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Chapter 1

Introduction and Overview

1.1 Introduction to Nanotechnology

The origins of modern nanotechnology begin with the physicist Richard P. Feynmen
and his lecture in 1959 entitled “There’s Plenty of Room at the Bottom™. In the lecture
Feynmen described that it was not the laws of physics which prohibited the
manipulation of atoms or molecules but the methods and tools available at that time
(Feynmen 1959). Despite Feynmens conjecturing, it was not until 1974 that Norio
Taniguchi first used the term nanotechnology stating that ‘“Nanotechnology mainly
consists of the processing, separation, consolidation and deformation of materials by
one atom or one molecule” (Taniguchi 1974). From that time the definition of
nanotechnology has been expanded and changed. In October 2011, the European

Commission published a report which defined a nanomaterial as;

“A natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate, and where for 50% or
more of the particles in the number size distribution, one or more external

dimensions is in the range 1-100nm

In specific cases and where warranted by concerns for the environment, health,
safety or competitiveness the number size distribution threshold may be replaced
by a threshold between 1-50%

By derogation from the above, fullerenes, graphene flakes and single wall
carbon nanotubes with one or more external dimensions below 1nm should be

2

considered as nanomaterials.

This recommendation of a definition for a nanomaterial was to be used for materials that

require special provisions such as risk assessment (European Commission, 2011).

While this definition aimed to encompass a general nanomaterial definition, there are
numerous definitions detailing the parameters of what classifies a nanomaterial within

certain sectors such as cosmetics, food and biocides. This in itself presents a lot of
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confusion regarding the definition of a nanomaterial as the context in which the
nanomaterial is presented must be taken into account (European Commission, 2009;
2011; 2012).

This EU Commission definition has generated a lot of controversy and was considered
too broad by some industries, too narrow by others and used inappropriate thresholds.
As a result this definition is currently under review as to whether the size number
distribution threshold of 50% should be increased or decreased. This review is due to
conclude in 2016 following consultation with stakeholders regarding its findings
towards the end of 2015 (European Commission, 2015).

1.2 Potential of Nanotechnology

Nanotechnology has often been described as a new frontier of this century with many
different applications in various fields including textiles, electronics, medicine,
cosmetics and food, demonstrated graphically in figure 1.1 (Sozer & Kokini, 2008;
Bouwmeester et al, 2009). Between March 2006 and February 2008 the number of
consumer products containing nanoparticles had tripled with more than a thousand
commercial products identified (Powell et al, 2010). It was discovered during this time
that over 200 manufactures marketed their products as “nano-products” and of these 9%
were food and beverage while health and fitness accounted for 60% (Sozer & Kokini,
2008). A recent report stated that the global nanotechnology market was worth an
estimated $26 billion in 2014 and is predicted to reach approximately $64.2 billion by
2019 (McWilliams, 2014). The inventory of consumer products currently on the market
in 2015 using nanotechnology has increased substantially to 1,628 a 24% increase from
2010. This inventory allows the public to browse the products currently available and
also provides details on the companies behind these nano-products. Of the 1600+
products listed, 117 accounts for food and beverage based products with health and
fitness making up the largest number of products at 907. Silver proves to be the most
popular nanomaterial of choice with 483 of the 1628 products are listed as containing
nano-silver (Nanotechproject, 2013). This exponential growth in nano-based products
and increased consumer exposure will only continue to grow and highlights the need not
only for strict regulation but also for a complete risk assessment on the impact of

exposure. This work will examine the biological effects of exposure to nanoparticles on



humans, ultimately contributing to an on-going project into the development of a
complete and detailed risk assessment of the potential harm resulting from exposure to
nanoparticles. While there are a number of different routes of entry, this project will
focus on the oral route of exposure and thus will focus on the applications of

nanotechnology where oral exposure to nanoparticles is a requirement or a concern.
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Figure 1.1 Applications of Nanotechnology and some examples of the nano-enabled

products available

1.3 Application of nanotechnology in areas of industry where oral exposure is
essential or a concern

The applications for nanotechnologies are numerous and the likelihood of exposure to
humans is becoming increasingly significant. Their inclusion into a variety of everyday
products only increases the incidence of contact and raises questions regarding potential
hazards of exposure. While their inclusion can provide various benefits there is the

potential to produce undesirable biological effects. Oral exposure provides one of the



easiest routes of nanoparticle entry be it through food additives, drug delivery
(ingestion) or products such as deodorants, fabrics and bedding (inhalation), and
highlights this route as one of the most common entry points and one in which any risk
assessment regarding nanoparticle safety must be focused (Sekhon, 2010; Boisseau &
Loubaton, 2011; Cerkez et al, 2012).

1.3.1 Application of Nanotechnology in the Food Industry

Nanotechnology is nothing new to the food industry with certain well established
products employing a form of nanotechnology to reduce fat content of for example
mayonnaise by emulsifying fat droplets in nano-sized water droplets without effecting
taste. More recent uses of nanoparticles include food supplements, additives, novel
foods, flavourings and packaging (Smolkova et al, 2015). The presence of nanoparticles
in food can be unintentional as well as intentional with nanoparticles used in all aspects
of the food industry from use as pesticides or fertilizers to veterinary drugs. The
presence of nanoparticles in food packaging as a means of detecting food spoilage or
monitoring temperature and moisture, present another route of unintentional
nanoparticle presence in food through leaching. Nanoparticles such as titanium dioxide
(TiO,) are added to powdered food as anticaking agents in products such as powdered
milk and sugar as well as its use as a white colouring for confectionary and white
coloured sauces and dressings (Lomar et al, 2002; Smolkova et al, 2015). Silver
nanoparticles (AgNP) are used as antibacterial agents in food products and can be used
as a detection method for food spoilage known as “e-noses”. Another aspect is the use
of AgNP in gels to coat food such as vegetables preventing water loss and their
incorporation into cellulose pads to prevent microbial growth when placed in contact

with meat products including beef (Tung et al, 2014; Smolkova et al, 2015).

One of the most important aspects of nanotechnology in food is the ability to allow
delivery of certain labile bioactive compounds such as antioxidants and vitamins. The
encapsulation of such compounds in solid lipid nanoparticles can potentially increase
their bioavailability and stability, and protect from degradation by various enzymes and
acids in the Gl tract. This application has the potential to improve overall health and can
be applied to pharmaceuticals as well as natural bioactive compounds (McClements,
2013; Weiss et al, 2008; Yao et al, 2015).



A recent extensive research of nanotechnology in the food sector by the European Food
Safety Authority (EFSA) revealed 633 nanotechnology applications with product
names, related suppliers and described the physio-chemical characteristics of
nanomaterials in the food, agriculture and feed sectors. 55 types of nanomaterials were
identified and the most common applications were found to be in food additives or food

contact materials (Peters et al, 2014).

1.3.2 Application of Nanotechnology in Drug Delivery

Nanotechnology is well established in drug delivery as an intelligent method of delivery
maximising the targeted control of compounds while minimizing side effects. The
application of nanotechnology in drug delivery aims to improve bioavailability of drug
compounds, prolong their residence time in the body and allow for targeted delivery to
affected sites while sparing healthy cells. Engineering polymeric nanoparticles is a
growing area of drug delivery research and shows promise as a method of targeted drug
release. These polymers can be produced to be biocompatible and are often
biodegradable, allowing intelligent controlled release of a drug product while producing
non-toxic by-products following degradation that are then easily eliminated from the
body (York et al, 2008). Dendrimers are also a popular choice for drug delivery with
drug molecules either encapsulated within the dendrimer or covalently attached to the
surface. A number of characteristics including easy manipulation of size and attached
functional groups, high penetration of cell membranes and a lack of immunogenicity
make them a popular delivery vehicle (Yang et al, 2009; Siewiera & Labieniec-Watala,
2012; Safari & Zarneger, 2015).

Oral delivery of chemotherapeutic drugs is a growing area of interest in order to
maintain a constant high level of exposure of chemotherapeutics to cancer cells while
also improving patient comfort. This could provide a breakthrough in the available
cancer treatments given intravenously which result in peaks above the maximum
tolerable concentration and fast excretion from the circulation, thus limiting the
therapeutic effects and resulting in serious side effects typically associated with current
cancer treatment (O’Neill & Twelves, 2002; Feng et al, 2011; Jia et al, 2013; Mei et al,
2013). Dendrimers have been highlighted for potential oral delivery due to their ability

to permeate intestinal epithelium enhancing drug absorption (Wiwattanapatapee et al,

5



2000). Polymeric micelles are another means of delivery providing increased solubility
of drugs and improving oral bioavailability (Gaucher et al, 2010). Liposomes have also
been highlighted as a possible carrier due to their potential protection of encapsulated
drugs from intestinal degradation while increasing absorption (Moutardier et al, 2003;
Mei et al, 2015). This method of cancer treatment provides many challenges in its
design with numerous factors to be considered both physiologically and the particular
properties required of the carrier. The treatment of cancer through oral drug delivery
may not be too far off and highlights how the application of nanotechnology can be
used to improve the treatment of diseases such as cancer and improve the quality of life

of those affected.

1.4 Concerns of Nanotechnology

Everyday consumer products containing nanomaterials are becoming more widely
available and easily accessible. As a result it is important to consider various questions
raised regarding the health and environmental risks associated with these products.
Together with potential risks, the concerns of the public must be addressed regarding
these products. In the past not acknowledging the public view has led to problems with
the introduction of new technologies, in particular regarding the introduction of
genetically modified (GM) products (Gaskell et al, 1999).With the continued growth of
nano-based products, it is important to take into account the public concerns at the
beginning of product development in order to avoid a backlash similar to that observed
with the introduction of GM products. Studies have been carried out in order to gauge
public perception of nanotechnology and have concluded that general knowledge on this
topic is very limited with many not understanding the term nanotechnology and what it
implies. A study into the general public’s perception on new food technologies
including nanotechnology highlighted that consumer acceptance of a new technology
cannot be assumed, and that consumers reactions to new technologies and the likelihood
of acceptance varies with each individual and each technology. The main observations
from this study indicated that stakeholders must carefully consider the methods
involved in introducing new technologies well in advance of market launch and that
transparency is paramount in building consumer confidence and acceptance of new

technologies (Henchion, 2012). This study has highlighted that there is still clearly a



need for a detailed and complete risk assessment into the applications of

nanotechnology, particularly nano-silver to build consumer confidence in the area.

The need for proper and strict regulation guidelines and testing are only now coming to
the forefront with the exponential growth in the industry over the past couple of years.
In April 2015 the US Environmental Protection Agency (EPA) was forced to stop the
sale of two nano-silver based products for use in hospitals as sterile agents due to
unsubstantiated claims made by the company that these products “can swiftly eradicate
all micro-organisms and keep surfaces free of colonization for up to a full year” (Nano
Defence Solutions Inc). Under new federal law filed by the Center for Food Safety any
product that contains a pesticide as an active ingredient must be registered with the EPA
and determined to be risk free when used as per the labels instructions. The EPA now
acknowledge nano-silver antimicrobial products should be regulated as new pesticides
and that products must be regulated and safety tested by independent experts in order to
safeguard the public from unregulated nano-products on the market (Center for Food
Safety, 2015).

1.4 Nanosilver

Bulk silver is a white and brilliant metallic element that has been utilized for thousands
of years due to its antimicrobial activity, high thermal and electrical conductivity and its
low contact resistance (Nordberg et al, 1988). Usage of silver in its bulk form has a
long history dating back thousands of years. Its use for the preservation of food and
purification of water in ancient times has been well documented with large silver
vessels used for the storage of wine and water. During World War | silver was used to
treat wounded soldiers and prevent infection prior to the discovery of antibiotics
(Russell & Hugo, 1994; Chen & Schluesener, 2008). Although it has well described
healing and preservative properties, prolonged exposure to silver has been associated
with irreversible pigmentation of the skin known as argyria (Rosenman et al, 1972;
Marshall & Schneider, 1977; Gulbranson et al, 2000; White et al, 2003). Apart from
this condition silver was believed to be relatively non-toxic and in the advent of
nanotechnology, manufacture of silver on a nano-scale has become a rapidly expanding

area of development.



Nanosilver is probably one of the most highly used nanomaterials on the market today
with applications ranging from antibacterial textiles and medical devices to food
packaging, cosmetics, water treatment and electronics. Compared to bulk silver,
nanosilver displays different physicochemical properties and can exhibit different
biological activities (Zhai et al, 2006; Dawy et al, 2012; Greulich et al, 2009). Probably
the most important property of nanosilver and the one that makes it so appealing is its
antimicrobial activity. Its ability to inhibit microbial growth has made its use in the
medical sector invaluable with dressings, bandages and catheters to name a few
embedded or coated with nanosilver to prevent infection and sepsis (Cheng et al, 2004).
This antimicrobial property has now been applied to everyday consumer products from
laundry detergents and water purificants to paints and even clothing. It has been
reported that the antimicrobial effect of AgNP result from their ability to interfere with
membrane permeability and redox-cycling in the cytosol of bacteria by attaching to the
cell membrane, causing accumulation of intracellular radicals and if small enough,
eventually entering the cell causing DNA damage (Liang et al, 2010). Staying within
the medical sector nanosilver also has uses diagnostically. In the area of bio-imaging
and bio-sensing the plasmonic properties of nanosilver are used to improve diagnostic
mechanisms. The attachment of nanosilver to biosensors reduces the interference of the
buffer solution it is suspended in and produces greater resolution. For bio-imaging
compared to the fluorescent dyes commonly used, nanosilver can be detected by
numerous microscopy techniques and can be used to monitor dynamic biological events

for extended periods of time due to its photostable property (Sotiriou & Pratsinis, 2011).

1.5 This Thesis

This study focuses on AgNP, commonly used across a variety of industries due to their
antimicrobial properties. The reason being that while there are benefits which have led
to growth and innovation within the area of nanotechnology, there is still a lack of
regulation and a gap in the knowledge regarding the fate of AgNP following exposure,
the interaction with biological entities and how this can ultimately affect the responses
produced. It is important to establish the interaction with and potential toxic effect on
biological systems in order to produce a complete and detailed risk assessment, not to
hinder the development of the industry but to provide knowledge so that further

innovation utilizing AgNP can be carried out in an informed, regulated and safe manner.
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This study is part of an on-going Science Foundation of Ireland (SFI) funded project
with the overall aim to develop a risk assessment for oral exposure to silver
nanoparticles from food products. From the work performed over the last four years it is
hoped that the knowledge gained can actively contribute to this risk assessment and
provide insight into the effects of nanoparticle exposure on living systems, furthering

the understanding of the toxic profile of AgNP.

Specifically this thesis aims to establish nanoparticle interaction with biological entities,
namely biofluids, associated with the Gl tract and the lung, two organ systems affected
by oral exposure and how this interaction may affect the response produced. This study
does not end here, as nanoparticles do not remain in initial exposure sites, but have the
ability to translocate through the body moving to different biological compartments
eventually reaching circulatory system. The final part of this investigation is to
determine the immunological significance of AgNP on circulating white blood cells and
whether their presence can induce an innate immune response. An overview of the
thesis is summarized in figure 1.2, and highlights the thought process of the thesis
design, following the route of AgNP from initial oral exposure to eventual absorption

into the bloodstream.
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Figure 1.2 Summary diagram of thesis outline highlighting the main focus points
following the potential route taken by AgNP following oral exposure. Arrows indicate

areas of interest throughout the study

Before any toxicity studies can be performed it is first essential to carry out full
physicochemical characterisation of the tested AgNP. This will provide important
information and give insight into how AgNP will interact with different cells of the
body following internalisation. This characterisation will be presented in chapter 4.
Investigations in to how AgNP interact with various biofluid components present in the
body, such as bile acids and lung surfactant will be assessed. Their ability to modify the
toxic profile of AgNP in the liver, larynx and lung all areas associated with oral
exposure will be presented in chapters 5 and 6. In doing so this study aims to mimic real
life exposure scenarios and determine the influence of certain biological entities, in this
case components of biofluids, on the biological response induced following AgNP
exposure. Following this an investigation into the effects induced by AgNP exposure
following absorption into the circulatory system will be investigated. The potential
effect of AgNP on the innate immune response of circulating white blood cells will be
explored. First a monocyte cell line was used to determine pro-inflammatory cytokine
gene expression induced by AgNP exposure, indicative of an inflammatory response. A

further study on human monocytes extracted from a cohort of human blood samples was
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carried out to compare the AgNP response with that observed in the monocyte cell line,

all detailed in chapter 7.
The key research questions that are considered over the PhD are as follows:

e What are the physicochemical characteristics of AgNP and does the addition of
biofluid components alter them?

e Are AgNP toxic to cells associated with oral exposure and does the addition of
biofluid components modify the observed toxicity?

e Can AgNP exposure result in up-regulation of pro-inflammatory cytokine gene
expression in THP-1 monocytes?

e Can AgNP exposure result in up-regulation of pro-inflammatory cytokine gene
expression in primary human monocytes and how does this response compare to
the response in THP-1 monocytes?

e Does AgNP exposure result in cleavage and activation of pro-IL-1p, indicating a
role for the inflammasome complex in AgNP response in circulating blood

cells?
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Chapter 2

“Nanotoxicology”

2.1 Introduction

The previous chapter highlighted the potential of nanotechnology and its benefits as a
technology across a wide range of industries, including medical, cosmetics and food
with a focus on AgNP. Although it continues to be marketed as an advantageous
technology improving the quality of products in the areas of health, food, technology
and agriculture a number of concerns are being raised as to the impact of this
technology on the environment and human health. The rapid growth of this industry and
apparent lack of regulation has led people to question the possible harm associated with
this technology. This chapter will discuss some of the issues associated with
nanomaterial and nanoparticle exposure, the various routes of exposure and the risk
associated with exposure to AgNP. It should be noted however that the benefits of
nanotechnology greatly outweigh the negatives and so any risk assessment must be

balanced so as not to stifle innovation and development.

2.2 Nanoparticle interactions with Biological Systems

The relationship between nanoparticles and biological systems is complex, with a
variety of factors including physicochemical characteristics of the particle and the
position within the body as well as the variety of proteins and biological entities present

influencing the types of interactions and responses produced.

These intermolecular forces apart from dictating the biological response evoked by
nanoparticle exposure are fundamental to life itself. Intermolecular interactions are
required for the basic functioning of cells. Proteins, a fundamental components of cells,
are formed by the formation of peptide bonds which link a number of amino acids
together resulting in the production of a protein. Protein folding is important in
determining function and occurs through several types of weak molecular interactions;
hydrogen bonds, ionic bonds and van der Waals forces. Although weak, a large number
of these bonds form allowing protein folding to occur and form a stable conformation.
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A fourth force is also involved. Clustering of the non-polar hydrophobic side chains of
the polypeptide towards the inside of the molecule will allow these side chains to avoid
the aqueous cell environment thus further affecting protein shape (Alberts et al, 2002).
In addition to protein formation and folding, intermolecular forces are required to allow
proteins to carry out functions including binding specifically to ligands in order to carry
out specific functions, for example antibody binding to specific bacterium marking it for

destruction and removal from the body.

In addition to proteins, attractive forces are essential to DNA structure with hydrogen
bonding between base pairs producing the distinctive double helical shape of the DNA
molecule (Guerra et al, 2000). Haemoglobin is a complex protein structure made up of
multiple protein subunits that requires the formation of covalent bonds such as
disulphide bridges and hydrogen bonds to maintain stability following folding (Cooper,
2000; Berg et al, 2002). From the basic formation of the cell to construction of proteins
to the reversible binding of oxygen to heme for transportation around the body,

molecular interactions are essential for living systems and form the basis of life itself.

While it is clear that intermolecular forces are vital to life, forming the basis of cellular
structure and function, it is important to consider the interaction between nanoparticles,
cells and other biomolecules. As intermolecular interactions are fundamental to living
organisms and dictate various processes, the same focus should be put on nanoparticle-
biomolecule interactions as these may also dictate biological outcome following

exposure.

The interaction between nanoparticles and various biomolecules including proteins has
become an important topic in understanding the behaviour of nanoparticles following
exposure. Not only is the type of biomolecule or location within the body a factor, but
also the physicochemical characteristics of the nanoparticle can dictate the type of
response induced (Lynch et al, 2009; Ehrenberg et al, 2009). Following entry into living
systems a dynamic layer of biomolecules adsorb onto the nanoparticle surface and this
coating is what cells “see” and interact with. Nanoparticles may become coated with
proteins, lipids, sugars and other molecules impacting not only the properties of the
nanoparticle itself but also the adsorbed biomolecules (Cukalevski et al, 2011; Bailes et
al, 2012; Lesniak et al, 2012). Biological interactions have been shown to vary as a

nanoparticle moves from one biological environment to another, subsequently changing
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the composition of the surface coating with evidence suggesting the same nanoparticles
can elicit different responses based on the particular composition of the surface coating
(Maiorano et al,2010; Lundqvist et al, 2011). With the variety of biomolecules present
and the number of additional factors involved in nanoparticle-biomolecule interactions,
it is becoming apparent that a need for mapping the surface coatings of nanoparticles in
the relevant biological and cellular compartments, in order to understand the various
interactions and possibly predict the responses produced is required (Lynch et al, 2007,
Byrne et al, 2013).

It is safe to say that with the literature available nanoparticles will not exist as non-
interacting entities within biological systems but will quickly become associated with a
layer of biomolecules following entry and this surface coating will vary depending on a
number of factors relating to the nanoparticle itself, the biological location and types of
biomolecules encountered. It is this interaction that provides vital information into
predicting nanoparticle behaviour and biological outcome, both of which must be

addressed in toxicological research.

2.3 Exposure Routes

When considering the risks associated with contact to nanoparticles and nanomaterials
one of the aspects to be identified first is exposure routes to the body. There are three
main routes of entry that must be considered;

1. Skin
2. Inhalation

3. Oral Exposure

2.3.1 SKkin

Dermal exposure to nanoparticles is becoming increasingly common particularly in the
area of drug delivery where nanoparticle formulations have been incorporated into
topical creams and lotions. The skin represents the main protection barrier of the body
and provides first line defence against infection and environmental hazards. The barrier
function of the skin is provided by the stratum corneum which is composed of highly

differentiated keratinocytes. These keratinocytes contain a natural moisturising factor
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which keeps the skin hydrated and are held together by a lipid lamellae layer preventing
water loss and providing barrier permeability (Cork et al, 2009). While it has been
previously demonstrated that titanium dioxide (TiOz) and zinc oxide (ZnO)
nanoparticles do not penetrate the skin, it has been noted that metallic nanoparticles of
10nm and less could penetrate the skin and deposit in the deepest layers of the stratum
corneum (Baroli et al, 2007; Pflucker et al, 2001; Shulz et al, 2002; Cross et al, 2007).
In relation to the penetration of AgNP into the skin, it was demonstrated that particles of
30nm and less can penetrate the skin eventually reaching the deepest layers of the
stratum corneum and that in damaged skin this permeation is increased (Larese et al,
2009). It was suggested that a certain amount of particles dissolve and diffuse through
the skin as elemental silver, this hypothesis is similar to a mechanism observed for
nickel penetration where stratum corneum diffusible compounds are formed by the
oxidation and solubilisation of particles on the skin surface and enter by an intracellular
route (Hostynek et al, 2001).

2.3.2 Inhalation

Nanoparticle exposure via inhalation is probably the most common entry point for
nanoparticles and because of this, targeted and controlled drug delivery via the lungs
has become a popular area for development. Inhalation provides an easy entry route for
engineered nanoparticles in nano-carrier systems for drug delivery, allowing an easy
route for targeted, controlled and non-invasive delivery. Liposomes in particular have
been the nano-carrier of choice in the development of improved and intelligent drug
delivery systems (Varez-Lorenzo et al, 2009; Shum et al, 2001). A number of
investigations into the mechanisms of nanoparticle uptake in the lung have provided
information into the methods required for the formulation of potential carriers to induce
uptake and the various access points. Entry may occur via a transcellular mechanism
mediated by specific receptors, paracellular uptake or through mucus penetration with
the characteristics of the nanoparticle often dictating the route of entry as well as the
biological response induced (Prakash & Matalon, 2014). A summary of these potential
entry methods are highlighted in figure 2.1. While inhalation provides an alternative
method of pharmaceutical delivery, improving both the treatment and comfort of
patients, it can be a double edged sword providing an easy access route for undesirable

nanoparticles. A number of studies have been undertaken to explore lung entry of
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various nanoparticles and their subsequent distribution around the body. Cerium oxide
(CeOy) nanoparticles have been shown to cause acute toxicity in the lungs following
exposure. It was postulated that this could lead to chronic inflammation days after the
exposure period, with particles deposited in the lungs as they penetrate through the
alveolar wall into the systemic circulation (Srinivas et al, 2010; He et al, 2010). AgNP
exposure in the lung has also been shown to induce cytotoxicity along with other
nanometals including ZnO and TiO,. The induced toxicity may result in knock-on
effects including excessive secretion of certain biological agents causing dysfunction in
the cytokine network, thus reducing the efficiency of the respiratory immune system
(Liu et al, 2013).
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Figure 2.1 Potential routes of absorption of nanoparticles following inhalation and the

response induced, dependent on both nanoparticle characteristics and host factors. ASM
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2.3.3 Oral exposure

Oral exposure is the main exposure route associated with this study. Indeed the
probability of nanoparticle exposure via ingestion is high with the advent of
nanoparticle use in drug delivery and also their incorporation into food products, to
increase the health benefits and assist in adequate nutrient delivery. In terms of drug
delivery the oral route is the easiest and most acceptable to patients but due to the
various obstacles associated with delivery such as degradation by stomach acid and
elimination by the first-pass effect, the stability and final concentration of the drug
reaching the systemic circulation comes into question. Nanoparticle systems offer a
solution to the problems associated with ingestion of pharmaceuticals. An example of
nanoparticle use in oral drug delivery is the use of chitosan nanoparticles. These
nanoparticles are biocompatible, non-toxic, have muco-adhesive properties and can
open tight junctions in the intestinal tract facilitating their residence time in the
gastrointestinal (Gl) tract and transport across the gastric epithelium. When loaded with
insulin chitosan nanoparticles have been shown to increase the bioavailability and
absorption of insulin therefore reducing blood glucose levels in in vivo diabetic rat
models (Chen et al, 2013; Lin et al, 2007).

As well as ingestion of nanoparticles due to drug delivery, nanoparticles are used in
food products to prolong shelf-life and also to increase the nutritional value of foodstuff

by increasing the bioavailability of nutrients.

2.3.3.1 Ingestion

Throughout evolution humans have ingested various nano and microparticles including
nutrients such as ferritin, thus demonstrating how the GI tract has adapted to facilitate
nanoparticle uptake. This naturally occurring nanoparticle, ingested both in meat and
plant based food, appears to be only partially digested in the GI tract and it has been
suggested that it may be endocytosed and utilised by epithelial cells in the gut as a
source of dietary iron. This process highlights that nanoparticle uptake in the gut can
occur and that in some cases it may be beneficial (Powell et al, 2010). Once food is
partially digested by chewing in the oral cavity, dissolution begins in the stomach due to
acidic conditions and the release of various enzymes. Following release from the

stomach the food is then exposed to bile salts which will emulsify any fats and
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hydrophobic compounds present (Acosta, 2009). Although there are a number of
digestion processes nanoparticles will be exposed to, their sub-cellular size can
dramatically increase their residence time in the gut. They can achieve this because of
the large surface area available to interact with biological entities and their size can
contribute to a decreased rate of clearance by intestinal mechanisms. Nanoparticles can
efficiently deliver bioactive compounds to various targets in the body because they can
pass through fine capillaries, penetrate deep tissues, cross the epithelial lining
fenestration and are usually taken up efficiently by cells (Chen et al, 2006). Along the
inner surface of the small intestine microvilli coat the surface of epithelial cells. These
structures are fundamental for nutrient absorption and the layer of mucin covering the
surface of the microvilli represents a key component involved in nanoparticle uptake
(Acosta, 2009).

The GI tract has been noted as a major area of AgNP deposition coupled with
pathological responses. A number of studies have demonstrated damaged microvilli and
intestinal glands, abnormal pigmentation and an increase in intestinal goblet cells
following oral administration of AgNP in rats (Hadrup & Lam, 2014; Shahare &
Yashpal, 2013; Jeong et al, 2010; Kim et al, 2010). The liver in particular is an
important site of nanoparticle deposition following ingestion with reports of high
concentrations of AgNP reported in mice 24 hours after exposure. Inhalation also
provides a route to the liver. Mucocilliary clearance of nanoparticles can result in entry
to the GI tract and deposition in the liver. Accumulation of AgNP can lead to liver
toxicity including bile duct hyperplasia and inflammation (Kim et al, 2008; Nemmar et
al, 2002). The liver has also been identified as a one of the main pathways involved in
nanoparticle excretion. Hepato-biliary secretion is believed to be a main route of
intestinal secretion of nanoparticles with evidence of gold and polystyrene nanoparticle
excretion by this route. Accumulation of nanoparticles within bile canaliculi is
suggestive of the important role of bile in the intestinal secretion and elimination of
nanoparticles in faeces (Zhao et al, 2014; Johnston et al, 2010; Semmler-Behnke et al,
2008).

There are four main pathways by which nanoparticles can cross the gastrointestinal
mucosa; transcellular uptake by enterocytes, M-cell uptake, persorption and paracellular

uptake. The primary function of enterocytes is to absorb and transport nutrients
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systemically, but data has shown that these cells can also take up particulate material
(Acosta, 2009).

1) Transcellular uptake

The transcellular transport of particulate material across enterocytes is known as
transcytosis. This process begins at the apical cell membrane whereby an endocytic
process transports particles through the enterocytes or the M-cells in Peyers patches and
releases them at the basolateral side of the epithelium (Des Rieux et al, 2006; Magnuson
& Bouwmeester, 2011). There are two methods of transcytosis, one involves the direct
diffusion of particles through the enterocyte, this is a passive mechanism and the other
requires specific receptors for the transport of particles. This active process uses
receptors to capture nanoparticles with specific surface chemistry and internalise them
(Acosta, 2009; Des Rieux et al, 2006).

2) M-cell uptake

Although enterocytes represent 90-95% of the epithelial cells in the intestine it is
through M-cells that is the most common route of uptake for nanoparticles (Powell et al,
2010). M-cells are a specialised, differentiated group of epithelial cells located in the
Peyer’s patches of the lower intestine (Powell et al, 2010; Acosta, 2009). They can
transport material intact from the lumen to adjacent mononuclear cells and their location
is thought to be at important immune inductive sites (Powell et al, 2010). M-cells
primary function is to sample potential antigens in the intestine and this role provides a
mechanism of continued pathogen and antigen surveillance (Powell et al, 2010; Acosta,
2009). Although M-cells are more permeable than enterocytes it would seem that these
cells are an ideal entry point for nanoparticle absorption, however M-cells represent less
than 1% of the total intestine area making delivery of particles more difficult. To
overcome this issue there are currently developments to incorporate specific ligands on
nanoparticles for M-cell delivery. Due to their antigen monitoring role, M-cells have
developed specific receptors to capture various antigens and pathogens coated with
glycoproteins and it is this principle that is being explored as a possible method for the

targeted delivery of nanoparticles (Acosta, 2009).
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3) Paracellular uptake

Another route for nanoparticle uptake in the intestine is through the interstitial space
between epithelial cells known as paracellular uptake. However due to the space
between the cells ranging from 0.3-1nm, the paracellular route is considered the least
effective of the four mechanisms. For the majority of nanoparticles the space between
the epithelial cells is just too small to permeate (Acosta, 2009). Although the tight
junctions between epithelial cells are extremely efficient at preventing even the smallest
nanoparticles to permeate, there are a number of physiological conditions that can affect
the integrity of these junctions (Acosta, 2009; Des Rieux et al, 2006). Various
situations including disease, calcium chelators and epithelial cell metabolism can affect
tight junctions allowing the influx of very small nanoparticles (Acosta, 2009). In
addition to physiological conditions a number of synthetic peptides can also modulate
the influx of nanoparticles through tight junctions. One such peptide is an E-cadherin-
derived peptide that expands tight junctions between the endothelium by acting on the
aqueous filled pores of the paracellular pathways causing expansion (Magnuson &

Bouwmeester, 2011).

4) Persorption

Finally the route of persorption or passage through “gaps” has also been described as a
mechanism of nanoparticle uptake. This occurs when enterocytes are shed into the gut
lumen from the villous tip leaving a hole in the epithelium through which nanoparticles
as well as large particles including starch can be translocated (Acosta, 2009). A
summary of all methods of nanoparticle transport across the GI tract is illustrated in

figure 2.2.
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Figure 2.2 Summary diagram of methods of nanoparticle transport in the GI tract

Nanoparticles can be modified to protect from metabolism and local degradation. As a
result they can enter intact into the blood and lymphoid circulation from the
gastrointestinal epithelium and from here be further distributed to other tissues in the
body. Once in the blood nanoparticles can interact with blood components which may
influence their distribution and subsequent excretion. There are a number of organs
where nanoparticles have been identified including the liver and spleen. It has been
revealed that the smaller the nanoparticle the more diverse the distribution within the
body with some nanoparticles identified in the bone marrow and brain (Bouwmeester et
al, 2009).

The method of nanoparticle uptake is influenced by a number of characteristics of the
specific nanoparticle. Absorption depends not only on the physicochemical properties of
the nanoparticle but on the properties associated with the Gl tract. Whether a particle is
absorbed or not depends on its initial contact with enterocytes, its ability to access and
diffuse through mucus, cellular trafficking and post-translocation events (Medina et al,

2007). The transcellular uptake of nanoparticles can be influenced by specific particle
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characteristics such as particle size, surface charge, attachment of ligands or coating
with surfactants, shape, physical and chemical stability (Magnuson & Bouwmeester,
2011). Different properties of particles can affect not only if they are absorbed but the
rate at which they are so. One important factor appears to be charge and studies have
shown that anionic nanoparticles can reach the epithelial surface and diffuse across the
mucus layer whereas cationic particles become trapped in negatively charged mucus
(Magnuson & Bouwmeester, 2011). Size also appears to be a key factor as it has been
shown that the smaller the particle diameter the faster particles diffuse through the Gl

tract and reach the colonic enterocytes (Medina et al, 2007).

2.4 GI Tract Defences

As mentioned, oral exposure is the main focus of this report and can include inhalation
as well as ingestion. While separate these systems function only millimetres apart and it
Is possible a certain amount of nanomaterial will enter the lung during ingestion in the
oral cavity where both the oesophagus and trachea begin. While this report will include
data on nanoparticle toxicity exposure to the lungs it is mainly toxicity due to ingestion

and the effects on the GI tract that will be investigated.

On a daily basis the GI tract is exposed to numerous potentially harmful agents, and
with a total surface area in the range of 200m?, without an adequate defence system
harmful pathogens and toxic agents would gain easy access to associated organs and the
systemic circulation. While protective mechanisms must be in place for prevention from
infiltration of unwanted agents, a balance must be maintained between the defences
keeping potentially harmful agents out and normal functions such as exchange of
nutrients and ions. As a result the Gl tract has a number of defence mechanisms in place
that constantly monitor the substances within the intestine. These include commensal
gut microflora, the epithelial surface of the intestine, intestinal macrophages and
mucosal B cells all of which provide the GI tract with a multi-layered defence system
(Schenk & Mueller, 2008).
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2.4.1 Commensal Gut Microflora

The microflora that are resident in the gut provide a number benefits including
facilitating the digestion of nutrients such as cellulose. The most important function by
far is that these bacteria occupy ‘space’ within the intestine that would otherwise
become occupied by other unwanted disease causing pathogens. While in some
instances such as in immunocompromised patients the commensal bacteria may become
pathogenic, in the normal healthy individual the relationship is mutually beneficial with
microflora providing a barrier defence by maintaining the epithelial villi (Hooper et al,
2001; Schenk & Mueller, 2008).

2.4.2 The Epithelial Surface

Within the intestinal epithelium are specialised cells known as goblet cells. Their
primary function is to secrete mucus onto the surface of the epithelium which adds to
the physical barrier (Mueller & Macpherson, 2006). This complex mix of glycoproteins
ensures commensal bacteria remain in the intestinal lumen and do not penetrate the
epithelium. Another group of cells called Paneth cells, secret antibacterial enzymes such
as lysozyme upon exposure to invading pathogens, another component preventing

access to the intestinal mucosa (Ayabe et al, 2000).

2.4.3 Intestinal Macrophages

Bacteria that bypass the aforementioned intestinal barriers and gain access to the
mucosa can be phagocytosed and destroyed by intestinal macrophages. These
macrophages are also involved in maintaining tissue homeostasis by phagocytosing
dead cells and do not display potent inflammatory cytokine production. This feature
prevents an overstimulation of the immune system to commensal bacteria if they gain
access to the mucosa (Sansonetti & Braesco, 2001; Smith et al, 2001; Schenk &
Mueller, 2008).

2.4.4 Mucosal B cell System
B cells are antibody producing lymphocytes and mucosal B cells provide an active

defence by terminally differentiating into plasma cells that secrete only IgA antibody.
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Once secreted this IgA enters the intestinal lumen and can bind to invading pathogens
reducing their motility and adhesive properties (Kallies et al, 2004; Kaetzel et al, 1991;
Schenk & Mueller, 2008).

2.5 Lung Defences

The lung serves as a massive surface area between the external environment and the
host and as such requires a multilayered defence system to protect from invading
pathogens that are constantly inhaled. There are two types of defence mechanism found
in the lung, the initial mechanical response mechanism and the innate immune response.
The first line of defence involves non-specific receptors that line the lung involved in
mucociliary clearance, cough reflex and the ciliary beat removing invading pathogens.
While this initial line of defence is important it has now been discovered that a more
sophisticated innate immune defence is present providing a key role in removal of
potentially harmful pathogens. Pulmonary epithelial cells produce a variety of small
molecules that are involved in innate immunity. Two of these secreted components SP-
A and SP-D have been shown to play an important role in host defence (Zaas &
Schwartz, 2005; LeVine & Whitsett, 2001).

2.5.1 Surfactant protein A (SP-A)

SP-A is a surfactant associated protein that is expressed by alveolar type Il cells and
binds dipalmitoylphosphatidylcholine (DPPC). Its key role in host defence is enhancing
microbial phagocytosis by macrophages. It acts an opsonin that stimulates uptake of a
variety of pathogens by alveolar macrophages. As wells as enhanced macrophage
uptake, SP-A can also induce calcium dependant neutrophil uptake of certain pathogens
including E. coli (LeVine & Whitsett, 2001).

2.5.2 Surfactant protein D (SP-D)

SP-D is expressed in pulmonary tissue but is also found in other tissues in the body.
Like SP-A, it is expressed by alveolar type Il cells and binds phosphatidylinositol in
pulmonary surfactant. SP-D has been shown to bind and aggregate bacteria enhancing
their phagocytosis by alveolar macrophages. In addition to bacteria, SP-D can also bind

29



and aggregate certain viral and fungal surfaces including influenza A and Aspergillus
(LeVine & Whitsett, 2001).

2.6 Role of Biofluids

A biofluid is any fluid originating from within the body that can be excreted, secreted,
obtained by a needle or can develop due to a pathological process and ranges from
blood to bile and breast milk to cyst fluid (Medicinenet). There are numerous biofluids
in the body including saliva, blood, urine, stomach acid and bile to name a few. Each
biological fluid has its own important individual role within the body. Some of those

functions include:

¢ Blood: oxygen transport

e Saliva: breakdown of starch by amylase and aids in chewing

e Urine: excretion of waste metabolites and excess water

e Stomach Acid: aids in further digestion and breakdown of food via enzymes

e Bile: hydrolyses fat

In addition to the vital physiological role biofluids perform within the body, they have
also been shown to aid in nanoparticle processing including isolating particles from
larger agglomerates, particle coating and modification of surface chemistry (Herzog et
al, 2009). In this study components of two major biofluids found in the body will be
investigated, ursodeoxycholic acid (UDCA), cholic acid (CA) and deoxycholic acid
(DCA) that form part of total bile and dipalmitoylphosphatidylcholine (DPPC) a

component of lung surfactant.

2.6.1 Dipalmitoylphosphatydilcholine (DPPC)

Pulmonary surfactant is composed of a variety of complex phospholipids, lipids and
surfactant specific proteins. DPPC is the most abundant phospholipid, comprising 70-
80% of total surfactant. Pulmonary surfactant is synthesized by type Il pneumocytes and
any deficiency of this fluid can result in serious respiratory disorders such as Acute
Respiratory Distress Syndrome (ARDS). The overall function is to reduce surface

tension at the liquid-air interface at the bronchoalveolar surface (Kumar & Bohidar,
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2010; Serrano & Perez-Gil, 2006). During inspiration, surfactant lowers surface tension
to near equilibrium, minimizing the work of breathing. During exhalation, surface
tension values are reduced, stabilizing the lungs at low air volume and preventing
pulmonary oedema (Bakshi et al, 2008). In order to perform these functions all of the

components of lung surfactant are required to work in synergy.

2.6.2 Bile Acids

Bile acids are steroidal detergents synthesized from cholesterol by hepatocytes which
drain into the bile duct, hepatic duct and finally into the gall bladder for storage. During
digestion and in response to several enzymes, bile is released into the duodenum where
its principle function is lipid digestion. On average 0.4-0.8L of bile is produced each
day with over 95% reabsorbed in the intestine and returned to the gall bladder. Bile
acids themselves are amphiphatic molecules with an unusual structure in that they do
not have a well-defined head and tail group and exist as flat rigid molecules. They can
be divided into two groups (1) primary bile acids, synthesized in the liver from
cholesterol and (2) secondary bile acids, formed following bacterial hydrolysis of the
amide backbone of conjugated bile acids in the large intestine. Bile acids provide a
crucial function in digestion by solubilising and transporting fat soluble nutrients across
the intestinal mucosa. Bile acids adsorb onto the surface of digested lipids and remove
any bound proteins from the surface allowing easy lipid lipolysis by lipid enzymes
(Kumar & Bohidar, 2010; Maldonado-Valderrama et al, 2011; Holm et al, 2013). For

this study three bile acids were investigated;

1. Ursodeoxycholic Acid (UDCA)
2. Cholic Acid (CA)
3. Deoxycholic Acid (DCA)

1. Ursodeoxycholic Acid (UDCA)

UDCA is a secondary bile acid produced from primary bile acids metabolized by gut
bacteria, comprising 3% of total bile acids (Perez & Briz, 2009). Despite its low
abundance it is an extremely interesting bile acid as it has been shown to have direct

antioxidant properties against hydroxyl radicals and can also prevent the retention of
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certain toxic hydrophobic bile acids. UDCA also has a number of therapeutic
applications including dissolving gall stones and as an alternative therapy for hepatitis C

patients in place of interferon therapy (Arisawa et al, 2009; Lapeena et al, 2002).

2. Cholic Acid (CA)

Cholic acid, along with chenodeoxycholic acid (CDCA), is one of the major primary
bile acids in the liver and is synthesized from cholesterol. Cholic acid constitutes about
30-40% of bile acids and together with CDCA makes up almost 80% of the bile acid
component of total bile (Debruyne et al, 2001). Formation of these bile acids is
important in cholesterol homeostasis. The specific enzyme for cholic acid synthesis is
12a-hydoxylase which is important in determining the ratio of cholic acid to CDCA.
Tight regulation of this synthesis is required as it is believed that a change in the ratio of
these two bile acids may result in gallstone formation due to a reduction in the

conversion of cholesterol to bile acids (Del Castillo-Olivares & Gil, 2000).

3. Deoxycholic Acid (DCA)

Deoxycholic acid (DCA) is a secondary bile acid resulting from the anaerobic
dehydroxylation of unabsorbed cholic acid by bacteria residing in the gut. This process
occurs in the colon on any cholic acid that has not been absorbed in the ileum. DCA
constitutes roughly 10-40% of bile acids in total bile (Marcus & Heaton, 1988). DCA
has been noted to promote colonic epithelium proliferation and this proliferation is
related to serum DCA levels (Deschner et al, 1981; Ochsenkuhn et al, 1999). This bile
acid along with others including cholic acid has been implicated in colorectal
malignancies. It has been observed that bile acids can stimulate the growth of malignant
cells and promote their invasion. Certain conjugated bile acids have also been
implicated in breast cysts as elevated levels of these bile acids were observed in cyst
fluid. This may indicate a potential role of glycine conjugated bile acids including
cholic acid, CDCA and DCA in breast malignancies. However other bile acids are also
being exploited as therapies for cancer treatment. UDCA is the most promising with

investigations into a targeted therapy for colorectal cancer (Debruyne et al, 2001).
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2.7 The Immune System

An intact and functioning immune system is vital in the protection against harmful
external stimuli. Inflammation is the process by which cells of both the innate and
adaptive immune system are activated in order to remove an invading agent and repair
any damage caused. The controlled and rapid initiation and effective resolution of

inflammation is vital to maintain normal homeostasis.

The innate immune response is the first line of active defence and comprises a number
of phagocytic cells, including macrophages, neutrophils, and the complement system.
Monocytes in particular are the primary cell type involve in the initial immune response
to external stimuli, recognising distinct patterns (PAMPs) on the surface of pathogens
such as lipopolysaccharide (LPS) via receptors on the cell surface, toll-like receptors
(TLRs) (Palm & Medzhitov, 2009; Beutler, 2009; Oberbarnscheidt et al, 2011) .
Recognition of these patterns is vital in the detection of an infection but also in
determining the type of infection. The response to these PAMPs involves the release of
a variety of pro-inflammatory cytokines including interleukin-1 (IL-1), interleukin-6
(IL-6) and tumour necrosis factor alpha (TNF-o). Monocytes are one of the main
mediators of the initial inflammatory response with an important role in phagocytosis of
foreign material at entry sites (Beutler, 2009; Oberbarnscheidt et al, 2011). Their
production of inflammatory mediators including IL-1, IL-6 and TNF-a, are vital to the
initial immune response. These cytokines have profound effects on associated cells and
the local microenvironment such as leukocyte migration, endothelial adhesion increased
neutrophil activation and antibody secretion all contributing to the inflammatory
response (Rehman et al, 2012; Medzhitov & Janeway Jr, 2000; Kawai & Akira, 2007).
IL-1p is of particular interest due to its central role in the inflammatory process. IL-13
exerts a number of effects including influencing immune cells such as macrophages and
endothelial cells and also producing systemic effects. Cleavage to its mature form is

essential for directing the host response to injury or infection.

2.7.1 Interleukin-1 (IL-1)
The IL-1 family comprises eleven members of which most are pro-inflammatory but
some can have anti-inflammatory functions. IL-18 and IL-1B are the most fully

characterised and have an unusual property in that they are initially expressed as
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inactive pre-cursors that require additional processing to become biologically active
(Monteleone et al, 2015; Chen & Schroder, 2013). IL-1p in particular is the focus of
many studies due to its highly active state and its secretion from immune cells. Its
functions range from recruitment of immune cells to induction of fever (Dinarello,
1996). It has been shown that IL-1p is involved in certain pathologies, is not required
for normal homeostasis and that a deficiency in this cytokine can have a protective
effect (Joosten et al, 2013; Dinarello, 2011).

Monocytes are the main source of IL-1 which is pivotal in co-ordinating the early
immune response. This cytokine is the most potent fever inducing molecule and as such
is tightly regulated. Over-expression or dysregulation of IL-1 can cause auto
inflammatory disorders and contributes to the progression of septic shock (Goldback-
Mansky & Kastner, 2009; Dinarello, 2009; Dinarello, 1996). IL-1 has been implicated
in @ number of acute and chronic inflammatory disorders and as a result IL-1p has been
isolated as a therapeutic target for the treatment of certain disorders including
rheumatoid arthritis and autoinflammatory syndromes that are characterized by local
and systemic inflammation, recurrent fevers and fatigue (Dinarello, 2011; Dinarello,
2013).

2.7.2 Interleukin-6 (IL-6)

IL-6 is a well-defined multi-functional cytokine involved in the proliferation and
differentiation of cells involved in inflammation. IL-6 activation occurs through binding
to its receptor which can be either membrane bound or soluble (Scheller et al, 2014).
IL-6 has demonstrated a variety of functions in addition to its contribution to the
inflammatory process, including liver regeneration, bone remodelling and metabolism
(Spooren et al, 2011). It has also been shown to have anti-inflammatory properties with
an important role in regulating the levels of other pro-inflammatory cytokines
suggesting a role in the prevention of dysregulation of certain cytokines (Xing et al,
1998; Spooren et al, 2011). The opposing effects exhibited by IL-6 are attributed to the
two receptor types with the soluble receptor responsible for the pro-inflammatory
effects and binding to the membrane bound form accounts for the anti-inflammatory
effects (Wolf et al, 2014).
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IL-6 along with other cytokines including TNF-a, can stimulate the release of
chemokines to attract neutrophils to the site of inflammation and can contribute to the
overall systemic reaction in response to inflammation (Scheller et al, 2011; Gruys et al,
2005). IL-6 induction forms part of the normal initial inflammatory response resulting
from a disruption to the body’s normal homeostasis but its overexpression has been
implicated in a number of pathologies. These can range from autoimmune diseases
including thyroiditis, rheumatoid arthritis to cancer (Feghali & Wright, 1997).
Expression of this cytokine has been shown to be a contributing factor in the
progression of cancers such as colitis associated colon cancer and Kaposi sarcoma. An
increase in levels of circulating IL-6 has also been implicated in the development of
Hodgkin’s lymphoma (Lin & Karin, 2007; Scheller et al, 2011).

2.7.3 Tumour Necrosis Factor Alpha (TNF-a)

TNF-a is a multi-functional molecule which plays a vital role in acute inflammation and
has been described as a very potent cytokine. Along with other pro-inflammatory
cytokines it is important not only in the initiation, but also in the maintenance of
inflammation (Nathan, 2002). Released by a number of cells upon stimulation, mainly
macrophages, TNF-a can mediate a number of responses directly such as fever and
tissue damage, release of acute phase proteins from the liver in addition to cell
proliferation, differentiation and apoptosis (Nathan, 2002; Hehlgans & Pfeffer, 2005).
This cytokine can also exert its effects indirectly by downstream signalling leading to
the activation of other inflammatory factors, such as 1L-6, augmenting the inflammatory
response by activation of the cytokine cascade as well as acting as a key factor in
monocyte adhesion to the endothelium by up-regulation of several adhesion molecules
including ICAM-1 (Feghali & Wright, 1997; Warren, 1990; Ende et al, 2014).

In addition to the beneficial role of TNF-a in the inflammatory process and
homeostasis, this cytokine can produce damaging effects to the host. TNF-a has
systemic endotoxic activity that when produced in large quantities, contributes to fever
and shock (Feghali & Wright, 1997; Beutler & Caerami, 1988). Dysregulation can lead
to a chronic inflammatory state and can result in a number of pathological conditions.
Some of the conditions TNF-a has been implicated in include rheumatoid arthritis and
inflammatory bowel conditions (Hehlgans & Pfeffer, 2005). As a result, blocking of
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TNF-0 has been and continues to be investigated as a potential therapy for certain

inflammatory disorders (Wong et al, 2008).

2.7.4 The Inflammasome

Induction of IL-1p is particularly interesting as maturation to its fully functioning form
is tightly regulated by the inflammasome. The inflammasome is a complex of multiple
proteins found in the cytoplasm and requires a number of danger signals such as tissue
stress in order to trigger inflammatory caspases. Initial signalling in the innate immune
response via TLRs leads to the transcription of pro-IL-1p but for complete activation a
second signal detected by intracellular sensor molecules is required to activate the
inflammasome, resulting in caspase-1 mediated cleavage to the mature form. The
“sensing” of both signals in a two-step activation process is essential in controlling the
cleavage of cytokines like IL-1B and IL-18 to produce an effective and controlled
inflammatory response against infective agents (Martinon et al, 2002; Latz et al, 2013;
Terlizzi et al, 2014; Schroder & Tschopp, 2010; Gross et al, 2011).

It is now widely accepted that in order to produce the mature active form of IL-1p, gene
expression of this cytokine alone is not sufficient and requires involvement of the
inflammasome. The inflammasome is an important platform allowing for caspase-1
mediated maturation of IL-1p. While a variety of stimuli can induce gene expression of
IL-1B, in order to exert its immunological effects the pro-form must be cleaved by
caspase-1 in order to produce the mature molecule. The most prominently investigated
inflammasome is NLRP3 as it is the most fully characterised, diverse and clinically
significant of all inflammasomes and can be activated by exposure to pathogens and
other environmental irritants (Schroder & Tschopp, 2010). Caspase-1 activity which is
vital for pro-IL-1B cleavage to the bioactive form is tightly regulated by the NLRP3
inflammasome (Latz et al, 2013; Schroder & Tschopp, 2010). In addition to proteolytic
processing of pro-1L-1B, caspase-1 is also required for a form of cell death known as
pyroptosis. This results in rapid pore formation in the plasma membrane of cells leading
to osmotic cell lysis (Satoh et al, 2013). Cleavage to the bioactive form is essential in
order for IL-1p to perform its immunological effects which range from co-ordinating
early immune response through cell activation to systemic responses such as regulation

of appetite, temperature and sleep (Dinarello, 2009; Chen et al, 2011; Kasza, 2013;
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Yang et al, 2012). Inflammasome activation can also play a role in adaptive immunity
as cytokines resulting from its activation are involved in further signalling including

differentiation of T cells into the various subtypes (Chen et al, 2011).

2.8 Nanotoxicity

Toxicity can be defined as the degree to which a substance can harm living organisms.
The area of toxicology studies the interaction and effects of such substances on living
organisms (Timbrell, 1998). As the interaction between living organisms, the
environment and various nanoparticles becomes more common it is now important to
focus not only on the benefits provided by these nanoparticles but to also establish any
risk associated with exposure. Based on the basic definitions of toxicity, nanotoxicology
can be described as the study of the toxic effects of nanoparticles on living organisms
and the environment (Donaldson et al, 2004; Paur et al, 2011; Arora et al, 2012). The
area of nanotoxicology aims to provide answers to some of the concerns raised about
the safety of nanoparticle exposure and to provide clear, conclusive data regarding the
relationship  between nanoparticles including their concentrationmetrics and
physicochemical characteristics, and biological systems. The mechanism by which
nanoparticles mediate their toxicity is also an important factor to be considered (Paur et
al, 2011; Suh et al, 2009; Lewinski et al, 2008; Donaldson et al, 2004). AgNP are
becoming of particular interest in nanotoxicology as although they provide a number of
benefits including antibacterial properties it is now apparent that on an ultra-small scale,
they can induce toxicity following internalisation and migrate to various organs around
the body (Sung et al, 2008; DeVasConCellos et al, 2012; Antony et al, 2015).

2.8.1 Nanoparticle Toxicity in the G. | Tract

In this report the focus is on entry and resulting toxicity following oral exposure to
AgNP with a focus on the Gl tract, including the lungs, and subsequent entry into the
blood stream. Next to inhalation ingestion of nanoparticles is probably one of the most
common routes of exposure. While toxicity in the lungs following inhalation of AgNP
has been well documented, toxicity brought about by ingestion and the subsequent
effects induced are still not fully understood (Gaillet & Rouanet, 2015). It has been well

documented that prolonged exposure via ingestion to silver results in systemic argyria
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Figure A5.2.1 (d) Cytotoxicity of AgNP in HepG-2 cells with added DCA after 24, 48,
72 and 96hr exposures as determined by the Alamar Blue assay. Data expressed as
percentage of control mean = SD of three independent experiments. * denotes a

statistically significant (p<0.01) difference from the unexposed control

Figure A5.2.1 (d) illustrates the toxic response of HepG-2 cells to AgNP exposure in the
presence of DCA. Exposure resulted in a concentrationand time dependant reduction in
viability. Significant loss in cell viability compared to the unexposed control was

observed at all time points and at all exposure doses.

178



100 -

20 - m2dhr

ashr

W 72hr

M 96hr

AB Reduction
(% of control)
[=)]

[=]

20

Media 391 781 156 31.25 B2.5 125 250 S00
[Unexposed
control) Conc AgNP pg/ml

Figure A5.2.2 (a) Cytotoxicity of AgNP to Hep2 cells after 24, 48, 72 and 96hr
exposure as determined by the Alamar Blue assay. Data expressed as percentage of
control mean + SD of three independent experiments. * denotes a statistically

significant (p<0.01) difference from the unexposed control

Figure A5.2.2 (a) displays the cytotoxic response of Hep2 cells to AgNP exposure
determined by the AB assay. As with previous cell lines toxicity occured in a
concentrationand time dependant pattern. Significant reduction in viability was
observed at 48 and 72 hours for all exposure concentrations. A significant reduction in
viability compared to the unexposed control after 24 hours was noted at concentrations
of 15.6pg/ml and above with a significant reduction observed for all exposure time
points at concentrations of 62.5ug/ml and upwards. At concentrations of 3.91 to
62.5ug/ml there appeared to be cell recovery at the 96 hour exposure point. This may be
due to remaining particles precipitating out of solution giving any remaining cells an
opportunity to begin replicating. With a rapid doubling time of 23 hours cell viability

appeared to increase at lower AgNP doses after prolonged exposure.
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Figure A5.2.2 (b) Cytotoxicity of AgNP to Hep2 cells with added UDCA after 24, 48,
72 and 96hr exposures as determined by the Alamar Blue assay. Data expressed as
percentage of control mean + SD of three independent experiments. * denotes a

statistically significant (p<0.01) difference from the unexposed control

Figure A5.2.2 (b) illustrates toxic response of Hep2 cells to AgNP in the presence of
UDCA. In the presence of UDCA a dramatic reduction in cell viability compared to
exposure to AgNP alone was noted. Results demonstrated significant reduction in
viability at 48, 72 and 96 hours at all exposure concentrations with a significant
reduction at all time points at a concentration of 15.6pg/ml and above. Loss in cell
viability was more pronounced following 48, 72 and 96 hour exposures suggesting a
possible delay in toxicity. The data presented illustrate that compared to AgNP exposure

alone the presence of UDCA does modify toxicity.
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Figure A6.2.1 Cytotoxicity of AgNP to A549 cells after 24, 48, 72 and 96hr exposures
as determined by the Alamar Blue assay. Data expressed as percentage of control mean
+ SD of three independent experiments. * denotes a statistically significant (p<0.01)

difference from the unexposed control

The cytotoxic response of A549 cells to AgNP demonstrated by the AB assay is
displayed in figure A6.2.1. Decline in cell viability occurred in a concentrationand time
dependent manner with a significant reduction in cell viability following 48 hour
exposures at all AgNP doses. After 72 hour exposure a significant reduction in cell
viability was observed at concentrations of 15.6ug/ml and above with a significant
decline at 31.25ug/ml and upwards at all exposure time points. At 96 hours and 72
hours at lower AgNP doses, cell recovery was noted. It is possible that at this time after
exposure and due to the rapid (22 hour) doubling time of A549 cells, the particles have
fallen out of solution and with toxic effect having taken place within the first 6-12 hours
following exposure. It is possible that any surviving cells begin to replicate at lower
exposure doses and at prolonged exposure times. This was observed at concentrations of
3.91-62.5pug/ml up to 125ug/ml where a slight recovery was noted. It must also be
considered that the sensitivity of viability assays can vary with cell type and while one

assay may be suitable for one type a different assay may be more suited to another type.
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Figure A6.2.2 Cytotoxicity of AgNP to A549 cells with added DPPC after 24, 48, 72
and 96hr exposures as determined by the Alamar Blue assay. Data expressed as
percentage of control mean + SD of three independent experiments. * denotes a

statistically significant (p<0.01) difference from the unexposed control

The response of A549 cells to AgNP exposure in the presence of DPPC demonstrated
by the AB assay (figure A6.2.2). A concentrationand time dependant reduction in
viability was observed. A significant reduction in cell survival compared to the
unexposed control was observed at concentrations 7.81pg/ml and above following 24
hour exposure and at a concentration of 3.9ug/ml and above after 48 and 72 hours. At
31.25ug/ml and above a significant reduction in cell survival at all exposure time points
was detected. As previously suggested, at lower AgNP doses following 96 hour

exposures, the increase in viability may be attributed to cell recovery.
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