and 3): Global transcriptional changes can be used to

characterize mechanistic differences in response to MONPs, which can be plausibly linked

back to their physicochemical properties.

Second Hypothesis (Chapters 4 and 5): The ability of MONPs to induce genotoxicity is

positively associated with their solubility in the extracellular space, i.e, the more soluble an
MONP is, the more genotoxic it will be in the short term. MONPs of poor or negligible

solubility are hypothesized to be weak inducers of micronuclei.

Third Hypothesis (Chapter 6): Lysosomal acidification is hypothesized to drive the toxicity

of MONPs soluble and poorly soluble in cell culture medium. MONPs are hypothesized to

show high degrees of co-localization with lysosomes.

Fourth Hypothesis (Chapter 7): Induction of in vitro endpoint response can be used to

group MONPs based on hazard potential, which can be used to prioritize high toxicity

materials for further testing.

1.4 Regulatory Gaps Addressed In This Thesis

MONPs can present additional hazards with respect to humans and the
environment as compared to their bulk analogues. While toxicological research has been
conducted in vivo and in vitro with the purpose of elucidating mechanisms underlying
adverse outcomes, the relative contribution of particle and dissolved species to the
resulting toxicity of MONPs is still poorly understood. Considering that solubility and
dissolution are characteristics that are used to define ENM in the context of regulation, and
that solubility is used as a tier-0 grouping criterion in multiple ENM frameworks, this
represents an important knowledge gap which can be used to refine existing grouping
hypotheses or inform the development of novel grouping hypotheses. In addition, while
there has been evidence to support lysosomal localization and destabilization arising from
MONP exposure as integral to downstream adverse effects, this has not been examined in
detail with respect to a diverse collection of MONPs and recent evidence points to other
potential cellular targets. 21 century toxicological tools (transcriptomics methodologies

and HTS assays) are uniquely suited to defining the impact of dissolution on MONP toxicity.
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Furthermore, through the use of nanoscale microscopy in conjunction with inhibition of
vesicular acidification, the impact of lysosomal localization (or lack thereof) on MONP
toxicity can be explored. Addressing these knowledge gaps will advance the regulation of
ENM on a global level by determining if there are specific limitations on the use of solubility

as a grouping criterion for regulatory assessment of MONPs.

1.5 Thesis Organization
This thesis sought to address the above knowledge gaps through a comparative

approach.

In Chapters 2 and 3, high-content transcriptomic analysis is used as a tool to
mechanistically characterize in vitro response to 5 MONPs with varying solubility in cell
culture media as well as their MOMP and dissolved equivalents (Table 3-1) over time. The
specific objectives of these chapters were to 1) define shared and distinct response
mechanisms across MONPs; and 2) to determine the impact of the dissolved and
particulate fractions on MONP induced toxicity and the impact of nanoscale and bulk

particle size on MONP toxicity.

In Chapters 4 and 5, HTS assays were used to probe the in vitro genotoxic potential
of a panel of MONPSs, as well as their dissolved and MOMP analogues. These included the 5
MONPs, MOMPs, and dissolved equivalents investigated in Chapters 2 and 3 in addition to
21 additional MONPs, MOMPs, and dissolved equivalents (full material overview available
in 5.3.1). The main objectives of these chapters were to 1) utilize the high-throughput
CometChip® and MicroFlow® assays to determine DNA strand break and micronucleus
formation after exposure to MONPs; and 2) to assess the contribution of the dissolved and
particulate species to genotoxicity induced by MONPs which vary in their solubility

potential.

In Chapter 6, the relevance of lysosomal localization and dissolution on MONP
toxicity was assessed. FE1 cells were co-exposed with 4 MONPs and the v-type ATPase
inhibitor Bafilomycin A1 to determine the relevance of lysosomal localization on toxicity by

inhibiting acidification of these compartments during exposure. Nanoscale microscopy
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methods were used to probe co-localization potential with lysosomes, and potential
association with actin structures. The main objectives of this chapter were to 1) determine
the relevance of lysosomal dissolution on MONP induced toxicity; and 2) assess the
potential of MONPs of varying solubility to localize to lysosomes; with a secondary
objective 3) to identify other putative compartments MONPs may traffic to following acute

exposure.

Finally in Chapter 7, the genotoxicity, viability, and transcriptomic endpoint data
generated in Chapters 2-5 was combined and used to explore its relevance to regulatory
risk assessment. Additional viability and transcriptomic data were included from a recent
thesis (Christ, 2024), which examined the impact of solubility on MONP toxicity using MnO,
and Fe,O; particles with the same level of characterization as materials used in Chapters

2-5 (Table 7-1).

A critical evaluation of the guiding hypotheses, a summary of the major scientific
significance of each chapter, and the recommendations arising from this thesis are

provided in Chapter 8.
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2.1 Abstract

The in vitro and in vivo toxicity of copper oxide nanoparticles (CuO NPs) is attributed
to both particlulate and dissolved copper species. However, a clear understanding of (1)
the specific cellular responses that are modulated by the two species and (2) the changes
in toxicity, as the proportional amount of particulate and ionic forms alter over time, is
lacking. In the current study, in vitro responses to microparticulate CuO (CuO MPs), CuO
NPs, and dissolved Cu?* were characterized in order to elucidate particle and ion-induced
effects over time. Particle dissolution experiments were carried out in a relevant cell
culture medium, using CuO NPs and MPs. Mouse lung epithelial cells were exposed for 2—
48 h with 1-25 pyg/mL CuO MPs, CuO NPs, or 7 and 54 pug/mL CuCl. Cellular viability and
genome-wide transcriptional responses were assessed. Concentration and time-
dependent cytotoxicity were observed in CuO NP exposed cells, which was delayed and
subtle in CuCl; and not observed in CuO MP treated cells. Analyses of differentially
expressed genes and associated pathway perturbations showed that dissolved ions
released by CuO NPs in the extracellular medium are insufficient to account for the
observed potency and cytotoxicity. Further organization of gene expression results in an
Adverse Outcome Pathway (AOP) framework revealed a series of key events potentially
involved in CuO NP toxicity. The AOP is applicable to toxicity induced by metal oxide
nanoparticles of varying solubility, and thus, can facilitate the development

of in vitro alternative strategies to screen their toxicity.

2.2 Introduction

Metal and metal oxide nanomaterials (NM/NMs) are one of the largest classes of
NMs listed in the Nanomaterial Consumer Products Inventory, making up 37% of listed
entries in 2014 (Vance et al., 2015). Copper oxide (CuO) nanoparticles (NPs) are soluble
metal oxide nanoparticles (MONPs) that have been utilized in many industries globally for

their unique electrical and biocidal properties (Gawande et al., 2016; Grigore et al., 2016).

Owing to its large production rates and widespread utilization, the potential for

accidental exposure through inhalation in an occupational setting during its manipulation
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and handling is high (Hristozov, D. et al., 2018). Human exposure to CuO NPs can also occur
through industrial processes that involve the evaporation of metals (Tossavainen, 1976). A
wealth of toxicological information exists, which shows that CuO NPs are a particularly
potent type of MONP that cause pulmonary toxicity in both in vitro (Akhtar et al., 2016;
Semisch et al., 2014; Strauch et al., 2017; Titma et al., 2016) and in vivo experimental models

(Cho, W. et al., 2012; Costa et al., 2018; Gosens et al., 2016; Lai et al., 2018).

Pronounced cytotoxicity, genotoxicity, and oxidative stress due to reactive oxygen
species (ROS) formation (Akhtar et al., 2016; Semisch et al., 2014; Strauch et al., 2017; Titma et
al., 2016) are commonly observed toxic effects in vitro. In vivo, pulmonary toxicity in rats,
following nose-only inhalation exposure to CuO NPs is observed and is characterized by
transient alveolitis, bronchiolitis, epithelial vacuolization (Gosens et al., 2016), as well as
upregulation of cell survival and proliferation and inflammation pathways (Costa et al.,
2018). However, in vivo, changes associated with oxidative stress pathways are not always
observed (Costa et al., 2018). In another study, intranasal instillation of CuO NPs in C57BL/6
mice was shown to induce pronounced pulmonary inflammation and oxidative stress,
which progressed to fibrosis 28 days post-exposure (Lai et al., 2018). A study by Cho et al.
compared the pulmonary inflammogenic potential of 15 MONPs types in rats exposed via
intratracheal instillations and showed that CuO NPs were among the most potent
recruiters of granulocytes to the bronchoalveolar lavage fluid, inciting an acute
inflammatory response 24 h post-exposure (Cho, W. et al., 2012). Thus, as compared to

other MONPs, CuO NPs are particularly potent.

In vitro mechanistic research has shown that CuO NPs exert their effects through a
‘Trojan Horse’ mechanism, whereby particles are internalized by cells and trafficked to
lysosomes for degradation (Moschini et al., 2013; Strauch et al., 2020; Wongrakpanich et al.,
2016). The acidic microenvironment of lysosomes, where CuO NPs get sequestered, is
conducive to rapid particle dissolution (Cho, W. et al., 2012; Semisch et al., 2014), resulting in
dramatic increases in intracellular copper ion levels. These copper ions can produce ROS
through interaction with bio-molecules, while CuO NPs can produce ROS via particle

surface interactions (Angelé-Martinez et al., 2017). The particle overload and/or the oxidative
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stress damages the lysosomal membrane, leading to permeabilization and leakage of
contents into the cytoplasm (Zhang, Jun et al., 2018). The increase in oxidative stress
overwhelms the antioxidant defenses of the cell and causes lipid, protein, and nucleic acid
damage. Although the toxicity mechanisms of CuO NPs are fairly well understood, a clear
knowledge of the proportional contribution of nanoparticulate and ionic forms to the
observed toxicity remains a subject for debate (Jeong, J. et al., 2018; Strauch et al., 2017). CuO
NP dissolution experiments in cell culture media have shown that CuO NPs dissolve at a
much faster rate than an equal-mass concentration of copper oxide microparticles (CuO
MP), due to their increased surface area, which allows for enhanced interaction with the
surrounding aqueous microenvironment (Midander et al., 2009; Semisch et al., 2014). A
holistic understanding of how dissolution affects the toxic responses of soluble metal
oxide particles over time will inform the current mechanistic unders