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Abstract
Epidemiological studies highlight a direct association between the decline in respiratory
health of the human population and increased environmental ultrafine particulate (UFP)
exposure. This evidence, coupled with research identifying shared characteristics and
toxicity between UFP and engineered nanomaterial (ENM), suggests that increased
levels of ENM associated with the nanotechnology revolution could have a detrimental
effect on human health. Although the link between respiratory disease and air pollution
is well-established, toxicological data for ENM is limited. Current methods for the
assessment of particle toxicity utilise a combination of both in vitro assays and in vivo
animal testing. In some cases, these conventional assays provide unreliable results on
account of nanoparticle interference. In this thesis, assays were undertaken to more
fully understand the impact of a panel of ENMs on alveolar epithelial cell function and
survival, as well as to assess the potential value of an alternative method for
nanotoxicological screening. Eicosanoid profiling was used to assess both toxicity and
inflammatory markers associated with a panel of ENMs, this technique is novel for the
use in testing of ENM and the results show it has potential to be introduced/applied as
an effective tool to predict a broad spectrum of detrimental effects of ENM in lung
function.
Submerged A549 cells, were used as a model of lung epithelial cells throughout. The
secondary cell line is commonly used in in vitro research to examine the effect of toxins
on respiratory health, specifically the alveolar region. A panel of ENM (SiO2, TiO2, NiO,
ZnO and CuO) were selected to span from the benign to the highly toxic. ENM prepared
in suspension were applied to the cells at 100cm2/mL for 24 h.
This doctoral thesis focused on addressing the following aims:
1. To assess whether metallic ENM of differing chemical composition damage the
cell membrane and/or mitochondria.
2. To determine whether ENM induce mitochondrial dysfunction through delivery
or over-production of harmful reactive oxygen species (ROS) and, if so, to
determine whether mitochondrial dysfunction results in activation of apoptosis.
3. To ascertain whether ENM alter the release of lipid inflammatory mediators
using eicosanoid profiling.
viii

Mitochondrial function and membrane integrity assays revealed that CuO and ZnO
induced mitochondrial dysfunction (~ 100% reduction in mitochondrial function), and
promoted cell death (85 ± 7.5% cell lysis, ***P<0.001), respectively, when compared to
control. In addition, superoxide production was increased by TiO2 alone (~ 100%
increase, 0.0394 ± 0.0081 AU, **P<0.01), creating a discrepancy between assays.
Analysis also revealed that metallic ENMs, specifically ZnO and CuO, significantly
increased the production of prostaglandin E2 (~ 50%, 828 ± 119pg/sample, **P<0.01)
and ~ 100%, 1439 ± 248pg/sample, ***P< 0.001), a pro-inflammatory eicosanoid, and
elevated generation of a range of hydroxy-eicosatetraenoic acids (HETEs), suggesting
induction of lipid peroxidation by these oxide derived ENMs.
In conclusion, through the use of in vitro assays and eicosanoid analysis it was
determined that ZnO and CuO ENM induce cell damage and death. However, although
traditional in vitro assays are able to identify highly toxic ENM from the rest, they lack
the ability to identify more subtle changes and, in some cases, are unreliable.

By

contrast, eicosanoid profiling has the ability to provide more detailed information
regarding generation of both pro- and anti-inflammatory mediators, as well as oxidative
stress, whilst avoiding the issues that are encountered through the use of current in vitro
tests.
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Chapter 1
Introduction

1

1.1.

Respiratory system

All tissues within the body require oxygen for metabolic respiration. The primary
function of the respiratory system is to capture oxygen for delivery to tissues via
oxygenated blood and to expel the waste product, carbon dioxide (CO2).
The respiratory system is divided into two main sections, the upper and lower
respiratory tract. The upper respiratory tract includes the nasal cavity, pharynx and
larynx. The nasal cavity serves as the main route of inhalation, and the first line of
defence against foreign particulate. The nasal conchae contain mucosal membranes that
are coated in tiny hairs called cilia. The role of the mucous is to trap inhaled particles;
mucous is wafted by the cilia to the back of the throat, where it is swallowed and
destroyed in the stomach. Alternatively, it is moved to the front of the nose, where it is
expelled by sneezing.

Figure 1.1. The lower respiratory tract. The lower respiratory tract, located inside the
chest cavity, is composed of the trachea and all sections of the bronchiole tree, including
the alveoli (drawn using MediArt software).

The lower respiratory tract, located inside the chest cavity, is composed of the trachea
and all sections of the bronchiole tree, including the alveoli. The trachea, which is
situated at the end of the larynx at the base of the neck, acts as the main airway to the
lungs, connecting the larynx to the bronchi. Particle clearance from the tracheobronchial
region is facilitated primarily by the ciliated columnar cells and goblet cells which form
the epithelium of the trachea (Asgharian et al., 2001). Goblet cells produce a sticky
2

mucous which coats the inner lining of the trachea, trapping particles which have been
inhaled thus preventing them from reaching the lungs. The ciliated cells are responsible
for pushing the mucous back to the larynx, away from the lungs, where it is expelled
through coughing or swallowed and digested in the stomach. The left and right bronchi
branch off the trachea further dividing into thousands of smaller, thinner tubes called
the bronchioles. Located in the deepest region of the respiratory tract, at the terminal
ends of the bronchioles, are clusters of tiny balloon-like air sacs called alveoli. It is
within the alveoli that gas exchange takes place. Both the walls of the alveoli, and those
of the network of capillaries that surround them are only one cell thick; this close
proximity between the air in the alveoli and blood in the capillaries allows for highly
efficient diffusion of O2 and CO2 between the alveoli and capillary blood.
1.1.1. Alveolar cells
The alveolar epithelium comprises two types of alveolar cells: type 1 (AT1) and type 2
(AT2) (Castranova et al., 1988). Although fewer in number, AT1 cells account for around
95% of the alveolar surface area of the lung, this is due to the morphology of the cells:
AT1 cells lie flat and are elongated, whereas only a small part of AT2 cells protrude out
between the AT1 cells (Herzog et al., 2008). The AT1 cells, together with the capillary
endothelium and basement membrane, create tight junctions which form the air-blood
barrier (McElroy and Kasper, 2004). AT2 cells fulfil two main roles: safeguarding the
lung lining and acting as progenitor cells for both AT1 and AT2, thereby playing an
important part in renewing the surface of the alveolus following damage caused by
exposure to toxins (Mason, 2006).

In addition, AT2 cells are responsible for the

synthesis, storage and release of pulmonary surfactant. The surfactant is a fluid, which
lines the intimal surface of the lung and is critical for maintaining surface tension to help
prevent the lungs from collapsing. Pulmonary surfactant is composed of a complex
mixture of proteins and phospholipids, which are key contributors to immune defence
and surface tension respectively (Sugahara et al., 2006, Thorley and Tetley, 2013).
1.2.

Respiratory toxicology

The lungs are subjected to constant inhalation of foreign particulate, such as pollutants
within the air. Although the alveoli are located deep in the lung tissue they are still at
risk from exposure to environmental toxins including air pollution following inhalation;
3

they are particularly vulnerable to exposure to certain sizes of particle, that due to their
size can by-pass the normal mechanisms of clearance described earlier. It is generally
considered that particles with an AD >10 µM are filtered out in the nasopharynx region.
Particles 10 μM are deposited in the oropharynx, those measuring between 5 and 10 μM
in the central airways, from 1 to 5 μM in the small airways and particles equal to or less
than 1µM in the alveoli (Guarnieri and Balmes 2014).
Pollutants in the air have always existed (Buzea et al., 2007), however towards the
beginning of the 19th century, the level of air pollution vastly increased due to heavy
industrialisation and vehicular usage (Kampa and Castanas, 2008 ). The limited and lax
implementation of legislation at this time led only to the reduction in smoke from
industry. There was little improvement in air quality until the early 20th century when
more stringent laws including the ‘Clean Air Act 1956’ were introduced in the wake of
events such as the ‘Great Smog’ of London, 4th – 8th December 1952.

The historical

event resulted from a build-up of emissions following the combustion of industrial and
domestic fuels such as coal, and a meteorological event called a ‘thermal inversion’,
which caused the smoke to become trapped under a layer of cold air. During the time of
the smog, smoke measurements taken at the National Gallery in London suggest that the
concentration of PM10 reached 14mg/m3, 56 times the level normally experienced and
the levels of sulphur dioxide in the air increased by 7-fold peaking at around 700ppb
(Ministry of Health.,1954). The death toll over this period was estimated between 3000
- 4000 deaths, however re-analysis of these data has suggested that this figure was
grossly underestimated and was more likely in the region of 12000 deaths (Brunekreef
& Holgate., 2002; Bell et al., 2004). Hospital admissions also rose, before the smog
hospitals in Greater London admitted around 750 cases per day, 23% for respiratory
disease. During the week ending 9 December, a total of 1,100 patients were admitted,
41% for respiratory disease. Respiratory disease hospital admissions increased 163%,
and total hospital admissions increased 48% (Bell and Davis, 2001). A large percentage
of fatalities were seen in patients who had an existing respiratory condition, thus their
cause of death was attributed to further irritation of the respiratory system via the
inhalation of pollutants (Chauhan and Johnston, 2003).
Within the last decade, extensive epidemiological research has revealed a correlation
between exposure to air pollution and increased incidence of respiratory-related
4

morbidity and mortality (Seaton et al., 1995, Donaldson et al., 2001b, Donaldson et al.,
2001a).
1.2.1. Sources of air pollution
A large proportion of urban air pollution is derived from the combustion of fossil fuels,
in particular diesel engines which emit diesel exhaust particulate (DEP). Research into
DEP has confirmed it encourages the progression of cardiovascular and respiratory
disease states (Mills et al., 2005, Hansen et al., 2007, Mills et al., 2007, Nemmar et al.,
2007, Tornqvist et al., 2007, Miller et al., 2009, Lucking et al., 2011, Mills et al., 2011).
Indoor air pollution occurs in both developing and economically-rich countries, although
the source of pollution tends to differ. Globally, the main source of indoor air pollution
stems from the combustion of biomass fuels such as wood, dung and charcoal, which is
the predominant domestic energy source for developing countries. The continuous
combustion of these fuels for energy combined with poor ventilation culminates in
heavy pollution of indoor air, exceeding acceptable levels of pollutants by 100-fold.
More contemporary sources of indoor air pollution include nitrogen dioxide (NO2) from
unvented gas stoves and second hand smoke (SHS), from both traditional and electronic
cigarettes (e-cigarettes). In recent years, the use of novel cigarette substitutes has
trebled. The e-cigarette was promoted as a ‘safe’ form of smoking allowing the user to
avoid inhalation of toxins found in conventional cigarette smoke, however recent
research has revealed that they are not emission-free and in some cases the
concentration of carcinogenic polycyclic aromatic hydrocarbons (PAH) increased by
20% in indoor air (Schober et al., 2014).
Indoor air pollution is also problematic from an occupational perspective with certain
occupations being at risk of experiencing much greater levels of pollutants in respirable
air. The industrial workplace is a major source of exposure to air pollutants: crystalline
silica and weld fume are two types of particulate which are causally associated with
debilitating respiratory conditions, such as silicosis and cancer. Silicosis is a disease
characterised by the development of small lesions that can, in some cases, progress into
silicotic nodules and dense fibrosis. Incidence of the disease is most prevalent amongst
workers from quarrying, stonemasonry and slate-work (Donaldson and Seaton. 2012).
Silicosis is commonly caused by long-term occupational exposure to crystalline silica
particles, chronic inflammation occurs following persistent interaction between
5

activated resident macrophages and inhaled silica particles. Alveolar macrophages
rapidly internalise silica particles by phagocytosis. Silica particle uptake is lethal to
macrophages, and it is this toxicity that is believed to be an important contributor to the
development of silicosis (Hamilton et al., 2008, Gilberti and Knecht. 2015). After uptake,
phagolysosomal membranes become compromised, leading to leakage of their contents
into the cytoplasm (Thibodeau et al., 2004). Many hours later, mitochondrial
hyperpolarization, caspase-9 and -3 activation, nuclear changes, and eventually
mitochondrial depolarization, phosphatidylserine exposure, and cell death occur in a
temporal sequence.
More than one million individuals per year either perform welding tasks or are exposed
to welding fume during their employment. Welding is an industrial process whereby
sections of metal are joined together using a molten filler metal. A large proportion of
the welding fume generated via this technique can be attributed to the volatilisation of
the electrode or wire rod used as the filler metal. Additionally, base metal, electrode
coating, paint and surface coating can also contribute to fume formation. The vaporised
metal particles produced during the welding process are oxidised in air, resulting in the
formation of an aerosol of ultrafine metal oxide particles (<100 nm in size) that can be
inhaled and deposited in the alveoli. Individuals who are exposed to welding fumes
frequently develop metal fume fever, although this is not life-threatening, it causes
inflammation and flu-like symptoms (Kim et al., 2005). Conversely, inhalation of weld
fume can result in lung infection leading to pneumonia which can be fatal, in addition
weld fume is classified as a potential carcinogenic.
1.2.2. Respiratory consequences of air pollution
As mentioned previously the lungs have developed defence mechanisms to expel any
unwanted inhaled particles, however occasionally these systems can fail. This can be
due to the size of the particles being very small and therefore by-passing filtration, or
alternatively if the concentration of particles inhaled is very high the defences will be
over-whelmed and a percentage will evade this clearance system. In this case, the
epithelial cells which line the airways are the first to come into contact with an inhaled
pathogen and will initiate an inflammatory response. Inflammation is an essential
biological process mounted by the innate and adaptive immune system, which work in
concert to protect the body against potentially harmful stimuli, such as tissue damage,
6

microbial infection or inhalation of foreign particles.

The inflammatory response

protects the body through the activation of a complex series of events, ultimately
resulting in removal of foreign particles, tissue repair and development of immune
system memory. For instance, in response to inhaled particulate, lung epithelial cells
produce pro-inflammatory chemical mediators, including cytokines and chemokines,
which are responsible for recruiting neutrophils to the site of inflammation. Platelet
activating factor (PAF) synthesised by mast cells and basophils induces vasodilation,
which results in increased blood flow to the site of inflammation. Cytokines also trigger
the synthesis of eicosanoids (lipid mediators) such as prostaglandins and leukotrienes,
which increase micro-vascular permeability and initiate bronchoconstriction or dilation.
The increased permeability allows fluid and plasma proteins to leak into the tissues,
resulting in exudate formation. Blood flow slows, which helps neutrophil margination
and diapedesis into the affected area where they phagocytose pathogens or cell debris,
eradicating the source of irritation. A delicate balance of pro-inflammatory effects and
resolution of inflammation is required to maintain normal physiological function.
Although acute inflammation is a highly beneficial host response, failure to successfully
resolve acute inflammation leads to development of chronic inflammation and
persistent tissue damage (Maskrey et al., 2011). Given that the lungs are vital for gas
exchange, chronic inflammation can result in debilitating and life-threatening illnesses.
Exposure to air pollution is associated with a number of respiratory diseases/disorders,
including chronic obstructive pulmonary disease (COPD), asthma and certain cancers
(Donaldson et al., 2000, Chauhan and Johnston, 2003, MacNee and Donaldson, 2003,
Pope et al., 2002, Frampton, 2001, Ruckerl et al., 2011). Today, the World Health
Organisation (WHO) estimates that there are around 1.3 million urban air pollutionrelated deaths, and 2 million indoor air pollution-related deaths worldwide per annum
(World Health Organisation, 2005).

Although there is epidemiological evidence to

suggest a correlation exists between increased air pollution and the occurrence of
asthma and COPD, specific pollutants and the mechanism by which these pollutants
induce these diseases are still unclear. However, there is evidence to show that air
pollution exacerbates the effects of both asthma and COPD (Seaton et al., 1995; MacNee
and Donaldson 2000; Ling and van Eeden 2009; Andersen et al., 2011; Schikowski et al.,
2014). According to a recent report published by the Royal College of Physicians (RCP)
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and the Royal College of Paediatrics and Child Health (RCPCH) infants and children are
particularly vulnerable as their lungs are still developing.
Research has shown that increased concentrations of air pollution are associated with
increased cough, sputum production, and breathlessness and reduced ventilatory
function in patients with COPD (Devereux 2006). A study carried out by Peacock et al.,
(2011) showed that symptoms of COPD (but not lung function) were made worse by
raised pollution levels. Dyspnoea (breathlessness), was significantly associated with
increased levels of PM10. Further evidence from Pirozzi et al., (2015) revealed that
respiratory symptoms significantly increased on pollution days (poor air quality days
were defined by a 24 h average PM2.5 level ≥35.5 μg/m3) in COPD participants but not in
controls. They concluded that former smokers with COPD have a distinctive response to
particulate air pollution episodes compared to former smokers without airflow
obstruction, with increased airway inflammation and respiratory symptoms.

In

addition, Atkinson et al., (2001) showed that acute exacerbations of COPD, chronic
bronchitis (CB), or emphysema have been associated with short-term exposure to air
pollution.
Specific pollutants can induce airway inflammation (PM2.5) and airway hyperresponsiveness (ozone and NO2), two characteristic features of asthma (Guarnieri and
Balmes 2014).

Perez et al., (2013) estimated the burden of childhood asthma

attributable to air pollution in 10 European cities, by calculating the number of cases of
1) asthma caused by near road traffic-related pollution, and 2) acute asthma events
related to urban air pollution levels.

Exposure to roads with high vehicle traffic

accounted for 14% of all asthma cases. When a causal relationship between near road
traffic-related pollution and asthma was assumed, 15% of all episodes of asthma
symptoms were attributable to air pollution. Dales et al., (2009) recorded morning
forced expiratory volume in 1 s (FEV1) for 28 consecutive days in 182 elementary school
children with diagnosed asthma, and monitored ambient hourly air pollution
concentrations. Results showed PM2.5 of 6.5µg m-3 was associated with a 0.73% (95% CI
0.10–1.37) decrease in FEV1 over the course of the day (p=0.024). Finally, Shadie et al.,
(2014) administered PM10 to mice, in which experimental mild chronic asthma had
previously been established.

The mice elicited characteristic features of enhanced

allergic inflammation of the airways, including eosinophil and neutrophil recruitment,
similar to that in the allergen-induced exacerbation. In parallel, there was increased
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expression of mRNA for interleukin (IL)-33 in airway tissues and an increased
concentration of IL-33 in bronchoalveolar lavage fluid.
1.2.3. Chronic obstructive pulmonary disease
COPD is a very common condition in smokers and individuals exposed to high levels of
air pollution. The condition is characterised by an irreversible obstruction to the airflow
within the airways, destruction of lung parenchyma and an amplified inflammatory
response within the lung (MacNee, 2005). Oxidative stress and chronic inflammation
caused by inhalation of particles and harmful gases are key contributing factors in the
pathogenesis of COPD (Angelis et al., 2014). All smokers experience inflammation in the
lungs, particularly within the small airways. Inflammation is initiated to protect against
inhaled toxins, however this response is amplified in COPD patients, resulting in
increased numbers of neutrophils, macrophages and T lymphocytes within lung tissues
(Vlahos and Bozinovski 2014).

Figure 1.2. Inflammatory pathway involved in the pathogenesis of COPD (drawn using
MediArt software).

Inhalation of toxins, namely cigarette smoke, activates macrophages and epithelial cells
to release chemotactic factors that recruit neutrophils and CD8 cells from the
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circulation. These inflammatory cells release a variety of cytokines and mediators that
participate in the disease process (Barnes. 2004, MacNee. 2006, Ling and van Eeden.
2009, Angelis et al., 2014). For instance, inflammatory cells release factors that activate
fibroblasts, resulting in disruption of normal repair and defence mechanisms, causing
small airway inflammation and bronchiolar fibrosis (bronchiolitis) (MacNee, 2005). In
addition, macrophages and neutrophils recruited to the alveolar region of the lung
releases matrix metalloproteases (MMP9) which degrade elastin, compromising the
structure of the alveolar sacs and causing them to narrow, thereby obstructing gas
exchange, resulting in breathlessness, this condition is known as emphysema (Atkinson
et al., 2011). COPD can also progress to chronic bronchitis (mucous hypersecretion).
Proteases cause the release of mucous. An increased oxidant burden, partially resulting
from the release of oxidants from inflammatory leucocytes, causes epithelial and other
cells to release chemotactic factors, inactivate anti-proteases, and cause mucous
secretion (King 2015).
1.2.4. Asthma
Asthma, although somewhat similar to COPD, is described as a chronic inflammatory
disorder of the airways, and is characterised by variable airflow obstruction opposed to
an irreversible obstruction. Other characteristics of the disease include bronchial hyperresponsiveness and inflammation. The cells recruited during an inflammatory response
in asthmatic lung tissue also differ, seeing increased levels of neutrophils, lymphocytes,
eosinophils and activated mast cells (Barnes 2008). The chronic inflammatory process
contributes to increased airway hyper-responsiveness, presenting as wheezing,
shortness of breath, chest tightness, and cough. Chronic airway inflammation can lead
to persistent changes in airway structure, often referred to as airway remodelling
(Bernstein 2008, Kim and Rhee 2010, Murdoch and Lloyd 2010).
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Figure 1.3. Initial stages of inflammatory pathway involved in the pathogenesis of asthma
(drawn using MediArt software).

Airway epithelial cells release thymic stromal lymphopoietin (TSLP) and interleukin-33
(IL-33), which act on dendritic cells. They also release interleukin-25 (IL-25), which
together with IL-33, acts on mast cells, basophils, and innate type 2 lymphocytes (iLC2).
These chemical signalling molecules stimulate dendritic cell maturation that facilitates
the production of effector T-cells and triggers the release of bronchoconstrictors and
Thelper-2 cytokines from innate immune cells.

The aforementioned signalling

molecules, feedback onto the airway epithelium and airway smooth muscle, further
amplifying airway inflammation.
1.2.5. Interleukin-4
Interleukin-4 (IL-4) is a pro-inflammatory cytokine, which contributes to the
development of allergic inflammation and asthma (not depicted above) through a
variety of mechanisms (Borish et al., 1998; Shankaranarayanan and Nigam., 2003). IL-4
mediates important functions in asthma including induction of the IgE isotype switch,
expression of vascular cell adhesion molecule-1 (VCAM-1), promotion of eosinophil
transmigration across endothelium, mucus secretion from airway epithelium, and
differentiation of T helper type 2 lymphocytes leading to cytokine release (Steinke and
Borish 2001).
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1.2.6.

Particulate matter

Air pollution is a complex heterogeneous mixture of compounds. Carbon monoxide (CO),
ozone (O3), nitrogen oxides (NOx) and sulphur dioxide (SO2) are the major gaseous
components of air pollution; together, these gases with particulate matter (PM) form air
pollution (Bai et al., 2007, Sun et al., 2010, Duffin et al., 2007).
PM is composed of a mixture of liquids and solids and is defined as particles that are less
than or equal to 10 m in diameter (Anderson et al., 2012). PM is produced as a byproduct, not only from the combustion of petrochemicals and the manufacturing of
industrial products, but from environmental incidents such as forest fires and volcanic
emissions (Brook et al., 2010, Donaldson et al., 2001a). PM is measured in aerodynamic
diameter and categorised according to particle size (Table 1.1): coarse <10 µm (PM10),
fine <2.5 µm (PM2.5) and ultrafine particles (UFP) <0.1 µm (PM0.1).

PM, or more

specifically PM0.1, has been implicated as a serious causal factor in the pathogenesis and
development of cardiovascular and respiratory diseases (Brook, 2008, Sun et al., 2010,
Mills et al., 2009). Such diseases include, but are not limited to: increased cancer rates,
particularly lung and breast (Beeson et al., 1998, Crouse et al., 2010, Demetriou et al.,
2012, Dockery et al., 1993, Pope et al., 2002, Wei et al., 2012), congenital lung, heart and
immune system abnormalities in children (Gauderman et al., 2004, Vrijheid et al., 2011),
increased cases of asthma, exacerbations of pre-existing asthma and COPD (Carlsten et
al., 2011, Gowers et al., 2012, Delamater et al., 2012, HEI Panel 2010, Trasande et al.,
2005), higher rates of heart attacks and strokes (Chen et al., 2013, Dominici et al., 2006,
Li at el., 2003, Mustafic et al., 2012, Qian et al., 2013, Wellenius, et al., 2012, Shaw et al.,
2013), and higher rates in children (exposed prenatally) of neurodevelopmental
disorders such as autism spectrum disorder (ASD), attention deficit hyperactivity
disorder (ADHD) and adverse behaviours. (Becera et al., 2013, Chiu et al., Perera et al.,
2013, Volk et al., 2013).
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Particle type

Particle size (µM)

PM(X)

Coarse

<10 µM

PM10

Fine

<2.5 µM

PM2.5

Ultrafine

<0.1 µM

PM0.1

Table 1.1. Categorisation of PM according to size.

It is important to note that within the research literature, the terms PM0.1 and ultrafine
particulate (UFP) have been used interchangeably. For the purpose of clarity within this
thesis, PM0.1 produced via natural causes or through unintentional anthropogenesis will
be referred to as UFP from here on.
Environmental

Anthropogenic

Natural

Unintentional

Intentional

Forest fires

Internal combustion engines

Metals

Volcanic ash

Power plants

Quantum dots

Viruses

Incinerators

Buckyballs

Sea spray

Jet engines

Nanotubes

Mineral composites

Metal fumes (welding)

Nanocapsules

Table 1.2. Natural and anthropogenic sources of UFP and ENM (<100 nm)

UFP have existed for centuries, as has our exposure to them (Buzea et al., 2007). The
earliest recorded report linking dust particles to lung disease was by Georgius Agricola
around the 15th century. Agricola wrote with regard to mining “ dust which is stirred by
digging, penetrates into the windpipes and lungs and produces difficulty in breathing
and the disease which the Greeks call asthma” (Donaldson and Seaton, 2012). However,
over time our exposure has increased from exposure to natural sources alone, to include
anthropogenic sources due to industrialisation and the heavy usage of petrochemical
combustion engines. Now, in addition to the previous two mentioned, a new source of
nano-sized particle has now emerged in the form of engineered nanomaterials (ENM)
(Oberdörster et al., 2005b). Particles of equivalent size to UFP (<100 nm), which have
been intentionally manufactured for use in production of nanotechnology, are referred
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to as ENMs (Gwinn and Vallyathan, 2006). All three sources combined means that our
exposure to nano-sized particles is greater than ever before (Orberdorster et al., 2005;
Vance et al., 2015). This is of great concern considering the above mentioned research,
which strongly suggests that it is the nano-sized UFP fraction of air pollution that
contributes to the pathogenesis and development of certain life-threatening diseases.

Natural

Anthropogenic Unintentional

Anthropogenic Intentional

Figure 1.4. Shows the build up of particulate in ambient air

1.3. Nanomaterials and nanotechnology
The nano-scale is considered to be the bridge between the atomic and micro scale (Fig
1.3). To put it into context, a 1 nm particle is roughly one hundred thousandth of the
width of a hair. As the ‘nano-world’ is relatively novel, the terminolgy used differs
between researchers. For the purpose of clarity and consistency within this thesis the
following definition will apply. ENM, will be adopted as a general term used to describe
any engineered particle type regardless of composition or shape but will have at least
one of its three dimensions under 100 nm. ENM are created from a wide range of
materials and can be functionalised with other chemicals, resulting in the production of
countless physico-chemical formats. These unique physico-chemical properties include;
size, ranging from 1 – 100 nm; shape, one-dimensional ENM are referred to as ‘surface
films’, two-dimensional as strands or fibres and three-dimensional as particles or
spheres; chemical composition, liposomes, emulsions, polymers, ceramic nanoparticles,
metallic nanoparticles, carbon nanomaterials and quantum dots; surface coatings, and
solubility, these make ENMs highly desirable for use in the engineering of advanced
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nanotechnologies. These characteristics are not found in larger particles of the same
composition (Borm et al., 2006, Cho et al., 2010) .

Figure 1.5. Diagram showing the gradient from micro-sized objects to nano-sized

Several attempts have been made to devise a common classification system for ENM,
however no consensus has yet been reached.
The following are some examples of the variety of ENM. Carbon nanotubes (CNTs) or
fullerene derivatives as they are also known, are composed entirely of carbon. CNTs are
classified as high aspect ratio nanomaterial (HARNs), which as the name suggests have a
high length to diameter ratio resulting in a fibre or needle-like shape, similar in
structure to asbestos fibres. The graphite layer is a continuous unbroken hexagonal
mesh with carbon molecules at the apexes of the hexagons. CNTs can be produced in
different lengths, thicknesses (diameter <1 nm to 50 nm), helicity and number of carbon
layers (single or multi-walled). Although they are formed from the same material, their
electrical characteristics differ depending on these variations. Spherical fullerenes or
‘buckyballs’ are again composed entirely of carbon, their hollow spherical structure
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allows them to encapsulate other chemical compounds, making them ideal candidates
for new methods of drug delivery.
Engineered
Nanomaterial
(ENM)
Nanowires

Properties

Application(s)



Good conductivity



Electronic devices

Quantum dots



Fluorescence



Buckyballs
(spherical
fullerenes)
Carbon
nanotubes
(cylindrical
fullerenes)




Hollow
Strong



Advanced imaging
systems
Pharmaceuticals - drug
delivery systems





Strong
Light
Good conductivity






Table 1.3. Properties and applications of a selection of ENM
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Electronic devices
Military equipment
Aerospace
Sports equipment

Nanotechnology manipulates ENMs by selecting and exploiting specific attributes to
create a product that is optimal to its function (Borm et al., 2006, Bakand et al., 2012).
Nanotechnology is defined by the United States National Nanotechnology Initiative as
“the understanding and control of matter at dimensions of roughly 1-100 nm, where
unique phenomena enable novel applications”. This revolutionary new technology has
been utilised by multiple industries, with applications ranging from everyday consumer
products, such as cosmetics, medicines and food packaging, to the production of novel
controlled drug delivery systems for use in the medical sector (Gwinn and Vallyathan,
2006, Cho et al., 2011, Seaton et al., 2010). Increased precision of drug delivery to the
target site is of great importance in order to avoid unnecessary interaction between the
surrounding tissue and the drug, thus minimizing any potential side-effects (Liu et al.,
2008). One way of achieving targeted drug delivery is by conjugating tumour specific
antibodies with ENM which have be designed to encapsulate or chemically bind drugs
(Omlor et al., 2015).
1.4.

Nanotoxicology

The birth of nanotechnology in the mid-1990s has undoubtedly proven to be highly
beneficial to society.

Silver acts as an inorganic biocide protecting against viruses,

bacteria and other microorganisms and primarily utilised in baby wipes, wound
dressings, room deodorizing sprays, acne cream and pacifiers, to prevent bacterial
growth (Lanone et al., 2009; Samberg et al., 2010). During the last decade it has been
proposed that the altered properties of ENMs may enhance particle toxicity, thus raising
concerns surrounding the safety of materials and questioning whether exposure to these
materials could be harmful to human and environmental health (Yang et al., 2009; Park
et al., 2010). This revelation sparked a surge in research surrounding the assessment of
all ENMs, specifically particle toxicity, and as a result, a branch of toxicology termed
nanotoxicology was formed. Nanotoxicology aims to establish the properties of ENMs
that induce toxicity and bioreactivity, thus helping to prevent adverse effects and
increase the safety of ENMs (Donaldson and Seaton, 2012). Unfortunately, due to the
seemingly limitless number of physico-chemical variants, the mechanism(s) that
trigger(s) toxicity is/are likely to be different depending on the particles’ structure and
function, which consequently makes it very difficult to categorise ENM with regard to
toxicity. In addition, toxicological testing via in vivo methods generates a number of
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financial and ethical issues, therefore an accurate and efficient in vitro test is highly
sought after.
1.4.1. Physicochemical factors affecting ENM toxicity
The benefits of ENMs and their unique physico-chemical properties have been discussed
previously.

However, there are major concerns regarding our exposure to these

particles and their potential toxicity. It is thought that some of the physico-chemical
properties that make them so attractive could also be responsible for driving
cytotoxicity (Oberdorster et al., 2009, Braakhuis et al., 2014). The toxicological effect
that a given particle might exert is extremely difficult to anticipate because it is
dependent on many variables, including target cell type, intra- or extra-cellular
interaction with the cell, cellular metabolism and interaction with other biological
agents.
1.4.1.1.

Particle size, surface area and structure

As particles are scaled-down from micro- to nano-size, the surface chemistry of the
particle is altered, due to an increase in surface area to volume ratio. Consequently,
there are a greater number of reactive atoms on the surface of nanoparticles per unit
mass than larger equivalents. As a result, particles <100 nm exhibit far greater toxicity
compared to particles of identical chemical composition which are >100 nm (Karlsson et
al., 2009, Elsaesser and Howard, 2012). In addition, the number of particles per cubic
metre of ambient air is greatly increased at the nano-scale, therefore we are exposed to
a higher number of reactive particles. Results from a study carried out in vitro by Pujalte
et al. (2011) concluded that the composition, degree of solubility and particle size of ZnO
ENM all contributed to the cytotoxic effects and increased production of reactive oxygen
species (ROS). This concept is supported by studies carried out by Sohaebuddin et al.
(2010) and Gojova et al. (2007) that suggest the size, composition and target cell type
are all determinants of the level of cytotoxicity of ENMs. Jiang et al., (2008) revealed
that the crystallinity of an ENM can significantly affect its reactivity. The study used
rutile, anatase and amorphous TiO2 ENMs in a variety of sizes and crystallinity ratios.
Their ability to induce ROS was measured and the results of the study concluded
amorphous particles produced the highest level of ROS whereas rutile produced the
lowest.
18

1.4.1.2.

Zeta potential and solubility

Zeta potential (ζP) is a measure of surface charge of nanoparticles within a colloidal
system. ζP is the electrokinetic potential produced between the stationary layer of fluid
attached to the particle surface and the surrounding suspension medium. Suspensions
with a low ζP will predispose to particle aggregation due to Van Der Waal’s forces;
conversely, if the ζP is high, the particles will stay dispersed in an aqueous environment,
maintaining a stable system. This is important when considering interactions with the
cell membrane, which is negatively charged. Nanoparticles with low ζP may result in
adherence of particles, forming aggregates, in turn increasing particle size out-with the
nano-scale (Cho et al., 2012c). Recent research by Cho et al., focused on assessing the
relationship between zeta potential and solubility, and their impact on lung
inflammation. Cho et al., (2011) reported that a single high exposure of ZnO ENM via
intratracheal instillation produced an influx of eosinophils, severe fibrosis and damage
to airway epithelium. In addition, this group showed that ZnO ENMs undergo rapid
dissolution to release Zn2+ ions in an acidic solution, suggesting that the primary
mechanism for inflammogenicity was the dissolution of ZnO ENM trapped within the
acidic environment of the phagolysosome, resulting in decreased stability of the
lysosome and induction of inflammation and cell death. Furthermore, Struder et al.,
(2010) confirmed intracellular dissolution of CuO ENM produced toxic metal ions within
the lysosome. The production of toxic ions within the lysosome results in a greater dose
of metal ions in the locality of the lysosome compared to the original extracellular dose.
This mechanism for delivery of dose to the intracellular environment via the lysosome
has been dubbed the ‘Trojan horse effect’ (Prach et al., 2010).
1.4.2. Exposure (deposition, distribution and clearance)
The rise in UFP production from both environmental pollutants, such as diesel exhaust
fume, and occupational pollutants, such as weld fume, combined with the growth in ENM
production has dramatically increased our exposure to both UFP and ENM (Duffin et al.,
2007). The primary route of exposure is inhalation of airborne UFP and ENM into the
respiratory system.

Other routes include absorption through the epidermis, oral

ingestion into the gastrointestinal (GI) tract and, more recently following advances in
drug delivery, direct injection into the circulatory system (Grass et al., 2010; Wang et al.,
2010). For example, many sunscreens and cosmetics contain zinc oxide (ZnO) and
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titanium dioxide (TiO2) which offers protection against the damaging effects of
ultraviolet A (UVA) and ultraviolet B (UVB) radiation. Topical application of these
products directly onto the epidermal cells may result in the adsorption of ENM through
the epidermis, penetrating the stratum corneum (Ahamed, AlSalhi and Siddiqui, 2010;
Cho et al., 2011; Lanone et al., 2009; Stelzer and Hutz, 2009).
1.4.2.1.

Dose

‘All things are poison and nothing is without poison, only the dose permits something not to
be poisonous.’ The famous quote by Paracelsus, commonly referred to as the father of
toxicology, conveys the notion that it is the dose that determines whether a substance is
beneficial, innocuous or poisonous: materials that are considered to be benign will
become toxic at high enough doses, thus demonstrating that a close relationship exists
between dose and toxicity and that dosimetry must be a fundamental consideration
when evaluating the toxicity of a substance.
As with all substances, the toxicity of ENM is dependent upon the dose (Lankveld et al.,
2010). Increased concentration of particles combined with a slow elimination process
can result in potential accumulation of the particles. A high percentage of inhaled ENMs
(~50%) bypass the normal clearance system and are deposited deep in the alveolar
region of the lungs. The alveoli are largely responsible for peripheral gas exchange and
are situated in close proximity to the endothelial cells of capillaries, which occupy the
interstitial space between alveoli. A proportion of the deposited particles are cleared via
resident alveolar macrophages which engulf the particles and transport them to the
throat through the mucociliary system. Particles which evade phagocytosis move into
the interstitial space where, if insoluble, they can reside and become a source of chronic
irritation (Thorley and Tetley, 2013). Pulmonary surfactant secreted by type II alveolar
cells coats the surface area of the lung and is critical for maintaining surface tension
which prevents the lungs from collapsing. The surfactant is composed of a complex
mixture of proteins and phospholipids which are key contributors to immune defence
and surface tension respectively. These biological molecules could be adsorbed onto the
particle surface forming a lipoprotein corona. The corona acts as a steric stabiliser
which prevents agglomeration of particles (Cho et al., 2011; Hellstrand et al., 2009).
This act of adsorption onto the ENM surface could deplete these components, which
could have serious implications on respiratory health.
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Large quantities of HARNs, such as CNTs are incorporated into carbon goods.
Trepidation surrounding the potential toxicity of CNTs has been expressed as they have
an asbestos-like structure (Poland et al., 2008, Patlolla et al., 2010). Historically, it is
well-known that inhalation of materials such as asbestos can have carcinogenic and
fibrotic effects on the lungs. Specific classes of asbestos (e.g. amphibole asbestos) play
an important role in the induction of mesothelioma, a pleural malignancy. Clinical
manifestation of the disease emerges approximately 30 – 40 years following initial
exposure to amphibole asbestos, therefore it is proposed that if CNTs have the same
effect, incidence of disease associated with exposure to CNTs would not peak until
around 2030 (Churg and Wiggs, 1984).
1.4.2.2.

Alternative routes of exposure

The potential toxicity of ENMs depends upon whether they remain at the site of initial
exposure and elicit their effects locally. For example, ENMs ingested orally would
initially be exposed to the GI tract.

If particles are subsequently absorbed, they

constitute an internal exposure, defined as the percentage of the external dose which
has been absorbed into systemic circulation (Lankveld et al., 2010). Once the particles
have been absorbed into the circulatory system, they have the potential to cross cell
membranes, enabling them to disperse into other tissues and organs (Liu et al., 2010).
Previous studies have revealed that several organs, including the heart, liver, lungs,
kidneys, brain and testes, tested positive for the presence of ENMs following exposure
via oral, dermal and inhalation routes, therefore indicating that the particles can be
distributed systemically (Lankveld et al., 2010). Other studies have confirmed that
ENMs can translocate into the circulatory system, facilitating dispersal into other organs,
where they accumulate and finally exert a cytotoxic effect (Park et al., 2010).
1.5.

Cell damage

The effect that ENM will have on cell function in vivo is extremely difficult to anticipate
because the properties of any given ENM could potentially be altered by pH, interaction
with biological molecules and cell metabolism. As previously mentioned, there is
evidence to show that ENM can enter cells via translocation across the cell membrane
suggesting that they could cause damage to organelles within the cell. A study by
Freyre-Fonseca et al investigated effects of TiO2 on mitochondrial function; it has been
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documented that damage to the mitochondria can result in the over-production of ROS
leading to the development of oxidative stress, in turn decreasing ATP production and
activating apoptosis (programmed cell death) (Teodoro et al., 2011).
1.5.1. ROS and oxidative stress
Molecular oxygen is a diatomic molecule that contains two uncoupled electrons in its
outer electron shell. The structure of the molecule means it can easily undergo
sequential reduction through the addition of electrons, yielding several different oxygen
metabolites referred to as ROS. Many species of ROS exist, including hydrogen peroxide
(H2O2), superoxide anion (·O2-), hydroxyl radicals (·OH), and peroxide (·O2-2) ROS are
produced via oxidase enzymes, most notably nicotinamide-adenine dinucleotide
phosphate (NADPH) oxidase, glucose oxidase, cyclooxygenase, uncoupled endothelial
NO synthase (eNOS), lipoxygenase and xanthine oxidase.
ROS are ubiquitously produced as a by-product of the mitochondrial transport chain
during aerobic respiration. This constant production of ROS is kept under control by the
antioxidant defence system within cells, which scavenges ROS, donating electrons in
order to stabilise the outer electron shell, thus suppressing oxidative reactions. The
endogenous production of the antioxidant, glutathione (GSH), and antioxidant enzymes
such as superoxide dismutase (SOD), catalase and glutathione peroxidases (GPx) are
essential to mitigate ROS-mediated damage of cellular components (Freyre-Fonseca et
al., 2011). Increased and sustained production of ROS can result in an imbalance
between ROS and intracellular antioxidant defences, leading to oxidative stress (Nel et
al., 2006).

ROS can damage intracellular components, including DNA, lipids and

proteins. The damage incurred can lead to inflammation, carcinogenesis, necrotic cell
death or apoptosis of the cell, which in turn can have deleterious effects, such as tissue
damage (Karlsson et al., 2009; Li et al., 2010). Transition metals, radicals and other
chemicals commonly found on the surface of ENMs can produce ROS (Karlsson et al.,
2009). Results from a study carried out by Piao et al, (2011) suggested that ENM
increased the level of intracellular ROS production and diminished levels the
endogenous antioxidant reduced GSH.
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1.5.2. Cytochrome C
Cytochrome C is a highly conserved mitochondrial protein that has roles in both energy
metabolism and apoptosis. During aerobic respiration, cytochrome C carries electrons
between complex III and IV of the electron transport chain. When a cell encounters a
pro-apoptotic stimulus, such as DNA damage or increased ROS, cytochrome C is released
from the mitochondria into the cytosol, where it acts as an essential signalling molecule
closely interacting with apoptotic protease activating factor 1 (Apaf1) forming an
apoptosome, which in turn activates the caspase cascade, initiating apoptosis (Kuliov et
al., 2011; Ballinger. S.W. 2005). Mitochondria-generated ROS contribute to the release
of cytochrome C and other pro-apoptotic proteins. This is supported by research by
Teodoro et al., (2011), which confirmed that the presence of ENM reduces mitochondrial
membrane potential (MMP) and stimulates ROS production, which leads to the release
of cytochrome C and damage to the inner membrane of the mitochondria.
1.6.

Apoptosis

Apoptosis, the primary form of programmed cell death within nucleated cells, is a
highly-conserved mechanism which is activated by both extra- and intracellular
signalling.

Apoptosis is a tightly-regulated process through which damaged or

unwanted cells are degraded and disposed of in a controlled manner in order to prevent
damage to surrounding cells. Apoptosis is an essential process for many physiological
events such as ‘normal’ foetal development, immune system development and tissue
homeostasis. If the pathway fails this can have devastating consequences: for example,
excessive apoptosis can lead to the development of degenerative diseases whereas
suppression of the pathway can result in formation of cancerous cells. Apoptosis can be
induced by stress such as ROS or a gene mutation. Apoptotic cells can be identified
visually by their distinctive morphology, during the early stages of apoptosis cells
appear smaller in size, the cytoplasm denser, organelles more compact, and the
chromatin degrades resulting in pyknosis.
There are two main apoptotic pathways: the extrinsic or death receptor pathway, and
the intrinsic or mitochondrial pathway. The pathways are activated via differing stimuli,
but both pathways converge in order to produce the same result, controlled cell death
(Lee and Gustafsson., 2009).
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Figure 1.4. Intrinsic and extrinsic apoptotic pathways

1.6.1. Extrinsic pathway
Activation of the extrinsic pathway is triggered in response to an extracellular stimulus.
Ligands, also referred to as signalling molecules, are released by cells and bind to
receptors located on the surface of the target cell. The receptors in this instance are
termed death receptors, so-called due to the conserved cytoplasmic death domain which
is composed of around 80 amino acids. Death receptors belong to the tumour necrosis
factor receptor (TNFR) family. The most common ligand/receptor combinations include
TNFα/TNFR1, FasL/FasR, Apo2L/DR4 and Apo3L/DR3 (Portt et al., 2011). In this
process, the pro-apoptotic ligand, FasL, binds to the death receptor, Fas (CD95), on the
surface of the target cell. Binding of the Fas receptor initiates the movement and
aggregation of multiple death receptors at the binding site. This is accompanied by
recruitment of the adaptor protein, Fas-associated death domain (FADD), and initiator
caspase 8, which acts as a procaspase, this forms the death-inducing signal complex
(DISC) (Wang et al., 2011). During the formation of DISC, pro-caspase 8 is activated,
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which stimulates effector caspases 3, 6 and 7 linking into the intrinsic pathway, finally
the activation of caspase 3 commits the cell to degradation (Fox et al., 2010).
1.6.2. Intrinsic pathway
The intrinsic pathway can either be induced by an intracellular stress such as ROS,
protein misfolding and DNA damage, or alternatively an extracellular stress such as
reduced survival signals, radiation, hypoxia or hypo/hyperthermia.

Pro- and anti-

apoptotic B cell lymphoma 2 (Bcl-2) protein family members regulate the intrinsic
apoptotic pathway. BID, BAX and BAK are pro-apoptotic BH3 only proteins belonging to
the Bcl-2 family. BH3 only proteins act as stress sensors and stimulate intracellular
signalling, for example, Bnip3 is activated in response to elevated levels of oxidative
stress (Maximor and Maximor 2008). Pro-apoptotic Bcl-2 family members are activated
and neutralise anti-apoptotic Bcl-2 family members whose role it is to prevent cell
death.

The BH3 proteins translocate to the mitochondrial membrane, where pro-

apoptotic proteins induce apoptosis by permeabilising the outer-membrane of the
mitochondria resulting in loss of mitochondrial membrane potential (MMP).
Mitochondrial dysfunction leads to the release of the pro-apoptotic factors cytochrome
C, apoptosis inducing factor (AIF) and endonuclease G (EndoG) from the mitochondrial
inter-membrane space, into the cytosol, via the mitochondrial apoptosis-induced
channels (MAC). Cytochrome C, APAF1, dATP and pro-caspase 9 assemble to form an
apoptosome.
The apoptotic bodies are then removed by phagocytic cells. The process by which dead
cells are removed following apoptosis is called effercytosis. Cells that have undergone
the final stages of apoptosis display apoptotic markers, such as phosphatidyl serine, on
their surface. Phosphatidyl serine, a phospholipid, is located on the inner leaflet of the
cell membrane. During apoptosis phosphatidyl serine is translocated to the outer leaflet
of the plasma membrane which signals uptake of the apoptotic cell via phagocytic cells
such as macrophages (Fadok et al., 1998, Chaurio et al., 2009, Fox et al., 2010). The
removal of dying cells by phagocytes occurs in an orderly manner without eliciting an
inflammatory response. Deficiencies in the clearance of apoptotic cells results in the
occurrence of secondary necrotic cells (Elmore 2007).
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1.7.

Alternative mechanisms of cell death

Necrosis is typically described as unintentional cell death. It can be caused by a wide
variety of chemical or physical insults such as exposure to toxins, extreme temperatures,
hypoxia, and DNA damage. Necrosis has been traditionally thought of as an unplanned
or non-programmed event. However, recently published work (Degterev et al, 2005) has
demonstrated that necrosis-like cell death can also result from distinct, regulated
intracellular signalling events; this was termed necroptosis. Necroptotic cell death is
characterised by cell swelling, followed by cell lysis and the release of cellular content,
events typically associated with necrosis, but not apoptosis. However, unlike necrosis,
initiation of necroptois is mediated through various receptors such as toll-like receptors
and TNFR1, followed by signalling through receptor interacting protein kinases (RIPK),
mixed lineage kinase domain-like- (MLKL) and Caspase-8 (Laster et al, 1998, Cho et al,
2009, Holler et al, 2000, Tait et al, 2014).
During apoptosis, apoptotic cells are ultimately removed by phagocytosis. Nevertheless,
they can also undergo a process of secondary necrosis, which results in cell lysis and the
release of cellular contents. Similarly, pyroptosis, a more recently described type of cell
death is a programmed, caspase-1-mediated process (Brennan and Cookson, 2000;
Mariathasan et al, 2004; Obregon et al, 2004; Zychlinsky et al, 2004). It was first
associated with Shigella and Salmonella species, and has features of both apoptosis and
necrosis. Following infection, the formation of a protein complex containing NLRP3 and
the adapter protein ASC, termed the ‘pyroptosome’, leads to caspase-1 activation and the
processing of pro-forms of the cytokines IL-1β and IL-18 into mature proteins (Miao et
al, 2011, Fernandes-Alnemri et al, 2007). These pro-inflammatory cytokines are
released from the cell following a process reminiscent of necrosis, namely the loss of cell
membrane integrity and lysis without loss of mitochondrial membrane integrity and
subsequent release of cytochrome C (Fink and Cookson, 2005). However, in contrast to
necrosis some characteristics of pyroptosis are more associated with apoptotic cell
death. Cleavage of chromosomal DNA occurs, though not via the caspase-activated
DNAse (CAD) mechanism and the characteristic apoptotic ‘ladder’ pattern is not
observed (Zychlinsky et al, 1992; Fink and Cookson, 2006). Staining of cells with
Annexin V to detect cell surface phosphotidyl serine expression is often used to identify
apoptotic cells (Koopman et al, 1994) and cells undergoing pyroptotic cell death also
stain positively with Annexin V. However, this is due to pores in the plasma membrane
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permitting PS on the inner leaflet of the plasma membrane to be accessed rather than
the enzyme-mediated process seen in apoptosis (Bergsbaken et al, 2009). Importantly,
pyroptosis has been implicated as the mode of cell death initiated by both carbon black
(Reisetter et al, 2011) and silver ENM (Simard et al, 2015).

Figure 1.5. Mechanisms of cell death (drawn using MediArt software).
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Several other mechanisms of cell death also exist. Autophagy is a normal cellular process
typically involved in the removal of cellular components via lysosomal degradation in
response to stimuli such as cellular starvation. Induction of autophagy involves the
activation of proteins such as mTOR and results in the formation of autophagosomes
containing autophagy-related proteins (ATG) and LC3 proteins (Mizushima, 2007).
Fusion of autophagosomes with lysosomes results in the creation of vacuole-like
structures capable of degrading cellular machinery resulting in cell death. Recently,
Johnson et al., (2015) reported induction of autophagy by ZnO ENM in splenocytes and
the cell line SupT1. Similarly, oncosis is characterised by morphological changes
including cell swelling, an increase in the permeability of the plasma membrane and
formation of cytoplasmic vacuoles; it is associated with viral and bacterial infection
(Perez et al, 1998; Dacheux et al, 2000). However, to date oncosis has not been
implicated in cell death associated with enm, as is also the case for other uncommon
mechanisms of cell death including necroptosis and ferroptosis (Dixon et al, 2012).
1.8.

Eicosanoids and Isoprostanes

Essential fatty acids are a subset of lipids that can be identified by their carboxylic acid
and long non-polar hydrocarbon chain. Essential fatty acids cannot be synthesised
endogenously and therefore must be obtained through diet. Following metabolism, they
are broken down into a number of bioactive lipids required for a vast array of biological
processes. Essential polyunsaturated fatty acids (PUFAs), omega-3 and -6, are integral
components of the phospholipid bilayer that constitutes the cell membrane. Omega-3
and -6 produce anti- and pro-inflammatory lipid mediators respectively and therefore a
balance of both is required to perform and resolve an efficient inflammatory response
(Maskrey et al., 2011). Unfortunately the level of omega-6 consumed in western diets is
far greater than that of omega-3, and it is well documented that decreased intake of
omega-3 fatty acids correlates with increased incidence of inflammatory related
diseases (Wall et al., 2010, Zivcovik et al., 2011, Patterson et al., 2012, Grosso et al.,
2014).
Lipids are most commonly known for their role as a primary energy source and key
component of the cell membrane. However, they also act as essential signalling
molecules necessary for the successful regulation of many cellular responses, such as
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inflammation. Eicosanoids are a family of structurally related compounds which act as
lipid mediators of inflammation.

Eicosanoids play important roles in biological

processes including the inflammation, pain and reproduction. Eicosanoids are derived
from arachadonic acid (AA), a 20 carbon PUFA, located in the phospholipid bilayer cell
membranes. AA is considered the primary precursor for eicosanoid production in
mammalian cells, however both eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) have been known to act as an alternative substrate (Dennis and Norris 2015).

Figure 1.6. Production of eicosanoids and isoprostanes via the arachidonic acid cascade
(drawn using Microsoft Office Powerpoint).

The initial step in eicosanoid synthesis is the activation of the AA cascade (Fig 1.6),
which is triggered in response to pro-inflammatory cytokines and growth factors. The
presence of such molecules signals the release of AA from the phospholipid membrane
of mammalian cells via the lipid cleaving-enzyme phospholipase A2 (PLA2) which
hydrolyses the acyl ester bonds. There are two isoforms of PLA2, secretory (sPLA2) and
cytosolic (cPLA2). cPLA2 is located in the cytosol, it contains a Ca2+ -dependent binding
domain (C2 domain) which facilitates Ca2+-mediated activation. Detection of high levels
of Ca2+ triggers the translocation of cPLA2 from the cytosol to internal membranes,
predominantly the endoplasmic reticulum (ER), Golgi and nuclear envelope. The free
fatty acids can then be enzymatically oxidised via the following three pathways:
lipoxygenase (LOX), cyclooxygenase (COX) and cytochrome P450 (Fig 1.6), resulting in
the production of eicosanoids. Each pathway consists of a sequence of metabolic steps
29

in which synthases specific to each cell type metabolise AA and its’ intermediate
products. The enzymes within the pathway differ for each cell type, therefore the cell
type(s) and their associated enzymes dictate which pathway is undertaken and the
eicosanoid profile synthesised via the cascade. As previously mentioned there are
alternative substrates to AA, these are DHA and EPA. As depicted in Fig 1.6 above, if
either EPA or DHA are the substrate for eicosanoid production an alternative subset of
products are made, called resolvins and protectins.

Resolvins and protectins are

recently identified molecules that are generated from ω-3 PUFA precursors and can
orchestrate the timely resolution of inflammation (Kohli and Levy 2009).
1.8.1. Cycloxygenase pathway
Prostaglandin endoperoxide synthase, more commonly known as cycloxygenase (COX),
metabolises AA to produce the prostaglandins (PGs) and the thromboxanes (TXs). The
collective term for these COX-derived eicosanoids are the prostanoids, which elicit both
pro- and anti-inflammatory effects, working as part of a network serving to mediate a
variety of pathologic and physiologic functions such as; haemostasis, gastric mucosa
integrity, renal function, vascular tone, pain, fever and inflammation (Carey et al., 2003).
Two isoforms of the COX enzyme have been identified, COX-1 and COX-2. COX-1 is
constitutively expressed in most mammalian tissues. Prostaglandins derived from COX1 function in a ‘housekeeping’ manner, regulating physiological events thus maintaining
normal cell function. In contrast, the COX-2 enzyme is minimally expressed under basal
conditions. However, the isoform is induced by inflammatory stimuli and its expression
is dramatically upregulated in inflamed tissues (Ricciotti and FitzGerald., 2011). The
induction of COX-2 in this manner suggests that the enzyme contributes to the
pathogenesis of inflammation and, as a result, the COX-2 receptor has been targeted in
the development of non-steroidal anti-inflammatory drugs (NSAIDs) (Rowley, Kühn and
Schewe., 1997). NSAIDs such as aspirin are used to block specific receptors inhibiting
their formation to reduce the effects caused by the inflammatory response.
The COX-2 enzyme rapidly converts AA to PGG2 by introduction of two molecules of
dioxygen. PGG2 is quickly reduced to form the more stable intermediate PGH2, which is
subsequently metabolised via specific synthases to produce one of the following; PGD2,
PGE2, PGF2α, PGI2 and TXA2. The eicosanoid products then leave the cell and activate Gprotein-linked receptors on the surface of target cells (Carey et al., 2003).
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1.8.1.2.

Prostaglandins E2 & F2α

PGs play a key role in the generation of the inflammatory response.

They are

synthesised ubiquitously at low levels throughout most tissues, but research has shown
that PG synthesis is increased in inflamed tissues, peaking immediately prior to the
recruitment of leukocytes. Of the bioactive PGs synthesised in vivo, PGE2 is the most
abundant. During inflammation, PGE2 causes increased arterial dilatation by activating
cAMP-coupled EP2 receptors on the surface of vascular smooth muscle cells and induces
microvascular permeability by increasing the release of histamine from mast cells. This
leads to the development of the cardinal signs of acute inflammation, expressed as;
swelling, redness and pain (Tilley, Coffman and Koller., 2001).

PGF2α is a potent

bronchoconstrictor which causes a narrowing of the airway, obstructing air flow
(Riciotti and FitzGerald., 2011). PGF2α is implicated in the progression/pathogenesis of
respiratory diseases such as asthma and COPD.
1.8.2. Lipoxygenase pathway
Hydroperoxy fatty acids (HETEs) are the primary metabolites produced following
oxidation of AA via the LOX enzymes. The classification of LOX enzymes and their
specific products are determined by the position at which oxygenation of AA takes place.
For example, 15-LOX inserts oxygen at the carbon 15 position on the AA backbone,
forming 15-HETE. In mammalian cells three main LOX enzymes exist: 5-, 12- and 15LOX. The fatty acid products can then be further metabolised to produce several groups,
namely leukotrienes (LT) and lipoxins, which are classified with respect to their
chemical structures.
1.8.3. Isoprostanes
In addition to the production of eicosanoids, free AA can be non-enzymatically oxidised
via free radical mediated lipid peroxidation to form an array of isoprostanes. The
presence of prostaglandin-like compounds is considered as the ‘gold standard’ marker
of oxidative stress.
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1.9.

Summary

The use of ENMs in the manufacturing of consumer products has grown exponentially
(Vance et al., 2015). In recent years, epidemiological studies have indicated that there is
a direct correlation between the decline in respiratory health and increased UFP
production via petrochemical combustion. Research has also revealed that similarities
between UFPs and some ENM extends to possessing the same toxicological effects,
suggesting that increased levels of ENMs arising from nanotechnology could also have a
detrimental effect on human health. Although an abundance of epidemiological studies
exists discussing respiratory disease and pollution there is very limited data available on
the toxicological assessment of UFPs and ENMs, specifically regarding the underlying
mechanism that triggers these effects. This consideration is of particular importance
with regard to vulnerable individuals, such as asthmatics and long term smokers, whose
lung tissue is already in an inflamed state. Therefore, further inhalation of UFP and ENM
will likely exacerbate these effects, culminating in tissue damage.. Further evaluation of
the physico-chemical parameters of oxide-derived ENMs that induce cytotoxicity will
give an improved understanding of the complex relationship between ENM structure
and inflammogenicity.
1.10. Study hypothesis
This study was designed to test a single over-arching hypothesis:
That a panel of oxide ENMs have differential effects on mitochondrial function, oxidative
stress, apoptosis and inflammation in A549 lung adenocarcinoma alveolar epithelial
cells. The following in vitro study was performed to examine the effects of a panel of
oxide ENMs on lung epithelial cell pathophysiology.

The study focuses on A549

adenocarcinoma alveolar epithelial cell line as a model for alveolar cells, which
constitute the primary site of exposure in an occupational and environmental setting. In
testing the stated hypothesis, the following aims will be addressed:
1. To assess whether metallic ENM of differing chemical composition damage the cell
membrane and/or mitochondria.
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2. To determine whether ENM induce mitochondrial dysfunction through delivery or
over-production of harmful reactive oxygen species (ROS) and, if so, to determine
whether mitochondrial dysfunction result in activation of apoptosis.
3. To ascertain whether ENM alter the release of lipid inflammatory mediators using
eicosanoid profiling.
4. To establish whether the synthesis of inflammatory mediators in response to ENMs
is altered in cells which have been stimulated by IL-4, to mimic a pre-existing
inflammatory state.
In testing the hypothesis, it was envisaged that the relative merits and shortcomings of
various conventional and novel measures of nanotoxicology would be explored.
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Chapter 2
Methods and Materials
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2.1.

A549 cell line

Adenocarcinoma human type II alveolar basal epithelial (A549) cell line, a kind gift from
the University of Edinburgh, were used as a model of an alveolar respiratory cell type.
The adherent cell line was originally established in 1972 by D.J. Giard, et al. through
culturing cancerous cells removed from the lung of a 58-year-old Caucasian male. Under
normal physiological conditions alveolar epithelial cells are responsible for the
synthesis and secretion of lung surfactant.
2.2.

A549 cell culture

All reagents used were purchased from PAA Laboratories GmbH, Austria, unless
otherwise stated. A549 cells were cultured to ~ 80% confluence in 75 cm2 tissue culture
flasks (Corning Incorporated, NY, USA) using Dulbecco’s Modified Eagle’s Medium
(DMEM), containing high glucose 4.5 g/L, without L-Glutamine or phenol red. Culture
media was supplemented with foetal bovine serum (FBS) (standard quality, EU
approved) (10 % media volume), penicillin (10 units/mL), streptomycin (10 µg/mL) (1
% media volume) and L-Glutamine (2 mM) (1 % media volume). Cells were washed
with Dulbecco’s phosphate buffer solution (DPBS) (without Ca & Mg, sterile) and briefly
incubated with Trypsin-EDTA (1 x concentration) at 37°C, in an atmosphere of 5 % CO2.
Following trypsinisation the cells were centrifuged at 500 g for 3 minutes at room
temperature, the cells were resuspended in complete culture media. To determine cell
viability, trypan blue exclusion dye was added to an aliquot of cell suspension, both cell
number and cell viability were then assessed using the Neubauer haemocytometer.
2.3.

Cell imaging and microscopy

A549 cells were seeded at a density of ~1 x 105 cells per well in 24-well plates (NUNC,
Thermo Scientific) and incubated at 370C, 5 % CO2. Following visual assessment the
cells were treated with a panel of ENM (Table 2.1.) or reference reagents (Table 3.3).
Treatments were added in duplicate to correct for intra-assay errors/ any pipetting
errors whilst performing assays. The treated cells were imaged using a Leica DM IL
microscope (Leica Microsystems, Newcastle, UK) with a Pixera 600CL digital camera and
InStudio software (Pixera Corporation, Bourne End, UK).
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2.4.

ENM

The following table of ENM was kindly donated by the ELEGI lab at the University of
Edinburgh.
Particle

Size (nm)

Printed SA (m2/g)

Source

Silicon dioxide

10

640

Nanostructured &
Amorphous
Materials Inc.

Titanium dioxide

30-40

30

Nanostructured &
Amorphous
Materials Inc.

Nickel oxide

10-20

50-80

Nanostructured &
Amorphous
Materials Inc.

Zinc oxide

20

70

Nanoscale
Materials Inc.

Copper oxide

<50

65

Nanoscale
Materials Inc.

Table 2.1.
Panel of oxide-derived ENM; size (nm), surface area and source.
Characterisation of ENM was completed by Edinburgh University.

The amorphous form of SiO2 is used as a strengthening filler for concrete and other
construction composites. It is generally thought to be non-toxic, however as previously
mentioned crystalline silica is known to cause silicosis. TiO2 is used in a range of
cosmetics such as sunscreen, face creams due to it’s UV resistant properties. It also has a
high refractive index which means it omits an intense bright, white colour and is
therefore used in the production of paints, paper and plastics. NiO ceramic porcelain
glazes and a by-product of industrial processes. ZnO is used in cigarette filters, and
similar to TiO2 it is used in cosmetics and finally as an anti-virus agent in coatings. CuO
is mainly found as a by-product of industrial processes such as welding.
2.5.

ENM preparation

All nanoparticle suspensions were prepared in deionized water, supplemented with FBS
(5 %) and sonicated using a sonic probe to prevent particle aggregation. Nanoparticle
stock solutions were prepared at 6000 cm2/mL and diluted in complete culture media to
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working surface areas; 100 cm2/mL, 50 cm2/mL and 25 cm2/mL.

Nanoparticle

suspensions were prepared immediately prior to application.
2.6.

A549/ENM treatments

A549 cells were seeded at a density of ~1 x 105 cells per well in 24-well plates (NUNC,
Thermo Scientific) and incubated at 37C, 5 % CO2. Following the incubation period
spent media was removed from all wells and replaced with 500 µL nanoparticle
treatment and incubated for a further 24 h under the previously stated conditions.
2.7.

Lactate dehydrogenase assay (LDH)

The In Vitro Toxicology Assay Kit, Lactic Dehydrogenase based, TOX7 (Gillingham, UK),
was performed as per the manufacturer’s instructions, to assess loss of cell membrane
integrity, which is indicative of cell membrane damage and/or cell death.
LDH is a soluble cytosolic enzyme which is responsible for catalysing the interconversion of lactate and pyruvate. The LDH assay can be utilised to detect the loss of
cell membrane integrity which can be indicative of cell membrane damage or cell death
which is useful for cytotoxicity detection. The basis of the LDH assay relies on the
oxidation of lactate, which reduces NAD+ to NADH and H+ which produces pyruvate. The
pyruvate then reacts with 2,4-dinitrophenylhydrazine to produce a colour change. The
assay tests culture supernatant for the presence of LDH, the level of LDH present in the
culture supernatant directly correlates to cellular damage. Results were normalised to
those for cells treated with cell lysis buffer, which is assumed to induce 100% cell lysis.

Figure 2.1. Illustration depicting the inter-conversion of pyruvate and lactate catalysed
by the enzyme lactate dehydrogenase (LDH).
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A549 cells, resuspended in phenol red free DMEM, were seeded into 24 well-plates at a
density of ~1.0 x 105 cells per well and incubated for 24 h at 37°C, 5 % CO2. Following
the incubation period, spent media was removed from wells and replaced with 500µl
nanoparticle treatment. The cells were then incubated for a further 24 h under the
previously stated conditions.

Following treatment, 50 µL culture supernatant was

removed from each well and transferred to a 96 well-plate, 100 µL LDH solution was
added to all wells and incubated in the dark, at room temperature for 25 minutes. The
absorbance values were then read at 490nm and 690nm using the plate reader.
2.8.

MTT assay

The effect of nanoparticle interaction on mitochondrial function was assessed via the In
Vitro Toxicology Assay Kit MTT Based, TOX1 (Sigma, Saint Louis, Missourie, USA), as per
the manufacturer’s instructions.

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromide) is a yellow tetrazolium salt which can be used to measure
metabolic activity of viable cells.

Figure 2.2. Illustration depicting the reduction of yellow MTT dye to its purple formazan

NAD(P)H-dependent cellular oxidoreductase enzymes reflect the number of viable cells
present within a population. The enzymes reduce the tetrazolium dye, MTT 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, to its insoluble formazan
crystals.

The purple crystals are then dissolved using a solubilisation reagent and

finally read on a plate reader at 570 nm. Results were normalised to those for cells
treated with culture media only, which is assumed to represent a ‘healthy’ population.
A549 cells, resuspended in phenol red free DMEM, were seeded into 24 well-plates at a
density of ~1.0 x 105 cells per well and incubated for 24 h at 37°C, 5 % CO2. Following
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the incubation period spent media was removed from wells and replaced with 500 µL
nanoparticle treatment. The cells were then incubated for a further 24 h under the
previously stated conditions. Following treatment, 50 µL MTT reagent (10 % of volume)
was added directly to each of the wells and incubated for 3 h. Following incubation, 375
µL was removed from each well and replaced with 250 µL DMSO and incubated for a
further 10 minutes before reading on the plate reader at 570 nm.
Early pilot data, as well as research conducted by other institutions, suggests that
certain nanoparticles interfere with the MTT reagents, producing inconsistent results
(Holder et al., 2012a, Kroll et al., 2012b, Stone et al., 2009a, Ong et al., 2014a) Internal
controls were set up in order to account for nanoparticle/reagent interactions. A
control well was also setup for pyocyanin due its colour.

Dimethyl sulfoxide (DMSO)

was used as the solubilisation reagent instead of MTT Solubilisation Solution [M-8910].
2.9.

Electron Paramagnetic Resonance (EPR)

Free radicals can be measured using an electron paramagnetic resonance (EPR)
spectrometer; this instrument uses an electromagnet to induce resonance and
microwave source generate microwaves at a constant frequency. Free radicals are not
stable enough to be detected therefore EPR-spinning trapping using compounds such a
Tempone-H (1-Hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine . HCl, Enzo Life Sciences,
Exeter, UK) are utilised. In free radicals, a magnetic field known as the magnetic moment
is generated by the movement of the unpaired electron around its own axis. By applying
an external magnetic field (from the EPR spectrometer) the spin of the unpaired
electron is orientated in a high (antiparallel) or low (parallel) energy state. To move
these unpaired from the low energy to a high energy state requires the addition of
microwave energy at the correct frequency (from the EPR spectrometer. EPR
spectrometer detects the energy absorbed by the free radical to move the unpaired
electron from the low to high energy state.
On an EPR spectrum, a single peak will be generated by an unpaired electron; in the
presence of other magnetic moments (from the nuclei of the molecule) the signal will be
split into three peaks.
The spin-trap Tempone-H (at 20mM in water) was used to detect the generation of free
radicals by ENM as follows. Briefly, ENMs (100 cm2/mL) were dispersed in DMEM
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complete medium (see above) containing the spin-trap, Tempone-H (20 mM) and drawn
into 50 L quartz capillary tubes (VWR, Lutterworth, UK) immediately prior to insertion
into the Miniscope MS200 EPR spectrometer (Magnettech, Berlin, Germany) and
acquisition of a baseline reading (Instrument settings: magnetic field (B0) 3343.48G,
sweep 49.10G, sweep time 60sec, smooth 0.2sec, 4096 steps, modulation 2000mG,
microwave attenuation 10dB and gain 5E1). Subsequent readings were made at 15 min
intervals for 1 h to monitor formation of the spin adduct, 4-oxo-tempo, over time.
Formation of 4-oxo-tempo is detected as an increase in spectral peak height and is
directly proportional to free radical generation. Results are expressed as signal intensity
(AU). Baseline readings were established by measuring DMEM complete medium and
20mM Tempone_H at 15 min intervals for 1 h as described for ENM.
2.10. Total ROS/Superoxide Assay
The Total ROS/superoxide detection kit (Enzo Life Sciences, UK) contains two
fluorescent probes used to detect and quantify both general ROS production (hydrogen
peroxide, hydroxyl radicals, peroxyl radicals, and peroxynitrite) and superoxide
production.
The non-fluorescent, cell-permeable green detection dye is oxidised by the
aforementioned ROS, following oxidation a green fluorescent product is formed which
upon excitation can be quantified. The orange detection dye reagent has an affinity
specifically for superoxide radicals, creating an orange fluorescent product upon
oxidation. Thus using both the green and orange probes simultaneously can allow for
the dual detection of both general ROS and specifically O2 •ˉ in vitro.
A549 cells, resuspended in phenol red free DMEM, were seeded into 24 well-plates at a
density of ~1.0 x 105 cells per well and incubated for 24 h at 37°C, 5 % CO2. Following
the incubation period, media was removed from wells and replaced with 500 µL
nanoparticle treatment. The cells were then incubated for a further 24 h under the
previously stated conditions. 25 min prior to the treatment end time an additional
pyocyanin control was added to the panel. Following the treatment period all wells
were washed with 500 µL PBS.
60 µL anhydrous DMF was added to both vials to create a 5 mM stock solution in
preparation for the assay. The stock solution was then further diluted by adding 4 µL of
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both the green and orange reagents to 10 mL assay buffer creating the detection
mixture. 500 µL of detection mixture was added to each well and incubated for 1 h at
37C, protected from light. Following the incubation period fluorescence was read at
excitation at 488 nm and emission at 520 nm for the green probe and 550 nm and 610
nm for the orange probe.
2.11. MitoSOX™ Red mitochondrial superoxide assay
A second superoxide-specific probe was used to investigate the source of superoxide
generation. MitoSOX™ Red reagent (Invitrogen, UK) was used to measure mitochondrial
O2•ˉ production as a result of various glucose treatments. MitoSOX™ Red is used for
mitochondrial O2•ˉ detection in living cells and is rapidly and selectively targeted to the
mitochondria, where it binds to nucleic acids, whereby it is oxidised specifically by O2•ˉ
and fluoresces red.
A549 cells, resuspended in phenol red free DMEM, were seeded into 24 well-plates at a
density of ~1.0 x 105 cells per well and incubated for 24 h at 37°C, 5 % CO2. Following
the incubation period spent media was removed from wells and replaced with 500 µL
nanoparticle treatment. The cells were then incubated for a further 24 h under the
previously stated conditions. 25 min prior to the treatment end time, an additional
pyocyanin control was added to the panel. Following the treatment period all wells
were washed with 500 µL PBS.
Prior to assaying the cells, the contents of a 50 μg vial of MitoSOX™ mitochondrial
superoxide indicator was dissolved in 13 μL of DMSO to make a 5 mM stock solution.
The stock solution was further diluted in assay buffer to yield a 5 μM working solution.
500 µL of 5μM MitoSOX™ Red working solution was added to each treatment well and
incubated for 10 minutes at 37°C, protected from light. The MitoSOX™ Red working
solution was then removed and the cells washed three times in warm assay buffer,
before 500 µL of pure assay buffer was added to both the assayable and blank wells.
Fluorescence was then read at 510 nm and 580 nm using the plate reader.
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2.12. ADP/ATP ratio assay
The ApoSensor ADP/ATP Ratio Assay Kit (Enzo Life Sciences, Inc. Farmingdale, NY),
performed as per the manufacturer’s instructions, was used to measure the level of
adenosine phosphate and adenosine triphosphate within a cell sample. These data used
in parallel with other cytotoxicity assays can help to deduce the mode of cell death.
Proliferating cells require vast quantities of ATP for cellular respiration, resulting in a
low ADP to high ATP ratio due to the constant conversion of ADP to ATP. Apoptosis
requires high energy expenditure as it is a complex process and therefore high levels of
ATP are used, resulting in a high ADP to low ATP ratio. Finally, necrotic cells will have a
low ADP to low ATP ratio due to their inability to convert ADP to ATP.
A549 cells, resuspended in phenol red free DMEM, were seeded into 24 well-plates at a
density of ~1.0 x 105 cells per well and incubated for 24 h at 37°C, 5 % CO2. Following
the incubation period media was removed from wells and replaced with 500 µL
nanoparticle treatment. The cells were then incubated for a further 24 h under the
previously stated conditions.
To improve the accuracy of the assay, each sample well of a white-walled 96-well
luminometer plate was pre-treated for 3 h with 100 µL reaction mix (10 µL ATP
monitoring enzyme: 90 µL nucleotide releasing buffer), to burn off low level ATP
production. Nanoparticle treatments were discarded from the wells and washed with
PBS before adding100 µL nucleotide releasing buffer, the plate was then left on the
platform shaker for 5 min at room temperature. The background luminescence was
read (A) immediately prior to performing the assay. 50 µL was removed from each
treatment well and added to the pre-treated plate for 1 min before reading (B). The
plate was then left to stand for 10 min before taking a second reading (C) under the
same conditions. Finally, 10 µL ADP converting enzyme was added to each well for 1
min before taking a third reading (D) under the same conditions.
The ADP/ATP ratio was then calculated via the following equation:
ADP/ATP ratio = (D-C) / (B-A)
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2.13. Cytochrome C Enzyme-linked immunosorbant assay (ELISA)
All reagents used were supplied in the kit and all buffers were made up in accordance to
the kit instructions. Assay buffer was prepared fresh on the day of each ELISA.
Cytochrome C ELISA kits were purchased from Enzo Life Sciences (UK) Ltd (Exeter, UK).
A549 cells, resuspended in phenol red free DMEM, were seeded into 25 cm2 tissue
culture flasks (Corning Incorporated, NY, USA) at a density of ~3.5 x 106 cells per flask
and incubated for 24 h at 37°C, 5 % CO2. Following the incubation period media was
removed from flasks and replaced with 5 mL nanoparticle treatment. The cells were
then incubated for a further 24 h under the previously stated conditions. 25 min prior
to the treatment end time, an additional pyocyanin control was added to the panel.
Following nanoparticle treatment cells supernatant was removed from the flasks which
were subsequently washed with PBS to remove any remaining particulate. Cells were
trypsinised, centrifuged at 500 g for 3 min and washed in PBS. The adherent cells were
then lysed using lysis buffer specific to the kit, centrifuged at 1000 g for 5 min and the
supernatant discarded.

The pellet was resuspended in 500 µL Digitonin Cell

Permebilisation Buffer, votexed, left on ice for 5 min and then centrifuged at 1000 g for 5
min at 4°C. Following centrifugation the supernatants were removed from each samples
and stored at -20°C until assayed. The cell pellet was resuspended in 500 µL RIPA Cell
Lysis Buffer 2, vortexed and incubated on ice for 5 min.

Each sample was then

centrifuged at 10,000 g for 10 min at 4°C. The plate was prepared by washing the wells
with wash buffer. 100 µL of standards were prepared in 2-fold serial dilutions from
900pg/mL to 28.13 pg/mL. Samples and standards were added to the plate in duplicate
and left on the plate shaker for 1 h at room temperature. Wells were washed 4 times
with 400 µL wash buffer per well before the addition of 100 µL antibody to each well
(excluding the blank). The plate was then sealed and left on the plate shaker for 1 h at
room temperature. Wells were then washed 4 times with wash buffer before the
addition of 100 µL conjugate to each well (excluding the blank). The plate was then
sealed and left on the plate shaker for 30 min at room temperature. Wells were washed
4 times with 400 µL wash buffer per well before the addition 100 µL substrate to all
wells. The plate was then left on the plate shaker for 45 min at room temperature.
Following incubation 25 µL stop solution was added to each well. The plate reader was
blanked against the blank wells with an optical density at 405 nm and with a correction
between 570 nm and 590 nm.
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2.14. DNA Fragmentation
DNA fragmentation is a typical characteristic of apoptosis. The Apoptotic DNA Ladder
Isolation Kit was purchased from Abcam (Cambridge, UK) in order to help differentiate
between the modes of cell death. All reagents used were supplied in the kit and all
buffers were made up in accordance to the kit instructions. Assay buffer was prepared
fresh on the day of each assay.
A549 cells, resuspended in phenol red free DMEM, were seeded into 25 cm2 tissue
culture flasks (Corning Incorporated, NY, USA) at a density of ~5.0 x 105 cells per flask
and incubated for 24 h at 37°C, 5 % CO2. Following the incubation period media was
removed from flasks and replaced with 5 mL nanoparticle treatment. The cells were
then incubated for a further 24 h under the previously stated conditions. 25 min prior
to the treatment end time, an additional pyocyanin control was added to the panel.
Following nanoparticle treatment cells supernatant was removed from the flasks which
were subsequently washed with PBS to remove any remaining particulate.
Cells were then trypsinsed and centrifuged at 500 g for 5 min at room temperature. The
cell pellet was then washed in PBS as centrifuged under the previously stated
conditions.

Each pellet was then extracted by gently pipetting for 10 s, at room

temperature, using 50 µL DNA Ladder Extraction Buffer.

The samples were then

centrifuged for 5 min at 1600 g and the supernatants transferred to fresh eppendorfs.
The extraction step was repeated and the supernatants combined. 5 µL of enzyme A
solution was added to the supernatant, which was then gently vortexed and incubated at
37°C for 10 min. Following the incubation period 5 µL enzyme B was added to each
sample and incubated overnight at 50°C. 5 µL Ammonium Acetate Solution was added
to each sample, followed by 100 µL isopropanol, vortexed and kept at -20°C for 10 min.
The samples were then centrifuged at 16,000 g for 10 min to precipitate the DNA. The
supernatants were discarded from each sample and the remaining DNA pellets were
then washed with 500 µL 70% ethanol. Finally, samples were centrifuged at 16,000 g to
remove trace ethanol and allowed to air dry for 10 min at room temperature.
A 1.2% agarose gel was made by heating and dissolving 0.84 g in 70 mL TAE with 5 µL
ethidium bromide. The pellets were dissolved in 30 µL DNA Suspension Buffer and 20
µL loaded onto each lane of the gel. The gel was ran at 100V for 40min and visualised by
transillumination using UV light.
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2.15. Solid phase extraction
HPLC grade solvents and all other reagents were from Sigma unless otherwise stated.
Intracellular reactions were terminated by the addition of 1 mL ice cold HPLC grade
methanol (MeOH) containing 1 ng/mL of the following deuterated internal standards:
LTB4-d4, PGE2-d4, 8-iso-PGF2α-d4 and 15 HETE-d8 (Cayman Chemicals, Ann Arbor, MI,
USA). The samples were then collected and stored at -80°C until required. The samples
were prepared for solid phase extraction by centrifugation (2000 rpm; 4°C; 10 min), the
supernatants were then collected and 9 mL ddH2O added to each sample to dilute the
MeOH to <10 % of the total volume. All samples were kept on ice whenever possible.
Sep-pak SPE cartridges (C18, 500 mg, 6 cc) (Waters Limited, Hertfordshire) were
activated by saturating the SPE cartridge bed with 6 mL MeOH and subsequently
conditioned by applying 2 x 6 mL MeOH and 2 x 6 mL ddH2O. All samples were rapidly
acidified to pH 3.5 using 2N HCl, immediately prior to loading the samples onto SPE
cartridges. Following the sample run, 5mL ddH2O and 2 x 5 mL hexane were used to
wash the cartridge in order to expel any unwanted compounds. Finally, the samples
were eluted in 2 x 3 mL ethyl acetate, dried under vacuum, resuspended in 100 µL 50:50
ddH2O:MeOH and stored at -80°C until analysis via mass spectrometry.
2.16. LC-MS/MS
Ultra high pressure liquid chromatography (UHPLC) was performed using a Kinetex 1.7
µm XB-C18 column (100 x 2.10 mm) (Phenomenex, Macclesfield, UK) to separate
eicosanoids within the samples. The column was maintained at 40°C, running a solvent
gradient at 10 min from 55 % solvent A (90 % H2O, 10 % MeOH + 0.1 % acetic acid) to
60 % solvent B (0.1 % acetic acid + MeOH), increasing to 70 % solvent B at 11 min and
finally 100 % solvent B at 18 min. The flow rate for the solvent gradient was run at 400
µL/min. The solvent gradient was set to 100% B for 2 min, before finally returning to
the original conditions at 21 min until 25 min. The HPLC solvent from 2 - 18 min was
redirected to the Heated Electrospray Ionisation (HESI) source of the TSQ Quantum
Ultra mass spectrometer (Thermo Scientific). The mass spectrometer was operated in
negative ionisation mode (Capillary temperature 325°C; Vaporizer temperature 425°C;
Voltage - 2750 V; Sheath gas 60; Aux gas 10). Argon was used as the collision gas at a
pressure of 1.5 mTorr.

Tube lens voltage and collision energy was optimised
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individually for each compound. Selected Reaction Monitoring (SRM) scan mode was
used to obtain data from the sample run, with a cycle time of 0.5 secs. The data was
acquired and integrated using Xcalibur 2.1 and LCquan 2.6.

The amount of each

eicosanoid was determined by reference to standard curves, which had been run in
parallel. The recovery and extraction efficiency was normalised by comparison to the
appropriate internal standard.
2.17. Chiral analysis of eicosanoid
15(R)- and 15(S)-HETE were separated with a Lux Cellulose-1 (3 µm; 150 x 2.0 mm)
chiral column (Phenomenex). Solvent A was H2O/MeOH/ACN 65:5:30 (v/v/v) with
0.01% acetic acid and Solvent B was ACN containing 0.01% (v/v) of acetic acid. The
gradient was 10%-95% solvent B over 65 min at a flow rate of 150μL/min. All solvents
were LC-MS grade (Fisher Scientific). Analysis was performed on a Thermo TSQ
Quantum Ultra triple quadrupole mass spectrometer in negative ion mode. The
eicosanoids were identified on the basis of their characteristic ion pairs (15-R and 15-SHETE, 319>219; LXA4 351/115; 15-epi-LXA4 351>115; 15-HETE-d8 327>226; LXA4-d5
356/115) and matching retention time with authentic standards. The concentration of
eicosanoids was determined using a calibration curve run in parallel and adjusted for
recovery factor by reference to amounts of the appropriate internal standard.
2.18. Characterisation of eicosanoid enantiomers
In order to verify the stereochemistry of the HETEs generated by the A549 cells
following exposure to NP, the relative levels of R- and S-HETE enantiomers were
measured using chiral phase LC-MS/MS on a Thermo TSQ Quantum Ultra system. All
analyses were performed in negative ion mode. R and S enantiomers of 5-, 12- and 15HETE were separated with a Lux Cellulose-1 (3 µm; 150 x 2.0 mm) chiral column
(Phenomenex) maintained at 40°C. Mobile phase A was H2O/methanol/acetonitrile
(65:5:30, v/v/v) with 0.01% acetic acid and mobile phase B was acetonitrile containing
0.01% (v/v) of acetic acid. The gradient was isocratic with 10% B for 40 min followed by
a linear increase to 40% B over 20 min. Mobile phase B was increased to 95% over 5
min and then back to 10% B over 1 min followed by a 4 min re-equilibration phase. Flow
rate was 150 μL/min. The HETE enantiomers were identified on the basis of their
characteristic ion pairs (see above) and matching retention time with authentic
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standards. Human sputum samples from 30 patients were used as a positive control for
enzyme-derived 15-HETE. Samples were collected and ultracentrifuged (Sorvall™
Ultracentrifuge, UK) at 23,200rpm for 90 minutes at 4°C. The solid phase was removed,
immediately frozen in aliquots at -80°C prior to extraction and analysed as described
above. Similarly, bronchoalveolar lavage (BAL) samples from idiopathic pulmonary
fibrosis (IPF) patients were used as a source of activated macrophages as an effective
positive control for enzyme-generated 5-HETE. Patients with IPF (n=10; 3 female and 7
male) were diagnosed according to the published consensus statements and underwent
BAL of the right middle lobe as per standardised clinical practice [49]. The patients
ranged in age from 61-76 years. All patients were taking aspirin at the time of sampling
with the exception of one patient whose aspirin status was not specified. Patients
provided written, informed consent in advance of sampling. These studies was approved
by the Lothian Research Ethics Committee (SR124 & REC 07/S1102/20)
2.19. Statistical Analysis
A minimum of six replicates were conducted for all experiments because this is the
minimum number of replicates that can be reliably tested for normality in order to
determine whether parametric or non-parametric statics need to be applied. For each
statistical test, the data were first tested for normality and equal variances. Normal
distribution and equal variances justified the use of parametric testing.

Statistical

analysis was performed on GraphPad Prism version 6.00 (GraphPad Software, San
Diego, CA) using Student’s t-tests, one-way ANOVA with Dunnett’s multiple comparisons
post-test. In a few instances, parametric statistics were not deemed appropriate on
account of unequal variances or non-normally distributed date; in these cases,
equivalent non-paramatric tests were used. P<0.05 was considered to be statistically
significant throughout. Dunnett’s post-test was used to assess the significant difference
between each ENM and the untreated control.
Values are stated and illustrated as mean ± standard error of the mean (SEM)
throughout. For the vast majority of datasets, raw data are presented in figures and are
subject to statistical testing. However, in some instances, data are normalized (e.g. %
maximum) prior to analysis, while on other occasions, when data-points are spread over
several log units, data are subjected to log10 transformation prior to normality testing
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and application of the appropriate statistical tests. Details of statistical testing applied
are given in each chapter.
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Chapter 3
Surface area and exposure time dictate the level of
toxicity

induced

by

a

panel

of

oxide-derived

nanomaterials: impact on mitochondrial activity and
cell membrane integrity in A549 cells
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3.1.

Introduction

A number of review studies have indicated that increased levels of PM result in
increased morbidity and mortality (Stone et al., 2007, Seaton et al., 1995, Pope et al.,
2004). This research is corroborated by the health impact of important historical events,
such as the tragic Hawk’s Nest Tunnel Disaster, where 764 died of acute silicosis
following inhalation of quartz silica particles (Donaldson and Seaton, 2012, Thomas and
Kelley, 2010). These findings have led to concern surrounding the potential toxicity of
ENM, which share similar characteristics to UFP.

Due to the increased use of

nanomaterials within engineering, we are constantly at risk of exposure to these
materials (Oberdörster et al., 2005b, Lu et al., 2009). The use of ENM is undoubtedly
beneficial, allowing advances in engineering that have never previously been possible,
but a careful balance is required in order to reap the rewards of the materials without
significantly increasing health risks (Seaton et al., 2010). There is now an abundance of
research indicating the potential toxicity of some ENM (Huang et al., 2015, Limbach et
al., 2007, Mohammadi et al., 2015, Sager et al., 2015, Pujalte et al., 2011, Cho et al., 2011).
However, no two particle types have the same toxicity profile and therefore a sweeping
statement that ENM are harmful is inaccurate. Although these studies agree that, in
general, ENM have potential toxic effects, there is wide variance between the results
from specific studies. This is likely due to the complexity surrounding the countless
physicochemical formats, exposure dose, frequency of exposure, size of particle type and
target cell type (Seaton et al., 2010, Oberdorster, 2010, Sohaebuddin et al., 2010a) used
in each study.

The discrepancy between different studies highlights the need to

effectively characterise each particle type, providing a toxicological profile of each
(Oberdörster et al., 2005a). There is also a distinct lack of information regarding the
mechanisms that underpin toxicity; another consideration that is likely to differ
depending on the aforementioned factors.
Prior to investigating the mechanism that drives toxicity, it is important to ascertain at
what exposure time and dose these particles become toxic to cells, this will differ
depending on the target cell type. In order to achieve this, it is first necessary to
characterise the type of ENM, by defining dosimetry and establish the dose toxicity
relationship for a given ENM; once these factors are established, the detail surrounding
why and how they induce toxicity can be studied (Simkó and Mattsson, 2010).
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Key parameters for a traditional toxicological assessment are the effective dose or
concentration and exposure time. For individual chemical compositions, these factors
can be easily measured and a ‘safe’ threshold level determined, based on the dose
response (Elsaesser and Howard, 2012). The role of nanotoxicology is to assess the
safety of an ENM, via conventional toxicology testing, to determine whether it has any
adverse effects on human or environmental health (Oberdörster et al., 2005b).
3.2.

Aims and hypotheses

It was hypothesised that oxide ENMs with differing chemical compositions induce
different nanotoxicological profiles, as assessed by conventional assays commonly used
for broad toxicology screening (cell membrane integrity and mitochondrial activity).
In the course of testing this hypothesis, both dosimetry and time course of effect was
studied for a panel of ENMs, with a view to selecting appropriate exposure time and
dose for subsequent experiments.
3.3.

Experimental approach

Respiratory health represents the primary focus of this thesis and therefore alveolar
epithelial cells (A549s) were selected as an appropriate cell line to test ENM toxicity. A
panel of five oxide ENMs were chosen. The candidates were selected to cover the full
range of known toxicity, from relatively benign to highly toxic as reported in current
literature. The chosen ENMs are shown in Table 3.1.
Oxide ENM

Particle size (nm)

SiO2

10

TiO2

30-40

NiO

10-20

CuO

<50

ZnO

20

Table 3.1. Panel of metal oxide ENMs. Particle size of ENM is measured in nm.
Characterisation of ENM was completed by Edinburgh University.
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At the outset of this study it was decided that dosing would conform to the cm2/mL
convention rather than µg/mL. This decision was made on the basis that surface area is
the key determinant of reactivity, as opposed to mass (Cho et al., 2010).
SiO2

TiO2

cm2/mL

NiO

ZnO

CuO

Conversion to µg/mL

300

50

1090

327

620

1030

100

16.6

363

109

206

343

50

8.3

181.5

54.5

103

171.5

25

4.15

90.75

27.25

51.5

85.75

30

5.0

109

32.7

62

103

10

1.6

36.3

10.9

20.6

34.3

3

0.50

10.9

3.27

6.2

10.3

1

0.16

3.63

1.09

2.0

3.43

Table 3.2. Conversion of concentration (µg/mL) to surface area (cm2/mL). Dosimetry was
standardised to cm2/mL for all ENM within the panel. Dosimetry highlighted in red were
selected for use in the study.
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3.3.1. Reference panel
A panel of positive control agents that induce cellular derangement or cytotoxicity by
several different mechanisms (Table 3.3) was utilised.
Agent

Concentration
(µM)

Exposure time
(h)

Effect

Pyocyanin

200

0.42

Induces mitochondrial dysfunction
and superoxide generation due to
uncoupling in the electron transfer
chain

Pyocyanin

200

12/24

Induces cell death via mitochondrial
poisoning

H2O2

125

12/24

Induces oxidative stress through
generation of .OH by Fenton
chemistry. The primary target is
likely to be membrane lipids, but H2O2
might also interfere with cell
signalling and alter protein function

LPS

25

12/24

Stimulates inflammation via
activation and cytokine release

A23187

5

12/24

Calcium ionophore which activates
calcium-regulated
enzymes
and
processes, including phospholipase A2
(PLA2), which cleaves arachidonic
acid, the substrate for eicosanoid
metabolism,
from
the
plasma
membrane

Staurosporine

12/24

Etoposide

12/24

Induces apoptosis via the intrinsic
pathway.
Staurosporine
(Streptomyces staurospores) is a nonselective inhibitor of protein kinase C
and cyclin-dependent kinase.
Etoposide
is
a
topoisomerase
inhibitor.
The
drug
inhibits DNA synthesis by blocking the
enzyme topoisomerase II. This causes
the DNA to unwind, creating strand
breaks, activating apoptosis.

Table 3.3. Reference panel of positive control reagents.
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TLR

3.3.2. Treatment regimens
A549 cells were cultured to ~80% confluence as described in Chapter 2. On treatment
days, phenol red free media was removed from the wells and replaced with one of the
following: the vehicle control (DMSO), the reference panel (H2O2, pyocyanin, LPS and
A23187) at the concentration detailed in table 3.3, or the ENM panel (SiO2, TiO2, NiO,
ZnO and CuO) at 25, 50 or 100cm2/mL for 12 or 24 h. Following incubation, treatments
were removed and the wells washed with PBS in order to eliminate traces of ENM, cells
were then assessed for membrane integrity or mitochondrial function as follows:
3.4.1. LDH assay
The LDH assay was performed as described in Chapter 2.
3.4.2. MTT assay
The MTT assay was performed as described in Chapter 2.
3.4.3. Cell morphology
Cell morphology was assessed via light microscopy as described in Chapter 2.
3.4.4. Statistical analysis
Data were compared using one or two-factor ANOVA, with post-hoc analysis, as
appropriate. Details of statistical analyses are indicated in each figure legend.
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3.4.

Results

3.4.1. LDH assay
When compared to the untreated control, reference panel treatments induced cell lysis,
as measured by LDH in the supernatant, in all cases after 24 h (Fig 3.1); H 2O2, pyo (0.42
h) and A23187 all induced >30% cell lysis after 24 h. However, there was a clear
dichotomy in cell lysis in response to the different agents after 12 h: H 2O2 and chronic
treatment (12 h) with pyocyanin induced similar amounts of cell lysis at the two
timepoints (P>0.05 between 12 and 24 h treatment), whereas acute treatment with
pyocyanin (0.42 h), A23187 (12 h) and LPS (12 h) failed to induce any cell lysis at 12 h
(P<0.001 between 12 h and 24 h treatment).
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Figure 3.1. Percentage of cell lysis induced by reference panel agents. LDH assay for A549
cells treated with the reference panel (H2O2, pyocyanin, LPS and A23187) measured after either
12 or 24 h (n=10, mean ± SEM). *P<0.05; ***P<0.001; 2-way ANOVA, with Dunnett’s post-test.

Following treatment of A549 cells with the oxide ENM panel, the LDH assay indicated
that ZnO ENM in particular induced a dose-dependent increase in cell lysis: percentage
of lysis increased from ~50% (25cm2/mL) to ~85% (50- and 100cm2/mL) for 24h (Fig
3.2 A). TiO2, NiO and SiO2 apparently induced some cell lysis (peaking at ~30%), but the
effects did not appear to be dose-dependent. CuO appeared to inhibit cell lysis as
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measured by this technique. This trend was also seen following 12 h exposure but to a
lesser extent (Fig 3.2 B). There was no significant difference between cell lysis induced
by oxide ENMs at 12 h compared to 24 h.
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Figure 3.2. Percentage of cell lysis induced by oxide ENM panel. LDH assay for A549 cells
treated with the oxide ENM panel (SiO2, TiO2, NiO, ZnO and CuO) at 25, 50 or 100cm2/mL for (A)
24 h and (B) 12 h. A 2-way ANOVA, with Bonferroni post-test was performed in both instances
(n=6-10, mean ± SEM; **P<0.01; ***P<0.001). Comparisons are made between each
concentration of the ENMs and the respective control (zero concentration) value.
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3.4.2. MTT assay
In assessment of mitochondrial function using the MTT assay, reference panel reagents
H2O2 and A23817 reduced mitochondrial activity after 24 h, by ~ 40 and ~30%
respectively (Fig 3.3). Pyocyanin and LPS treatment for 24 h appeared to have no effect
on mitochondrial function. H2O2, pyocyanin, LPS and A23187 all reduced mitochondrial
function after 12 h. Acute treatment with pyocyanin (25 min) increased the level of
mitochondrial activity for both 12 and 24 h, an increase to ~ 70 % was observed for 24
h. In comparison to the 12 h treatments, incubation for 24 h appears to have a greater
impact on mitochondrial activity for the reference agents H2O2, pyocyanin (acute) and
LPS.
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Figure 3.3. Impact on the percentage of mitochondrial function following treatment with
reference panel agents. MTT assay for A549 cells treated with the reference panel (H2O2,
pyocyanin, LPS and A23187) measured after either 12 or 24 h (n=10, mean ± SEM).

Treatment of A549 cells with ZnO ENM for 12 and 24 h appears to have a dosedependent effect on the reduction of mitochondrial function (Fig 3.4). CuO ENM induced
a near maximal reduction in mitochondrial activity, ~80 – 90% (12 h) and ~100% (24
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h), following treatment at 25 and 50 cm2/mL. Intriguingly, increasing the dose to
100cm2/mL resulted in less disruption to mitochondrial activity, ~75% and ~50% for
12 and 24 h respectively. Treatment with TiO2 for 12 h showed the same pattern of
results as CuO but to a much lesser extent (~40% (25 cm2/mL and ~60% (50 cm2/mL)
decrease in mitochondrial activity with a rebound to ~20% increase at 100 cm2/mL).
However, after 24 h, TiO2 apparently induced an increase in mitochondrial function at
100cm2/mL. At both 12 and 24 h, SiO2 appeared to have no effect on mitochondrial
function, with the exception of 50 cm2/mL for 12 h, which modestly inhibited
mitochondrial function. NiO had a minimal, partially dose-dependent inhibitory effect
on mitochondrial function after both 12 and 24 h treatment periods.
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Figure 3.4. Impact on mitochondrial function following treatment with oxide ENM panel.
MTT assay for A549 cells treated with the oxide ENM panel (SiO2, TiO2, NiO, ZnO and CuO) at 25,
50 or 100cm2/mL for (A) 24 h or (B) 12 h (n=6-10).
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3.4.3. Comparison of LDH and MTT data
In order to assess the correspondence between the two different assays of “cytotoxicity”
used, data were converted to a common measure (% cytotoxicity) and statistical
difference between the tests for each ENM was determined. The data indicated that
there was good correspondence between the tests for SiO2, NiO and ZnO, but there were
major disparities for TiO2 and CuO. For TiO2, there was an apparent reduction in
cytotoxicity below control levels with MTT assay, while there was a similar apparent
reduction in CuO-mediated toxicity with the LDH assay (Fig 3.5).
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Figure 3.5. Comparison of LDH and MTT assay measures of “cytotoxicity”. Statistical
significance was determined by one-way ANOVA and Dunnett’s multiple comparisons post-test
with culture media as the designated negative control and total lysis as the positive control (not
represented). Values represent the mean ± SEM, n=10 (***P<0.001). Statistical differences were
observed for TiO2 (MTT) and CuO (LDH) only.
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3.4.4. Particle interference in LDH and MTT assays
In order to assess whether the ENM themselves had any effect on either the assay
reagents or signalling, the LDH assay was repeated using ENM in DMEM only, without
the addition of cells. Figure 3.6 shows that TiO2 and CuO treatments significantly
increased the absorbance compared to the control group. This result contradicts the
previous data seen in figure (3.2) which showed a dramatic decrease in the level of LDH
following treatment with CuO for 24 h, ranging from 0 – 10% cell lysis and therefore
does not represent a valid explanation for the anomalous result obtained for CuO with
the LDH assay.
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Figure 3. 6. Interference of ENM with LDH assay. LDH assay, with no cells, for SiO2, TiO2, NiO,
ZnO and CuO at 100 cm2/mL for 24 hours. Statistical significance was determined by one-way
ANOVA and Dunnett’s multiple comparisons post-test with culture media as the designated
control. Comparisons are made between each ENM and the control value. Values represent the
mean ± SEM, n=6 (*P<0.05; **P<0.01). Statistical differences were observed for TiO2 and CuO.
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In order to assess whether the particles themselves had any effect on either the assay
reagents or signalling, the MTT assay was repeated using particles in DMEM only,
without the addition of cells. A statistically significant increase in absorbance with the
MTT assay was observed following treatment with both TiO2 and CuO (Fig 3.7) when
compared to the control group, a finding which might go some way to explaining the
extraordinarily high viability (low toxicity) of TiO2. The results might also suggest that
the toxicity attributed to CuO by the MTT test might also be significantly higher than
suggested by the original results illustrated in Fig 3.4 and Fig 3.5.
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Figure 3. 7. Interference of ENM with MTT assay. MTT assay, with no cells, for SiO2, TiO2,
NiO, ZnO and CuO at 100 cm2/mL for 24 hours. Statistical significance was determined by oneway ANOVA and Dunnett’s multiple comparisons post-test with culture media as the designated
control. Comparisons are made between each ENM and the control value. Values represent the
mean ± SEM, n=6 (***P<0.001). Statistical differences were observed for TiO2 and CuO.

The issue of non-specific absorbance that could interfere with these assays is
traditionally dealt with by subtracting absorbance at a high wavelength (~690 nm), on
the assumption that non-specific pigments will absorb relatively evenly across the
spectrum. Measurement of the entire absorbance spectrum (λ=250-700 nm) for all of
the ENMs at a concentration of 100 cm2/mL (Fig 3.8), however, exposed another
possible influence on results for some of the ENMs in that, as well as absorbing at the
relevant absorption peaks for the LDH and MTT assays, they also absorb at the
wavelength often used as an assay reference, the value of which is subtracted from the
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value obtained at the wavelength specific to the assay. While the assumption for such a
correction holds fairly true for most of the ENMS tested here, in the case of CuO, there is
higher absorbance at the assay wavelengths for both LDH (0.77 AU) and MTT (0.58 AU)
than for the reference (0.4 AU). There is therefore the potential for high and inaccurate
corrected values for LDH and MTT assays in the case of CuO.
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Figure 3.8. Absorbance of ENM suspensions (100 cm2/mL) across the visible spectrum.

3.4.5. Cell morphology
Microscopy was performed as per chapter 2. During various stages of the experimental
process, A549 cells were periodically observed via light microscopy. Observations were
made both pre- and post-treatment, as well as during experimental treatment. ‘Healthy’
A549 cells exhibited the normal ‘cobblestone’ characteristics expected from this
epithelial cell type.
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Figure 3.9. Morphological changes in A549 cells following treatment with selected ENM
and reference panel reagents. A549 cells were treated with selected the ENM or reference
panel reagents as described in Chapter 2. Cells were imaged at x40 or x100 magnification using
an inverted microscope and InStudio software. The scale bar on each of the photos measures
0.1mm.
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3.5.

Discussion

There is concern regarding potential health risks following exposure to ENM
(Oberdorster, 2010; Nel et al., 2013).

Testing the toxicological effects of ENM is

complicated by the vast array of ENM formats (Zhu et al., 2013). Currently, it is common
practice to use a number of traditional assays together to screen for the effects of ENM,
generating a toxicological profile for each particle type, helping to decipher which ENM
induce toxicity (Stone et al., 2009a). Once that information has been obtained, reviewing
all the data together will help to uncover which physico-chemical aspects of ENM trigger
toxicity (Yang et al., 2009, Hsiao and Huang, 2011). In reality, however, it appears that
effective categorization of ENMs is unreliable in predicting toxicity, due at least in part
to the lack of correspondence between different conventional toxicity assays (Xue et al
2014).
As a first step in defining the toxicology of oxide ENMs, this preliminary study was
designed to utilise two conventional assays, LDH and MTT, to measure different
elements of A549 cell viability following 12 h and 24 h exposure to a range of agents that
induce cell death and/or inflammation via different mechanisms, including a panel of
oxide-derived ENM. The results identified 100 cm2/mL (24 h) to be an effective ENM
dose and timepoint for useful discrimination between ENMs. In addition, however, the
data indicated that, while these assays were in broad agreement for toxicity of some
ENMs (e.g. ZnO), there were striking discrepancies for others (e.g. CuO and TiO2).
3.5.1. LDH assay
Basal cell lysis was ~20% following 24 h (but not 12 h) incubation with culture medium
only, indicating that between 12 and 24 h, a small amount of cell lysis is experienced,
regardless of treatment conditions, probably on account of natural cell turnover. H 2O2
and chronic pyocyanin treatment, extra- and intracellular ROS generators respectively,
induced similar levels of cell lysis at both 12 and 24 h, suggesting that the damage
inflicted by these two reagents occurs within the first 12 h of treatment and reaches a
maximum response in this time.

Acute pyocyanin treatment induces no cell lysis

following 12 h exposure but, intriguingly, the same treatment following 24 h exposure
results in around 40% cell lysis, suggesting that the acute exposure is sufficient to
trigger a process that takes >12 h to manifest as cell lysis, perhaps involving complex
signalling mechanisms that requires modulation of protein expression. Credence to the
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concept that cell signalling cascades might be involved in the acute pyocyanin effect is
provided by the similar profile shown for LPS – an agent that induces TLR-4-activation
of a complex cascade system, ultimately resulting in triggering of both inflammatory
cytokine release and apoptosis. Likewise, the calcium ionophore, A23187, again showed
no elevation in cell lysis following 12 h, but increasing the incubation time to 24 h
resulted in around 50% cell lysis.
Of the ENM panel, treatment with ZnO dramatically increased the level of LDH released
from cells into the supernatant in a dose-dependent manner, reaching ~80% for both
50cm2/mL and 100cm2/mL after 24 h. This result was expected and is consistent with
research performed by other institutions. Likewise, SiO2 was found to be relatively inert
with respect to induction of cell lysis, and is therefore an effective negative control
across this dose range. However, some research has shown elevated levels of cell lysis
following TiO2 and NiO treatment, highlighting potential discrepancies between studies.
The apparent lack of effect of NiO is anomalous with the findings of Cho et al., (2010),
which indicated that, levels of LDH in bronchoalveolar lavage fluid (BALF) were elevated
following 24 h instillation of NiO ENM into the lungs of rats. In addition to LDH, a rise in
inflammatory mediators IL-1β and MIP-1 were also observed.

The contradiction

between these two sets of data support the theory that in vitro methods may not always
be predictive of in vivo toxicity.
The result produced by CuO was of particular interest because it was below the basal
level of LDH production in control cells, suggesting (on the face of it) that CuO depressed
release of LDH compared to the untreated control. However, visualisation of cells via
light microscopy indicated that CuO treatment had a substantial effect on cell
morphology and adhesion, suggestive of a dramatic cytotoxic effect (Fig 3.9). Previous
research carried out by Han et al., (2011) has shown that CuO ENM, and particularly
Cu2+ ions, inactivate LDH. Their data showed a steady decrease in the level of LDH
present over a 24 h period. Therefore, it is likely that CuO ENM is responsible for the
depletion of LDH within the supernatant, thus suggesting that the apparent depression
of LDH is due to LDH inactivation, thereby presenting a false negative. In addition, their
research also highlighted potential issues with interference from TiO2 ENM, which
appear to adsorb LDH onto the surface of particles, thus lowering the level of LDH
present in the sample. If this is true, then this would imply that the level of LDH induced
by TiO2 within this study might be greater than the level detected. The results from this
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assay suggest that the LDH assay has flaws which mean that it is not necessarily suitable
for use with some ENM. The potential for both false negative and false positive results
would suggest that it is not particularly useful as a screening tool in isolation.
3.5.2. MTT assay
As with the LDH assay, the data described in this thesis confirmed the findings of others
in illustrating that the results are subject to interference, making this assay unreliable as
an isolated screening tool. In particular, the results for TiO2 were anomalous and failed
to correspond to the findings from the LDH assay. Subsequent studies indicated that
TiO2 has the potential to interfere with the assay on account of very high absorbance
across the visible spectrum. While these results do not necessarily explain the unusually
low apparent cytotoxicity attributed to TiO2 using the MTT assay, it nevertheless
highlights an issue for this particular ENM that will likely impact not only on any
colorimetric assay, but also to fluorescent assays. Traditional in vitro methods
There is inconsistency with regard to which particles cause interference in traditional
colorimetric assays: Kroll et al., 2012 states ZnO decreases the level of LDH detected,
whereas the data produced in this study found ZnO did not impact on LDH release into
the supernatant. This is supported by the results in figure 3.6 which show that ZnO
incubated in culture medium alone, in the absence of cells did not significantly increase
the level of LDH detected, suggesting no interference with the assay. Holder et al., 2012
looked predominantly at carbon-based ENM and found that the ENM which they had
selected caused interference with both the MTT and LDH assay results. Kroll et al., 2012
suggests that the interference encountered with classic cytotoxicity assay are due to the
high adsorption capacity and optical activity of ENM. In addition, Kroll et al., 2012 found
that only one out of three types of TiO2 used in their study appeared to bind IL-8,
resulting in a dramatic loss in the level of IL-8 detected. Although an IL-8 ELISA was not
performed in the current study, TiO2 did affect the measurements of the MTT assay
which (fig 3.7). These findings indicate that it is not just the chemical composition that
needs to be assessed, but also the different formats of the same chemical composition:
simply assessing one isomer of that chemical composition is not sufficient to come to a
conclusion with regard to the toxicity of that ENM.
The data produced within this study, along with recent literature clearly demonstrate
the limitations of conventional colorimetric assays in the nanotoxicology arena and
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suggests that the following aspects of in vitro testing should be taken into consideration
when assessing ENM toxicity: the high refractive index/absorption attributable to some
ENM can affect optical detection methods as seen here with regard to colorimetric
assays. This issue could also affect fluorescence assays, the ability of some ENM to
convert the substrate, the potential impact ENM have on enzyme activity and their
ability to bind pro-inflammatory cytokines. The limitations of in vitro assays where the
results are based on measuring any of these aspects should be taken into account when
assessing the data. In vitro testing has its obvious advantages: not only does it reduce
animal testing but generating results is generally quicker, the costs involved are less,
they tend to be simple to perform and the outcomes are easy to interpret because they
usually only measure one endpoint per assay. There are a large number of cell lines
available to use, either singly or in combination in a co-culture system, as a more
accurate representation of an in vivo environment (Rothen-Rutishauser et al., 2008,
Hsiao and Huang, 2011). According to Stone et al., 2009 the methodology for these
assays can be adapted to reduce interference by ENM. However, the large surface area
and/or altered surface properties of ENM can result in an increased adsorptive capacity.
In addition, it would appear that these benefits are very much outweighed by limitations
and inaccuracies; the potential for false negatives (e.g. CuO) is a major drawback in
advocating the use of these crude in vitro toxicity tests in isolation.
Despite the obvious need for effective screens and a concerted research effort, current
methods of ENM toxicological screening have limitations. The first-line screening tools
of choice are conventional cytotoxicity/viability/mitochondrial respiration tests in cells
in vitro (e.g. lactate dehydrogenase; LDH; and MTT assays). While acute cell death is a
critical potential end-point, it lacks subtlety and fails to identify non-toxic cellular effects
that will nevertheless have serious detrimental impacts on health in vivo (e.g. instigation
of inflammation). Furthermore, ENM have been known to interfere with some of these
colorimetric assays (e.g. CuO and LDH assays; superoxide for MTT (Wang et al., 2011)),
generating false negative results.

Likewise, ELISA assays to detect inflammatory

cytokines are less reliable in the ENM arena on account of interference by some ENM
(Brown et al, 2010). As a result of these shortcomings, which limit the ability of in vitro
tests to reliably predict in vivo effects (Poland et al., 2014, Cho et al., 2013),
nanotoxicology still relies heavily on the use of animal models, which carry considerable
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ethical concerns, but nevertheless provide a degree of confidence that ENM toxicology in
its broadest sense has been rigorously scrutinised.
Taking into consideration the potential interference of these particles with the assay,
and correcting for this where possible the data was assessed and the following dose and
time point were selected for further exploration of intercellular processes which could
go some way to uncovering the mechanism which initiates cytotoxicity.
3.6.

Conclusion

This study was designed to first utilise two conventional assays, LDH and MTT, to
measure different elements of A549 cell viability following 24 h exposure to a range of
agents that induce cell death and/or inflammation via different mechanisms, as well as a
panel of oxides. The key findings were that conventional assays had the capacity to
identify ENMs with profound cell killing effects, but that they lacked subtlety and
reproducibility in some instances, leading to false negative results.
Whilst only partially mimicking a ‘real’ physiological response to the inhalation of ENM,
the use of an in vitro model allows for the study of complex molecular mechanisms
under highly controlled conditions. There are well-recognised limitations in adopting an
in vitro approach to toxicity testing; for instance, the interaction of ENM with the local
environment, including lipid, protein, carbohydrate and pH can alter surface charge and
aggregation of the particles.
There is an urgent need for novel, broad-spectrum tools to screen ENMs for harmful
effects. Effective tools should embrace not only direct toxic (i.e. cell killing) effects, but
also the propensity to induce harmful processes, such as oxidative stress and
inflammation, which could result in chronic disease manifestation with repeated or
prolonged exposure. At present, cell-based toxicity assays are not sufficiently reliable to
replace in vivo animal testing for ENM toxicity studies; multiple assays would need to be
conducted in tandem in order to establish whether the more subtle oxidative stress
and/inflammatory responses are triggered by ENM exposure. Furthermore, efforts to
establish nanotoxicity prediction assays based on physico-chemical characteristics of
ENMs have also highlighted limitations.
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3.6.1. Identification of suitable treatment regimens for subsequent experiments
The findings of this chapter, as well as identifying some of the limitations of two of the
most widely used “toxicity” tests, served to provide some information about appropriate
concentrations and treatment time for subsequent experiments. On balance, it was
decided that 24 h treatment with 100 cm2/mL ENMs were the optimal exposure
conditions to permit discrimination between the individual ENMs under scrutiny.
Subsequent experiments described in this thesis will focus on this exposure conditions.
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Chapter 4
The contribution of oxidative stress and apoptosis to
the toxicity of ENMs in cultured A549 cells
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4.1.

Introduction

There is currently a lack of understanding with regard to the mechanism which drives
toxicity of ENM. Notwithstanding the shortcomings of the conventional LDH and MTT
assays used in Chapter 3, it was identified that incubation with certain ENM resulted in
cell lysis and/or mitochondrial dysfunction suggestive of cell death. However, the exact
mode of cell death, i.e. apoptosis or necrosis, is implied, but not necessarily confirmed by
the combined findings from the LDH and MTT assays. In the current Chapter, a range of
assays were selected with the aim of helping to further elucidate the mechanisms
involved. Given that the data in chapter 3 indicates that some ENM cause significant
interference to the cells’ mitochondrial function, it is reasonable to postulate that
mitochondrial dysfunction is implicit in the cell death process.
Mitochondria are organelles found within eukaryotic cells. Their primary function is to
produce energy in the form of ATP via oxidative phosphorylation; constant conversion
of ADP to ATP is required for successful cellular metabolism by healthy cells.
Structurally, mitochondria are composed of a double membrane, the inner membrane is
folded inwards to form layers called cristae, which surround a central matrix. This
matrix is where the Krebs cycle takes place, whilst the enzymes utilised in the electron
transport chain that is central to the oxidative phosphorylation process are located
within the cristae.
Unfortunately, the process of generating ATP through glycolysis and/or oxidative
phosphorylation are not entirely efficient and there is the potential for incomplete
reduction of oxygen to water, resulting in the formation of superoxide (O2-), a principal
oxygen-centred free radical that is implicated in oxidative stress. In healthy cells,
generation of superoxide and other reactive oxygen species (ROS) is minimal and stray
free radicals generated are efficiently neutralised by a battery of antioxidant systems
within cells (e.g. ascorbate, glutathione, catalase, superoxide dismutase, peroxidases).
However, the balance between generation and clearance of ROS can be upset either by
enhanced production in processes such as respiration, through generation of free
radicals from exogenous sources, or through downregulation of antioxidant defences (or
both).

ENMs have the potential to influence all of these mechanisms of driving

potentially harmful oxidative stress, either through generation of radicals from the
ENMs themselves, through induction of mitochondrial dysfunction, as implicated in
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some instances by the MTT results described in Chapter 3, or through modulation of
adaptive antioxidant defence mechanisms (e.g. expression of antioxidant enzymes and
GSH). At present, little is understood about the impact of ENMs on cellular oxidative
stress status.
The mitochondria are also central to the intrinsic apoptotic pathway. Apoptosis, or type
1 programmed cell death, is a controlled process by which the life cycle of a cell is
intentionally terminated for the benefit of the surrounding tissue. During apoptosis, a
sequence of events are executed which result in the destruction and removal of the cell,
without instigation of a perpetual inflammatory cycle. Cytochrome C is a soluble protein
normally isolated to the mitochondria: during apoptosis, Cytochrome C is released from
the inner membrane of the mitochondria into the cytosol where it initiates apoptosis,
resulting in the execution of classic downstream events such as DNA fragmentation. In
contrast, necrosis is an uncontrolled form of cell death caused by external factors such
as infection or toxins, sees the loss of cell membrane integrity resulting in the release of
pro-inflammatory intracellular contents into the extracellular matrix. Due to the lack of
controlled signalling and clean removal of dying cells in necrosis, the toxic contents of
cells triggers inflammatory cell activation, local release of cytokines and a relatively
unregulated inflammatory response.
In attempting to establish the toxic effects of ENMs, it is important to determine the
mode of cell death that they might initiate. The assays utilised in Chapter 3 go some way
to identifying the resolving the impact of ENMs on apoptosis and/or necrosis, but the
results are open to mis-interpretation. For example, in a single cell culture system, there
are no inflammatory cells available to clear apoptotic cells, under which circumstances
cells that have been programmed to die undergo secondary necrosis. The LDH assay is
unable to distinguish between cells that have undergone primary or secondary necrosis.
In addition, the MTT assay identifies changes in mitochondrial function, but it would be
naïve to assume that loss of mitochondrial function is solely indicative of apoptosis. In
an effort to further elucidate the mode of toxicity associated with the ENMs, it is
essential to probe the molecular mechanisms involved in the apoptotic/necrotic
pathways.
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4.2.

Aims and hypotheses

It was hypothesised that ‘toxic’ oxide ENMs with differing physicochemical profiles
induce cell death/damage via induction of oxidative stress and apoptosis. The role of
ROS in ENM-mediated toxicity was probed using electron paramagnetic resonance
(EPR) to probe exogenous release of oxygen-centred free radicals from metal oxides,
while the impact of ENMs on intracellular ROS status was determined using selective
fluorescent probes. Elements of the apoptotic process involving (ATP/ADP ratio,
cytochrome C) and downstream of mitochondrial dysfunction (DNA fragmentation)
were also investigated.
4.3.

Experimental approach

Cultured A549 cells were again used as a model for respiratory health. The same
reference panel utilised in Chapter 3 was again applied, together with two additional
reference reagents for apoptosis, staurosporine and etoposide. The same oxide ENM
panel was used as in Chapter 3: on account of the results described in Chapter 3,
100cm2/mL for 24 h exposures were selected for the experiments in the current
chapter.
4.3.1. Electron Paramagnetic Resonance (EPR)
EPR spectrometry was performed as described in Chapter 2
4.3.2. ROS/Superoxide assay
The ROS/Superoxide assay was performed as described in Chapter 2.
4.3.3. ADP/ATP ratio assay
The ADP/ATP ratio assay was performed as described in Chapter 2.
4.3.4. Cytochrome C
The Cytochrome C ELISA was performed as described in Chapter 2.
4.3.5. DNA fragmentation
DNA fragmentation was performed as described in Chapter 2.
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4.3.6. Statistical analysis
Data were compared using a one-way ANOVA, followed by Dunnett’s post-hoc analysis,
comparing all treatment groups against the selected control.

Details of statistical

analysis are indicated in each Figure legend. P<0.05 was accepted to be statistically
significant.
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4.4.

Results

4.4.1. EPR analysis of ENM-generated oxygen-centred radical formation
EPR spectrometry of samples of ENMs (100 cm2/mL) in cell culture medium revealed
that CuO generated the 4-oxo-tempo at a rate that was too fast to be effectively
measured by this technique. The issue was highlighted by the fact that, during the time
taken to capture a single spectrum (30 s), the amplitude of the three consecutive
spectral peaks increased (Fig 4.1C). The peaks are a result of hyperfine splitting of the
signal on account of the influence of the spin of protons in the nearby nitrogen nucleus
and should be of identical amplitude. The increase in signal across the spectrum is likely
due to the accumulation of more adduct in the time interval between capture of each of
the peaks. Even at baseline (realistically ~1 min after introduction of the ENMs), the
amplitude of the signal achieved for the middle peak for CuO was several orders of
magnitude higher than for any of the other ENMs at the same timepoint (Fig 4.1A&C;
note log scale on the y-axis of panel A). By the second timepoint (15 min), the signal
amplitude was over-range for CuO (data not shown). In contrast, 4-oxo tempo
accumulated at a linear rate for SiO2, TiO2, NiO and ZnO over the 1 h assessment period
(Fig 4.1B): the rate of accumulation was highest for NiO (69 AU min-1) and lowest for
SiO2 (51 AU min-1). Although the difference was significantly higher for NiO than any of
the other ENMs tested, the increased rate of accumulation was modest.
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Figure 4.1. (A, B&C) Detection of oxygen-centred radical species generated by ENM or
medium only using Tempone-H and electron paramagnetic resonance. Panel A shows the
data obtained at baseline (T=0) for the ENM panel, in panel B, showing the accumulation of
oxygen-centred radical species over 60min, due to the size of the signal CuO is omitted. In panel
C a representative EPR spectra is shown for each of the ENM and medium only control.
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4.4.2. ROS production
Intracellular ROS (a combination of oxygen-centred radicals, H2O2 and other peroxyls,
but excluding superoxide) was only affected by two of the reference panel agents:
pyocyanin (24 h) induced a reduction (~40%) in ROS detected in A549 cells, while
staurosporine induced a significant increase (~50%; Fig 4.2A). Three of the ENM panel
induced a reduction in detectable ROS: NiO caused a ~30% reduction in ROS, while ZnO
and CuO both caused a reduction of >80% (Fig 4.2B).
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Figure 4.2. (A & B) Level of ROS produced following treatment with reference panel
agents. ROS detection for A549 cells treated with the reference panel (H2O2, pyocyanin, LPS
and A23187) for 24 h, with the exception of the acute pyocyanin treatment which lasted 25
mins. Values represent the mean ± SEM, n=6, **P<0.01; ***P<0.001. Level of ROS produced
following treatment with oxide ENM panel. Superoxide detection for A549 cells treated with
the oxide ENM panel (SiO2, TiO2, NiO, ZnO and CuO) at 100cm2/mL for 24 h. Values represent
the mean ± SEM, n=6, *P<0.05; ***P<0.001.

4.4.3. Superoxide production
The ROS/superoxide assay facilitates the simultaneous measurement of superoxide
alongside the ROS measurements described above. The results found that, of the
reference panel, both pyocyanin treatment regimens induced superoxide, whereas none
of the other treatments had any significant effect (Fig 4.3 A). Only TiO2 of the ENM oxide
panel induced a significant increase in fluorescence (~100%; Fig 4.3B): the apparent
reduction in signal for ZnO and CuO did not reach significance.
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Figure 4.3. (A & B) Level of superoxide produced following treatment with reference
panel agents. Superoxide detection for A549 cells treated with the reference panel (H2O2,
pyocyanin, LPS and A23187) for 24 h, with the exception of the acute pyocyanin treatment
which lasted 25 mins. Values represent the mean ± SEM, n=6, ***P<0.001. Level of superoxide
produced following treatment with oxide ENM panel. Superoxide detection for A549 cells
treated with the oxide ENM panel (SiO2, TiO2, NiO, ZnO and CuO) at 100cm2/mL for 24 h. Values
represent the mean ± SEM, n=6, **P<0.01.

4.4.4. Mitosox assay
Further investigation of the source of any free radical production caused by treatments
was possible through use of the Mitosox assay, which specifically identifies radicals
generated in the mitochondria. The results conclusively found that none of the reference
panel (Fig 4.4A) and only CuO of the oxide panel (Fig 4.4B) had any impact on
mitochondrial superoxide generation (~50% reduction).
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Figure 4.4. (A & B) Level of mitochondrial superoxide produced following treatment with
reference panel agents. Mitochondrial superoxide detection for A549 cells treated with the
reference panel (H2O2, pyocyanin, LPS and A23187) for 24 h, with the exception of the acute
pyocyanin treatment which lasted 25 mins. Values represent the mean ± SEM, n=6. Level of
mitochondrial superoxide produced following treatment with oxide ENM panel.
Mitochondrial superoxide detection for A549 cells treated with the oxide ENM panel (SiO2, TiO2,
NiO, ZnO and CuO) at 100cm2/mL for 24 h. Values represent the mean ± SEM, n=6, *P<0.05.
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4.4.5. ADP/ATP ratio
The ADP/ATP assay kit represents a crude means of differentiating between
proliferating cells – in which the ratio tips in favour of ATP – and cells undergoing
apoptosis or necrosis, where decreased mitochondrial activity favours ADP. Necrosis is
thought to cause a larger increase in the ADP:ATP ratio to a greater degree than
apoptosis, although the tipping point is not clearly defined.
With these concepts in mind, the ADP:ATP assay was used to probe the impact of the
reference panel and ENM panel on this ratio. The results indicate that, of the reference
panel, only pyocyanin (24 h) induces a significant (~200%) increase in the ADP:ATP
ratio (Fig 4.5A), while only ZnO and CuO of the oxide ENM panel induce similar increases
(~200 and 300% respectively) (Fig 4.5 B).
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Figure 4.5. Impact on ADP/ATP ratio following treatment with (A) reference panel agents
and (B) oxide ENM panel agents. Values represent the mean ± SEM, n=7, *P<0.05, ***P<0.001,
one-way ANOVA with Dunnett’s post-hoc test compared to control.
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4.4.6. Cytochrome C
Further information relating to the pro-apoptotic effects was derived from assessment
of the impact of treatment regimens on the cellular distribution (cytoplasmic vs
mitochondrial) of cytochrome C, a protein that is released from the mitochondria at an
early stage in the apoptotic process. The results for the reference panel indicated that
there was an increase in cytosolic cytochrome C for pyocyanin (24 h) and etoposide (Fig
4.6A) that was matched by a concomitant fall in mitochondrial cytochrome C (Fig 4.6B).
A23187 also induced a reduction in mitochondrial cytochrome C, but the apparent
increase in the cytosolic measure did not reach significance. These data were then
combined to generate a ratio of mitochondrial to cytosolic (Fig 4.6C; note log scale).
Unsurprisingly, the findings from this transformation of the data served to confirm those
of the independent measures, indicating that the ratio shifted substantially from ~25:1
in favour of mitochondrial cytochrome C in control cells to 0.4:1, 2.8:1 and 1:1 for
pyocyanin (24 h), A23187 and etoposide respectively. Perhaps surprisingly, the second
recognised agent for stimulating apoptosis, staurosporine, as well as H 2O2 and LPS,
failed induce a significant redistribution of cytochrome C towards the cytosolic
compartment at this timepoint.
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Figure 4.6. (A,B & C) Level of cytochrome C located in (A) the cytosol and (B) the
mitochondrial following 24 h treatment with the reference panel. Log ratio calculated for
change between cytosolic and mitochondrial cytochrome C (C). Values represent the mean
± SEM, n=6, *P<0.05; **P<0.01; ***P<0.001; one-way ANOVA with Dunnett’s post-hoc test
compared to control.
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With regard to the ENM panel, the impact on cytochrome C was dramatic in the case of
ZnO and CuO in particular, for which there were substantial increases in cytosolic
cytochrome C (Fig 4.7A) and concomitant decreases in mitochondrial measures (Fig
4.7B) compared to untreated control. As for the reference panel, the changes translate
into a considerable change in cytosolic:mitochondrial ratio of cytochrome C after
treatment with ZnO (0.02:1) and CuO (0.007:1) compare to control (25:1) (Fig 4.7C).
NiO also has a significant impact on cytochrome C distribution, but to a lesser extent
than ZnO or CuO (3:1). Neither SiO2 nor TiO2 impact on cytochrome C distribution.
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4.4.7. DNA fragmentation
DNA fragmentation is a downstream impact of the apoptotic process that distinguishes
it from necrosis.

The findings from this study relating to DNA fragmentation are

illustrated in fig 4.8A, B: DNA extracts that are intact remain at the top of the gel,
whereas those that have been cleaved in fragments migrate down the gel, with smaller
fragments travelling the furthest distance (see DNA reference ladders). The results
found that the clearest evidence for DNA fragmentation was evident for the proapoptotic agent, staurosporine, (Fig 4.8B, lane 8; fragmentation highlighted). None of the
other reference panel agents (lanes 2-9) showed convincing evidence of DNA
fragmentation, with bands restricted to the top of the gel similar to the untreated control
(lane 1). Likewise, SiO2 (lane 10) did not induce DNA fragmentation. However, there was
some evidence of fragmentation in lanes representing TiO2 (lane 11) and NiO (lane 12),
but the fragments generated were apparently smaller than those in staurosporine
treated cells, as indicated by the greater extent of migration compared to lane 8. CuO
and ZnO treatment (lane 13 and 14) apparently caused a substantial loss in DNA loading
without any evidence of fragmentation, at least in the case of ZnO; this resonates with
the results for pyocyanin-treated cells (lane 3), where loading was substantially lower
than for other reference treatments. For the CuO-loaded sample, there was some
evidence of a single band of DNA which had migrated only a short distance down the gel,
perhaps indicative of limited fragmentation. It should noted when viewing the data in
Figure 4.8, that kit (Apoptotic DNA ladder isolation kit, Abcam, Cambridge, UK) used for
the isolation of DNA fragments following treatment with the ENM and reference panels
has a precipitation step using ammonium acetate. This precipitation removes intact
genomic DNA from the samples thereby increasing the number of cells to be used in the
assay and maximising the isolation of DNA fragments.
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A

B

Figure 4.8. DNA laddering assessed by isolation of DNA fragments and visualisation by
agarose gel electrophoresis. A549 cells were treated with the ENM and reference panels for 24
h and DNA fragments isolated as described in Chapter 2. Figure 4.8 shows a representative
agarose gel visualised by UV transillumination.
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4.5.

Discussion

The experiments described in this chapter were designed to probe the impact of the
ENM oxide panel on several key processes that might ultimately result in cell damage or
death with a view to unravelling the mechanism of action of the ENMs in question. An
extended reference panel was utilised to act as positive controls and for the assays
utilised and to act as comparators to ENMs. The study found that CuO ENM was unique
amongst the test panel in that it alone mediated very rapid release of potentially harmful
oxygen-centred free radicals. However, the generation did not translate into a rise in
intracellular superoxide or ROS, perhaps suggesting that any extracellular release of
harmful free radicals does not translate into an intracellular insult. In addition, the lack
of ability of CuO to increase intracellular superoxide or ROS suggests that it either
cannot penetrate the cell or that the highly reducing intracellular environment prevents
radical formation. Interestingly, none of the oxide ENMs had any impact on
mitochondrial superoxide, suggesting that interference with the respiratory chain to
induce incomplete reduction of oxygen and generate superoxide is not relevant for these
ENMs. However, that is not to say that there is no impact at all on mitochondrial
function: the ATP:ADP ratio is substantially affected by both ZnO and CuO ENMs,
suggesting that, like pyocyanin, they inhibit ATP synthesis, which is a precursor for
apoptosis and/or necrosis. Subsequent measurement of cytochrome C found that CuO,
ZnO and pyocyanin all induce release of cytochrome C from the mitochondria, a critical
event in the apoptosis pathway. Finally, DNA-fragmentation - a late-stage marker of
apoptosis – revealed an interesting dichotomy, whereby NiO and TiO2 induced a hint of
DNA fragmentation, whereas CuO, ZnO and pyocyanin did not. That said, in the cases of
the latter three agents, loading was noticeably lower, perhaps suggesting that apoptosis
in these cells had progressed to necrosis before DNA extraction. In short, the findings of
this study were that the most likely mode of action of the most toxic ENMs (ZnO, CuO) is
via apoptosis, which rapidly develops into secondary necrosis in a single cell culture
setting. A subtle effect on apoptosis was also evident for NiO and TiO2, perhaps with a
delayed onset such that it fails to progress to secondary necrosis in the 24 h exposure
period. SiO2 was apparently innocuous in these assays.
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Chapter 5
Eicosanoid profiling: a novel tool for assessing
nanoparticle toxicity
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5.1.

Introduction

There is a pressing need for the effective assessment of ENM toxicology, not only to
assess the potential toxicity of environmental ENM pollutants, such as diesel particulate
matter or metal oxides derived from welding fumes (Cho et al., 2012c, Cho et al., 2012b,
Cho et al., 2012a, Cho et al., 2011, El-Zein et al., 2005, Greenberg and Vearrier, 2015,
Zheng et al., 2015, Suarthana et al., 2014, Antonini et al., 2012) or e-cigarettes (Palpant
et al., 2015, Hahn et al., 2014, Cervellati et al., 2014), but also to keep pace with the surge
in production of nanomaterials for use in nanotechnologies (Jung et al., 2015, Kroll et al.,
2013, Nel et al., 2013, Kermanizadeh et al., 2013b, Kermanizadeh et al., 2013a,
Donaldson et al., 2006), construction (Lee et al., 2010), cosmetics (Draelos, 2011, Tillett,
2012, Nohynek and Dufour, 2012, Nazarenko et al., 2012) and drug-delivery vehicles
(Khan et al., 2015, Truong et al., 2015, Chandolu and Dass, 2013, Das et al., 2010, Zhao et
al., 2009, Nakano et al., 2009). There is considerable chemical diversity amongst ENMs.
ENMs. As a result, ENMs have the potential to drive a wide range of detrimental effects
on health, including acute cytotoxicity (necrosis), mutagenesis and inflammation. An
extra layer of complexity relates to the differential effects that might occur on account of
different routes of exposure (e.g. lungs via inhalation, gastro-intestinal tract via oral
ingestion, skin via topical exposure). The challenge in nanotoxicology is to identify
convenient, reliable and ethically sound testing regimens to comprehensively
interrogate the potential of ENMs to impact on all of these detrimental pathways
(Poland et al., 2014, Cho et al., 2013), without the need for multiple assays repeated in
different cell types (Ursini et al., 2014b).
Despite the obvious need for effective screens and a concerted research effort, current
methods of ENM toxicological screening have limitations. The first-line screening tools
of choice are conventional cytotoxicity/viability/mitochondrial respiration tests in cells
in vitro (e.g. lactate dehydrogenase; LDH; and MTT assays). While acute cell death is a
critical potential end-point, it lacks subtlety and will not identify non-toxic cellular
effects that will nevertheless have serious detrimental health effects in vivo (e.g.
instigation of inflammation). Furthermore, interference of ENMs with many of the most
commonly used cell viability, inflammation and genotoxicity assays (Han et al., 2011,
Kroll et al., 2009, Kroll et al., 2012a, Holder et al., 2012b, Wang et al., 2011, Maccormack
et al., 2012, Ong et al., 2014b, Stone et al., 2009b), can generate both false negative and
false positive results. As a result of these shortcomings, which limit the ability of in vitro
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tests to reliably predict in vivo effects (Poland et al., 2014, Cho et al., 2013),
nanotoxicology still relies heavily on the use of animal models, which carry considerable
ethical concerns, but nevertheless provide a degree of confidence that ENM toxicology in
its broadest sense has been rigorously scrutinised.
Eicosanoids are a family of structurally related compounds that are lipid mediators of a
range of cellular functions, most notably modulation of inflammation (Boyce, 2008,
Hedqvist et al., 1991, Williams and Higgs, 1988).

Eicosanoids are derived from

arachadonic acid (AA), a 20 carbon polyunsaturated fatty acid located in the
phospholipid bilayer of cell membranes. AA is released from cellular phospholipids
through the action of phospholipase A2 (PLA2) and can then be enzymatically oxidised
via lipoxygenase (LOX), cyclooxygenase (COX) or cytochrome P450, pathways resulting in
the production of a wide range of bioactive lipid mediators including leukotrienes,
lipoxins, prostaglandins, thromboxanes and epoxyeicosatrienoic acids (EETs) (Wang
and Dubois, 2012, Lai and Manley, 1984, Malmsten, 1986). The profile of eicosanoids
that is generated by a given cell type is determined by the relative expression of
enzymes involved in each of the pathways. The cell specific enzyme expression profile is
highly regulated and is responsive to inflammatory stimuli and a range of other critical
cell processes, including apoptosis and necrosis (Pasqualini et al., 2005, Davidson et al.,
2012). Taken together with the control of eicosanoid synthesis through modulation of
AA bioavailability, the eicosanoid profile represents a dynamic measure of cellular
functional status that might be useful in the nanotoxicology arena. With the ability to
measure multiple eicosanoids in a single sample using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) there is the potential to investigate the impact of ENMs
on a range of cell functions. The aim of this study was to evaluate the use of eicosanoid
profiling to define the toxic and inflammogenic properties of a panel of metal oxide
ENMs, in the light of the findings presented in Chapter 3 relating to conventional toxicity
measures. The study was extended to determine the effect of ENM on cells which have
a pre-existing inflamed phenotype, to mimic an inflamed state within the lung. Following
a review of the literature IL-4 was selected to perform as a general pro-inflammatory
stimulator to activate the A549 cells. As stated previously in the introduction, IL-4 has
been implicated as a causal factor in the pathogenesis of allergic inflammation and
atopic asthma. Further evidence has also shown that A549 cells selectively express LOX
when stimulated by IL-4 (Brinkmann et al., 1996). Based on this information, IL-4 was
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considered to be a suitable agent to use to generate a model of inflamed A549 cells in
which to investigate the impact of ENMs on eicosanoid profiles. Results from the pilot
data showed that this method of cell activation was effective.
However, to relate this work more specifically to diseases such as COPD, using IL-8
would be more appropriate. This should be developed and carried forward into future
work.
Taken together, the results were expected to establish the merits or otherwise of
eicosanoid screening in nanotoxicology, to determine the comparative inflammogenicity
of the ENM panel and to explore the impact that pre-existing inflammation might have
on ENM impact.
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5.2.

Experimental approach

5.2.1. Panels
The same reference panel and oxide ENM panel were used to evaluate the eicosanoid
screen.
5.2.2. ENM preparation and characterisation
All ENM suspensions were prepared in deionized water, supplemented with fetal bovine
serum (FBS; (5%) and sonicated using a sonic probe to prevent particle aggregation
(Microson XL2000, Misonix Inc, Framingdale, New York. Settings: frequency: 22.5 kHz;
power density: 87 W/cm2; room temperature, 1 min).

ENM stock solutions were

prepared at 6000 cm2/mL (particle surface area per ml of solvent) and diluted in
complete culture media to working surface area of 100 cm2/mL. ENM suspensions were
prepared immediately prior to application. Agglomeration status of ENM was measured
by dynamic light scattering (Brookhaven 90 plus; Holtsville, NY, USA).
5.2.3. A549 / ENM treatment/IL-4 pre-treatment
A549 cells were seeded at a density of ~1 x 105 cells per well in 24-well plates (NUNC,
Thermo Scientific) and incubated at 37C, 5 % CO2. Following the incubation period
spent media was removed from all wells and replaced with 500 µL ENM treatment and
incubated for a further 24 h under the previously stated conditions.
In a parallel study, A549 cells were seeded and cultured under identical conditions, but
treatment with ENMs was preceded by a 48 h incubation with the cytokine, interleukin4 (IL-4; 20ng/mL) to induce an inflammatory phenotype.
5.2.4. Isolation of eicosanoids
The isolation and extraction of eicosanoids was performed as detailed in Chapter 2.
5.2.5. Chiral Analysis
The chiral analysis of 5-HETE was performed as detailed in Chapter 2. It is important to
note that the chiral analysis was completed by Dr Ben Maskrey from the UHI Lipidomics
Facility.
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5.2.6. Quantitative Analysis of Eicosanoids by LC-MS/MS
The quantification of eicosanoids was performed as detailed in Chapter 2.

It is

important to note that this analysis was completed by Dr Ben Maskrey and Dr Kerstin
Ziegler from the UHI Lipidomics Facility. In some instances, the values produced were
lower than the level of detection. This is a contentious issue within literature and
amongst analytical chemists and there is no consensus in the field. Professional advice
was sought from Professor Philip Whitfield of the UHI Lipidomics facility who
highlighted the merits and weaknesses of potential ways in which these data can be
handled. He recommended that above all, consistency in method was important. After
consultation, it was decided that any value which was below the threshold would be
recorded as ‘zero’. The rationale behind this decision was based on personal preference,
to enter a value of zero would allow for the generation of a mean, which was required
for statistical analysis.
5.2.7. Characterisation of eicosanoid enantiomers
Chiral analysis of 5 HETE was performed as detailed in Chapter 2. It is important to note
that this analysis was completed by Dr Ben Maskrey from the UHI Lipidomics Facility.
In addition, the activated alveolar macrophages were gifted by Dr John Marwick of
Edinburgh University.
5.2.8. Statistics
Data are presented as mean ±SEM and compared by one- and two-way ANOVA with
Dunnett’s post-tests, or Kruskal-Wallis with Dunn’s post-tests (non-parametric data), as
appropriate. On account of the very large changes in eicosanoid generation in some
experiments (most notably after IL-4 pre-treatment), data in some instances were logtransformed and statistics were conducted on the log-transformed data. P<0.05 was
accepted to be statistically significant.
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5.3.

Eicosanoid assay results

Of the 35 eicosanoids that were monitored with our targeted LC-MS/MS lipidomics
approach, six were found to be quantifiable (TXB2, PGE2, PGF2a, 5-, 12- and 15-HETE); all
were typically found at low concentrations in untreated cells and, in the case of TXB2
and the prostaglandins, often did not reach the limit of quantification under control
conditions. The threshold for detection of a statistically significant change in eicosanoid
generation was consistent across the eicosanoids detected: typically, a >two-fold
increase was sufficient for significant effects with a minimum of n=6 replicates.
Retrospective power calculations were conducted to establish the number of replicates
that would be necessary to provide 80% power of detecting a 2-fold increase for each of
the eicosanoids detected in this study.
Eicosanoid profiles were generated against the control panel (Fig 5.1), oxide ENMs (100
cm2; 24 h for each; Fig 5.2).
5.4.

Reference panel

A23187 was the only agent to significantly increase PGE2 and PGF2α (Fig 5.1B&C).
Pyocyanin (both treatment durations) increased all three HETE species (Fig 5.1D,E&F).
H2O2 only had a significant impact on 12-HETE, while A23187 increased 12-HETE (Fig
5.1E) (but not 5- or 15-HETE) alongside its stimulatory effect on the prostaglandins
mentioned previously. LPS did not significantly affect any of these eicosanoids. The
resultant eicosanoid profile was therefore found to be unique for each of the different
agents used. TXB2 was not significantly affected by any of the reference panel treatments
(Fig 5.1A).
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Figure 5.1. (A, B, C, D, E & F) Impact of reference panel agents on eicosanoid generation. Statistical analysis was performed using one-way
ANOVA followed by Bonferroni post-test (n=6-12; mean ± SEM; *P<0.05, **P<0.01, ***P<0.001). Comparison was made between individual reagent
and control .
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5.5.

Oxide ENM panel

PGE2 was substantially increased for ZnO (~x50) and CuO (~x100) (Fig 5.2B). TiO2
showed a comparatively modest (~x15) increase in all but one of six experiments, but
statistical significance was lost after correction for multiple testing. Production of PGF 2α
was only significantly induced by CuO (Fig 5.2C). Similar outcomes were found for 5-,
12- and 15-HETE, with only ZnO and CuO inducing HETE production; the apparent
increase for 15-HETE with CuO did not reach statistical significance (Fig 5.2D,E&F).
TXB2 was not affected by any of the oxide ENM panel treatments (Fig 5.2A).
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Figure 5.2. (A, B, C, D, E & F) Impact of oxide ENMs on eicosanoid generation in A549 cells. Statistical analysis was performed using one-way
ANOVA followed by Bonferroni post-test (n=6; mean ± SEM; **P<0.01; ***P<0.001). Comparison was made between each ENM and control value.
97

5.6.

Chiral analysis of 5-HETE
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Figure 5.3. Chiral analysis. [S]- and [R]-enantiomers for 5-HETE in activated alveolar macrophages (positive control for enzyme-mediated,
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5.7.

Effect of IL-4 pre-treatment on eicosanoid generation in A549 cells

5.7.1. Reference panel
The impact of many of the reference panel agents on eicosanoid generation in IL-4 pretreated A549 cells was profound and required the data to be log-transformed to
facilitate meaningful comparisons. The data show that treatment with H2O2, pyocyanin
(24 h) and LPS increased TXB2 by ~1.5-2 fold. A23187 increased TXB2 by ~7-fold (Fig
5.4A).

Likewise, LPS and A23187 had substantial impacts on PGE 2 generation

(increased by 13 and 73-fold respectively) (Fig 5.4C). Only A23187 caused a significant
increase in PGF2α reduced the amount of PGF2α generated from IL-4-treated cells (Fig 5.4
B). In contrast to TxB2 and the prostaglandins, the results indicate that the majority of
the reference agents had little or no impact on HETE synthesis in IL-4 treated cells (Fig
5.4D,E&F): indeed, only 5-HETE was increased in response to 24 h treatment with
pyocyanin
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Figure 5.4. (A,B,C,D,E &F) Log-transformed data showing the impact of reference panel agents on eicosanoid production following A549
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5.7.2. Oxide ENM panel
The panel of oxide-derived ENMs had a dramatic impact on eicosanoid release from IL-4
pre-treated A549 cells. PGE2 and TXB2 were significantly increased for all of the oxide
ENMs tested. The order of sensitivity to oxide ENMs was the same for both of the
prostaglandins and TXB2 (CuO > ZnO > NiO > TiO2 > SiO2) (Fig 5.5A,B&C), with the
concentration of PGE2 increasing by a factor of ~8 for SiO2, to a factor of ~85 for CuO.
The effect of ENMs on TXB2 production was much less dramatic, with concentrations
increasing by ~1.7-fold for SiO2 to ~7.5-fold for CuO. A similar trend was exhibited for
PGF2α, but in this case, SiO2 and TiO2 failed to significantly increase the concentration of
PGF2α,

CuO

however

stimulated

the
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5.8.

Comparative effect of IL-4 pre-treatment on sensitivity to reference and ENM

panel agents
The impact of IL-4 pre-treatment on basal eicosanoid generation, and especially
sensitivity to reference and ENM panel agents was striking. Analysis of IL-4 data
showed that eicosanoid generation was enhanced in comparison to non-IL-4 pre-treated
cells, suggesting a degree of synergy between IL-4 and many of the panel agents with
respect to TXB2, PGE2 and PGF2α (Fig 5.6 A,B&C). Most noticeable was the parity in
increase in prostaglandins and TXB2 generation between A23187 and most, if not all of
the ENMs. Equally clear was the apparent abolition of generation of 5-HETE in particular
in IL-4 pre-treated cells treated with LPS, A23187, SiO2, TiO2 and NiO: ZnO and CuO did
not abolish 5-HETE generation (Fig 5.6D), 12HETE and 15-HETE were much less
affected by IL-4 treatment, except in the case of 12-HETE with TiO2, in which case,
generation was again abolished (Fig 5.6 E&F).
Taking all the eicosanoids together, the data indicate that IL-4 treatment impacts on
eicosanoid synthesis in cells treated with LPS, A23187, SiO2, TiO2, NiO, ZnO and CuO:
eicosanoid measurements increased by between ~4-fold (SiO2) to ~16-fold (NiO; Fig 5.6
A-F).
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Figure 5.6. (A,B,C,D,E&F) Eicosanoid generation in IL-4 pre-treated A549 cells versus no pre-treatment. Statistical analysis was performed
using two-way ANOVA with Bonferroni post-test (n=6; mean ± SEM; *P<0.05; **P<0.01; ***P<0.001). Comparisons were made between each
individual reagent/ENM and control value.

To help further elucidate the underlying mechanism(s) involved in the synergism
between IL-4 and ENM treatments, the %COX-derived eicosanoids (TXB2, PGE2, PGF2α)
were assessed. The results (Fig 5.7B), clearly illustrate that for almost all the treatments,
the proportion of COX-derived eicosanoids is substantially increased in IL-4-treated
cells. The exceptions are the pyocyanin-treated cells, in which the proportion is only
raised to 48% in the 0.42 h treatment and is not significantly increased in the 24 h
treatment group.
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Figure 5.7A & B. (A) Total amount of eicosanoids produced following treatment with both
the reference panel and ENM panel. (B) The percentage of COX-derived eicosanoids
following treatment with the reference and ENM panel. Statistical analysis was performed
using two-way ANOVA with Bonferroni post-test (IL-4 pre-treated versus IL-4 untreated values)
(n=6; mean ± SEM; *P<0.05; **P<0.01; ***P<0.001).

The data from all of the above experiments are summarised in heat maps (Fig 5.8). The
heat maps illustrate the enhanced sensitivity of A549 cells to the majority of the
treatments after IL-4 treatment (lower panel) compared to cells not treated with IL-4
(upper panel). In some instances, LPS, SiO2, TiO2 and NiO in particular, IL-4 pretreatment switched cells from being almost entirely insensitive to these agents to a
phenotype that was highly sensitive to the treatments. On account of prostaglandin
release in untreated cells being much higher after IL-4 pre-treatment, there was also the
potential for detection of inhibition of eicosanoid production in response to reference
panel and oxide treatments. The results show that PGF2α is substantially reduced by
both pyocyanin treatments (24 h and 0.42 h). In addition, TiO2 appears to be completely
abolish

the

generation

and
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105

of
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Figure 5.8. Heat maps showing the impact of ENMs and reference panel agents on A549 cells (top panel) and IL-4 pre-treated A549 cells
(bottom panel).
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5.9.

Discussion

There is an urgent need for novel, broad-spectrum tools to screen ENMs for harmful
effects. Effective tools should embrace not only direct toxic (i.e. cell killing) effects, but
also the propensity to induce harmful processes such as oxidative stress and
inflammation, which could result in chronic disease manifestation with repeated or
prolonged exposure. At present, cell-based toxicity assays are not sufficiently reliable to
replace in vivo animal testing for ENM toxicity studies; multiple assays would need to be
conducted in tandem in order to establish whether the more subtle oxidative stress
and/inflammatory responses are triggered by ENM exposure. Furthermore, efforts to
establish nanotoxicity prediction assays based on physic-chemical characteristics of
ENMs have also highlighted limitations.
The work presented in Chapter 3 illustrated that conventional assays (LDH, MTT,
ADP/ATP ratio) had the capacity to identify ENMs with profound cell killing effects, but
that they lacked subtlety and reproducibility in some instances, leading to false negative
results. With these findings in mind, equivalent experiments were conducted using the
same panels of agents and ENMs, but this time using targeted lipidomics to assess the
impact of the treatments on eicosanoid generation. Our results indicate that eicosanoid
analysis represents a useful tool to help identify subtle derangements in cell function,
with the added benefit of helping to elucidate the type of cellular dysfunction that a
given stimulus evokes. Taken together, these findings suggest that a targeted lipidomic
approach to nanotoxicology might provide an alternative to traditional in vitro
cytotoxicity testing as a first-pass screen for ENMs.
5.9.1. Eicosanoid assay
Eicosanoids are lipid inflammatory mediators synthesised from arachidonic acid:
prostaglandins are synthesised by a range of enzymes from a cyclooxygenase-derived
precursor, while leukotrienes are synthesised from HETEs that are produced by their
corresponding LOX enzymes, or via direct oxidation. The profile of eicosanoids present
in a given cell is therefore a function of the relative amounts of the COX, LOX and
downstream TX, PG and leukotriene enzymes present, the calcium concentration
(necessary to drive PLA2-mediated arachidonic acid release from the cell membrane)
and the oxidation state of the cell. Any given cell type will have a particular eicosanoid
profile under control conditions and will respond to inflammatory, oxidative stress and
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activation stimuli to generate different profiles according to the nature of the stimulus.
We hypothesised that the extent and pattern of eicosanoid generation would give not
only a quantifiable indication of perturbation of cell function, but also some information
as to the nature of the stimulus. Given that the assay involves an extraction step, it was
also envisaged that eicosanoid analysis would avoid some of the interference issues that
can affect colorimetric and fluorimetric assays for ENM studies.
A549 cells were selected as a model cell type for this study because they are well
characterised cells that are relevant for lung exposure. From an eicosanoid perspective,
they have the capability to generate a limited number of eicosanoids, but the amounts
generated from untreated cells is low, providing plenty of scope for detection of
increased production. Our findings confirm that, in line with previous findings (Furugen
et al., 2011, Claria et al., 1996), six eicosanoids are detectable in these cells (TXB2, PGE2,
PGF , 5-, 12- and 15-HETE).
5.9.2. Reference panel
With the exception of LPS, all of the reference panel induced significant changes in
eicosanoids. The eicosanoid induction profile, however, was different for each agent
used: pyocyanin exclusively induced HETEs (most notably, 5-HETE), H2O2 only
increased 12-HETE, while the effect of A23187 was primarily on prostaglandins,
particularly PGE2. Furthermore, chiral analysis of HETE generation indicated the Pyoinduced HETE was only 61% S-enantiomer and was therefore more likely the product of
random oxidation to produce roughly equal amounts of S- and R- enantiomers than of
enzyme-mediated synthesis, which would produce exclusively [S] enantiomer. The
concept is supported by a trend towards inhibition of prostaglandins – a well-known
consequence of oxidative stress.
Taken together, the findings suggest that there is a clear division in eicosanoid profile,
dependent on stimulus: increased intracellular calcium (A23187; cell activation), which
provides arachidonic acid substrate for eicosanoid synthesis, results in primarily
prostaglandin synthesis, while mitochondrial dysfunction (pyocyanin) results in HETE
production on account of oxidative stress-induced peroxidation (i.e. non-enzymatic
HETE generation). It is interesting that LPS failed to induce an eicosanoid response,
given that there is understood to be cross-talk between cytokine release in response to
LPS and eicosanoids. This finding clearly indicates, however, that eicosanoid analysis in
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this cell line is not a marker of toll-like receptor 4 activation or its downstream
signalling effects.
5.9.3. Oxide Panel
The negative control oxides (SiO2, TiO2) failed to induce significant changes in any
eicosanoid, although we would hesitate to indicate that they were all totally inert;
significance for PGE2 after TiO2 treatment was only lost after correction for multiple
testing and would be worthy of further investigation. A positive finding would be in line
with recent studies suggesting that TiO2 is not as inert as was once believed (Grassian et
al., 2007, Sohaebuddin et al., 2010b, Sun et al., 2012, Ursini et al., 2014a, Boland et al.,
2014, Wang and Fan, 2014, Yoshiura et al., 2015).
Very clear results were obtained for ZnO and CuO, whereby there was a dramatic (>50fold) increase in PGE2 and PGF , as well as a significant increase in HETEs. However, the
pattern of effect was not identical for the two metal oxides: CuO had a more substantial
effect on the prostaglandins and 5-HETE, while ZnO had a more profound effect on 12HETE and 15-HETE. Overall, the findings suggest that these oxide ENMs have multiple
cellular impacts that include cell activation and generation of pro-inflammatory
prostaglandins, as well as the induction of oxidative stress.
The surprise result was that for NiO. Our previous in vivo data indicate that NiO ENMs
induce a dramatic inflammatory response in rat lungs (Cho et al., 2011), characterised
by granulocyte accumulation in the bronchoalveolar lavage fluid and induction of
pulmonary alveolar proteinosis (accumulation of surfactant proteins and lipids in the
alveoli). Our negative findings for NiO in A549 cells in vitro suggest that the NiO-induced
inflammogenicity is not mediated via activation of epithelial cells, but instead is driven
by the invading inflammatory cells themselves (Cho et al., 2010). In order to test this
particular aspect of inflammation, parallel experiments would need to be conducted in
cultured macrophages, neutrophils and lymphocytes.
5.9.4. Effect of IL-4 pre-treatment
IL-4 pre-treatment had a profound effect on eicosanoid release not only in cells that
were not treated with reference or oxide panel agents, but also in control cells. The
increase in release of eicosanoids was almost exclusively amongst the COX-derived
prostaglandins and TXB2, with almost no effect on the HETEs. These findings are
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consistent with the known activation of COX-2 expression in cells treated with IL-4.
That the majority of treatments (LPS, A23187, SiO2, TiO2, NiO, ZnO, CuO) substantially
increased the amount of these eicosanoids suggests that COX-2 expression is
compounded by activation and/or substrate delivery. Certainly for LPS and A23187, the
effect is likely mediated by calcium influx, and perhaps the ENMs stimulate a similar
pathway (Fig 9). Equally striking was the continued lack of effect of H2O2 and the
different profile for pyocyanin, whereby PGF2a is actively reduced and there is a
detectable increase in 5-HETE. The latter finding mirrors those for CuO and ZnO,
perhaps suggesting a common mediator for the actions of these agents. Given the results
reported in Chapter 4, it is possible that increased ROS production drives non-enzymatic
oxidation of arachidonic acid: CuO and ZnO therefore apparently have several modes of
action in IL-4 treated cells (Fig 5.9).

Figure 5.9. Schematic diagram illustrating potential mechanisms by which reference
panel agents and ENMs modulate eicosanoid synthesis in the presence and absence of IL4.
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These findings are important because they illustrate that the impact of ENMs is
substantially enhanced in cells with a pre-existing inflammatory phenotype. The extent
of the effect is sufficiently high to drive an inflammatory response even in response to
the negative control ENM, SiO2, which had previously proved to be entirely benign at
this dose. Equally, NiO, which has appeared inert in the majority of tests to this point, is
seen to have a striking pro-inflammatory effect in these IL-4-treated cells. The
implications of this are profound: if replicated in vivo, there is a suggestion that ENM
sensitivity is exquisitely sensitive to pre-existing inflammation, thereby implying that
individuals with inflamed lungs from smoking, COPD, emphysema, asthma are likely to
be substantially more at risk from inhaled ENMs than those without inflammation.
Pertinent in this context is the effect of e-cigarettes: while the metal oxide ENMs inhaled
might carry little or no risk to healthy individuals, those with a history of smoking might
experience a substantial inflammatory response. Given that e-cigarettes are often used
as an aid to quitting tobacco, the public health implications might be serious.
In addition, these findings have implications relating to dosimetry for cell-based
screening. SiO2 is considered to be benign in vivo (even with pre-existing inflammation),
and yet it is clear that at 100 cm2/mL, even this ENM is capable of inducing an
inflammatory response. Using this and the known toxicology of the other ENMs in the
oxide panel as calibrators, a suitable, lower, dose or range of doses of ENMs could be
identified that more accurately reflects the in vivo situation and, most likely, bears a
closer resemblance to realistic lung exposures from inhalation.
5.9.5. Bioactivity of eicosanoids in lung tissue
A critical aspect of using eicosanoids as biomarkers of derangements in cell function is
that they are also powerful mediators of relevant inflammatory processes that could
underpin chronic disease manifestation. It is generally accepted that prostaglandins
outweigh leukotrienes in healthy lung tissue and that the balance is reversed in fibrosis.
Leukotrienes are not simply biomarkers of this switch; instead, they interact with a wide
range of inflammatory mediators (cytokines, chemokines) that drive fibrosis. While we
did not detect fully-formed leukotrienes in this study (these would require transcellular
metabolism of HETEs by inflammatory cells that carry the necessary enzymes (Salvado
et al., 2009, Sala et al., 1997, Maugeri et al., 1992, Bigby, 1991)), the HETE intermediates
also possess biological activity. For example, 5-HETE induces bronchoconstriction, and
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mucus secretion, potentiate neutrophil chemotaxis (R-entantiomer specific) and can be
converted to 5-oxo-ETE, which is known to act as an eosinophil attractant. 15(S)-HETE
on the other hand, induces apoptosis in A549 cells through binding to peroxisome
proliferator activated receptor gamma (PPAR-) and inhibits PGE2 synthesis. The role of
12-HETE in these cells is still to be established. The HETE profile detected for Pyo, ZnO
and

CuO

could

therefore

promote

a

pro-apoptotic,

pro-inflammatory

and

bronchoconstrictor profile if replicated in vivo.
Interestingly, prostaglandins, and PGE2 in particular, is generally regarded to be
antifibrotic on account of cAMP-mediated modulation of gene expression via EP2
receptors on epithelial cells (Castelino, 2012, Bauman et al., 2010).

PGE2 is also

regarded to be a dilator of deep bronchioles, again suggesting a beneficial effect
(Safholm et al., 2015, FitzPatrick et al., 2014). More worryingly, however, upregulation
of PGE2 is implicated in lung cancer by promoting tumour angiogenesis and a range of
cell survival and metastatic processes (Maeng et al., 2014, Takai et al., 2013, Ho et al.,
2013, 2005). Our working hypothesis for the current finding is that PGE 2 is stimulated
as a counter-regulatory mechanism to improve lung function in response to a noxious
stimulus. Although this could carry benefit in the short-term, there is the potential for
chronic exposure to lead to detrimental effects.
5.9.6. Power, Reproducibility and interference
Retrospective power calculations from our results indicated that n=6 would provide
80% power of detecting 1.7-4.3-fold changes in eicosanoid concentration: the assay was
most discerning for 15-HETE and least for PGF2α. Given the generally very low
concentrations in control cells, the fold-changes required for significant measurement
are not unreasonable and in line with those necessary to actually have a functional
impact. The extraction process and assay technique also eliminates the risk of
interference from ENMs (light scattering and auto-fluorescence), which can be a factor
in colorimetric and fluorimetric assays.
5.9.7. Limitations
While this novel assay overcomes several limitations that apply to many conventional
toxicity assays in the nanotoxicology setting, the relationship between the applied dose
(100 cm2/mL) to the environmental exposure that lung epithelial cells are likely to
experience in a real-life setting is unknown. Nevertheless, as with any cell culture model,
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the assay has value in identifying the relative toxicity of any given ENM to equivalent
doses of other ENMs, the in vivo impact of some of which are already known and could
therefore act as calibrators to extrapolate to relative risk of environmental exposure.
5.10. Conclusions
Eicosanoid analysis in A549 cells is an effective, broad-spectrum means of detecting
several different derangements of cell function that could result in cell death and/or
inflammation. The breadth of the assay and the ability to interrogate the eicosanoid
profile to help deduce mechanism is a particular advantage because it could substitute
for several different conventional tests. However, it is important to recognise that
utilisation of the assay in several cell types (e.g. lung epithelium, macrophages, and
granulocytes) might be necessary to fully embrace the inflammatory potential of any
given ENM. In addition, pre-existing inflammation might increase sensitivity to ENMs
considerably, an important consideration were this method to be used as a primary
screen for ENM nanotoxicology.
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Chapter 6
General Discussion
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6.1.

Scope

The use of ENM in the manufacturing of consumer goods has dramatically risen within
the past decade, which in turn has increased our exposure to these particles. Some
epidemiological studies have suggested that the rise in respiratory-related morbidity
and mortality is correlated with the advance in novel technologies such as
nanotechnology. Research has begun to explore the potential toxicity of ENM and their
effects on human health. However, our current understanding of the risks is poor and
there is a recognised need for the effective assessment of ENM toxicity, with a view to
predicting risk and understanding the likely disease manifestations associated with
ENM exposure. It is widely acknowledged that crude cell death assays are insufficiently
sophisticated to determine whether ENM exposure has the potential to induce subtle,
but nevertheless debilitating disease profiles. Of particular interest in this study was the
potential to drive inflammatory processes with the potential to underpin chronic
respiratory conditions such as asthma, emphysema or COPD.
6.2.

Preliminary data using conventional toxicity assays

Prior to embarking on full-scale investigations of the mechanisms and nanotoxicology of
ENMs, it was necessary to first conduct a range of experiments to define a set of
parameters that could be used for all the subsequent investigations. Of particular
importance was identification of suitable dosing and exposure time for a defined panel
of oxide ENMs, together with a panel of reference agents with known modes of action to
help elucidate the mode of action of the ENMs.
A panel of oxide-derived ENM were selected for assessment which included SiO2, TiO2,
NiO, ZnO and CuO. These ENMs were chosen for this study because they were known to
cover the full range of activities from SiO2 (relatively benign) to ZnO and CuO (highly
toxic). In addition, TiO2 and NiO represent agents for which there is an element of
controversy over their relative toxicity. The reference agents that were chosen to
compare to the ENMs were H2O2 (a well-characterised agent often used to mimic
oxidative stress), pyocyanin (an inhibitor of cellular respiration that is known to induce
intracellular oxidative stress), the calcium ionophore, A23187 (to stimulate calciumtriggered cellular activity) and LPS (a very well-characterised inflammatory agent acting
through TLR-4 receptors). A549 adenocarcinoma alveolar epithelial cells were used as
an appropriate model for assessing impact on cells relevant to the respiratory system.
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The initial step in in the assessment used two traditional assays, LDH and MTT to
determine what effect ENM has on cell death and mitochondrial function, respectively.
Both dose-response (25, 50 and 100 cm2/mL) and exposure time (12 or 24 h) were
investigated. The results from these assays show that both ZnO and CuO in particular
induced a loss of cell membrane integrity (LDH) and decreased the mitochondrial
function (MTT) in A549 cells. However, in some cases, it was clear that the results from
the two assays did not correspond, with results for CuO and TiO2 displaying results that
were so disparate between the assays that they suggested some assay interference.
Further control experiments using these ENMs in cell-free medium found that TiO2 and
CuO had the potential to absorb light across a wide range of visible wavelengths,
highlighting a major drawback of colorimetric and fluorometric assays in
nanotoxicology screening.

From the perspective of subsequent experiments to

investigate mechanism, the preliminary data served to confirm that the reference agents
and ENM panel were appropriate. In addition, the data indicated that ENM doses of 100
cm2/mL and 24 h exposure were optimal conditions to discriminate between the activity
of negative control (SiO2) and positive control (CuO, ZnO) ENMs.
6.3.

Are the mitochondria targeted by ENMs?

Whilst recognising the limitations of the MTT assay, the data obtained in the preliminary
experiments suggested that the mitochondria are a potential target for ENMs. As a
result, mitochondrial function was the first potential target for ENM-induced toxicity to
be investigated. The relatively crude method of determining whether ATP synthesis was
impaired by ENM was determined using the ADP:ATP ratio assay. The data clearly
indicated that ATP synthesis was impaired by pyocyanin (positive control) and by ZnO
and CuO, but no further information can be derived from this assay. A more subtle
approach sought to determine whether mitochondrial dysfunction induced superoxide
generation from the respiratory chain, but the data suggested that this was not an
important aspect in toxicology relating to the ENM panel. Interestingly, the enormous
potential for CuO to generate oxygen-centred radicals in vitro (as assessed by EPR) did
not translate into intracellular detection of free radicals. On the other hand, a positive
controls for apoptosis (etoposide) and ZnO and CuO all caused migration of cytochrome
C from mitochondria to cytosol: a well-recognised early event in the apoptotic pathway.
This finding switched the focus from mitochondria-derived ROS to apoptosis and
experiments were conducted to determine whether a later event in apoptosis, DNA
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fragmentation, was also affected by the same agents. The results hinted that NiO and
TiO2 perhaps induced some fragmentation, but that etoposide, CuO and ZnO had an
impact on DNA loading rather than fragmentation. It was proposed that these results
might be explained by the fact that the timepoint (24 h) was too late to detect DNA
fragmentation with these assays and that the cells had already progressed to secondary
necrosis. An earlier timepoint would need to be studied to confirm this concept.
Taken together, these data suggest that apoptosis is a potential feature in ENM-induced
cell death, but that this is not associated with mitochondria-derived oxygen-centred free
radicals. Indeed, the results obtained failed to identify the mechanism by which ENMs
induce an apoptotic response, although in the case of CuO the overwhelming potential to
generate oxygen-centred free radicals extracellularly could be a factor.
In agreement with the data presented in Chapter 3, there were several anomalous
results from the colorimetric and fluorimetric assays, particularly relating to TiO2.
These findings reinforced the notion that results from colorimetric and fluorimetric
assays should be viewed with some caution in this arena, given the potential for
chromogenic ENMs to adhere to cells and/or to interfere with enzyme activity (e.g.
LDH).
6.4.

Targeted lipidomics – a novel tool in nanotoxicology?

There is a need for a broad spectrum analysis tool that does not rely on colorimetry or
fluorimetry to determine the extent and potential mode of action of novel ENMs in
relevant cell types. Eicosanoid analysis using a targeted lipidomic approach present a
new means of assessing the pathophysiological impact of ENMs on cells: the breadth is
provided by the ability to assess a range of analytes with different impacts on cell
function simultaneously, while the analysis by mass spectrometry in extracted samples
avoids any issue with chromogenic interference.
Two sets of experiments were undertaken: the first examined the effect of ENMs and
reference panel agents on all the detectable eicosanoids in A549 cells in a protocol
parallel to that for experiments described in Chapters 3 and 4. The second involved a
similar set of experiments, but this time using cells that had been pre-treated with IL-4
to induce a state of inflammation. The results showed that eicosanoids represented a
sensitive and informative means of screening ENMs for interference on normal cell
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function. The reference panel indicated that there was a different profile generated for
cell activation (A23187 calcium ionophore; prostanoid induction) compared to cell
death (pyocyanin; HETE induction). In cells not pre-treated with IL-4, ZnO and CuO
induced both postanoid and HETE induction, suggesting a combination of activation and
cell death mechanisms might be involved. Interestingly, a pilot experiment to establish
whether HETE induction was enzymatic or due to increased oxidation using a chiral
column, it was apparent that with CuO and ZnO, the majority of the increased HETE
generation was via oxidation. More revealing, however, were the data from the IL-4
treated cells. Here, the impact across the board was far more pronounced, so much so, in
fact that even the previously “benign” SiO2 now instigated an increase in prostanoids.
The levels of increase in prostanoids in particular was so high as to necessitate the use
of log scales on the graphs to compare the data.
These findings are very promising, not only in the provision of a highly sensitive in vitro
technique to help screening of unknown ENMs, but also in providing some
understanding as to the likely pathophysiological impact of exposure, not only in people
with healthy lungs, but also in those with pre-existing lung inflammation (e.g. in
smokers or people with COPD or asthma). For example, PGF2α is a well-recognised
bronchoconstrictor which was induced by CuO in cells without IL-4 and was induced by
NiO, ZnO and CuO in cells treated with IL-4. Extrapolating these data to the in vivo
situation, a similar increase in PGF2α might be expected to reduce airflow, assuming that
this signalling molecule reaches the airway smooth muscle. Moreover, the effect is likely
to be considerably more pronounced and to relate to a broader range of ENMs in people
with pre-existing lung inflammation.
From a more mechanistic perspective, the dramatic switch from a relatively even mix of
COX-derived prostanoids and HETEs in cells in the absence of IL-4 to almost 100%
domination of COX-derived eicosanoids in IL-4 treated cells is revealing as to the
determinants of prostanoid:HETE synthesis in these cells. The suggestion is that IL-4
induces COX-2 expression in sufficient quantities to divert almost all of the PLA2-derived
substrate into prostanoid production at the expense of HETEs. While this hypothesis
requires further exploration, it has important implications in terms of the role of COX-2
not only in determining the amount of pro-inflammatory prostanoids generated, but
also the amount of HETEs.
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6.5.

Screening potential

The data obtained in this project are sufficient to suggest that eicosanoids represent a
credible alternative to cell death assays as a potential first-line screen for ENMs. First,
this approach avoids chromogenic interference, second it appears to have greater
sensitivity, at least compared to MTT and LDH, and third, it provides a great deal more
mechanistic data in establishing what the clinical implications might be. However, it is
not the finished article yet. data from IL-4-treated cells illustrate the importance of cell
phenotype in determining the outcome from the assay. A549 cells were a convenient
starting point, but it is important to also consider the impact in other cells important to
human health (respiratory and beyond). For example, what impact might ENMs have on
macrophages or bronchial smooth muscle cells? Doubtless, the untreated cell eicosanoid
profile will be different at the outset and the impact could be profoundly different. It is
important to assess a number of cell lines and to compare the findings with those from
in vivo studies to determine which cells are most predictive of in vivo toxicity. In
addition, the concept that the impact might be very different in individuals with preexisting lung inflammation is an important finding – it implies that exposure levels for
ENMs should be substantially lower for people with such conditions than for healthy
individuals. Notwithstanding these intricacies, the wide variance of impact of benign
(SiO2) to highly toxic (ZnO, CuO) provides a useful scale against which to compare novel
ENMs. Indeed, the fact that SiO2, which is generally regarded to be harmless except in
enormous quantities, has a significant impact in IL-4 treated A549 cells, implies that the
100cm2/mL concentration chosen for this study is too high to accurately reflect likely in
vivo exposure. It would be useful in future experiments to identify the threshold
concentration of SiO2 that induces cellular effects and to use this as a starting point for
screening novel ENMs. Better still, several concentrations of ENMs should be studied in
screens to ensure a comprehensive profile can be obtained for each.
Whilst the data obtained in this thesis have demonstrated a new and perhaps more
informative method of assessing the impact of nanoparticle exposure in cells related to
those of the lung epithelium, any effort to relate this to human disease is purely
speculative. Nevertheless, by examination of the data obtained using the A549 cell line,
and using CuO and SiO2 as examples, it might be possible to gain some insight into the
aetiology of some of the well-documented disease states associated with nanoparticle
exposure.
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Chapter 5 describes the use of a novel lipidomic approach to assess the A549-cell
production of eicosanoid inflammatory lipid mediators in response to nanoparticles
exposure. This method is particularly valuable since the ENMs themselves do not
interfere with the preparation of the samples for analysis by mass spectrometry nor
confound the data obtained. Figure 5.8 shows that HETEs, particularly the inflammatory
lipid mediator 5-HETE, are generated in response to pyocyanin treatment of A549 cells
and this effect is particularly marked in IL-4 primed cells. Pyocyanin is a zwitterion
capable of crossing the cell membrane. It acts by inhibiting part of the respiratory chain,
causing mitochondrial dysfunction and leading to endogenous ROS production,
including hydrogen peroxide and superoxide. The resultant damage leads to DNA
breaks and mitochondrial dysfunction, features that are indicative of apoptotic cell
death.
A similar pattern of 5-HETE production was also observed following treatment of A549
cells with CuO, which again was particularly evident in cells primed with IL-4.
Furthermore, in addition to the HETEs, treatment with CuO nanoparticles caused an
increase in other species of eicosanoid most notably PGE2 and PGF2α. This increase in
prostaglandins following exposure of lung epithelial cells to CuO could manifest in vivo
as shortness of breath (due to increased PGE2, a bronchoconstrictor) and inflammation
(increased PGF2a, a pro-inflammatory mediator), as is well documented, for example, in
weld fume fever, a disorder of chronic occupational exposure to metal ENM from
welding activities characterised by shortness of breath and flu-like symptoms. Although
alveolar epithelial cells are not capable of constriction, migration of PGF2α to the
bronchioles and upper airways could lead to constriction and breathlessness.
The technique of using mass spectrometry to analyse eicosanoid species is important as
it has provided an insight into the mechanism(s) by which the ENMs might act following
inhalation in an in vivo situation. As discussed previously, one of the limitations of the
more conventional assays used in Chapter 3 is that they provide a crude overview of the
impact of the various nanoparticle treatments such as CuO and SiO2 on A549 cells. The
LDH and MTT assays can only indicate an effect on cell membrane integrity or
mitochondrial function in a broad manner, while providing little information on
mechanism of action, for example whether the effect is due to primary necrosis, or
secondary necrosis following apoptotic cell death. In Chapter 4, further attempts were
made to identify the mechanisms of action of the ENMs. Release of cytochrome C from
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the mitochondria into the cytoplasm is an indicator of the early stages of an apoptotic
cell death. Figure 4.6 shows that CuO treatment causes a substantial increase in
cytoplasmic cytochrome C, with an attendant decrease in the mitochondrial fraction,
intimating that CuO may be triggering an event central to apoptotic cell death. This
notion was further supported by measuring the ATP:ADP ratio (Figure 4.5), where
treatment with CuO caused the ratio to be tipped towards ADP as mitochondrial
function was reduced. Further weight is added to the impression that CuO induces
apoptosis by the data shown in Figure 4.1. Here, the generation of oxygen-centred free
radicals by each of the metal oxide nanoparticles was determined by electron
paramagnetic resonance. This assay showed that CuO produced a signal that even at
baseline was greater by several orders of magnitude than any other nanoparticles
analysed.
However, attempts to confirm the apoptotic route following CuO treatment, utilising gel
electrophoresis to assess DNA laddering, a widely published classical assay for
determining apoptotic cell death, failed to further elucidate the process(es) involved. It
is possible that the cells treated with CuO had progressed so far towards cell death that
there was insufficient nucleic acid available to harvest for this assay, a supposition that
was supported by the visual examination of the cells (Figure 3.9), where extensive cell
death was evident.
In the case of CuO in particular, the data obtained in Chapters 3 and 4 may potentially
have been compromised by interference from the nanoparticle treatment itself (Figures
3.7 and 3.8). However, using the data from the more conventional assays in conjunction
with data from the eicosanoid analysis, it could be suggested that CuO is more likely to
cause cell death by apoptosis (as evidenced by increased 5-HETE generation, similar to
that seen with pyocyanin), rather than another mechanism, such as necrosis.
Interestingly, SiO2 treatment appeared to have little effect on A549 cells, according to
the data obtained from the conventional assays used in Chapters 3 and 4. For example,
visual examination of A549 cells treated with SiO2 does not reveal the same extensive
morphological damage observed following CuO-treatment, even when viewed at a
higher magnification (Figure 3.9). This is unexpected since it is well documented that
occupational exposure to silica can result in the development of silicosis which, as
previously mentioned, is characterised by fibrosis, formation of silicotic nodules in the
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lung and shortness of breath. It is not until the novel approach described in this thesis of
using eicosanoid production to assess the impact of ENM on lung epithelial cells, that an
effect of SiO2 treatment can be observed. As can be seen in Figure 5.8, priming of A549
cells with IL-4 followed by SiO2 treatment, results in the production of the
prostaglandins PGE2 and PGF

which, as described above, are involved in inflammation

and constrictor of the bronchioles respectively. Taken together, these results indicate a
novel approach to identification of the effects of ENM on epithelial cells which are
independent of the confounding effects of ENM on conventional assays and provide a
powerful new approach to identification of ENM-induced disease pathology.
6.6.

Limitations and Scope for Future Study

There were a number of limitations to the study described in this thesis. First, only one
cell type was used, and moreover, the cell line selected is immortalised, which could
impact on findings relating to cell death. Despite this recognised drawback, the choice of
A549 cells was justified on the basis of their likeness to alveolar epithelial cells and their
widespread characterization in experiments of this nature. It would nevertheless be
interesting to examine the effects of ENMs in other cells relevant to the respiratory
system and beyond.
Second, in order to make sufficient progress on a number of fronts, a single timepoint
and concentration was chosen for the ENM treatments. While the rationale for selection
was valid, there is always a risk that certain features tested in subsequent experiments
will be missed. This risk was realised in the studies around apoptosis, where the
evidence suggested that perhaps the timepoint was too late to identify cells in the throes
of apoptosis. As a result, firm conclusions could not be drawn and further experiments
are required to establish whether apoptosis is central to the effects of pyocyanin, ZnO
and CuO using earlier timepoints and other assays (e.g. caspase assays, annexin V
exposure). Likewise, there is a concern that the concentration selected bears no
resemblance to that which cells in vivo are likely to experience. In truth, there is no way
of knowing whether ENMs prepared in FBS-containing solution in any way resemble
ENMs breathed into the alveoli, but this is a limitation that will always exist for this type
of in vitro testing. However, in vitro screens nevertheless represent a useful means of
establishing the relative impact of ENMs compared to other agents with known activity.
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Third, a number of the assays used beyond MTT and LDH were subject to similar
limitations around chromogenic interference. The data relating to CuO and TiO2 in
particular should be viewed with some caution with respect to the ADP:ATP, ROS and
Cytochrome C assays.
Finally, the eicosanoid assay, though promising, requires a good deal more exploration
before it can be accepted as a relevant alternative to existing in vitro toxicity tests. In
particular, it would be useful to extend the panels of agents and ENMs and to compare
the results with in vivo and clinical data to determine the accuracy of prediction that
might come from this test as a preliminary screen. In addition, the work described in this
thesis opened up some intriguing avenues with respect to the mechanisms involved in
eicosanoid signalling, but a great deal more work is required to fully explore these
avenues. For example, the impact of ENMs on eicosanoids generated by IL-4 treated
A549 cells is interesting, but it is now important to establish the role of COX-2 in the
profiles obtained and also to confirm that HETEs are generated primarily through
oxidation rather than LOX activity. In addition, it would also be interesting to establish
whether HETEs generated in A549 cells can be acted upon by enzymes present in, for
example, inflammatory cells to generate pro- or anti-inflammatory products through
transcellular metabolism.
6.7.

Conclusion

This study set out to explore the mechanisms underpinning the effects of a panel of
ENMs on cell function in A549 cells as a model of alveolar epithelial cells. The results
indicated that the ENMs induced differential cell killing that was primarily driven by
apoptosis and not necessarily related to oxidative stress. During the course of the
experiments, it was clear that colorimetric and fluorimetric assays were flawed in this
particular arena. The next phase of the study was to test the concept that eicosanoid
screening might hold promise in nanotoxicology. The findings were that eicosanoids are
affected by ENM exposure and that this type of assay might be a very useful tool in
determining the pro-inflammatory and toxic effects of novel ENMs in comparison to
known examples. While a comprehensive analysis of this test is now required to
establish the accuracy of predictions in comparison to in vivo models and clinical
evidence, the evidence gathered during the course of this project suggests that
eicosanoid screening represents a strong candidate for nanotoxicogical screening that
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will help to reduce animal experimentation, but will nevertheless predict a broad
spectrum of possible harmful effects.
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