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ABSTRACT

A knowledge gap exists concerning the role of metal and metal oxide composition in
explaining adverse pulmonary and cardiovascular health effect associations found
with inhaled nanoparticles (NPs). This research investigated cardiopulmonary
cellular responses resulting from exposure to airborne copper (Cu) NPs. A spark
discharge generator and an in vitro model that mimics human lung conditions were
employed to generate and deliver airborne NPs to human alveolar type-II cells
(A549 cells). A significant decrease in cell viability was observed in alveolar
epithelial cells exposed to Cu NPs, however no significant difference was observed
in cardiovascular cells cultured in pulmonary exposure medium obtained after NP
exposure to lung cells. Levels of intracellular reactive oxygen species were increased
in alveolar epithelial cells exposed to NPs (as compared to NP-free air) for 4 hours
exposure. This research aids in the understanding of potential toxic effects of metal-
based NPs on human lung cells, and their potential to lead to adverse cardiovascular
responses.

X
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CHAPTER 1 INTRODUCTION

1.1 CHARACTERISTICS AND APPLICATIONS OF METAL-BASED

NANOPARTICLES

There are several different definitions of Nanoparticles (NPs) in use, all with two
common components: a minimum of one dimension of 100 nm or less must exist, and
nano-sized materials have physicochemical properties that are unique and not observed in
their bulk forms (1-3). There are two main sources of NPs; natural and anthropogenic.
Examples of natural NPs include those released due to forest fires, volcanoes and gas to
particle conversions (3). Anthropogenic NP release or formation can either be
unintentional or intentional. Examples of unintentional anthropogenic NPs include those
produced as a result of internal combustion engines, airplane jets, metal fumes (i.e.
welding), or power plants (3). In terms of intentionally produced or formed
anthropogenic NPs, engineered NPs are designed to serve a particular function and their
properties (i.e. size and shape) are controlled (3). These engineered NPs have many

applications but may also have unintended health effects.

There are a growing number of applications in which NPs can be utilized due in part to
their unique physicochemical properties (e.g., size, surface area, reactivity) (4). Some of
these applications include biological imaging, drug delivery systems, and industrial
applications such as catalysts (4, 5). Cell labeling (6), targeted drug delivery (7), medical
imaging (8), cancer therapy (9-12), and biological sensors (13) are some of the

applications that have used gold (Au) NPs. Another medical application, drug delivery



systems, has had aluminum (Al) NPs proposed: a hybrid Al-magnesium (Mg) NP
construct encapsulates non-ionic or non-water soluble drugs in order to increase

solubility, avoid clearance mechanisms, and allow site-specific drug to cell targeting (14).

In addition to the increasing number of biological and medical applications being
discovered and investigated, there are a surprising number of household products used
daily that actually contain NPs. For example, silver (Ag) NPs are added to toothpaste,
shampoo, fabrics, deodorants, filters, paints, water purification systems, bedding,
washers, kitchen utensils, toys, and humidifiers in order to take advantage of the
antimicrobial properties that they impart (4). Ag NPs have even been incorporated into
food packaging as a filler due to its unique antimicrobial properties (15). Ag NPs are not
the only NPs used for their antimicrobial properties. Cu has been used for its antibacterial
properties for centuries (16, 17), with an increase in antimicrobial activity when moving
from Cu salts to Cu NPs being attributed, at least in part, due to the large surface to
volume ratio of Cu NPs (16). An abundance of research has been conducted regarding the
use of metal-based NPs for antimicrobial applications, where antimicrobial encompasses
antiviral, antibacterial, antifouling, and anti-fungal activity (4). These applications
include biocides and antibiotic treatment alternatives, as well as their addition to the

household products mentioned earlier (4).

Some examples of the compositions of metal-based NPs are: Al, Al oxide (Al>O3), Au,
Ag, copper (Cu), iron (Fe), Fe oxide (Fe>O3, Fe304), manganese (Mn), Mn oxide (MnO),

silicon dioxide (Si10.), titanium dioxide (TiO2), zinc (Zn), Zn oxide (ZnO), cerium (IV)



oxide (CeOz), nickel oxide (NiO), and zirconium oxide (ZrOy) (4). Applications for these
NPs vary greatly across the materials, as well as for each individual material. This is
exemplified above by many different applications that are noted for metal-based NPs

utilized for their antimicrobial properties (4).

Some further examples of applications of these metal-based NPs range from wear-
resistant coating additive, magnetic imaging, gene delivery, printing inks, sterilization,
and environmental remediation (4). Other common products that use the novel
physicochemical properties of metal-based NPs include sunscreens, cosmetics, clothing,
building products, and electronics (18). Titanium dioxide (Ti0O2) and zinc oxide (ZnO)
NPs have both been used to protect our skin from damage by the sun (sunscreens), as

well as to kill bacteria on self-cleaning surfaces (4).

Copper and Zn NPs have demonstrated greater toxicity during in vitro testing than other
NPs and are thought to be more toxic than other metal compositions (4, 19, 20). Zinc NPs
appear to have their main applications as skin protectants in sunscreen, but they have also
been used as additives in consumer or industrial products, self cleaning surfaces, dyes,
paints, medical diagnostics, catalysts in tire rubber vulcanization, and cosmetics (4, 20,
21). Copper NPs are used for many applications, such as: antimicrobial, antibiotic
treatment alternatives, lubricants, inks, and as filler materials that enhance conductivity
and wear resistance of materials (4). Copper oxide NPs have even been used in copper

intrauterine contraceptive devices (5).



1.2 EXPOSURE PATHWAYS OF METAL-BASED NANOPARTICLES (SPECIFIC

Focus ON INHALATION EXPOSURE)

There are various pathways through which metal-based NPs may enter the environment
due to their wide range of applications. While the main exposure route is via inhalation,
there are some deliberate additions to the environment via soil and water remediation
technologies or fertilizers that use metal-based NPs, and there are some accidental
additions such as accidental spills that may occur during industrial production or
transportation (22). NPs such as those based on TiO; and Ag may be released into both
domestic and industrial wastewaters (22) and partition into sewage sludge (22) which
may then be introduced to soils via agricultural land application (23-26), with up to 99%

of TiO2 NPs entering treatment plants being retained within the sewage sludge (25).

Inhalation exposure is the main route of human exposure to NPs due to their extremely
small size and ability to become easily suspended in air (27, 28). Specific focus on the
inhalation exposure of metal-based NPs reveals that there are several ways in which
aerosolized NPs can reach the population. Three phases of the lifecycle in which NPs,
such as Ag, can be aerosolized are: production, use, and disposal including waste
management practices such as recycling (28). With the increase in popularity of products
that contain Ag NPs (29), it is important that more research is done to fully understand
the emissions of aerosolized Ag NPs across all three phases of the Ag NP lifecycle (28).
Ag NPs should not be the only NPs researched, as NPs of different size, shape, surface,

and composition may behave differently when airborne or when present in wastewaters.



During the production of carbonaceous NPs, aerosolized NPs have been detected and this
finding may be able to be extended to metal-based NPs depending on the production
techniques used (28). There are several different techniques of producing NPs, some of
which occur in aqueous media (30). It is still possible for NPs that are formed in this way
to be aerosolized if they are dried into a powder following their synthesis in aqueous
media (28). Accidental emissions of NPs to the atmosphere may occur, through waste
from the production process, direct emission of streams of the aerosolized NPs, or

incineration of solid waste resulting from their production (28).

In terms of the use of NP products, it is believed that the most important products to
consider are those that are intentionally releasing the NPs, such as liquid cleaning
products or personal care products that are sprayed (28). There are some difficulties that
arise when trying to determine precisely how the NPs are released or emitted from
consumer products due to commercial sensitivities regarding how the NPs are

incorporated into the products (28).

Incineration and treatment of liquid waste are said to be the two major ways in which Ag
NPs are aerosolized during the disposal phase (28). When incinerated, airborne NPs can
be formed when metals become vaporized and condense upon cooling (28). In one study
that recreated the incineration process, a high concentration of NPs less than 10 nm in

size were found (31).



In addition, NPs can be generated as a result of burning of natural materials such as
wood, or mechanical wear such as erosion of tires and vehicle braking (32). Industrial
burning of fossil fuels and traffic emissions are the sources from which NPs less than 100
nm in size are most often derived (32). The population as a whole may not need to be as
concerned with high levels of exposures due to manufacturing if the exposure is kept
limited to the site of manufacture; however, NPs in vehicle exhaust resulting from
combustion are a potential hazard (32), while manufacturing emissions often pose a high

occupational risk.

In addition to these sources, it is important to consider airborne metal NPs from sources
such as diesel engine exhaust and traffic-related air pollution. It has been demonstrated
that the particulate matter (PM) present in the exhaust of diesel engines is predominately
composed of particles in the nano-size range, based on a number concentration basis (33-
35). Kittelson et. al report that within diesel exhaust, typically 90% of the total particle
number consists of particles within the 5-50 nm size range (33). While diesel PM consists
primarily of soot, a fraction does contain metal NPs (36). These metal NPs found in
diesel PM are not engineered but they are still metal NPs that humans can be exposed to
through inhalation. Diesel PM has been classified by the World Health Organization as
carcinogenic to humans (37), raising valid concerns as to the effects and impacts of this
pollution source on human health. Unfortunately, as of yet, NPs released as a result of
engine emissions have not been taken into account in emission regulations, and standards

have not been established to control their release from vehicle engines (38).



Once NPs are inhaled, deposition can occur in the airways. This includes the nasal and
oral cavities through to the alveoli of the lungs (28). The size of a particle affects where
it will most likely deposit within the respiratory system, for example those less than 1 nm
in size deposit within the nasopharyngeal-laryngeal region with a higher efficiency than
within the tracheobronchial region in mathematical models (28). Particles that deposit
within the alveolar region with the greatest efficiency are those sized 10 to 20 nm (28).
As made clear in the literature, deposition of inhalable particles depends on their size, and
due to a high level of NP deposition in the alveolar region (2, 39), it is imperative that the

interaction of NPs with alveolar cells is well understood.

1.3 EXPOSURE SCENARIOS FOR INHALABLE METAL-BASED NANOPARTICLES

Humans are exposed to NPs on a daily basis, with an estimated 5 x 10'? atmospheric NPs
deposited in our lungs every day (40). Inhalation is not the only route of regular
exposure; an estimated 10'2 particles (predominantly TiO> or silicates), or a mass of 40
mg, enter a person’s body orally through ingestion of food additives, toothpaste,

pharmaceuticals, or supplements (40).

Occupational exposures, or exposures during product testing, are at the higher end of the
scale when it comes to exposure ranges (40). It is important that we learn from the effects
that have been observed in the past from occupational dust exposures and asbestos
exposures and their resulting negative consequences, such as mesothelioma (40). Several
professions deal with NPs despite a lack of exposure assessment, such as medical and

dental professionals and research scientists, and despite manufacturing facilities tending



to be more stringent there are still higher concentrations associated with the handling of

materials involving NPs (40).

There have been several case studies regarding exposure to metal NPs. In particular,
nickel (Ni) NPs have been confirmed to be a human toxicological hazard that can cause
disease resulting in death, after a 38-year old male died from adult respiratory distress
syndrome (ARDS), ascribed to pulmonary Ni NP overload (41). The subject had no
history of respiratory disease, was a non-smoker, and was previously healthy (41). He
was exposed to Ni NPs that averaged about 50 nm in size, and were produced while
operating a metal arc process used to spray Ni on bushings for turbine bearings, without
the face mask provided to him (41). The exposure was estimated to have lasted 90
minutes, and immediately after the exposure, he went home due to having felt unwell
(41). He was admitted to hospital 4 days after exposure with respiratory symptoms, and
died of respiratory failure 13 days after the exposure (41). Samples of lung tissue
obtained at the time of autopsy were re-examined in 2010, and Ni particles less than 25
nm in size were located in lung macrophages through the use of transmission electron

microscopy (41).

In another case study regarding occupational Ni exposure, a 26-year-old female was
exposed to Ni NP powder while weighing and manipulating the powder with no
respiratory protective equipment (42). Following this exposure, the worker developed a
recurring sensitivity resulting in difficulties returning to the work environment (42). The

MSDS for the powder listed the aerodynamic particle size to be 20 nm and it was unclear



if the particles existed as agglomerates (42). The worker developed throat irritation,
flushing of the face, skin reactions to jewellery, nasal congestion, and a post-nasal drip
(42). There was no sampling done to determine the level of airborne NPs in the

workplace.

These case reports highlight the need for NPs to be considered separately from their bulk
counterparts when it comes to exposure and methods of protection required in the

workplace.

1.4 D1SeEASES LINKED TO METAL-BASED NANOPARTICLES

Metal-based particles have been linked to increases in both pulmonary and cardiovascular
morbidity and mortality (18, 33, 36, 43-49). Despite the epidemiological evidence that
links exposure to increased levels of PM (<2.5 um) to an increase in cardiovascular
morbidity and mortality (18), the specific mechanisms through which these outcomes

occur due to pulmonary exposure to airborne NPs has not yet been elucidated.

Inhalation of metal fumes and particles have been associated with multiple pulmonary
health outcomes, including bronchitis, metal fume fever, occupational asthma, cancer and
possible increases in lung tumorigenicity, suppression of lung defences, and functional
changes in the lung (43-48). A rise in the levels of ambient PM have also been linked to
an increase in cardiovascular morbidity and mortality through epidemiological studies
(18). In addition to atherosclerosis and asthma, chronic obstructive pulmonary disease

(COPD) has also been linked to a rise in ambient PM levels (18, 50-52). The major



constituents of ambient PM are the exhaust particles emitted from diesel engines (33, 49),
and as mentioned earlier, a fraction of this PM is composed of metal NPs (36). These NPs
are not engineered, but the link between rise in morbidity and mortality and PM
containing metal-based NPs raises concerns about our exposure to metal-based NPs.
Although there is a knowledge gap related to the clinical toxicity of engineered
nanomaterials, there is literature regarding particles and fibers (i.e. ultra-fine particles and
diesel exhaust particles) and adverse health effects and it is hypothesized that engineered

NPs may have similar effects (2, 18, 53).

Severe consequences of PM exposure that have been indicated through epidemiological
evidence include increased risks of myocardial infarctions (2, 18, 53), stroke (2, 18, 53),
and atherosclerosis (sometimes leading to coronary artery disease) (2, 18, 53) stemming
from acute, and chronic exposure to PM (2, 53). Early reports based on the toxicity of
some NPs indicates that biological behavior can be affected due to NP exposure not only
at the organ and tissue levels, but also at the cellular, sub-cellular, and even molecular

levels as within a cell, NPs may interact with proteins, enzymes and even nucleic acids

4.

While there is a lack of human exposure data, the potential for engineered NPs to enter
the cardiovascular system after penetrating the pulmonary epithelial barrier and entering
the systemic circulation creates a concern regarding adverse cardiovascular impacts that
could result from exposure to these NPs (18). Apart from inflammation in the respiratory

system and cardiovascular system, inhalation of particles could lead to other health
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effects such as asthma complications, chronic bronchitis, and respiratory tract infections

and irritations (54-56).

A clinical syndrome that presents in welders, known as metal fume fever, is the result of
concentrated metal oxide NPs being inhaled (18). The condition has mostly been
documented following exposure to fumes of zinc and to a lesser extent copper (57).
Symptoms of metal fume fever include a cough, headache, fever with a sudden onset,
nausea, and vomiting (18). It has been found that these symptoms do not permanently

damage the respiratory system and only occur for a short period of time (18).

Vulnerable adults, children, and those suffering from asthma are well documented as
having an increased risk of suffering adverse health effects coinciding with an increase in
ambient air pollution (58). In those individuals that have pre-existing conditions, such as
COPD and asthma, NPs appear to exert their toxicity and provoke pulmonary health
effects through an exacerbation of pulmonary inflammation (58, 59). It has been
documented that chronic respiratory diseases, including COPD and asthma, that are
worsened by acute inflammation have been exacerbated with corresponding changes in
the levels of ambient air pollution (59-62). Ambient air pollution exposure has been
documented to decrease lung function; alter mucociliary clearance; cause increased
respiratory infections, COPD, increased hospitalization; and increase mortality (59-62).
For those individuals with asthma or COPD, NPs have a higher deposition efficiency in
the lung than those individuals who are healthy (63-65), which may explain why these

individuals are more affected by ambient air pollution.

11



1.5 ToxX1cOLOGICAL ASSESSMENT OF METAL-BASED NANOPARTICLES

NPs display novel characteristics as compared to their large-scale counterparts, opening
up the possibility for a difference to be observed between the toxicity of a particular
material on a large-scale versus nanoscale. There are several physicochemical factors that
contribute to the potential toxicity of a metal-based NP or NPs in general. The main

factors include NP size, shape, surface, composition, and biocorona formation (40).

It has been found that the size of a particle is an important factor in the deposition
patterns of NPs in the lung, with an increase in deposition occurring for NPs compared to
micron-sized particles (66). While it has been difficult to determine the exact ranges of
particle size that deposit in specific regions of the lung, there is evidence that smaller
particles deposit lower in the respiratory tract (i.e. bronchioles and alveoli) as compared
to the upper airways (i.e. oropharyngeal cavity) (66). However, sub-nm sized particles are
retained in the nasopharynx, when the entire respiratory tract is considered (28). The
translocation of inhaled NPs has been debated, with some animal studies and one human
study finding minimal translocation of NPs from the lungs to other organs (67-69) while
others (one human study, mostly animal studies) have found indications of efficient
translocation (67, 70-72). As the fate of NPs following deposition has appeared to differ
from the fate of particles larger in size (67), it may be important to consider NP
agglomeration rates with regards to translocation. The greater the agglomeration, or build
up of NPs sticking together, the larger the particles become. Agglomeration depends on
the size, shape, concentration, and surface properties (73) of the NPs in question (40), and

is of concern with regards to engineered NPs. Manufacturers often do not wish for their
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engineered NPs to agglomerate, and thus these particles are designed so that they do not
do so. A problem that this design creates for human health is that the majority of the
particles persist in unagglomerated form, whilst agglomeration of particles is important
for the clearance of these particles from the lung, and it is therefore crucial that this
process is well understood (40). In mice exposed to Cu NPs, glomerulitis, degeneration,
and necrobiosis of renal tubules was observed (4). As a comparison, these observations
were not made in mice exposed to Cu microparticles, providing evidence that the size of

a particle is an important toxicological characteristic (4).

The surface characteristics of a NP are related to surface area, solubility,
reactivity/stability, and adsorption capacity, and these related factors’ relationship to the
material’s composition may be minimal (74). It is possible for these factors to change
throughout the lifetime of a NP, and these changes can either be intentional or
unintentional (40). Surface charge of a NP can also have an effect on the toxicity of a NP
(4). It has been reported that biological effects are more dependent on surface area than
particle mass, and that biological activity is greater when the specific surface area per

mass is greater (4).

The corona of a NP refers to the coating of proteins that bind to its surface when in the
body, in the presence of biological fluids. A physical change has undergone through this
corona formation, as it creates a new surface by obscuring the original surface of the NP
(40). This change can affect both the agglomeration and adhesive properties of the

original NP (40, 75).
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The properties of a NP can be affected by factors such as length of time in suspension in
aqueous solutions, dissolution, and oxidation (4). For this reason, it is important to
understand the environment that the NP is in and the factors that could be changing the
properties of the NP when conducting toxicity assessments. Compared to a material of
the same composition on a larger scale, NPs have different properties, and it is therefore
important that they are studied and their toxicity is investigated separately from their

larger-scale counterparts.

1.6 CELLULAR RESPONSES OF INHALED METAL-BASED NANOPARTICLES

Reactive oxygen species (ROS) generation is one of the most commonly reported cellular
responses related to NP exposure (76-79). ROS are oxygen-containing compounds that
are chemically active and produced naturally in the body as a by-product of oxygen
metabolism. To protect itself from ROS, the body has natural antioxidant defense
mechanisms in place, using enzymes such as superoxide dismutase to convert these
species into benign molecules (80). When the production of ROS overwhelms the body’s
antioxidant defences, a process known as oxidative stress arises (81). Oxidative stress is
viewed as a key determinant of injury resulting from NP exposure, as oxidative stress
responses are indications of further negative effects in the body, such as genotoxicity,

inflammation, and fibrosis (76-79).

The reactive particle surface plays a significant role in the generation of ROS (82, 83),

and the amount of reactive sites present on the surface of a NP is determined by its size
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(84-86). Due to the increased surface area to particle mass ratio observed for NPs
compared to micron-sized particles, the pulmonary responses resulting from inhalation of

NPs are considered to be of greater concern than for micron-sized particles (87).

Many processes that are associated with tissue injury are involved with the oxidative
stress induced by NP exposure (76). Some of these cellular processes include
mitochondrial apoptosis, alteration of calcium homeostasis, and depletion of antioxidant
enzymes (76). Toxic oxidative stress results in mitochondrial apoptosis, whereas mild
oxidative stress is indicated through the observation of an increase in the expression of
antioxidant enzymes and/or their progressive depletion (76). It is thought that
pathological consequences which can be observed following exposure to NP may be due
to the excessive generation of ROS, as ROS generated in response to NP exposure assists
in the activation of cellular mechanisms that are associated with negative consequences
such as inflammation and cancer (76). Using these negative biological responses as a
screening tool, it is possible to evaluate the magnitude of NP toxicity and therefore the

negative health effects resulting from NP exposure (76).

While one of the principal mechanisms of cytotoxicity for metal oxide particles is the
induction of ROS (88), the ROS can precipitate the expression of inflammatory cytokines
and chemokines, the activation of specific transcription factors, as well as cell signaling
pathway activation (76). Due to the transcription of the genes that are involved with

conditions such as inflammation, fibrosis, and cancer being closely related to the cellular
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mechanisms mentioned above, ROS generation resulting from NP exposure may be what

ultimately causes the adverse health effects observed after exposure (76).

It is crucial that we understand the cellular responses and mechanisms by which NPs
induce disease and adverse health effects in order to be able to assess the magnitude of
risk and identify and put in place practical and effective prevention strategies. A
mechanism that has recently been proposed to explain the link between inhaled ambient
and workplace particulate air pollution and an increase in risk of cardiovascular disease is
a hepatic acute phase response induced by pulmonary inflammation (89). Excessive
systemic circulation of cytokines as a result of pulmonary inflammation after the
inhalation of particles is proposed to induce a hepatic acute phase response (2, 90-92).
This response, despite the name, occurs during both acute and chronic inflammation and
refers to systemic changes that are set in motion as a result of cytokines being released
from inflamed areas (89). This work was carried out using mice, and further research

needs to be undertaken to ascertain the importance of these observations in humans (89).

1.7 IN VITRO TOXICITY TESTING METHODS FOR ASSESSING THE TOXICITY

OF METAL-BASED NANOPARTICLES

While it is extremely important to have in vivo testing when assessing the toxicity of a
material, there are clear advantages to using an in vitro method. In vitro toxicity testing
methods are attractive due to a lower cost, ease of control and reproducibility, and in
acknowledgement of the Replacement, Reduction and Refinement principles of the

Canadian Council on Animal Care (93). The use of in vitro testing is often a first choice
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for researchers due to these reasons (94) but it cannot replace the elements that in vivo
testing brings to the table, namely the complexity of cell-cell and cell-matrix interactions,
hormonal effects, and a large diversity of cell types present in the body (94). It is
therefore advisable that in vitro testing be used in conjunction with in vivo testing when

assessing the toxicity of NPs.

In vitro testing can be used initially to investigate the toxicity of NPs before moving
forward to more expensive in vivo testing. In vitro methods that are currently used to
assess NP toxicity include assays for cell viability/proliferation, genotoxicity, hemolysis,
microscopic evaluation, and mechanistic assays (e.g. ROS generation, apoptosis) (93).
There are a growing number of studies that investigate in vitro cytotoxicity of NPs using
differing cell lines and NPs (93). The use of cell-culture studies is an extremely useful
tool, as it is a primary step in understanding how a particular material will react within
the human body (93). When using cell cultures, it is important to be careful to avoid
changes in the cell’s environment (e.g. temperature) as that could affect the experimental

results due to their sensitive nature.

As noted in the previous section, there are several reactions of interest between cells and
NPs including cell signaling effects, chemokine and cytokine production, ROS
generation, gene regulation, cell necrosis, and cell apoptosis (95) that may be investigated
using in vitro testing. The cells selected for a particular in vitro assay are chosen to mimic
a response that would be elicited by NPs in vivo, and examples of such cell types are

epithelial, endothelial, red blood cells, hepatic, and neural (95). Two currently used
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systems for in vitro testing are those involving submerged cells and those exposing cells
at the air-liquid interface (96). The in vitro systems which involve submerged cells may
not accurately reflect the reality of inhalation exposure as the solution in which the NPs
are submerged may change the interaction between cell and NP due to the presence of
cell culture medium and NP interactions and agglomeration of the NP within the medium
(96). Furthermore, the dose of NP delivered to cells can be altered when using
submerged cell exposure, as a large portion will remain in the liquid or migrate to the
walls of the vessel used and be lost due to the motion of the NPs being mostly due to
diffusion (random motion) (96-98). This is in contrast to larger particles, where directed

sedimentation onto cells occurs (96-98).

To overcome the limitations presented by submerged cell in vitro exposure, systems were
developed to deliver NPs directly to the cells at the air-liquid interface (96). There have
been several different systems described in the literature, with some being intended for
use with cigarette smoke, medical nano-powders, soot particles, and other dry substances
as well as some using nebulizers to form droplets, pump-spray units to spray the NPs
directly onto cells, and cloud settling systems, coupled with single particle sedimentation
(96, 99-106). One system in particular, the air-liquid interface cell exposure system
(ALICE) has been found to efficiently and uniformly deliver NPs in liquids to cell

systems in a dose-controlled manner (96).
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1.8 EXPOSURE RISKS OF NANOPARTICLES AND SUSCEPTIBLE POPULATIONS

There are three exposure scenarios for NP exposure that would all result in different risk-
minimization strategies. These three exposure scenarios are occupational exposure,
exposure to NPs present in ambient air pollution, and exposure to NPs through the use of
various commercial products. When assessing those most at risk for exposure to NPs, the
first line of susceptibility is the occupational setting, and the workers present in these
settings. For engineered NPs, this is where the first and greatest exposures are most likely
to occur (107). Generally speaking, the guidelines for the use of, and exposure to, NPs

are related to occupational health, not the general population.

The risk to the general public requires clarification in view of the presumptive regulatory
approach. As mentioned previously, the exhaust from diesel engines and other traffic-
related sources leads to airborne exposure of metal-based NPs in the general population.
The effects of these repeated low-dose exposures are not well understood and the lack of
knowledge and regulation poses a risk to the public. The public may not be aware of their
exposures, whether they are from an ambient airborne source, or engineered NPs from a
source such as commercial products. Those with pre-existing conditions such as asthma
and COPD, and other vulnerable individuals (i.e. children, elderly) may be at an
increased risk of adverse health effects due to airborne exposure to metal-based NPs (58,

59).

In the absence of a routine air monitoring program to characterize NPs in ambient air,

there may be public safety concerns. Without the ability to observe increases in the levels
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of NPs in ambient air, it is difficult to determine why the increases are occurring, and to
take steps to minimize exposure. These measures need to be put in place, to improve the
protection of human health including individuals that are more sensitive to NP exposure,

to the best of our ability.

1.9 CURRENT POLICIES AND REGULATIONS REGARDING NANOPARTICLES

In Canada, nanomaterials that are imported or manufactured in Canada are regulated by
Environment Canada and Health Canada under the Canadian Environmental Protection
Act of 1999 (108). Within the act, there is a legal regime established specifically for the
management of new and existing substances, which includes nanomaterials (108). This
requires specific information to be provided to government officials by importers or
manufacturers of these new substances, in order for an evaluation of the substance’s

potential effects on the environment and human health to be carried out (108).

With the shared responsibility to assess threats posed by these substances, Environment
Canada focuses on environmental risks, while Health Canada focuses on human health
risks (108). Specifically, Health Canada uses the following existing regulatory and
legislative frameworks to manage substances and products that may contain
nanomaterials: Food and Drugs Act; Cosmetic Regulations; Food Additive Regulations;
Food and Drug Regulations; Medical Devices Regulations; Natural Health Products
Regulations (108). There is no explicit reference to nanomaterial in the Acts and

Regulations administered by Health Canada, and it is possible that the regimes that are
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currently in place are not completely effective for all nanomaterials (108). Therefore,

further adaptations are necessary in order to address specific nanomaterial properties.

The Domestic Substances List (DSL) is a listing of substances used, imported or
manufactured in Canada for commercial purposes at a quantity exceeding 100 kilograms
per year (109). The listing was compiled before the Canadian Environmental Protection
Act came into existence, and includes approximately 23,000 substances used, imported,
or manufactured in Canada between January 1%, 1984, and December 31*, 1986 (109).
Currently, any substance that is not listed on the DSL is subject to notification under the
New Substances Notification Regulations (110). Under these regulations, it is possible to
address the unique properties that nanomaterials exhibit using Significant New Activity
Notices, where substances are flagged to report to the Government of Canada if there are
any major changes in the way that the substance is used (109). Substances listed on the
DSL are described using their chemical name and a unique identification number,
regardless of whether they are in their nanoscale form or non-nanoscale form (111). This
unique identification number is referred to as the Chemical Abstract Services Registry
number, or CASRN. The CASRN does not make any distinctions between substances
with the same chemical composition, but differing particle sizes or substances which
display differences in properties between their nanoscale and non-nanoscale forms (111).
Due to this limitation, an assessment of risks to human health and the environment has
not been carried out for nanomaterials falling under a CASRN already listed on the DSL,

as they are not considered new substances (111). Environment and Climate Change
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Canada and Health Canada are working together to develop an approach to address this

gap regarding the nanoscale form of substances already listed on the DSL (111).

The physicochemical properties, as well as in vivo kinetics, of NPs can differ drastically
from those of the bulk form of the same compound; this would likely result in a different
hazard assessment for the NPs (2). It is important that research be carried out to
understand the toxicity associated with NP exposure to inform regulations and policies
related to the use of nanotechnology and subsequent exposure to NP, as well as exposure
to NP in ambient air. With projects such as this one, an efficient and cost-effective
screening tool for NP toxicity can be brought into use to evaluate metal-based NPs of

various compositions as they are developed and brought into use.

1.10 FUTURE DIRECTIONS FOR RESEARCH (CURRENT GAPS IN THE

LITERATURE)

Current gaps in the literature include the lack of confirmation of the mechanisms by
which NP pulmonary exposure may result in increased risk of developing cardiovascular
disease. More research needs to be done in order to elucidate this mechanism, and this
project will be a stepping stone towards that goal. There is a large gap regarding the
regulations and guidelines for nanomaterials, particularly those materials that are already
listed on the DSL in their bulk form. Further, there is a current lack of available human
exposure data, as well as a lack of understanding regarding the chronic effects of

exposure to NPs and a standardization of toxicity testing methods (40). This makes it
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more difficult to understand the relationship that exists between NP exposure and chronic

diseases, in particular, respiratory diseases.
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CHAPTER 2 OBJECTIVES AND HYPOTHESIS

The long-term goal of this research is to provide more information on the mechanisms in
which adverse health effects are caused by exposure to airborne metal-based NPs. The
primary objective of this project is to further the knowledge of the mechanisms in which
systemic toxic responses, in particular cardiopulmonary responses, are produced as a
result of airborne NP exposure. To achieve this primary objective, three specific aims
were used. A schematic summary of these objectives is shown in Figure 2-1, as well as a
schematic outlining the translocation paradigm regarding cardiovascular effects produced

via the inhalation of airborne metal NPs (Figure 2-2) addressed in objective 3.

The following specific aims and their related sub-hypotheses are central to the main
hypothesis of this work. These sub-hypotheses will be used in conjunction with the main
hypothesis in order to achieve the primary objective of this project, and to work towards
the long-term goal of this project. The main hypothesis for this body of work is presented

immediately below.

Hy: Airborne exposure to Cu NPs induces cytotoxicity in both human alveolar epithelial

cells and cardiovascular cells.
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2.1 SPECIFIC AIM 1: DETERMINE THE CHARACTERISTICS OF AIRBORNE CuU

NPs IN AN IN VITRO NP EXPOSURE SYSTEM

Hy.: An in vitro NP exposure system using NP spark generation that generates and delivers

fresh NPs directly onto human alveolar epithelial cells is a useful model to assess toxicity

of airborne Cu-based NPs.

The first specific aim of this work was to characterize the NPs produced using the spark
NP generation system. This characterization comprised of two aspects: size, and by-
products of NP generation including total reactive nitrogen (NOy), nitric oxide (NO), and
ozone(O3) levels. This characterization used Cu electrodes to generate metal-based NPs.
By characterizing the NPs produced, we were comfortable that the NPs delivered
throughout the exposures were the correct size, consistent, and any chemical species
delivered alongside the NPs were not at a level which would cause the toxic responses
observed. Additionally, as it is possible that synergistic effects could exist between NOx
and O3, and the NPs produced, it was important that their levels were measured to aid in
reproducibility and future, continuing research. It was expected that 5 nm Cu NPs would
be produced, and O3, NOy, and NO levels would be well below the limits for cellular

damage.

2.2 SPECIFIC AIM 2: EVALUATE THE PRIMARY (PULMONARY) TOXIC
RESPONSES OF HUMAN ALVEOLAR EPITHELIAL CELLS AFTER AIRBORNE Cu NP
EXPOSURE

Hy: Exposure to airborne Cu NPs induces cytotoxicity and intracellular ROS in human

alveolar epithelial cells.
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The second specific aim of this work was to evaluate the primary cellular toxicity
response after repeated exposure to airborne Cu NPs. Human alveolar epithelial lung
cells (A549 cells) were sequentially exposed to NPs in a 4-2-4 fashion, where the 4
represents 4 hours of NP delivery and the 2 represents a 2-hour period where the cells
were allowed to rest in a CO» incubator. This sequential exposure allows a more realistic
simulation of human exposure scenarios, as compared to a single exposure. Biological
responses were determined following the completion of the 4-2-4 exposure. In order to
assess the toxic response, data regarding the level of ROS generation, cell viability, as
well as NP concentration in the exposure medium were analyzed. As Cu NPs have been
observed to have a higher toxicity (4, 19, 20), it was important that Cu NPs were
investigated to determine their pulmonary toxic response in a scenario that mimics
realistic human exposure. It was expected that an elevation in the concentrations of ROS
and lactate dehydrogenase, and a decrease in cell viability post exposure would be

observed.

2.3 SPECIFIC AIM 3: ASSESS SECONDARY (SYSTEMIC) TOXIC RESPONSES IN

CARDIOVASCULAR CELLS AFTER IN VITRO INHALATION EXPOSURE OF NPs

Hy: Pulmonary exposure to Cu NPs induces adverse effects on cardiovascular cells

cultured in the exposure medium.

The third specific aim of this work is to assess the systemic response, specifically the
cardiovascular impact of Cu NPs, after repeated exposure to airborne Cu NPs.. Due to the
fact that the mechanism as to how cardiovascular responses are related to pulmonary

exposures to NP has not yet been elucidated, it is crucial that a foundation of information
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is acquired in order to aid in investigating the mechanism further. The “exposure
medium” obtained during specific aim 2 was used to culture cardiovascular cells. This
work was carried out in collaboration with three researchers who have extensive
experience related to cardiovascular pathophysiology; Dr. Pulinilkunnil, Dr.
Kienesberger, and Dr. Brunt at Dalhousie Medicine New Brunswick (DMNB). It was
expected that a decrease in the cell viability of cardiomyocytes cultured in the exposure

medium resulting from specific aim 2 would be observed.

Pulmonary & Cardiovascular Effects of NPs |

NP In Vitro Exposure System

(NIVES)

Mimics realistic human inhalation |__|
exposures by delivering airborne
NPs directly onto lung cells

Objective 1 Objective 2 Objective 3
Characterization Pulmonary Responses Cardiovascular Effects
|
* Generate airborne Cu * Evaluate endpoints * Assess effects of
NPs » Cytotoxicity pulmonary exposure on
* Spark NP generator (Cell viability, LDH the vasculature
» Characterize NPs level) « Endothelial barrier
* Size distribution * Inflammation permeability
(SMPS) ; (Pro-inflammatory e Ehoheis]
* 0;,NO, NO, levels mediator level) n —
« Cellular dosimetry * Oxidative stress activation
(ICP-MS) (Intracellular ROS * Vascular smooth
* Morphology (TEM) generation) muscle cell function

Figure 2-1: Schematic summary of objectives.
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Figure 2-2: Schematic of the translocation paradigm regarding cardiovascular effects
produced via the inhalation of airborne metal nanoparticles.
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CHAPTER 3 METHODS

3.1 CHARACTERIZATION

3.1.1 Particle Distribution

Nanoparticles were generated using a Spark Discharge System (SDS). High voltage (HV
Rack System, Ultravolt) was applied to copper (99.999%) electrodes, thus generating a
spark between the electrodes. The generated NPs were carried through tubing via
nitrogen, oxygen, and carbon dioxide gases in a ratio similar to the composition of air and
delivered to the Scanning Mobility Particle Sizer (SMPS, TSI 3080) and Condensation

Particle Counter (CPC, TSI 3775), and the exposure chamber.

The size distribution of the spark-generated Cu NPs was characterized using the SMPS
and CPC. Optimal conditions for generation of monodispersed NPs with consistent
number concentrations, size, and geometric standard deviation were determined by
alterations in voltage and current within the spark discharge system. Once the
distributions of produced NPs were Gaussian, monodispersed, and appeared consistent,
the system was run for 4 hours in order to confirm the consistency of NPs produced. This

characterization was carried out prior to cell exposure.
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3.1.2 Total Reactive Nitrogen (NOy), Nitric Oxide (NO), and Ozone (O3)
Levels

Levels of NOy and NO were determined using an NOy Analyzer (Thermo Scientific
Model 42i-Y NOy NO-DIF-NOy Analyzer) and measured over a period of 4 hours. The

system was run on three separate occasions to strengthen reliability of the data.

Levels of Oz were determined using an Ozone Monitor (2B Technologies) and measured
over a period of 4 hours. The system was run on three separate occasions to strengthen

reliability of the data.

3.2 PRIMARY TOXICITY RESPONSE (PULMONARY)

The in vitro testing system used in this project allows for the prediction of in vivo
repeated low-dose toxicity through the sequential (repeated) exposure of lung cells to
NPs using the set up described in specific aim 1. This procedure simulated the protocol of
an in vivo repeated low-dose study of NPs. The sequential NP exposure was done in a 4
h-2 h-4 h fashion, meaning that the cells will be exposed to particles for 4 h in the system,
followed by an incubation period for 2 h (referred to as resting) in the cell incubator
(37°C in 5% CO:), and finally they were exposed for another 4 h in the system.
Following the second exposure, the transwell inserts (Corning) were removed from the
exposure chamber and analyzed as described in the following sections. The in vitro
testing system produced exposure media (containing biological mediators, as well as

NPs) that was used to simulate the manner in which NPs deposited on the respiratory
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epithelial tract may reach organs other than the lungs by crossing the air-blood barrier
(via the alveolar region) and enter systemic circulation.

The principal responses to Cu NP exposures evaluated in this work were oxidative stress
and inflammatory responses of human lung epithelial cells (A549 cells), as well as the
systemic responses resulting from pulmonary exposure to Cu NP. This analysis allowed
the oxidative stress/inflammation paradigm induced by NPs to be revealed and provide

insight as to the mechanisms of NP toxicity.

3.2.1 Cell Selection and Culture

AS549 cells were selected to appropriately represent the lung epithelium in an in vitro
model for lung cell NP toxicity at the ALI. Alveolar epithelial cells are some of the first
lung cells exposed to inhaled toxicants, and A549 cells are a reasonable surrogate cell

line for the ideal primary human lung epithelial cells. A549 cells retain several features of
type II alveolar epithelial cells, such as the production of alveolar surfactant (112). Cells
were obtained from Dr. Jason LeBlanc (Halifax, NS), and cultivated in RPMI 1640
medium, supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and
streptomycin (herein referred to as culture medium) at 37°C under humidified

atmosphere containing 5% COsx.

To prepare for exposure, cells were harvested with 0.25% phenol red-free trypsin-EDTA
(Gibco®) and counted before 1 mL of cell suspension was seeded onto the apical side of
the transwell membrane inserts (Cat. 3450, polyester, 24 mm diameter, 4.7 cm?, 0.4 pm

pore size, Corning, USA) at a concentration of 450,000 cells/mL. Cells were allowed to
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attach to the transwell for 24 h under submerged condition with 2 mL basal culture
medium. Apical medium was removed and cells were washed twice with 500 pL of
phosphate-buffered saline (PBS, Gibco®), 12 h prior to exposure. The PBS used to wash

the cells was removed, and no apical medium was added to cells following the wash.

Immediately prior to exposure, cells (approximately 95% confluence) were again washed
twice with 500 puL of PBS on the apical side and transferred to the exposure chamber
wells (Vitrocell®), where the basal medium provided to the cells was 17 mL. All solution
was removed from the apical side of the insert, thus only a thin film of surface liquid
produced by the cells was present during exposure. At the time of exposure,

approximately 900,000 cells were present on the surface area (4.7 cm?) of the membrane.

3.2.2 Airborne Delivery of Cu NPs to A549 Cells

Once cells were placed in the exposure chamber, the exposure chamber was connected to
the aerosol flow. Aerosol flow rates for individual transwell inserts were 10 mL/min,
obtained using a vacuum pump (EW-07061-11, Cole-Parmer). Aerosol flow was
comprised of 3.80 L/min N, 0.95 L/min O2, 0.25 L/min CO;, and Cu NPs generated
using the SDS. N> gas was passed through a diffusion dryer (Drierite Laboratory Gas
Drying Unit) and a HEPA filter (1602051, TSI) before passing through the SDS. Aerosol
flow was passed through an X-ray neutralizer (model # 308702, TSI) prior to delivery to
the cells. In air exposure experiments only, acrosol flow was passed through a HEPA
filter (PN 12144, PALL) to remove Cu NPs prior to delivery to the cells. Throughout

exposure (both air and NP) aerosol size distribution was continually measured using the
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SMPS. Cells were maintained at 37°C using a waterbath (Alpha A-6, Lauda) that
circulates water through the exposure chamber’s walls. A schematic of the setup outlines
all flowrates, aerosol flow pathways and direction (Figure 3-1), as well as the ALI
exposure scenario (Figure 3-2). Following exposure, well established assays were used
to assess cytotoxic and immunotoxic effects as outlined in sections 3.2.3 — 3.2.6. For all
experiments (except dosimetry experiments), 1 mL of PBS wash solution and 17 mL of
basal media was kept and frozen for later analyses. The 1 mL of PBS wash solution
originated from 2 separate 500 uL PBS washes, where the PBS was added following the
completion of exposure and collected from the cells immediately following the wash (i.e.

the PBS did not remain on the cells).
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Figure 3-1: Schematic of the experimental setup.
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Figure 3-2: Schematic of the Air-Liquid Interface Exposure.
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3.2.3 Cellular Viability

Cellular viability was measured using AlamarBlue® (AB, Invitrogen™, DAL1025) Cell
Viability Reagent. AB dye is proven safe and non-toxic and is widely used to quantify
cellular viability (113). AB dye is a redox indicator, and produces both a colorimetric
change and a fluorescent signal proportional to the metabolic activity of the cells being
analyzed. AB dye is reduced by healthy cells, visualized via a change in the dye’s color
from blue to pink. This allows for quantification of the change in cellular viability as a

result of exposure to NPs (114).

Following exposure (either air or NP), cells on inserts were transferred to a fresh 6-well
plate and washed twice with 500 uL of PBS on the apical side. A 1:10 solution of AB dye
in culture media was prepared, and 1 mL of this solution was placed on the apical side of
each insert containing washed cells. The 6-well plate was then incubated (37°C, 5% CO»)
under dark conditions for 2 hours. Following incubation, 100 pL was taken from each
sample and placed in a 96-well plate and absorbance values were read at 570 nm and 600
nm using a microplate reader (Benchmark Plus™ microplate spectrophotometer,
BIORAD). Each sample was read using 4 replicates. Fresh culture medium was used as a
blank, and AB dye in culture medium (cell-free) was used as a negative control. Values
were then normalized to the control condition (cells on insert maintained in the incubator
under standard cell conditions), which were set at 100% viability. Cellular viabilities

were expressed as percentage of the control.
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Cellular viability was also measured using Trypan Blue assay. Trypan Blue dye is not
absorbed by viable cells with intact membranes, but is able to enter dead cells and cause
them to appear blue under a microscope. Cellular viability can then be quantified by
counting the live versus dead (or non-stained versus stained) cells on a hemocytometer.
Following exposure (either air or NP), cells on inserts were transferred to a fresh 6-well
plate and washed twice with 500 uL of PBS on the apical side. Cells were then harvested
using 200 puL of 0.25% phenol red-free trypsin-EDTA (Gibco®) and counted using a
hemocytometer viewed under a microscope. Cellular viability was again normalized to
the control condition (cells on inserts maintained in the incubator under standard cell
conditions), which were set at 100% viability. Cellular viabilities were expressed as

percentage of the control.

3.2.4 Intracellular ROS Generation

Carboxy-H>DCFDA (Life Technologies, C400) was used to determine levels of
intracellular ROS generation. Carboxy-H2DCFDA can be used to quantify the
intracellular levels of ROS generated due to its ability to passively enter the cell and react
with ROS to form dichlorofluorescein (DCF) — a highly fluorescent compound. Carboxy-
H>DCFDA, the carboxy derivative of fluorescein, carries an additional negative charge

that improves cellular retention of the dye as compared to the non-carboxylated forms

(115).

Following exposure (either air or NP), cells on inserts were transferred to a fresh 6-well

plate and washed twice with 500 uL of PBS on the apical side to remove extra-cellular
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ROS. A working solution of Carboxy-H>DCFDA reconstituted in DMSO (concentration
of 1 mM) was diluted in HBSS to a final concentration of 25 uM. 1 mL of final solution
(Carboxy-H2DCFDA in HBSS) was placed on the apical side of inserts before they were
incubated under dark conditions for 30 minutes (37 °C, 5% CO) to load the fluorescent
dye. Following this incubation, the dye solution was discarded, and cells were washed
twice with 500 uL of PBS on the apical side to remove any residual extra-cellular dye.
Cells were then incubated under dark condition in 1 mL of Triton X-100 (0.1% solution
in PBS) for 30 mins. Following this incubation, cells were lysed using a cell scraper
under dark conditions and the solution was collected into an amber microcentrifuge tube.
Lysates were centrifuged at 14,000 g and 100 pL of supernatant was transferred to a 96-
well plate. Each lysate’s fluorescence intensity was measured in duplicate with excitation
of 485 nm and emission at 530 nm using a microplate reader (VICTOR X5 Multilabel
Plate Reader, Perkin Elmer). The values of cells exposed to particle-free air or NPs in the

system were normalized to the control condition.

3.2.5 Lactate Dehydrogenase (LDH) Analysis

Lactate Dehydrogenase (LDH) levels were measured using a commercial colorimetric
assay kit (Cytotoxicity Detection Kit?®US (LDH), Roche Diagnostics, Sigma). LDH can
be found in most living cells. LDH levels are released during tissue damage, and can

therefore be used to quantify cellular membrane damage (116).

PBS washes collected from apical washes following air and NP exposures were thawed

and used for this analysis. Sample volumes of 100 pL were placed in a 96-well plate
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before having 100 pL of reaction mixture (reaction catalyst and dye solution) added to
each well. The 96-well plate was then incubated in dark conditions for 10 minutes before
absorbance values were read on a microplate reader (Infinite® M200 Pro, Tecan) at a
wavelength of 490 nm, with a reference wavelength of 610 nm. All samples were run in

duplicate, and were normalized to the control condition (incubator control samples).

3.2.6 Dosimetry

Samples for dosimetry were collected and subsequently digested on the same day using a
Discover® SP-D Microwave Digestor (CEM). Inserts were cut using a sterile single use
stainless surgical blade (no. 11, 0086, Lance) and digested in 10 mL of concentrated
nitric acid (A509-P212, trace metal grade, Fisher Chemical). Samples were digested at a
temperature of 210 °C, pressure of 400 PSI, and power of 300 W. Stirring was set to
medium, ramp time for samples was 5 minutes, and hold time was 4 minutes. Following
digestion, samples were diluted to 2% nitric acid and stored in the fridge for later
analysis. Cu levels were measured using an Inductively Coupled Plasma-Mass

Spectrometer (iICAP Q ICP-MS, Thermo Fisher Scientific).

3.3 SECONDARY TOXICITY RESPONSE (CARDIOVASCULAR AND SYSTEMIC)

This project sought to identify specific effects of inhaled NPs on the cardiopulmonary
system. To determine the causative components, additional work must be undertaken.
Using the set-up described earlier, the exposure medium of lung cells exposed to NPs

was collected and used for in vitro assessments to determine the effect of first-pass
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exposure of pulmonary NPs on coronary vasculature and underlying cells (i.e. smooth
muscle, cardiomyocytes). This allowed for an examination of the influence of inhalation
of NP on the metabolism and function of vasculature and cardiac muscle. These studies
were performed in collaboration with researchers with extensive cardiovascular
pathophysiology experience - Drs.Pulinilkunnil, Kienesberger, and Brunt. The

methodology used in elucidating vascular response to NP exposure follows below.

3.3.1 Cytotoxicity

Cell viability was investigated in HUVEC and H9C2 cells using FACS analysis, and for
HO9C2 rat cardiomyoblasts using Presto Blue Viability Reagent as well. HUVEC cells
(human umbilical vein endothelial cells) and H9C2 cells were both chosen as a way to
illustrate the effects on the entire cardiovascular system. The H9C2 rat cardiomyoblasts
represent a homogeneous cardiac-derived cell line, whereas the HUVEC cells represent
the vasculature of the body (a single layer of endothelial cells comprises the inner layer
of blood vessels in the body — this is the interface between blood circulating through the
body and the remainder of the vessel wall). As our primary goal for this objective was to
investigate whether there are any cytotoxic effects to cardiovascular cells after airborne
exposure of pulmonary cells to NPs, it was imperative that we had representative cells of
the entire cardiovascular system. Used together, it was possible to obtain a clearer picture
of how airborne exposure to NPs can affect the cardiovascular system, as well as an
indication of where those effects may be more likely to occur (i.e. to heart tissue,
vasculature, or both). HOC2 rat cardiomyoblasts were specifically looked at due to their
significance in contractile function, whereas HUVEC cells were looked at due to their

implication in atherosclerosis. Furthermore, a homogenous cell line was chosen over a
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primary cell culture so that it would be possible to elucidate molecular pathways involved
in potential detrimental effects. Cardiac muscle is comprised of several cell types
(fibroblasts, erythrocytes, cardiomyocytes and cardiomyoblasts, etc) and therefore if an
effect was observed using a primary cell culture, we would be unable to determine if the
contents of the exposure media were affecting the cardiomyocytes directly or through
other cells (i.e. fibroblasts signaling cardiomyocyte cell death as opposed to NPs directly

causing death of cardiomyocytes).

HOC2 rat cardiomyoblasts were chosen over human cells due to financial and logistical
concerns such as timeline. Human cells (HCM, or human cardiomyocytes) are very
expensive, and take a very long time to grow. As a primary investigation into the effects
of airborne exposure to NP and the resulting effects on the cardiovascular system, it was
appropriate to use an acceptable substitute (the H9C2 cells for HCM). HOC2 cell lines
were easier to work with, as they were easier to grow and exhibited faster growth.
Following work with this cell line, a recommendation could be made concerning further

development of the study and work in primary cells (HCM).

For FACS analysis, HUVEC cells (400, 000 cells per plate) were plated the day before
treatment in 35 mm dishes with 2.0 mL of main media (HUVEC cell growth factor
media). Treatment lasted for 24 hours, and was done with 150 uL of exposure media for
all three media types (incubator control, air exposure, NP exposure). Cells were then
harvested and FACS analysis was done using Annexin V and propidium iodide. H9C2

cells (500,000 cells per plate) were plated the day before treatment in 60 mm dishes with
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2.0 mL of main media (Dulbecco’s Modified Eagle Medium-High Glucose (DMEM-HG)
media). Treatment lasted for 24 hours and was done with 100 pL of exposure media for
all three media types (incubator control, air exposure, NP exposure). Cells were then

harvested and FACS analysis was done using Annexin V and propidium iodide.

Treatment of cells was carried out using a ratio of 10% exposure media (collected from
previous pulmonary exposure) to 90% main media (for HUVEC cells, this would be
HUVEC cell growth factor media; for H9C2 cells, this would be DMEM-HG media).
HOC2 cells were treated with 100 pL, as compared to the 150 pL for HUVEC cells due to
limitations in exposure media available. The overall proportion of 10% exposure media
to 90% main media was preserved (i.e. 900 pL main media added to 100 pL exposure
media for HIC2 cells, and 1350 pL main media added to 150 pL exposure media added
to HUVEC cells). This proportion was chosen due to the fact that the exposure media
from pulmonary exposure was a different type of media that the media that HUVEC and
HO9C2 cells are grown in. In order to ensure that any cytotoxicity observed was not due to
the change in media, the proportion of 10% was chosen. For example, HUVEC is a very
sensitive cell line, and won’t grow in different media than its own, as it requires specific

growth factors.

Following the 24 hours of treatment, cells were harvested for FACS analysis. To do so,
they were washed with normal PBS before the cells were incubated with 0.5 mL of
0.05% Trypsin EDTA for 5 minutes. Following this incubation, cells were removed from

the incubator and 1 mL of exact media was added to the cells. This cell suspension was
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then transferred to a 60 mm diameter FACS tube. Cells were centrifuged down before
being washed twice with PBS. Following the second PBS wash, 1% BSA in PBS was
added to the cells before they were centrifuged down again. 2 pL of Annexin V in 100
pL of 1% BSA in PBS was added to the cells before they were incubated on a shaker for
15 minutes. Next, 1 uL of propidium iodide was added and cells were again incubated in
a shaker for another 15 minutes. Finally, cells were washed with normal PBS twice
before 0.5 mL of BSA was added and cells were directly analyzed with a FACS machine

(Gallios™ Flow Cytometer 10 colors, 4 lasers from Beckman Coulter).

For Presto Blue analysis, 12,000 HOC2 rat cardiomyoblasts per well (well volume of 100
puL) were seeded for 75% confluency two days (day -1) prior to treatment in 100 pL of
DMEM-HG media (supplemented with 10% FBS). To initiate H9C2 differentiation, the
media in all wells was replaced the following day (day 0) with DMEM-HG media that
was free of FBS. This media was renewed on day 3. Treatment began on day 6, where
media was replaced with different ratios of exposure media to main media (DMEM-HG
(0% FBS) for an additional 24 h. The ratios were: DMEM-HG (0% FBS) only, 74
exposure media to ¥ main media, 2 exposure media to /2 main media, or exposure media
only. The total volume per well was 100 pL (therefore, a ratio of % to % would mean 25
uL to 75 pL). Following 24 h of treatment, media was replaced with DMEM-HG (0%
FBS) with 10% Presto Blue Viability Reagent for 3 h; fluorescence intensity was
measured with excitation at 560 nm and emission at 590 nm using the Synergy H4

Hybrid Reader.
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3.4 DATA ANALYSIS

The statistical analysis of results was carried out using a two-tailed Student’s t-test. The t-
test type was two sample equal variance. Results were interpreted using the mean + SD
and the level of statistical significance (p < 0.001, p <0.01, p <0.05, or not statistically

significant).
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 CHARACTERIZATION

4.1.1 Particle Size Distribution

Optimal conditions for generation of approximately 5 nm sized NPs occurred at
approximately 3600 V and 0.40 mA. Peaks produced were distributed in a Gaussian
fashion, and monodispersed with a geometric standard deviation (GSD) less than 1.6 in
accordance with the literature (117-119). Figure 4-1 shows a representative peak of NPs

produced.
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Figure 4-1: Representative size distribution of copper nanoparticles produced using the
Spark Discharge System showing a number mean diameter of 4.6 nm with a geometric
standard deviation of 1.22.
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4.1.2 Total Reactive Nitrogen (NOy), Nitric Oxide (NO), and Ozone (0O3)
Levels

Levels of O3, NOy, and NO were measured over a 4 h period of NP generation, with NPs
produced using the SDS. Levels of O3, NO, and NOy were found to be 17.2 + 0.3

ng/dm?, 4.6 + 3.5 ng/dm?, and 19.7 + 8.8 ng/dm?’, respectively. Results are shown in

Table 4-1.
Gas Measured NOy NO O3
Concentration (ng/dm?3) 19.7 £ 8.8 46+3.5 17.2+0.3

Table 4-1: Levels of O3, NOy, and NO measured over a 4 h period of nanoparticle
generation, with nanoparticles produced using the Spark Discharge System.

4.2 PRIMARY TOXICITY RESPONSE (PULMONARY)

4.2.1 Cell Viability

Sequential exposure (4-2-4) of A549 cells to Cu NPs (approximately 5 nm in size)
resulted in a significant reduction in cellular viability as compared to NP-free (filtered)
air of 6.9%. Single exposure (4 h) of A549 cells to Cu NPs (approximately 5 nm in size)
resulted in a significant reduction in cellular viability as compared to NP-free (filtered)
air of 9.6%. Cell viability for sequential exposure is shown in Figure 4-2. Cell viability

for single exposure is shown in Figure 4-3. Contrary to the original hypothesis in this
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study, there was no observable difference in the cell viability between A549 cells that
were sequentially exposed (4-2-4) versus those that had only a single exposure (4 h).
Single exposure (4 h) of A549 cells to Cu NPs resulted in a reduction in cell viability
similar to the sequential exposure, when compared to NP-free (filtered) air. As compared
to incubator controls, there was a decrease in cell viability for NP-free (filtered) air that
was statistically significant for both the sequential (4-2-4) exposure and single (4 h)
exposure. This difference could likely be attributed to the low levels of O3, NO, and NOy
that were generated during exposure. The NP-free (filtered) air exposure and the NP
exposure groups would both be exposed to the same levels of these gases, therefore the
difference observed in the cell viability between these two groups gives an indication of

the effect of NPs on cell viability.

The decrease in cell viability observed was lower than expected, however there are
several hypotheses as to why this may have been the case. As will be noted in the
dosimetry results, the dose of airborne Cu NPs delivered was very low. Comparing the
NPs delivered in this study to those delivered in a study with a similar setup by Jing et al.
(120), we can see that the TNC of particles delivered in their study was 2.27 x 10’
particles/cm?, whereas it was 2.25 x 10° particles/cm? in this study. This 10-fold decrease
in NP dose delivered could have contributed to the higher than expected viability
observed. To further the comparison of the study by Jing et al., the NPs generated in their
study had a number mean diameter of 9.2 nm, as compared to the 4.6 nm NPs produced
in this study. Taken together, the lower dose and the smaller size of NP have resulted in a

smaller effect on cellular viability than was expected.
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A study described by Wongrakpanich et al. (121), notes that smaller sized CuO NPs were
not observed to elicit a high level of cytotoxicity as compared to larger NPs.
Wongrakpanich et al. observed a significant difference in the viability of A549 cells that
were exposed to 24 nm sized NPs as compared to those exposed to 4 nm sized NPs. They
hypothesized that the cellular uptake of these 4 nm CuO NPs was lower due to the
smaller size of the NP resulting in different, and less efficient routes of entry into the
cells (121). There has been evidence that active cellular uptake of NPs is size dependent,
and that it is possible that the size range for optimal uptake may differ between NPs of
different compositions (122). A study investigating the optimal NP radius for endocytosis
found that the optimal NP radius was approximately 25-30 nm, and noted that a previous
study had observed that endocytosis of Au NPs with a radius of 7 nm only occurred when

at least six of them were clustered together producing a cluster radius of approximately

20 nm (123, 124).

As was hypothesized, cells that were exposed to NPs in the presence of the reactive
oxygen species scavenger N-Acetyl Cysteine (NAC) had an observable and significant
increase in their viability as compared to NP-free (filtered) air of 9.6%. This evidence
further suggests that cytotoxicity of NPs is ROS-mediated, in accordance with what has
been observed in the literature. While the effects on the cell viability were much greater
in the Jing et al. study with the larger NPs, they similarly observed that there was no
reduction in cellular viability, as compared to controls, when A549 cells were

concurrently exposed to NPs and NAC (120).
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Figure 4-2: Cellular viability for control (incubator), air (particle-free), and copper
nanoparticle (Cu NPs) exposure groups for A549 cells sequentially exposed at the air-
liquid interface (ALI) as evaluated by the Alamar Blue assay.

Note: A549 cells in the air and Cu NP exposure groups were sequentially exposed with
an aerosol flow rate of 10 mL/min.

Post-exposure (0 h), Alamar Blue assay was used to evaluate cellular viability. Cellular
viability was then normalized to the control cells (maintained in the incubator at 37°C and
5% COy).

Data are expressed as mean = SD; ***statistically significant difference compared to
control (***p < 0.001; ** p <0.01; *p <0.05).
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Figure 4-3: Cellular viability for control (incubator), air (particle-free), copper
nanoparticle (Cu NPs), and copper nanoparticle with N-Acetyl Cysteine (Cu NPs + NAC)
exposure groups for A549 cells exposed for 4 h at the air-liquid interface (ALI) as
evaluated by the Alamar Blue assay.

Note: A549 cells in the air and Cu NP exposure groups were subjected to a single
exposure for 4 h with an aerosol flow rate of 10 mL/min.

Post-exposure (0 h), Alamar Blue assay was used to evaluate cellular viability. Cellular
viability was then normalized to the control cells (maintained in the incubator at 37°C and
5% COy).

Data are expressed as mean = SD; ***statistically significant difference compared to
control (***p <0.001; ** p <0.01).
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4.2.2 Intracellular ROS Generation

Intracellular ROS generation was measured for sequentially exposed A549 cells (4-2-4),
as well as for A549 cells with a single exposure (4 h). The intracellular levels of ROS
generated in A549 cells after a single exposure (4 h) were markedly different than those
generated after a sequential (4-2-4) exposure. After a sequential exposure, there was a
statistically significant difference in the level of intracellular ROS generated during a NP-
free (filtered) air exposure compared to incubator controls, however there was no
significant difference between cells that had been exposed to air vs those that had been
exposed to the NPs. A possible explanation for the increase in intracellular ROS
generation in the NP-free (filtered) air exposure is that the second 4 hours of exposure
resulted in too much stress on the cells, and they were unable to efficiently scavenge the
intracellular ROS produced. There are two possible contributors to the stress conditions
potentially experienced by the cells — no humidity control was present in the exposure
system, and there were low levels of O3, NO, and NOy present during exposure (as was
well characterized prior to exposure). The lack of an optimal level of humidity (as would
be present in the incubator) may have presented additional detrimental stress conditions
to the cells. The low levels of O3, NO, and NOy present during exposure may have
contributed to the difference observed in the intracellular ROS levels generated in the
NP-free (filtered) air exposure and incubator control groups. Expressed as a fraction of
the level of intracellular ROS generated by incubator control cells, sequential (4-2-4)
exposure resulted in intracellular ROS levels of 1.4 for NP-free (filtered) air exposed
cells, and 1.4 for NP exposed cells. However, after a single exposure, the NP-exposed

cells showed a significant increase in intracellular ROS levels as compared to the air-
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exposed cells. Expressed as a fraction of the level of intracellular ROS generated by
incubator control cells, single (4 h) exposure resulted in intracellular ROS levels of 0.97
for NP-free (filtered) air exposed cells, and 1.7 for NP exposed cells. Intracellular ROS
levels for sequential exposure are shown in Figure 4-4, and intracellular ROS levels for
single exposure are shown in Figure 4-5. While there was no humidity control present in
the exposure system and there were low levels of O3, NO, and NOy present during NP-
free (filtered) air and NP exposures, these conditions were consistent between these two
groups. The NP-free (filtered) air exposure group was an appropriate control to mitigate
these concerns regarding the results observed in the NP exposure group, and therefore the

effect due to NP exposure is still able to be ascertained.

The experiments undertaken in this study point further towards ROS-mediated toxicity of
Cu NPs, in accordance with the literature. This can be observed in the set of experiments
using NAC, which is a scavenger of ROS compounds. When A549 cells were exposed to
NPs in the presence of NAC, the levels of intracellular ROS generated were not
significantly different than the levels generated during an air exposure, nor were they
significantly different than the levels generated in the incubator controls. Expressed as a
fraction of the level of intracellular ROS generated by incubator control cells, single (4 h)
exposure resulted in intracellular ROS levels of 0.97 for NP exposed cells in the presence

of NAC, and 1.1 for NP exposed cells allowed to rest for 2 hours following exposure.
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Figure 4-4: Intracellular reactive oxygen species (ROS) generation for control
(incubator), air (particle-free), and copper nanoparticle (Cu NP) exposure groups for
A549 cells sequentially exposed at the air-liquid interface (ALI) as evaluated by
fluorescence detection with Carboxy-H>DCFDA.

Note: A549 cells in the air and Cu NP exposure groups were sequentially exposed with
an aerosol flow rate of 10 mL/min.

Post-exposure (0 h), carboxy-H2DCFDA fluorescence detection was used to evaluate
ROS generation. ROS Levels were then normalized to the control cells (maintained in the
incubator at 37°C and 5% COy).

Data are expressed as mean + SD; ***statistically significant difference compared to
control (***p <0.001).
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Figure 4-5: Intracellular reactive oxygen species (ROS) generation for control
(incubator), air (particle-free), and copper nanoparticle (Cu NP), copper nanoparticle with
N-Acetyl Cysteine (Cu NPs + NAC), and copper nanoparticle with rest (Cu NP + 2h rest)
exposure groups for A549 cells exposed for 4 h at the air-liquid interface (ALI) as
evaluated by fluorescence detection with Carboxy-H.DCFDA.

Note: A549 cells in the air and Cu NP exposure groups were subjected to a single
exposure for 4h with an aerosol flow rate of 10 mL/min.

Post-exposure (0 h), carboxy-HoDCFDA fluorescence detection was used to evaluate
ROS generation. ROS Levels were then normalized to the control cells (maintained in the
incubator at 37°C and 5% CO»).

Data are expressed as mean = SD; ***statistically significant difference compared to
control (***p <0.001).
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4.2.3 Lactate Dehydrogenase (LDH)

LDH analysis revealed a similar trend to that which was observed in the analysis of
intracellular ROS generation. Expressed as a fraction of the level of LDH generated by
incubator control cells, sequential (4-2-4) exposure resulted in LDH levels of 10.63 for
NP-free (filtered) air exposed cells, and 2.0 for NP exposed cells. Expressed as a fraction
of the level of LDH generated by incubator control cells, single (4 h) exposure resulted in
LDH levels of 2.8 for NP-free (filtered) air exposed cells, 35.7 for NP exposed cells, and
1.8 for NP exposed cells in the presence of NAC. LDH generated by NP exposed cells
was significantly higher than LDH generated by NP-free (filtered) air exposed cells for
single exposure only. LDH levels resulting from sequential exposure are shown in Figure

4-6, and Figure 4-7 shows results from a single exposure.

While it was expected that a significant difference in LDH levels would be observed
between NP and NP-free (filtered) air exposures, it was not originally expected that there
would be a significant difference between these two exposure groups for single exposure
(4 h) only, and not sequentially (4-2-4) exposed cells. However, after the results were
obtained for the intracellular ROS levels, it was believed that LDH levels would follow a
similar pattern. Single exposure (4 h) cells did follow this similar pattern, where NP
exposed cells had a significantly higher level of LDH generated compared to NP-free
(filtered) air exposed cells. Most important to note for this pattern is that cells that were
exposed to NPs in the presence of a ROS scavenger (NAC) displayed levels of LDH

comparable to that of NP-free (filtered) air exposed cells. This result lends further
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evidence to the hypothesis that the mechanism of NP toxicity is ROS mediated. The
higher LDH levels for NP-free (filtered) air exposed cells compared to NP exposed cells
observed for sequentially exposed (4-2-4) cells may be due to the lack of centrifugation
of the apical PBS wash collected following the NP-free (filtered) air exposure. This is the
only set of samples for which there was an omission of the centrifugation step — all other
samples were centrifuged, and their corresponding exposure groups were unaffected by
this one-time omission. Without the centrifugation of this apical wash, it is possible that
there were cells present in this wash, and these samples would have measured LDH
found within those cells in addition to the LDH that was excreted from any damaged
cells. Despite this fact, there is still a significant 12.5-fold increase in LDH levels for
single (4 h) NP exposed cells, as compared to single (4 h) NP-free (filtered) air exposed
cells. The difference between sequentially (4-2-4) NP exposed cells and sequentially (4-

2-4) NP-free (filtered) air exposed cells was not significant.
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Figure 4-6: Apical lactate dehydrogenase (LDH) levels resulting from a sequential
exposure.

Note: A549 cells in the air and Cu NP exposure groups were sequentially exposed with
an aerosol flow rate of 10 mL/min.

Post-exposure (0 h), a commercial kit was used to evaluate LDH levels. LDH levels were
then normalized to the control cells (maintained in the incubator at 37°C and 5% CO»).

Data are expressed as mean = SD.
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Figure 4-7: Apical lactate dehydrogenase (LDH) levels resulting from a single exposure.

Note: A549 cells in the air and Cu NP exposure groups were subjected to a single
exposure for 4h with an aerosol flow rate of 10 mL/min.

Post-exposure (0 h), a commercial kit was used to evaluate LDH levels. LDH levels were
then normalized to the control cells (maintained in the incubator at 37°C and 5% COs).

Data are expressed as mean &+ SD; *statistically significant difference compared to NP-
free (filtered) air exposure (*p < 0.05).
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4.2.4 Dosimetry

Cellular dosimetry was measured, and the dose of Cu NPs delivered to the monolayer of
A549 cells was found to be 0.1 pg/cm? over a 4 hr period. This low dose is of extreme
importance, as the manner in which traditional toxicology studies are carried out misses
the real-world scenarios that afford a more realistic simulation of the low-dose human
exposures that would occur in the real world. Traditional studies typically have an acute
exposure with a high dose of NP. While these studies may indicate a large toxic response
observed in the cells, this information is not as easily related to the real world human

exposures that we need to have more insight into.

4.3 SECONDARY TOXICITY RESPONSE (CARDIOVASCULAR AND SYSTEMIC)

4.3.1 Cardiac Cytotoxicity

Exposure medium containing Cu ions and biological mediators released from A549 cells
after NP delivery was collected to investigate its potential cytotoxicity on cardiovascular
cells. Two cell lines (HUVEC and H9C2) were grown in the exposure medium. There did
not appear to be any effect on the viability of HUVEC or HOC2 cells as a result of
treatment with NP exposure media. A summary of cell viability determined by FACS
analysis for HUVEC cells is shown in Figure 4-8. The FACS analysis used to produce
Figure 4-8 is shown in Figure 4-9. A summary of cell viability determined by FACS
analysis for HOC2 cells is shown in Figure 4-10. The FACS analysis used to produce

Figure 4-10 is shown in is shown in Figure 4-11.

Through FACS analysis, it is possible to ascertain the extent and type of (early or

late/necrotic) apoptosis in the exposed cells. Translocation of membrane phospholipid
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phosphatidylserine (PS) from the inside to the outside of the plasma membrane is one of
the earlier events of apoptosis, whereas later stages of cell death (due to apoptotic or
necrotic processes) are accompanied by the loss of membrane integrity (122). Annexin V
is a binding protein with a high affinity for PS that gives an indication of early apoptosis,
as fluorochrome-labelled Annexin V allows detection of exposed PS using flow
cytometry (122). Vital dyes such as propidium iodide (PI) are used to illustrate the later
stages of cell death, due to the fact that PI permeates the membranes of dead or damaged
cells, but is excluded by viable cells with intact membranes (122). Thus, staining with
both Annexin V and PI allow for distinction between cells that are considered viable,
cells in early apoptosis, and cells that are either in late apoptosis or dead. Cells that are
considered viable are Annexin V and PI negative, cells in early apoptosis are Annexin V
positive and PI negative, damaged/necrotic cells are Annexin V negative and PI positive,
while cells that are in late apoptosis are Annexin V and PI positive (122). With this in
mind, Figures 4-9 and 4-11 will show alive or viable cells in the bottom left quadrant,
cells in early apoptosis in the upper left quadrant, cells in late apoptosis in the upper right
quadrant, and damaged/necrotic cells in the lower right quadrant. Figures 4-9 and 4-11
also show that no significant difference in cell viability, early apoptosis, late apoptosis,

and damaged/necrotic cells was observed for HUVEC or HIC2 cells.

CD54 is also known as Intercellular Adhesion Molecule 1 (ICAM-1), and is a protein that
is normally present in low concentrations on the surface of endothelial cells and is
important for the transendothelial migration of leukocytes to sites of inflammation (125).

Concentrations are greatly increased as a result of cytokine stimulation (125), and it is
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possible that cytokines (small proteins that are secreted by cells and elicit an effect on
other cells (126)) could be present in higher concentrations in NP exposure media as
compared to NP-free (filtered) air exposure media. Effects of NP exposure on the
expression of Cluster of Differentiation (CD54) in HUVEC cells is shown in Figure 4-
12. It is shown in Figure 4-12 that there was no difference in CD54 expression between

the incubator control, NP-free (filtered) air exposure, and NP exposure groups

Figure 4-13 shows microscopic images of H9C2 cells before and after treatment with
exposure media. Additionally, cellular viability for H9C2 cells using the Presto Blue
viability reagent is shown in Figure 4-14. No significant difference was observed in cell
viability for HOC2 cells using Presto Blue viability reagent, which is in agreement with

the FACS analysis done for H9C2 cells (Figures 4-10, and 4-11).

The lack of effect on the viability of HUVEC and H9C2 cells cultured in sequential (4-2-
4) exposure media may be evidence that cardiovascular damage resulting due to NP
exposure may be more closely linked to the levels of ROS and LDH produced due to
exposure. The pulmonary pattern observed was that there was a much larger increase in
ROS and LDH levels produced during a single exposure (4 h) as compared to a
sequential exposure (4-2-4) for NP exposed cells compared to NP-free (filtered) air
exposed cells. Considering this pattern, it is possible that there was no effect on the
viability of the HUVEC or HOC2 cells due to the fact that there was not a significant
difference in ROS or LDH levels for sequentially (4-2-4) NP exposed cells compared to

sequentially (4-2-4) NP-free (filtered) air exposed cells.
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Figure 4-8: Cell viability determined by fluorescence-activated cell sorting (FACS)
analysis for HUVEC cells cultured in control (incubator), air (particle-free), or copper
nanoparticle (Cu NP) 4-2-4 exposure medium.

Note: HUVEC cells were plated in 2.0 mL of media in 35 mm dishes 24 h prior to
treatment with 150 uL of each exposure group’s media for 24 h.

Cells were harvested and FACS analysis was done using Annexin V and propidium

iodide. Cellular viability was then normalized to the control cells (cultured in incubator
control exposure medium).
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Figure 4-9: Fluorescence-activated cell sorting (FACS) analysis using Annexin V and
propidium iodide for HUVEC cells cultured in control (incubator), air (particle-free), or
copper nanoparticle (Cu NP) 4-2-4 exposure medium.

Note: HUVEC cells were plated in 2.0 mL of media in 35 mm dishes 24 h prior to
treatment with 150 uL of each exposure group’s media for 24 h.

Cells were harvested and FACS analysis was done using Annexin V and propidium
iodide.
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Figure 4-10: Cell viability determined by fluorescence-activated cell sorting (FACS)
analysis for HOC2 cells cultured in control (incubator), air (particle-free), or copper
nanoparticle (Cu NP) 4-2-4 exposure medium.

Note: HOC2 cells were plated in 60 mm dishes 24 h prior to treatment with 100 pL of
each exposure group’s media for 24 h.

Cells were harvested and FACS analysis was done using Annexin V and propidium

iodide. Cellular viability was then normalized to the control cells (cultured in incubator
control exposure medium).
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Figure 4-11: Fluorescence-activated cell sorting FACS analysis using Annexin V and
propidium iodide for H9C2 cells cultured in control (incubator), air (particle-free), or
copper nanoparticle (Cu NP) 4-2-4 exposure medium.

Note: HUVEC cells were plated in 2.0 mL of media in 35 mm dishes 24 h prior to
treatment with 150 uL of each exposure group’s media for 24 h.

Cells were harvested and FACS analysis was done using Annexin V and propidium
iodide.
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Figure 4-12: Expression of CD54 determined by fluorescence-activated cell sorting
(FACS) analysis for HUVEC cells cultured in control (incubator), air (particle-free), or
copper nanoparticle (Cu NP) 4-2-4 exposure medium.

Note: One day prior to treatment 500,000 HUVEC cells were plated in a 35 mm dish. The
following day, cells were treated with various treatment media (10% treatment media in
main media) for 8 h, and FACS analysis was done using PE-anti human CD 54 as a

positive control, and PE-anti Mouse IgG as a negative control to observe CD54
expression.
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Figure 4-13: (A) H9C2 Pre-Treatment, (B) DMEM control treatment, (C) Incubator
Control treatment, (D) Air treatment, and (E) Nanoparticle (NP) treatment; imaged at
200x magnification.

Note: 12,000 HOC2 rat cardiomyoblasts per well were seeded for 75% confluency two
days (day -1) prior to treatment in 100 uL. of DMEM-HG media (supplemented with 10%
FBS). To initiate HOC2 differentiation, the media in all wells was replaced the following
day (day 0) with DMEM-HG media that was free of FBS. to initiate H9C2
differentiation. This media was renewed on day 3. Treatment with exposure media began
on day 6, where media was replaced with either DMEM-HG (0% FBS), 1/4 treated media
in 3/4 DMEM-HG (0% FBS), 1/2 treated media, or 100% treated media for an additional
24 h. Following 24 h of treatment, media was replaced with DMEM-HG (0% FBS) with
10% Presto Blue Viability Reagent for 3 h; spectral colorimetric analysis (560,590
reading) was conducted on the Synergy H4 Hybrid Reader.
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Figure 4-14: Cell viability determined by Presto Blue Viability Reagent in HOC2 rat
cardiomyoblasts cultured in control (incubator), air (particle-free), or copper nanoparticle
(Cu NP) 4-2-4 exposure medium.

Note: 12,000 H9C2 rat cardiomyoblasts per well were seeded for 75% confluency two
days (day -1) prior to treatment in 100 uL. of DMEM-HG media (supplemented with 10%
FBS). To initiate HOC2 differentiation, the media in all wells was replaced the following
day (day 0) with DMEM-HG media that was free of FBS. to initiate H9C2
differentiation. This media was renewed on day 3. Treatment began on day 6, where
media was replaced with either DMEM-HG (0% FBS), 1/4 treated media in 3/4 DMEM-
HG (0% FBS), 1/2 treated media, or 100% treated media for an additional 24 h.
Following 24 h of treatment, media was replaced with DMEM-HG (0% FBS) with 10%
Presto Blue Viability Reagent for 3 h; spectral colorimetric analysis (560,590 reading)
was conducted on the Synergy H4 Hybrid Reader.

Treatment groups and the positive control containing main media and cells (+ Ctrl) were
normalized to the main media only control (DMEM Ctrl). FBS is not present in the media
of treatment or control groups, as differentiation requires serum deprivation.
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CHAPTER 5 STRENGTHS AND LIMITATIONS

5.1 LIMITATIONS

Limitations of this work include using NPs of only one size, and of only one metal
composition, only a single dose was used, and that the environmental dose was not
verified. A complete toxicological investigation of Cu-based NPs should include multiple
doses in order to understand the dose-response of these NPs. While the potential
environmental dose (dose expected from airborne exposure in the environment, separate
from occupational settings) is low and more closely mimicked through this study, it is
important that further work be carried out to verify and compare how closely the
environmental dose is mimicked. Ideally, in order to gather a full picture of how these
Cu-based NPs affect human health and well-being, it is important that further

investigations are carried out.

Despite in vivo work being the gold standard for toxicological assessments, the use of
rodents (such as mice, rats) does not provide information specifically on how human cells
interact with NPs. Use of these rodents does has benefits, however there are important
differences in physiology between these species and humans and it is crucial that an
understanding of how specifically human cells react is obtained. This limitation leads

directly into the strengths of this study.
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5.2 STRENGTHS

The major strength of this study is that the experimental set up used is an innovative way
to investigate the cellular responses of human lung cells and cardiovascular cells as a
result of airborne NP exposure. Using the set up described earlier, the NPs can be
delivered to the cells without a significant change in their properties due to the delivery
method (as can be the case in submerged cell exposure). The experimental set up used
enables mimicking the in vivo scenario of inhalation exposure more realistically,
specifically the repeated low-dose exposure scenario. Instead of looking at the negative
consequences of a one time, high dose of NPs, the approach enables the investigation of
how problematic a continual, low exposure to NPs can be to human health. This is
especially important, as NP-containing products and technology are on the rise, and
presumably our exposures to NPs will increase and persist. The experiments undertaken
in this project has furthered our understanding of the mechanisms of cardiovascular
effects as a result of airborne NP exposure, and they are a stepping stone towards future

work as well as an indication of the direction of future work that should be carried out.

This project has helped to aid in the development of an efficient way to screen metal-
based NPs for pulmonary and cardiovascular toxicity, as well as provided an appropriate
way to observe a more realistic exposure scenario using cells. As was mentioned earlier
in the introduction, the design of the system used in the experiment provides a useful tool
to overcome some of the main limitations present in current in vitro models for inhalation

exposure. It more accurately reflects the realistic human physiological exposure scenario.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 CONCLUSIONS

In conclusion of this thesis project, it is prudent to identify that more work must be
undertaken to further the knowledge regarding cardiopulmonary toxicity resulting from
the inhalation exposure of airborne NPs that are of this miniscule size. Compared to NPs
of similar composition but larger size, the NPs studied in this project had produced
different biological responses. While this study has indicated that perhaps the immediate
effects of inhalation exposure to Cu NPs that are approximately 4 nm in size may not be
as detrimental as previously postulated, it is possible that the longer term effects could be

abundant and overlooked in traditional investigations.

This project has opened the doorways in terms of perspectives on toxic response to NPs.
Perhaps the most important measure of NP toxicity is not, in fact, cellular viability. While
the cellular viability did not appear to change between a single exposure and a sequential
exposure, the levels of intracellular ROS generated are significantly different between
these two exposure scenarios. This highlights the importance of evaluating toxic
responses using assays that measure endpoints outside of cellular viability, in order to
fully understand the true toxic response of certain NPs. This work has also given
indication and reason to believe that immediately observable toxic effects are not the only
effects that should be observed. For example, the effects of airborne NP exposure on cell
cycle such as the ability or a cell to function normally and replicate, as well as the ability

of a cell to recover from injury.
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With further investigations into the long-term and potentially lasting effects of NP
exposure, it will be possible to have a more complete picture as to the true toxic potential

of metal NPs.

To compliment the work that has been undertaken for this master’s thesis, there are
several types of experiments that are proposed to move forward and gain further insight

into the effects resulting from airborne exposure to metal NPs.

6.2 FUTURE WORK
6.2.1 Cell Cycle Analysis

In order to investigate the long-term effects of inhalation exposure to airborne Cu NPs, it
is important that a cell cycle analysis be done on cells that have been exposed to these
NPs. This information will provide insight into the cell’s ability to recover from NP
toxicity, and/or the permanent impairments that may be caused due to NP exposure. For
example, perhaps the cell cycle will be interrupted at certain checkpoints due to DNA
damage. Investigations into the dose required to cause anomalies in the cell cycle, as well
as the amount of time post-exposure that the anomalies occur would aid in the
understanding of the toxicity associated with these NPs. Additionally, it is vital that an
understanding of the ability of lung cells to recover is obtained. For example, do only a
small number of cells show an anomaly in their cell cycle analysis, with most cells

recovering, or do all cells eventually become unable to replicate and divide normally.
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6.2.2 Colony Formation Analysis

In addition to cell cycle analysis, colony formation analysis would be of benefit in
understanding the long term effects of inhalation exposure to airborne Cu NPs. The
results of this project have shown that a small percentage of cells die outright as a result
of NP exposure, but it is still largely unknown as to what acute or persistent problems are
arising in the cells that survive exposure. The ability of these cells to survive and
proliferate are of interest; the percentage of cells that are able to survive and proliferate
normally would give an indication as to how dangerous NP exposure is further down the
road once exposure has ceased and the body has had time to recover. In order to truly
understand the level of danger that these NPs pose to human health, an understanding of

how lasting their effects are must be obtained.

6.2.3 Differing Metal Compositions

Building on this work, this system can be used as a screening method for NP toxicity of
varying compositions. The metal electrodes found within the SDS can be exchanged for
electrodes of differing compositions with ease, allowing for an appropriate way to deliver
the NPs in the same fashion and changing only metal composition while maintaining
other factors. With this in mind, it will be possible to determine which metals appear to
be the most toxic and detrimental to human health, and appropriately and efficiently

recommend which metals should be investigated in in vivo animal models first.
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6.2.4 Cardiovascular Analysis of 4hr Exposure Media

While the exposure media obtained during the 4-2-4 exposure of A549 cells to Cu NPs
did not appear to have any effects on the viability of HUVEC or H9C2 cells, it is
important to note that there was an observed and significant difference between the
intracellular levels of ROS generated by A549 cells during 4-2-4 exposure and 4 h
exposure. Due to this difference, further work should be done to test the viability of
cardiovascular cells treated with this 4 h exposure media. This work would help to further
our knowledge of the mechanisms through which cardiovascular morbidity and mortality
is increased in response to inhalation exposure of metal NPs. The 4-2-4 exposure media
has twice the amount of Cu NPs present as compared to the 4 h single exposure media;
therefore, if there were an observable and significant difference in the viability of
cardiovascular cells treated with 4-2-4 media as compared to 4 h media it would appear
that the NPs themselves were not the major cause of the cardiovascular toxicity. It would
be reasonable to conclude in that case that the oxidative stress or inflammatory mediators
released by lung cells were the main cause of cardiovascular toxicity. It is possible that
less ROS formation and LDH release were observed in the case of sequential exposure,
as compared to single exposure (despite twice the amount of copper being present) due to
an adaptive response by the A549 cells. Following the first exposure, the cells are given a
“rest” period in the incubator where there are no new NPs being delivered to the cells.
Perhaps during this time, the NP-exposed cells are able to partially recover and therefore

the ROS levels following the second exposure are not as high as would be expected.
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