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Abstract

The unique properties which make cerium dioxide (ceria) nanoparticles (NPs) so
useful in e.g. catalytic applications, pose a real risk to environmental systems
and species alike. Increasing our knowledge of ceria NP characteristics in a
range of aquatic systems was a contributing theme of this thesis. Nano-ceria
particle sizes (dy) were found to significantly change due to adjustments in media
composition. The addition of Suwannee River fulvic acid to an aquatic media
decreased dy up to 88%, significantly increased the negative charge measured
from zeta potential (¢) and increased Ce dissolution by 2%. The presence of test
biota significantly increased dy up to 80%, further increased the { negative
charge and increased Ce dissolution up to 63%, predicted as being due to the
presence of exudates. Nanotoxicological investigations using P. subcapitata
showed a convincing size-dependent toxicity to well-defined synthesized nano-
ceria particles. ECso values of 5 nm to 35 nm ceria particles (0.013 mgL to
0.8 mgL respectively) showed between 600 and 10 fold increases in toxic
response compared to commercial nano-ceria particles (ECsp 8 mgL). ECs of
5nm and 35 nm ceria particles showed significant metabolic differences
compared to controls indicating a cellular response of P. subcapitata as a
function of nano-ceria size and dose. Although metabolomic extraction methods
are sensitive to cell density and temperature changes, metabolomic analysis has
huge potential in future environmental nanoecotoxicological applications using P.
subcapitata. It was evident from this study that further work is still required to
help develop methods of NP characterisations under environmental conditions

with a necessity for a future NP modelling protocol.
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Environmental characterisations and nanoecotoxicity of ceria Introduction

1 Introduction

1.1 Chapter Summary

Nanoparticle research has increased dramatically over the past two decades,
due to the ever increasing commercial use of nano-enabled products. The
increasing use of nanomaterials induces the potential hazards and associated
risks from their manufacture, transportation, waste disposal and management
processes. As with any new chemical entering the consumer workplace,
nanoparticle (NP) toxicity assessments must be conducted to determine potential
risks. Previously conducted environmental toxicity assessments (ecotoxicity)
using NPs (nanoecotoxicity) have seldom considered the physical and chemical
(physicochemical) characteristics of test NPs in the media they are dispersed in.
The findings from such studies can therefore be limiting, due to a lack of
information regarding whether, how, or why the physicochemical characteristics
of NPs change from pre- to post-organism exposure. ldentifying any changes in
NP characteristics under such conditions may help to determine if an organism or
the media NPs are dispersed in, helps prevent or accentuate the associated
nanoecotoxicity observed during these studies. The intention of this thesis was
to investigate the environmental behaviour and potential toxicological effects
associated with cerium dioxide (ceria) NPs in a range of aquatic systems by
measure of their physicochemical characterisations. Nanotoxicological effects of
ceria as a function of size and dose was also conducted, using freshwater algae
as the test specie and the novel approach of metabolomic analysis as a tool for

assessing observed toxicity.
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1.2 Chapter organisation

This chapter opens with a general introduction to NPs and nanoscience along
with the reasons for this research to be conducted. This chapter closes with the

aims and objectives of the work conducted and the general thesis outline.

1.3 What are nanoparticles?

Natural aquatic colloids are complex mixtures of different physical, chemical,
organic or inorganic (Buffle et al., 1998) and biological phases (Gibson et al.,
2007) in suspension (Jullien and Botet, 1987), which play an important role in
aquatic processes. Naturally occurring colloids can be considered as the
nanostructures of environmental systems (Buffle, 2006) and NPs can be classed
as the smallest fractions of colloids, (Baalousha and Lead, 2007). As a
perspective, a nanometer (nm) is the dimension of 10° m where the diameter of
an atom can be between 0.1-0.2 nm (Haken and Wolf, 2004). The behaviour
NPs exhibit when dispersed in aquatic systems has been described using the
Derjaguin and Landau, and Verwey and Overbeek (DLVO) theory for colloidal
material, based on the attractive and repulsive forces acting upon a particle
(Derjaguin and Landau, 1941; Verwey, 1947). NPs however have variable
properties compared to the same chemical form at the micrometer scale, such as
increased surface area and reactivity, where the DLVO theory can not always be
applied. Due to the novel properties NPs display, NPs have found their way into

a number of commercial and manufactured products, summarised in Table 1-1.
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Table 1-1 Applications of common nanoparticles

Introduction

Nanoparticle Application Property Reference
Cerium Fuel additives, catalysts, Improves combustion Mullholland and
dioxide glass polishing efficiency Bauer, 2000

Silver Clothing Antibacterial properties Silver, 2003
Zero valent . Breaks down chlorinated Phenrat et al., 2007;
. Ground/surface water cleaning .
iron organic compounds Kuzma, 2007
L Paints Pigmentation/ transparency Aitken et al., 2006;
Titanium . .
dioxide Sun creams Better UV protection/ Kashiwada, 2006
Self-cleaning windows Breaks down dirt Borm et al., 2006
Zinc oxide Sunscreens and cosmetics Scatters ?nd absorbs Aitken et al., 2006
ultraviolet rays
Particles of radioactive gold
Medical applications as vectors in isotope serve as a radiation Klaine et al., 2008
Gold tumour therapy ' so.urce. N
Gold is a highly efficient
Nano-electrics conductor and remains free of Sun et al., 2001
corrosion
Nano-

encapsulated
vitamins and

Changing food texture and even
nutritional value

Changes the way food tastes;
turn red wine into white;
Sieve out lactose from milk

Quintanilla-Carvajal et
al., 2010;
Palmer, 2007

minerals
Carbon Sporting equipment, clothing; . . Zhu et al., 2006
nanotubes Space elevators Strong and lightweight Lubick, 2007

Galli . .

5 “flm Solar cells Light absorption Zhu et al., 2006
selenide

Improve MRI images of cancer . . .
Iron Magnetic properties Lodhia et al., 2010

tumors

Such NP products and technological developments include the fight and

prevention of disease (Morones et al., 2005) improvements in pharmaceuticals

(Chapman, 2006) and medicines through drug delivery systems (Garnet and

Kallinteri, 2006). ICT, energy production and land remediation (Linkov et al.,

2007) by enhanced filtration applications (Savage and Diallo, 2005) has also

benefited from nanotechnology.

In the biological sciences many uses of metal

NPs are being explored for biosensors (Nam et al., 2003; Tkachenko et al.,

2003).
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environmental systems and organisms from potential exposure to these novel

particles.

1.4 Historical relevance of nanoparticles

Particles in the nano-sized range have been present on the Earth for millions of
years (Nowack and Bucheli, 2007) exposing humans and the environment
throughout evolutionary history (Haasch et al., 2005). Although NPs have been
used unknowingly for over 17,000 years in e.g. pottery and stained glass
(Colomban, 2009) it was not until the appearance of the internal combustion
engine, power plants and extensive burning of fossil fuels (Navarro et al., 2008)
that NP use and associated exposure increased significantly, increasing NP risk
to the environment (Biswas and Wu, 2005). Humans may therefore be directly
affected by NPs through exposure to air, soil and water or indirectly by

consuming plants or animals which have accumulated NPs (Figure 1-1).

Most NPs that are currently in use today have been made from transition metals,
metal oxides, silicon and carbon (Dreher, 2004). More recently, NPs have
attracted a lot of attention because of our increasing ability to synthesize and
manipulate them (Nowack and Bucheli, 2007), giving them further unique
properties for manufacture and commercial use. However they are formed, NPs
appear central to many natural processes (Colvin, 2003) and must be used with

some caution.
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Figure 1-1 Routes of exposure, uptake and distribution of NPs in the environment

Solid lines indicate routes which have been demonstrated in the laboratory or field or which are
currently in use (remediation). Italics indicate possible degradation routes, which the blue lettering
indicates possible sinks and sources of NPs taken from Oberddrster et al., (2000).

1.5 What is nanoscience and nanotechnology?

Richard Feynman is credited as being the first person to see the potential for
manipulating matter at the nano-scale (Fadeel et al., 2007) as first described in a
famous lecture to the American Physical Society in 1959 (Park, 2007). The term
‘nanotechnology’ however, was first used in 1974 by a Japanese engineer, Norio
Taniguchi (Fadeel et al., 2007) to describe precision engineering with tolerances
of a micron or less (Park, 2007). Over the past decade (RSRAE, 2004) the
ability to engineer, manufacture and produce materials at the nano-scale has
triggered rapid product development. With increasing technological advances in
e.g. electron, confocal and atomic force microscopes, the ability to observe NPs

at the angstrom (A) level and physically manipulate materials at the atomic scale
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has become common place. Nanotechnology has recently been classed as the
industrial revolution of the 21st Century (Bankinter, 2006). Nanoscience is the
science of precisely designed engineered nanoscale materials, integrating
engineering with biology, chemistry and physics (Borm et al., 2006).
Nanotechnology provides a significant technology platform to solve problems in
diverse areas as energy, water purification, food storage and therapeutics
(Tinkle, 2008). Nanoscience is the ability to work at the molecular level, atom by
atom, to create larger structures with fundamentally new molecular organisation,
novel properties and functions (Alvarez, 2006). There is therefore an increasing
commercial demand for NPs because of their wide applicability in a growing

number of fields like electronics and medicine (Bali et al., 2006).

1.6 The need for this research

Due to their unique physical and chemical properties, NPs have raised interest in
commercialisation for a variety of products. As these materials make their way
into industrial and consumer products, there is the potential for their unintended
introduction into the environment (Lecoanet et al., 2004; Brant et al., 2005).
These discharges are likely to increase as the industry grows, yet the unknown
toxicity of NPs reiterates the immense gaps in our knowledge which is leading to
difficulties in risk assessment and management (Handy et al., 2008b) of NPs.
Aquatic environments may be particularly vulnerable to NP exposure by
anthropogenic and natural particle releases e.g. as effluent from industry,

wastewater or rainwater runoff (Lovern et al., 2007).
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Because of the unique characteristics exhibited by NPs, the interaction of the
particle with its environment also changes which may in turn lead to an increase
in observed ecotoxicological effects (Park et al., 2007). Characteristic variations
associated with NPs may produce adverse responses in organisms (Robichaud
et al., 2005) specifically aquatic species. The properties and behaviour therefore
of individual NPs must be understood to enable a better idea of fate and
behaviour of individual NPs and effects on ecotoxicity within natural
environments. Understanding the environmental health and safety implications
associated with exposures of NPs will help to facilitate the appropriate measures
required in addressing the design, manufacture, use and disposal of NP
products. This will help prevent or minimise the risk to biota and human health

and prevent associated damage to the environment, (Nel et al., 2006).

Effective risk management prior to NP production will also offer positive
opportunities for future NP use. While classical chemical compounds are
routinely subjected to well-established toxicity tests prior to release to the public,
no such procedures currently exist for nanomaterials (Brunner et al., 2006) and
therefore remains to be determined (Chapman, 2006). The characterisation of
commercial cerium dioxide (ceria) particles, in a range of aquatic media in the
presence and absence of test species, undertaken during this thesis, underpins
the required areas of work highlighted above. A further investigation into the

toxicological effects of synthesized ceria NPs (nano-ceria) to environmentally
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relevant freshwater algae specie, using a novel metabolomic approach of

analysis, further compliments this work.

1.7 Aims and objectives

It was the rationale of this work to investigate a number of particle parameters,
together with potential ecotoxicological hazards under conditions most favourable
for a range of aquatic ecotoxicity test species. These organisms included the
crustacean Daphnia Magna; the freshwater fish Cyprinus carpio, the tropical fish
Danio rerio and freshwater algal specie Pseudokirchneriella subcapitata. Much
work was conducted in collaboration with Napier University, Scotland; Exeter
University, England and the Commonwealth Scientific Industrial Research
Organisation (CSIRO), Australia, where indicated. Three main aims and

associated objectives of this research are outlined in Table 1-2.

Table 1-2 Aims and objectives for thesis chapters
a) Chapter 5; b) Chapter 6; ¢) Chapter 7 aims and objectives

AIMS A

To determine the physicochemical characteristics of commercial ceria nanoparticles

in a range of synthetic aquatic test media in the presence and absence of organisms.

Objectives

Conduct a range of analyses to adequately characterise a number of physicochemical

properties of nano-ceria when dispersed in a range of ecotoxicity test media.

Compare the physicochemical characteristics of ceria NPs during exposure and none

exposure assessments.
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AIMS B

Ascertain the toxic effects associated with nano-ceria as a function of size to

Pseudokirchneriella subcapitata.

Objectives

Determine the physicochemical characteristics of synthesized nano-ceria particles as

made and in media appropriate for P. subcapitata tests.

Determine, where possible, the toxic effects of synthesized nano-ceria as a function

of size and dose to P. subcapitata.

AIMS C

Investigate the mechanisms of toxicity from nano-ceria particles to

Pseudokirchneriella subcapitata using metabolomic analysis.

Objectives

To develop a method for optimal metabolite extraction from P. subcapitata.

Determine where possible, the mechanism of synthesised nano-ceria toxicity to P.

subcapitata as a function of size and dose.

Critically assess metabolomic use for future nano-ecotoxicity research.

1.8 Thesis structure

This thesis opens with an introduction to NP research with the associated aims
and objectives of this work. Chapter 2 provides a basis for the theory relating to
NP research including risks, hazards and associated properties of NPs with an
emphasis on ceria particle research. The third chapter is an account of the range
of analytical techniques conducted addressing the basic theory, methodologies
and analytical preparation used. The fourth chapter explains the variety of

laboratory methods used including the fundamental concepts of safety, waste
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disposal and media preparation. Chapter 5 presents results which quantify the
various characterisations of commercial ceria particles in a range of aquatic
media in the presence and absence of biota undertaken collaboratively. Chapter
6 investigates the ecotoxicity associated with synthesized nano-ceria as a
function of size and dose to Pseudokirchneriella subcapitata. Chapter 7
continues from Chapter 6 by investigating the use of a novel and potential future
nanoecotoxicological tool of metabolomic analysis. The thesis closes with
conclusions, evaluation and recommendations for future research using ceria

NPs in Chapter 8.
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2 Background

2.1 Chapter summary

This chapter begins with a summary of NP sources, properties, types and
applications. This leads into the environmental considerations of NP exposure,
hazard and behaviour. Detalil into the chemistry, uses and associated risks of
ceria particles is followed by a brief synopsis covering the broad and specifically
the environmentally relevant research previously conducted on nano-ceria

particles.

2.2 Nanoparticle definitions, classifications and nomenclature

2.2.1 Nomenclature

Much debate still exists regarding the nomenclature associated with
nanoscience, nanotechnology and NPs, resulting in many documents being
published. Such documents include the Royal Commission on Environmental
Pollution (RCEP, 2008); United States Environmental Protection Agency
(USEPA, 2007) and the American Society for Testing and Materials, (ASTM,

2007). NP definitions from such documents include;

“...a solid entity with size from approximately 1 nm to 100 nm in at least two

dimensions that has been produced by a manufacturing process”.

The British Standards Institution, (BSI, 2007; pp4);
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“...nanomaterials as those which have structured components with at least one

dimension less than 100nm”.

The Royal Society and Royal Academy of Engineering Nanotechnology

(RSRAEN, 2004; pp7), and

“...when describing a nanomaterial it is important to describe not only the mean
particle size but also the size of the primary patrticles...information on the

presence of agglomerates/aggregates should be presented.”

Scientific Committee on Emerging and Newly Identified Health Risks, (SCENIHR,

2009; pp7).

Although a variety of terms are used for NPs, the shear nature of a given particle
(e.g. size, shape and associated toxicity) may aid in determining their
terminology (Section 2.2.3). The sources of NPs are also varied from natural,
anthropogenic and manufactured processes with their associated impacts being
quite diverse. Such diversity observed with NP effects further complicates the
terminology and therefore the definitions currently used for NPs. A particles
dimension must therefore be determined by the individual, prior to NP studies, for

future reference.
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2.2.2 Natural, anthropogenic and manufactured nanoparticles

Table 2-1 offers an overview of the known anthropogenic and natural sources of
NPs. NPs in air are traditionally referred to as ultrafine particles (UFPs) while in
soil and water they are termed colloids, (Klaine et al., 2008), all with a size

distribution between 1 nm to 1 pum.

Table 2-1 Sources of natural and anthropogenic nanoparticles

Classification Source Reference
Forest fires and Volcanoes; Oberdorster et al., 2005;
Atmospheric, Sea salt; Park 2007;
None- Natural Pollen; Navarro et al., 2008
Anthropogenic Viruses; Haasch et al., 2005
Hydrothermal systems; Luther and Rickard 2003,
Soil erosion. Handy et al., 2008a.

Internal combustion engines,

Anthropogenic Incidental . . Oberdoérster et al., 2005
Power plants, Incinerators, Frying
Controlled particle sh dsi ..
ontro .e partice shape ar.w >1z€ Oberdorster et al., 2005
to deliver metal, metal oxides,
Engineered/ semi-conductors, carbon and
Anthropogenic manufactured polymers for commercial
(Intentional) applications.

Drug delivery systems and water

. Handy, 2007
treatment technologies.

2.2.2.1 Natural nanopatrticles

Natural NPs can be found in waters, soils and sediments. Natural NPs can act
as precursors for the formation of larger particles in the atmosphere, influencing
global climate, atmospheric chemistry and transport of pollutants (Nowack and
Bucheli, 2007). Natural biogeochemical processes and weathering of minerals
such as iron oxides and silicates produce nanoscale colloids, (Masciangioli and
Zhang, 2003) which may also have special properties. Nano-scale colloids can
be important in the fate, transport, transformation and bioavailability of other

environmentally harmful substances such as chemical fertilisers and nutrients.
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2.2.2.2 Incidental nanopatrticles

Incidental NPs (INPs) are generated in an uncontrolled manner and are usually
physically and chemically heterogeneous, (Schulte and Salamanca-Buentello,
2007). INPs are largely derived from anthropogenic sources, created as a result
of action by man e.g. from grinding of primary or secondary minerals and through

combustion processes.

2.2.2.3 Intentional nanoparticles

Manufactured NPs (MNPs) are often termed engineered NPs (ENPs), which are
particles that are produced by man due to the particles specific nano-
technological properties. MNPs, such as those commercially purchased and
used during this study, are defined as material with one dimension between 1 nm
and 100 nm in size. MNPs have been synthesized or artificially manipulated for a
specific purpose and may be found in various shapes (Park, 2007), sizes and
with a variety of surface chemistries. MNPs can be made of single elements like
carbon or silver or a mixture of elements or molecules (Joner et al., 2008).
MNPs can be classified according to their chemical composition and properties
and are designed with very specific physicochemical properties for use as
electrical, thermal, mechanical and imaging industries (Dreher, 2004). MNPs can
be produced by a huge range of procedures including top-down and bottom-up
strategies (Ju-Nam and Lead, 2008). A “top down” approach is where
macroscopic material is broken down to the nanoscale. @ The “bottom up”

approach is where individual atoms or molecules are coaxed or self-assembled
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into NPs (Kuzma, 2007). MNPs are used to produce materials such as nano-
wires for nano-scale circuits, hi-tech waterproof clothing, medical imaging and
instrument coatings (Handy, 2007). MNPs are also being used in personal-care
products such as cosmetics and sunscreens and may therefore enter the

environment on a continual basis from the discharge of such consumer products.

2.2.3 Definitions

It is well-known that NPs in aquatic systems do not retain their individual sizes,
resulting in agglomerates of NPs. These can be larger than 100 nm in diameter
resulting in the 100 nm classification being quite arbitrary (Borm et al., 2006).
The term ‘nano’ should perhaps also infer a material within a dimension that
offers unique properties compared with bulk material of the same chemical
compound. Engineered inorganic metal and metal oxide NPs have therefore
been re-classified as particles below 20—-30 nm due to their novel size-dependent
properties, rather than their actual particle size, by Auffan et al., (2009). For the
purpose of this thesis the term ‘nanoparticle’ is defined as an individual particle
between 1-100 nm or an aggregated form of the same material from which was
originally derived from a diameter between 1-100 nm. These dimensions are
initially identified from the manufacturers of the commercially produced powdered
particles used during this study or defined from characterisations conducted

following particle synthesis.
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2.3 Types and uses of nanoparticles

Although this thesis focuses on the metal oxide particle of ceria, it was
considered important to briefly review the variety of NPs in use as research

materials today.

2.3.1 Carbon

One of the first documented classes of nanomaterials originated with the 1985
discovery of the 60-carbon atom hollow fullerene sphere, by Kroto et al., (1985),
referred to as the Buckminsterfullerene and later as the Buckyball. Fullerenes
can be spherical, ellipsoid or cylindrical [Ajie et al., (1990); Mowrey et al., (1991)]
in shape and are stronger than steel but very flexible and lightweight (Borm et al.,

2006).

2.3.1.1 Graphene
Research using nano-carbon compounds lead to the recent development of
graphene. The Nobel Prize in Physics 2010 (Nobel Prize, 2010) was awarded
jointly to Andre Geim and Konstantin Novoselov for their;
“...groundbreaking experiments regarding the two-dimensional (2D) material,
graphene".
The perfect structure of graphene, being a million times thinner than paper,

stronger than diamond and more conductive than copper (Chodos, 2009) have

many potential future applications.
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2.3.2 Inorganic NPs

2.3.2.1 Quantum dots

NPs of metals, metal oxides and transition-metal oxides have generated vast
interest in recent years. Inorganic NPs include quantum dots (QDs), or artificial
atoms, which are small (2-10 nm) assemblies of metal, metal oxide or
semiconductor materials with novel electronic, optical, magnetic and catalytic
properties (Aitken et al., 2006). QDs may have a reactive core made out of metal
or semiconductor such as cadmium selenide, cadmium telluride, indium
phosphide or zinc selenide, which controls its optical properties (Klaine et al.,

2008).

2.3.2.2 Metal nanoparticles

Metal NPs have long been used in a number of applications (Table 2-2) most
commonly silver, gold and iron. Metal sulphide NPs also exist in the environment
through natural processes including abiotic and biologically-mediated mineral

precipitation.

2.3.2.3 Metal oxide nanoparticles

Metal oxides, such as titanium dioxide (TiO;) and ceria form a class of special
interest among manufactured inorganic NPs. This is due to the unique properties
such as being photo- and catalytic-reactive (Yuan et al., 2008). Metal oxides are

also important components of natural aqueous systems.
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2.3.3 Uses of nanoparticles

Table 2-2 Uses of commonly manufactured nanoparticles

Background

Particle

Uses

Reference

Fullerenes and Buckyballs

Cosmetics and photoconductors

Loutfy et al., 2002

Optics, electronic materials and
superconductors.

Alargova et al., 2001

Buckminsterfullerene Cg

Led to the advance of
nanotechnology and in the
associated nanotoxicity
investigations observed today.

Tong et al., 2007

Sensitive sensors that could
register pollution at the
molecular level.
Transparent touch screens, light

Graphene Novoselov et al., 2004
panels and solar cells.
Maybe used to convert plastics
into electronic conductors for
future applications.

QDs Medical imaging and sensors. Aitken et al., 2006
Microbial at low concentrations Silver, 2003
and used to treat burns, wound
and ulcers and are used to coat

catheters.
. Clothing and semiconductor Tillman, 2004
Silver . .
industries.
Photosensitive components and Liu et al., 2007
catalysts.
Dental resin composites. Herrera et al., 2001
Cosmetics. Jeon et al., 2003
Zero-valent iron Treatment of contaminated Phenrat et al., 2007
groundwater.

Gold

Drug delivery systems, catalysts
and more recently in electrons in
flexible conducting inks and
films.

Klaine et al., 2008

2.4 Nanoparticle properties and environmental effects

A range of properties makes MNPs quite different from the bulk material of the

same chemical composition. Such properties include high tensile strength, rapid

diffusion, high elastic limit and heat tolerances, (Thill et al.,, 2006). MNPs can

exhibit high chemical stability, hydrophobic or hydrophilic properties, (Thill et al.,

2006), ultra-violet light blocking capability and antimicrobial activity (Kashiwada,
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2006) compared to the same chemical in the bulk form. A range of NP
characteristics including particle size; shape; surface charge and associated
changes in bond lengths, bond angles and vacancies (Wigginton et al., 2007),
surface coatings; crystal structure; dissolution and aggregation behaviour for
example, can all affect the fate, transport, bioaccumulation and particle behaviour
in aquatic systems and thus to comparative (nano)ecotoxicity studies. The
following is a short account of some of the more commonly applied NP properties
used to determine NP behaviour and associated risk during nanoecotoxicity

studies.

2.4.1 Specific surface area

NPs have a much greater specific surface area (SSA) than the same mass of
materials at the micro-scale (Aitken et al., 2006) which increases the proportion
of atoms or molecules which are distributed on the surface, rather than in the
interior of the material (Park et al., 2007; Ju-Nam and Lead, 2008). As Figure 2-
1 indicates, as the size of the particle decreases, the SSA exposed to the
environment increases. Increasing the SSA increases the surface free energy
(Zhang et al., 2003) and abundant reactive sites on the surface of NPs (Navarro
et al., 2008). Increased SSA may (Hansen et al., 2006) or may not (Hsiao and
Huang, 2011) increase the cytotoxic mechanisms compared against particle size
alone. A higher surface energy can also make NPs interact (Borm et al., 2006)

and agglomerate, potentially reducing the NPs bioavailability.
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Figure 2-1 Generalised size-dependent reactivity of a material.
As the particle transitions from macroscopic (bulk-like) to atomic, (nano-like) reactivity can increase
or decrease depending on the material and the chemical reaction involved (Wigginton et al., 2007).

2.4.2 Size

The property of particles can alter depending upon the particle size (Hoet et al.,
2004). When the dimensions of a solid material become very small, the physical
(melting point, electrical conductivity), and chemical reactivity due to the change
in SSA can become very different from those of the same material in a bulk form,
(Borm et al., 2006; Madden and Hochella, 2005). These changes in
physicochemical characteristics due to NP size can cause increased toxicological
effects to exposed aquatic biota and cells compared against the bulk particles of

the same chemical form.

2.4.3 Shape
Shape changes can also change colloid stability, due to quantum confinement

effects (Qu et al.,, 2004) and must be taken into account when particles are
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produced. Structural deviations in NPs relative to bulk materials are not well
understood (Gilbert et al., 2004) and theoretical models of NPs generally assume
they have bulk-like interior structures. Variation in shape of a particular NP may
also have effects associated with toxicity (Tarantola et al., 2010). Different NP
shapes may increase interactions to organisms (Ispas et al., 2009) and organic
materials (Bar-llan et al., 2009) allowing particles to potentially become more

bioavailable.

2.4.4 Aggregation behaviour and DLVO theory

Particles in aquatic dispersions may, under some circumstances, collide with
each other as the kinetic energy, provided mainly from Brownian motion,
(O’Melia, 1980) is sufficient enough to overcome repulsive forces acting on them
(Stumm and Morgan, 1996). This collision allows particles to attach to each
other leading to agglomeration of some particles, or aggregation of particles,
which is a more permanent attached state. The collision of NPs can be described
theoretically following the two mathematical models presented by the DLVO

theory.

2.4.4.1 DLVO Theory

The DLVO theory attempts to calculate the total interaction energy (V1) by
identifying the interactions between particles in close proximity (Stumm and
Morgan, 1996) using the electrostatic attractive van der Waals forces (Balnois et

al.,, 2007) (Va), and the repulsive (VRr) interactions of particles (Equation 2-1).
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The attractive van der Waals forces are weak forces which only dominate at
short distance as expressed in Equation 2-2, (Wamkam et al., 2011), where A is

the Hamaker constant (J) and D is the particle separation (m).

Equation 2-1 Total interaction energy
Taken from Wamkam et al., (2011)

V1=Va+ Vg

Equation 2-2 Attractive van der Waals forces

VA = —A .
(12nD?)

The repulsive forces come from the electric surface charge, which is influenced
by the paticles double layer, expressed as Equation 2-3 where a is the particle
radius (m), € is the solvent solubility, ¢ is the zeta potential (mV) and « is a

function of the ionic composition (k™" is the length of the electric double layer).

Equation 2-3 Repulsive forces
Taken from Wamkam et al., (2011)

Vg = 2neat? exp(—«D)

2.4.4.2 Stability of colloidal dispersions

It is predicted by the DLVO theory (Figure 2-2a) that for low ionic strength
solutions the distance at which the effects of the charged particle surfaces are
felt is large enough that there remains a sufficient energy barrier to maintain

stability.
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Figure 2-2 The DLVO theory
a) DLVO theory in graphical form. b) Repulsive and attractive forces acting on a particle.
Taken from Wamkam et al., (2011).

As the ionic strength increases the energy barrier becomes smaller and the
suspension is predicted as being very unstable. The attachment within the
primary energy minimum is effectively irreversible. In some cases a secondary
energy minimum develops when particle attachment is reversible by mechanical
action or by changing the ionic strength (or pH) of the solution. In situations
involving high salt concentrations, there is a possibility of a secondary minimum
where a much weaker and potentially reversible adhesion between particles
exists (Wamkam et al., 2011). These weak flocs (agglomerated solid matter) are
sufficiently stable not to be broken up by Brownian motion, but may dissociate
under an externally applied force such as sonication. Attractive forces are
primarily obtained from a particles surface charge, which defines the electrical

field around each particle (Buffle et al., 1998).
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The repulsive forces are primarily from the double layers (Jiang et al., 2009)
surrounding a particle (Figure 2-2b). If the particles collide with sufficient energy
to overcome the repulsive barrier, the attractive force will pull them into contact
where they adhere strongly and irreversibly together. Therefore if the particles
have a sufficiently high repulsion, the dispersion will resist flocculation and the
colloidal system will be stable. However if a repulsion mechanism does not exist
then flocculation or coagulation will eventually take place. With NPs, if static
charges are not strong enough, the van der Waals forces will be greater allowing
aggregation to occur, resulting in sedimentation of the particle suspension.
Particle aggregation can be prevented through electrostatic or steric

manipulations.

2.4.4.3 Controlling particle stability

Electrostatic changes on the particles surface can be conducted by increasing
the particle surface charge through pH manipulation or changing the ionic
strength of a solution. The point at which the particles calculated charge is zero
(Pzc) is the state at which particle aggregation will be at its greatest, due to
reduced particle repulsion. Steric manipulation of a particles coating may be
engineered using a ligand e.g. polymers. Particle coatings form a double electric
layer leading to functionalised particle surface changes which increase the
repulsion forces acting between particles of the same chemical form. The
thickness of the electric double layer (EDL) is a function of solution ionic strength,

with an increase in ionic strength leading to a decrease in double layer thickness
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(Jiang et al., 2009). As the EDL repulsion is lowered by pH or ionic strength
changes, particles can approach and adhere to each other, leading to

flocculation (Eggleston and Jordan, 1998).

2.4.4.4 Limitations of the DLVO theory

The DLVO can be used to quantitatively estimate the energy of a colloidal
system. The DLVO theory however has some limitations with NP dispersion
estimations as NP dispersions are somewhat variable in characteristics
compared to bulk particle dispersions. For example, the DLVO theory is only
applicable if there is no interference with diffusive or attractive forces (Kallay and
Zalac, 2002). Also NPs generally do not show electrostatic stabilisation (Kallay
and Zalac, 2002) and coagulate with lower repulsive forces much faster than
larger particles, (Leppard, 1995). In the course of aggregation, NPs may exhibit a
complete overlap of the diffuse layers, further reducing the ability to apply the
common DLVO theory. The DLVO theory also does not include the effects of
particle shape, charge, heterogeneity and surface roughness which may also
influence the collision efficiency of NPs (Elimelech et al., 1995; Bhattacharjee et
al., 2000). The DLVO theory is also not effective in describing effects associated
with dilute dispersions with low salt concentrations (Ise and Sogami, 2005) often

used in some characterisation and nano toxicity studies.
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2.5 Nanoparticles in the environment

With an estimated production of MNPs at 2000 tons in 2004, expected to
increase to 58,000 tons in 2011 to 2020 (Maynard, 2006 pp.10), MNPs are likely
to enter the environment by accidental manufacturing effluent or from spillage
during shipping and handling (Oberdérster et al., 2005). MNPs may leak out of a
material or be worn off over the period of its use and may therefore reach the
environment through landfills and other methods of disposal. With all this in mind,
it is alarming to know that there is currently a limited knowledge of toxic effects
on wildlife (Handy, 2007), drinking water and food chain disruption of these
materials. Previous research has shown NPs of the same chemical form of
relatively benign bulk materials, produce severe toxic effects at relatively low
exposure concentrations, to a range of biota. For example, Aruoja et al., (2009)
found bulk TiO, were less toxic (ECso 35.9 mg Ti/l) than the equivalent nano
formulation (ECsp 5.83mg Ti/l) to Pseudokirchneriella subcapitata.
Understanding the environmental impact of NPs to a range of taxonomical
groups is therefore vital to ensure any environmental impact will be avoided.

Environmental risk of NPs can be categorised as Equation 2-4.

Equation 2-4 Risk calculation

Risk = exposure X hazard

The following is a short account describing an environmental risk model of NPs
entering the natural aqueous environment focussing on exposure, hazard,

toxicity and risk.
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2.5.1 Exposures of nanoparticles

Exposure can be defined as the concentration of a substance in a (aquatic)
media multiplied by the duration of contact (Lauwerys, 1998). Although there is
an increased production of MNPs in commercial products, causing an increase in
the potential release of MNPs to environmental systems, the concentrations of
this release maybe relativity low. With variable pathways and transportation
routes within environmental systems, (Figure 1-1) particle aggregation and
changes in particle chemistry may reduce the actual exposure experienced by

biota.

The uptake and bioaccumulation of particles from environmental systems may
also vary specie to specie. NPs may directly or indirectly affect ecosystem
functions like primary and secondary production although the actual
environmental concentrations present in aquatic systems are still unclear (Griffitt
et al., 2008). The emerging ecotoxicological literature reviewed [Klaine, (2009);
Scown et al., (2010); Bhatt and Tripathi, (2010)] however, shows that toxic
effects on fish and invertebrates can often occur at relatively low concentrations
of NPs. This poses a real threat to NP manufacturing and waste disposal issues

in the future.

2.5.2 Cellular pathways of nanoparticles

There are three conceptualised entry routes to describe the potential pathways of

NPs into cells, as shown in Figure 2-3. These pathways include the direct
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diffusion of NPs across the cell wall/lmembrane, the process of endocytosis and

movement through the cell via ion channels.

2. Endocytosis 1. Diffusion 3. Channel
NP
o NP
Extracellular NP El’j\

NP NP

Intracellular NP NP

Figure 2-3. Potential mechanisms of nanoparticle entry into cells. 1, Direct diffusion across a cell, 2,
endocytosis mechanism of the cell and 3, ion channelling routes for transporting NPs. Taken from
Rapopport et al., (2011).

Diffusion is the movement of molecules (e.g. CO,, H,0) from a region of high
concentration to a region in which they are less concentrated. Diffusion depends
on the motion of the molecules and continues until the system in which the
molecules are found reaches a state of equilibrium. A cell may also engulf useful
molecules such as proteins which are too large to pass through the plasma or
cell membrane in a process is called endocytosis. NPs may get coated by
proteins which are identified by the cell as desirable and may subsequently be
taken into the cell through this mechanism of endocytosis. The third possible
route of NP entry into a cell is through ion channels. lon channels are the cell’s
membrane proteins that give rise to selective permeability (Purves et al., 2001).
lon channels have pores that permit particular ions to cross the neuronal
membrane and mediate the flow of ions across the plasma membrane of cells.

There are different types of ion channels operate like a gate, opened or closing
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by a chemical signal, (Purves et al., 2001). lons may dissolve from the surface of
a NP due to the high reactivity of the NPs surface compared to the bulk material.
Such ions may therefore enter the cell through this ion transportation

mechanism.

The physicochemical characteristics of a NP can affect the ability of the NP to
enter the cell by these identified pathways. Factors affecting how fast a particle
will diffuse including temperature, size and variety of particle type in the system
and associated surface charges on the NP along with the nature of the material
that the molecules are moving through, will affect the rate and ability of the
particle to diffuse. The NPs physical parameters of size, dissolution rates and
binding capabilities will also affect the cell’'s ability to engulf the particles. NPs
may have the ability to attract and bind with other materials to coat and therefore
may be “hidden” and be unidentifiable by the cell’'s bilayer. This may allow the
particle to enter the cell by endocytosis when it ordinarily would be avoided. The
small pore size of a few A for ion-channelling transportation of NPs suggest that
only the smallest of particles may enter the cell by this mechanism. lons
however, released from the surface of a NP during dissolution may enter the cell
via ion channelling routes. Therefore dissolution rates are vital to be determined
when identifying and understanding the fate, behaviour and transportation of NPs

during cellular and organism exposures.
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253 Hazard and toxicity

Hazard is the potential to cause harm and is an intrinsic property of a material
(Lauwerys, 1998). Some of the knowledge of colloidal species has been
transferred to the understanding behind the potential hazards associated with
NPs, although systematic trends of colloidal systems are often not observed with
NP interactions. There is emerging literature reporting the toxic effects of MNPs
in organisms, although the mechanism of exposure and effects are still poorly
understood (Handy et al., 2008a). The toxicity caused by some NP dispersions
often show few trends. Particle characteristics of NPs including crystallinity,
shape, SSA as well as dose, may be attributed to the toxicity observed from NP
exposures assessments although no actual mechanisms has been deemed

responsible for toxic effects observed from these studies.

254 Nanoecotoxicity

Ecotoxicity involves the identification of a chemicals risk to the environment by
measuring the effects of that chemical on crustaceans, algae, aquatic plants
(UNECE, 2004), fish, terrestrial plants (USEPA, 2007) and other environmental
communities. Research encompassing UFPs by Oberdorster et al., (2004)
largely laid the foundation for the emerging field of nanoecotoxicology. From
such previous efforts however, a paradigm has emerged suggesting the cytotoxic
effects associated with NP exposures to cells and aquatic organisms is due in
large to oxidative stress (OS) discussed below. OS from Cgo exposures for

example was highlighted by Oberdorster et al., (2006) during exposures to D.
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magna, and predicted as the mechanism of toxicity observed during exposures to
D. rerio by Usenko et al., (2008) and also shown during exposures to C. carpio
by Zhu et al., (2008), all with little or no evidence supporting OS production. With
increasing technological advances in instrumentation to measure interactions of
NPs to organisms, more recent publications have identified OS as true effects of
some NP exposure to organisms through hydroxyl radical (OH) generation

(Reeves et al., 2008).

Opposing the negative toxic effects associated with NP exposure studies is
observed with research investigating transportation (Hassellov and Kammer,
2008), bioavailability (Lee et al., 2008), aggregation and contaminant speciation
(Kammer et al., 2005) of NPs in aquatic systems. These studies offer evidence
of reduced bioavailability of NPs due to their specific behaviour and
characteristics, under environmental conditions. Particular behavioural
characteristics exhibited by NPs may reduce the exposure experienced by biota,
regardless of initial NP concentrations being released. The mobility of ceria NPs
for example, has been investigated by Thill et al., (2006) who concluded NPs as
being highly mobile and rapidly transported in the environment or inside the
body. In contradiction to this however, Borm et al., (2006) suggested other NPs
do not move far in environmental conditions due to adsorption and
immobilisation. Both reports were published following various preparation
techniques and the use of different particles. Lecoanet et al., (2004) showed

transportation of NPs will vary depending upon the particle type, with fullerenes
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predicted to travel up to 10 m through sand aquifers, posing a real threat for the
commercial use of fullerenes in the future. The toxicity of NPs therefore differs
with particle type and specifically with particle preparation (Lovern et al., 2007),
making it difficult to compare results from such research. Consumers of products
containing NPs may become sceptical towards potential hazard of NPs as the
dissemination of relevant information is offered. Cgo for example has been found
to be either harmful (Oberddrster et al., 2006), neutral (Jia et al., 2005) or have
no significant (Robichaud et al., 2005) biological consequences under exposure
conditions. Cgp suspensions have been shown to be toxic to human cells (Sayes
et al., 2004), toxic to bacteria (Lyon et al., 2006) a danger to fathead minnows
(Zhu et al., 2006) and a danger to zebrafish embryos (Usenko et al., 2008).
There is evidence to suggest NPs can penetrate deeply into the lung (Nemmar et
al., 2001) where their large numbers of particles overwhelm defensive

mechanisms.

2.5.4.1 Oxidative stress

The possible mechanisms for cytotoxicity observed with NP exposures to cells
maybe described using Figure 2-4. Changes associated with the surface
properties of NPs compared with their bulk counterparts may lead to toxicity
observed due to the interaction of electron donor or acceptor active-sites with
molecular oxygen (O). The subsequent formation of the superoxide radical (O3,
can generate reactive oxygen species (ROS) as described extensively in the

literature. Under conditions of excess ROS production, OS occurs in cells. This is
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essentially referred to as a state in which glutathione (a produced antioxidant) is
depleted while oxidised glutathione accumulates (Nel et al., 2006) by creating
free oxygen radicals (O2°). The outcome of this can result in damage to DNA.
Carbon nanotubes for example have been shown to bind to DNA (Zhao et al.,
2005) which could either induce cancerous cells from cellular nucleotide
mutations or ultimately cell death either from cell membrane rupture or

mitochondrial damage (Li et al., 2003).

Figure 2-4 Possible mechanisms by which nanomaterials interact with biological tissue.

Examples illustrate the importance of material composition, electronic structure, bonded surface
species, surface coatings and solubility and the contribution of interactions with other environmental
factors (e.g. UV activation). Taken from Nel et al., (2006).
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2.5.4.1.1 Measuring oxidative stress

Indicators of OS often include measuring total ROS, reduced glutathione levels,
and increased malondialdehyde (indicator of lipid peroxidation) and lactate
dehydrogenase (indicator of cell membrane damage) levels (Weisheng et al.,
2006). These can be quantitatively assessed using a range of techniques and
assays. Reduced glutathione levels for example can be determined by
spectrofluorometric measurements of o-phthalaldehyde which reacts with
reduced glutathione to produce a strong fluorescent intensity (Jia et al., 2010).
Increase production of malondialdehyde can be measured by determining the
associated thiobarbituric acid-reactive substances, (TBARS assay) which is often
measured fluorometrically. The lactate dehydrogenase assay measures the
reaction velocity as a decrease in absorbance at 340 nm, resulting from the

oxidation of NADH.

Other indicators of OS can be measured by the aactivities of antioxidant
enzymes such as superoxide dismutase (SOD). The SOD assay is measured
spectrophotometrically by the formazan produced during SOD production. The
measured activity of the antioxidant enzymes catalase can also be measured
spectrophotometrically by the rate of H,O, decomposition during a reaction
(Kakkar et al., 1998). Although OS from NP exposures is often made from the
determination of ROS, stress can be caused by other environmental factors
(Choi and Hu 2008) including heat, drought and flood tolerances. Therefore,

results from multiple tests are also important when assessing NP toxicity.
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2.5.4.2 Toxicological studies

Data from toxicological studies will refer to the concentrations at which the
chemical shows inhibitory growth, by using effective concentrations (EC) and
high, low and no observable toxic effect concentrations. These measurements
allow the regulatory authorities to support the registration and/or approval of new
chemical products. Tests can be specific for particular effects e.g. unknown
chronic effects to new substances. Acute toxicity tests are often conducted first,
to identify likely biological outcomes from a short exposure. Sub-chronic tests
help to determine the effects from biota when exposed to substances over
several weeks, where chronic toxicity tests offer an insight into an organism’s

behaviour when exposed to a substance for a long period of time.

2.5.4.2.1 Effective Concentration

The ECy estimations should be considered as the preferred type of analysis for
toxicity assessments. The EC, can be applied at any exposure period to show an
organisms effect. For example, the ECs is the concentration of a pollutant at
which 50% of the test specie display non-lethal effects, (Singleton, 1989)
compared against the control. The ECy value however differs depending upon

exposure time, species, contaminant and other biological factors.

2.5.4.2.2 No and low observable effective concentration

The NOEC (no observable effective concentration) is defined as the highest

tested concentration that gives no significant deviation from a control without the
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toxicant (Shieh et al., 2001) with respect to the effect that is studied. The LOEC
(lowest observable effective concentration) is the lowest concentration at which a
toxicant causes a significant growth effect compared against the growth of the
control in a given system. The LOEC and consequently the NOEC have several
disadvantages as summary measurements. The LOEC and NOEC are
dependent on the test concentrations used and no statement of precision can be

obtained for them (OECD, 2002).

2.5.4.2.3 PEC/PNEC

The predicted environmental concentration (PEC) is based on models for the
degradation or distribution of a substance in the environment (between water, air
and solids) using physicochemical and biodegradation data (DCS, 2011). The
predicted no effect concentration (PNEC) is based on environmental effect data,
such as toxicity to fish, Daphnia or algae and is determined by applying a safety
factor (DCS, 2011) for nanoecotoxicological studies. PNEC values are typically
gained from toxicological studies where the expected concentrations have been
extrapolated to the point at which there is no adverse effect on organisms. For
acute studies for example, the safety factor of 1000 is applied divisible by the
ECso value (Table 2-3). The ratio of PEC/ PNEC can be used as an indicator of
risk, allowing risk to be quantitatively labelled (Table 2-4). If the PEC/PNEC ratio
is <1, risk can be considered low (Mueller and Nowack, 2008). A PEC/PNEC

ratio >100 suggests the risk of that substance needs reducing immediately.
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Table 2-3 Safety factors for PEC/PNEC estimations

Toxicity test Term (d/example) Division made
Acute Short (4 d fish) ECso / 1000
Sub-acute Medium (21 d fish) ECso/ 100
Chronic Long (pond work) ECso/ 100

Table 2-4 PEC/PNEC ratio values
Taken from DCS, (2011).

PEC/PNEC value Suggested outcomes
<1 No immediate concern
1-10 of concerr? if supply volumes
increase
10-100 Further data required
>100 Reduce risk immediately

255 Risk

Risks, unlike hazards, can be managed and minimised. For example, a
hazardous material poses low risk if the chances of exposure are low (Lauwerys,
1998). Risk also considers the magnitude and frequency of the toxicant dose
that might be received by an organism. If the dose is low, or the discharge
infrequent, exposure will be reduced and the risk of the toxicant will be lowered.
For NPs to present a risk, there must be a potential for exposure and a hazard

which results after exposure (Wiesner et al., 2006) e.g. toxicity.

Natural NPs have always been present in the environment and in higher
concentrations compared with likely concentrations of MNPs (Nowak and
Bucheli, 2007). The apparent risk from MNPs however, comes not from their
expected release concentrations but from their novel characteristics (Ju-Nam and

Lead, 2008). Risk of NPs in aquatic systems is poorly expressed and is
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essentially unknown, increasing the concern for environmental systems. Results
from nanoecotoxicological studies show that certain NPs have effects on
organisms under environmental conditions, although these effects are mostly at
elevated concentrations. The assessment of risk associated with aquatic species
under NP exposures is therefore one of the major concerns of environmental

research.

Quantifying the human health risks associated with a material requires answers
to many questions, as identified by Maynard, (2009) as;
‘How can the material enter a (organism/cellular) body™?
Where does it go™?
‘How does it change once it gets to a particular location? And

“What is the human exposure from the environment”?

Understanding environmental risk of NPs therefore requires understanding into
the exposure, toxicity, composition, dispersion, fate, transportation and behaviour
of a NP under a range of conditions. To ensure the successful and continued
application of nano-enabled products, there requires an active exchange of
information to consumers, the general public and across the scientific community

regarding the safety and potential toxic effects of NPs.
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2.6 Benefits of nanoparticles

With some literature often focusing towards the negative effects observed from
biological interactions of NPs, the use and therefore the benefits of NPs can
often be neglected. For example, NPs have been found to prolong the life of
brain cells (Rzigalinski, 2006), and gold MNPs are being developed for the used
as drug delivery systems (Birnwar et al., 2011). The same inhalation and
transport properties identified as negative NP properties can allow for rapidly
delivery of medicines through the lungs (Chow et al., 2005). Ceria for example is
being exploited as a diesel fuel by Oxonica (2003; 2005) due to its redox
capabilities, reducing particulates from fuel combustion processes. Information
regarding NP characteristics and behaviours therefore can be used as positive
outcomes to further NP research and development. NPs have also been found
to be transported through the bloodstream or lymphatic system to vital organs
(Oberddrster et al., 2004) which can in turn be beneficial for medical applications.
Therefore, unless the risk associated with NPs are understood and carefully
managed, the potential benefits of this technology could be needlessly
undermined due to public opinion, as observed during the genetically modified

food debate (Gimbert et al., 2007).

2.7 Reason for choosing nano-ceria to study

Nano-ceria is being manufactured for current and future use in a number of
commercial and industrial applications (Table 1-1). Nano-ceria may be persistent

in biological and aquatic systems, due to its low solubility and may provoke a
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range of long-term effects involving carcinogenic, mutagenic or teratogenic
influences on specific aquatic organisms (Brunner et al., 2006). Ceria NPs are
therefore currently one of 14 nanomaterials identified on the OECD, (2008) list of
priority nanomaterials required for immediate testing. The overall environmental
impact of nano-ceria particles is dependent upon understanding how
environmental conditions such as solution chemistry, redox potential, heat,
pressure, biochemical reactions over time and the presence or absence of
coatings may affect NP stability and behaviour (Guzman et al., 2006). At present,
little or no ecotoxicity data are available for the determination of NP interactions,
particularly with nano-ceria and biological matter, (algae, bactiera, viruses etc)
resulting in limited risk assessments being made (Hoecke et al., 2009). The work
this thesis supports investigated commercially available manufactured and in-
house synthesized ceria particles for characterisations in a range of aquatic test

systems and toxicity assessments to P. subcapitata.

2.7.1 Cerium dioxide

The element cerium, a member of the lanthanide series, is the most abundant of
the rare earth elements (REE) and the 26™ most abundant element in the Earth’s
crust. Cerium was discovered in the form of an oxide in 1803 by Klaproth,
Hissinger and Berzelius (Cotton, 1991) and isolated in 1839 by Carl Gusteav
Mosander (Hampel, 1968). Cerium was named in honour of the asteroid Ceres,
discovered in 1801 and can be found in ores such as monazite as cerium

dioxide. Cerium dioxide can be refered to as ceria or its chemical form, CeO..
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2.7.2 Chemistry of cerium dioxide

Cerium has a melting point of 795°C and a boiling point of 3,257°C. Cerium is
ductile, malleable and has a density of 6.78 g/cm®. Ceria was found to emit
complex spectra of beta and gamma radiation by Johnson and Kyker (1961) and

has a number of known isotopes from cerium-119; to 157.

2.7.2.1 Redox state

Ceria has important redox chemistry with oxidation states of +4 and +3 and the
ability to cycle between the two (Conesa 1995; Herman 1999), under ambient
conditions (Hampel, 1968) (Equation 2-5). The reduction of Ce*" (CeO, or
cerium (IV) dioxide) to Ce** (Ce,O3 or cerium (1) oxide) is accompanied by the
creation of an oxygen defect (Suzuki et al., 2002) or vacancy, (Schubert et al.,
2006; Baalousha et al., 2010). This property is responsible for the interesting
redox chemistry exhibited by ceria NPs and makes it attractive for catalytic
applications discussed in the next section. The antioxidant properties associated
with nano-ceria exposures that allow for the scavenging of free radicals (Perez et
al., 2008) along with the contradictory hydroxyl radical formation associated with
toxic responses observed with nano-ceria exposures (Lin et al.,, 2006) are
thought to be due to the presence of the mixed valence states of ceria. For
example, Ce®*" can react with oxygen to form Ce*" and oxygen free radicals
(Equation 2-6) which in turn can form hydrogen peroxide (H.O,) (Equation 2-7), a
major contributor to oxidative damage within cells. H,O, reacts with Ce®*" to

produce hydroxyl free radicals (OH") and Ce*" ions (Equation 2-8). The valence
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and defect structure of ceria is dynamic and may change spontaneously or in
response to physical parameters such as size or temperature, (Korsvik et al.,

2007).

Equation 2-5 Ce*" reacting with hydroxyl radicals
Taken from Karakoti et al., (2008).

Ce* +e €>Ce”

Equation 2-6 Ce™ oxidation
Taken from Lin et al., (2006).

ce¥+0,>ce* +0,

Equation 2-7 Hydrogen peroxide formation
Taken from Lin et al., (2006).

O+ 0+ 2H" > 0, + H,0,

Equation 2-8 Ce* reaction with H,0,
Taken from Lin et al., (2006).

H,0, + Ce** = Ce** + OH + OH

The redox property of ceria is responsible for the interesting chemistry exhibited
by ceria NPs and makes ceria attractive for catalytic applications and medical
uses (Karakoti et al., 2008). By releasing for example, fuel-rich (excess fuel
present, where air is the limited reactant) and lean-fuel (excess oxygen with
complete combustion of fuel and air) conditions, an optimal oxygen pressure for
the catalytic removal of harmful exhaust gases can be maintained, achieved by
partial reduction/oxidation of ceria (Equation 2-9). Ceria is also currently being
used in diesel fuels (Zhang et al., 2005) as it reduces the temperature at which

carbon combusts (Park et al., 2007), thus increasing the performance of the
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engine. Most importantly, and specifically for environmental implications, nano-
ceria addition to diesel results in reduced particulate emissions from the exhaust

(Park et al., 2007).

Equation 2-9. Oxidation and reduction of ceria

Reducing

Oxidizing
2.7.2.2 Chrystal structure
Bulk-ceria crystallises in the fluorite structure (Figure 2-5a) in which the Ce**
cation is surrounded by eight equivalent O, ions forming the corner of a cube

(Deshpande et al., 2005) with each O, coordinated to four Ce** (Skorodumova et

al., 2001).

a) b)

Figure 2-5 CeO, and Ce,0; crystal structures

Crystal structures of the cubic fluorite lattice of CeO, and the hexagonal lattice of Ce,Os.

Ce and O atoms are shown by black and gray circles, respectively.

a) Bulk cerium (1V) dioxide (CeO,) structure. b) Distorted crystal structure of cerium (111) oxide due
to oxygen vacancy creation. Taken from Skorodumova et al., (2001).
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Ce* ions have higher ionic radius (1.034 A) compared to Ce*" ions (0.92 A)
producing a more distorted crystal structure of cerium (Ill) oxide (Figure 2-5b).
The introduction of oxygen vacancies when considering nano-ceria and
accompanying Ce®*" ions can lead to a distortion of the local symmetry. This
causes the change in the Ce-O bond length (lattice disorder) and a change in the
overall lattice parameter (Deshpande et al., 2005). The ratio of the two oxidation
states may be size dependent (Zhang et al., 2002) with increasing Ce(lll) being

observed at the lower nanometer sizes (Baalousha et al., 2010).

2.7.3 Uses of nano-ceria

Ceria NPs are technologically important materials with remarkable properties
used in a number of applications (Skorodumova et al., 2001). Numerous
commercial applications use ceria, (Table 2-5) including metallurgy, ceramics,
and phosphors (Oxonica, 2005). One company embracing nano-ceria use is
Onoxica producing Envirox™. Envirox™ is a ceria based fuel borne catalyst
supplied as a dispersion of 2% w/v cerium oxide in a hydrocarbon carrier.
Envirox™ is diluted with diesel for delivery to the vehicle at a ratio of 1:4000,
yielding a final nano-ceria concentration in the vehicle diesel fuel of 5 mg/L (Park
et al., 2007). Current research focusing on further uses of ceria NPs are ongoing
e.g. solid oxide fuel cell electrolyte material and for gas sensors, optical coatings,

high storage capacitor devices (Zhang et al., 2003).
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Table 2-5 Applications and properties of nano-ceria particles

Background

Applications Properties References
Additives in polymers and dental .
po'y . Fluorescent properties Brunner et al., 2006
materials

Polishing glass

Reacts chemically with the glass

Masui et al., 2002

UV absorption

Strong UV absorption
High optical transparency in the
visible region

Morimoto et al., 1999;
Korsvik et al., 2007
Elidrissi et al., 2000

Cosmetics (although the surface
and the size of particles, must be

UV-absorption efficiency

Tago et al., 2003

modified).
Catalyst in automobile catalytic High-active facets Masui etal., 2003
converters Reductions/oxidation capacity Herschend et al., 2005

Diesel fuel additive

Reduces temperature carbon
combusts and reduces
particulate emissions

Zhang et al., 2005
Park et al., 2007

2.7.4 Risks associated with ceria

2.7.4.1 Bulk-ceria

REE are not known to possess a functional role in living cells, (Cotton, 1991) but
a clear physiological hazard from these elements exists. The REE have long
been known to be toxic to various organisms like inhibiting respiration of fungi
(Sobek and Talburt 1968). It has also been established that various plants and
animals are able to concentrate REE from their environments. Uptake of REE by
various organisms has resulted in drastic morphological changes in cells and
tissues as well as the poisoning of some cellular systems (Sobek and Talburt,
1968). One of the major problems in working with the REE is that they rapidly
form virtually insoluble phosphate and hydroxide compounds at slightly acidic,
neutral and alkaline pH values and may also precipitate from solution (Sobek and

Talburt 1968).
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2.7.4.2 Nano-ceria

Nano-ceria has been shown to provide protection towards cells, against
radiotherapy carried out during cancer therapies (Tarnuzzer et al., 2005) and has
been shown to have very low or no toxicity when in the form of exhaust
emissions (HEI, 2001). Table 2-6 however shows the opposing view of nano-
ceria listing the toxic effects associated with commercial nano-ceria from recent
literature. There is also an apparent protective response of nano-ceria particles
compared to the bulk-particles, with contradictory evidence of OS being
produced. This suggests nano-ceria particle effects are dependent upon the
physicochemical properties of the particle which seem to be relatively
independent of its size. These areas of research using commercially available
powdered nano-ceria particles, however, do have limitations in their use as
toxicity data. The referenced size distribution for example, must be taken into
consideration as powdered particles do not dispense readily in solutions,
reducing the quoted doses offered. Also, aggregation of NPs can take place

during transit which can increase the registered manufacturer’s size distribution.

When investigating synthesized nano-ceria particles of well-defined dimensions,
a variable cytotoxic effect is apparent (Table 2-7), compared against commercial
nano-ceria particles. Thill et al.,, (2006) showed how the toxicity of cells from
nano-ceria exposures was largely due to the NP surface chemistry and
associated attractive capabilities rather than concentration or particle number.

The activity dependency relating to the size of the nano-ceria particles during a
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study by Ivanov et al., (2008) has also been attributed to the increase volume
and surface oxygen of ceria when particle size decreases. This study by Ivanov
et al., (2008) suggests that as synthesized nanomaterials remain in suspension
for a period of time, they may become more hazardous. However, large
agglomerates of NPs can form in solution over time, without appropriate
dispersion methods undertaken, leading to conclusions by Ivanov et al., (2008)
relating to particle size being misrepresented without characterisation data

available.

Based upon this short review it is evident that the inherent toxicity of commercial
nano-ceria is low with growing evidence that ceria NPs demonstrate protection
towards living cells. Size dependent toxicity by commercial ceria is also low, due
to the dispersion of these low soluble particles. Synthesized ceria offers a
greater toxic effect compared to commercial ceria particles largely due to their
particle dimensions and stable dispersions. The molecular mechanism of the
antioxidant properties of nano-ceria has, as yet, to be elucidated and full
understanding of the mechanisms must be assessed (Korsvik et al., 2007).
Many of these investigations highlighted have been carried out using various
methods, synthesis and preparation of nano-ceria dispersions which must also
be taken into account when assessing such work, as manipulations of NPs can

have an effect on chemistry and bioavailability of such materials.
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Table 2-6 Effects associated with commercial hano-ceria particle exposures

Biological system

Effect

Reason

Particle type

Reference

Cultured human lung cancer cells

Cell viability was seen to
decrease significantly as a
function of dose and
exposure time.

Free radicals were generated by
exposure to nano-ceria and
produced significant cell OS.

20 nm ceria NPs

Lin et al., 2006

Nerve cell line HT22

Little or no difference
between the neuro-
protective activity of 6 or 12
nm ceria particles and bulk-
ceria.

Antioxidant properties that
promoted cell survival under
conditions of OS.

NP oxides, cerium
nitrate and cerium
chloride
(0.0001 to 0.05 mg/L)

Schubert et al., 2006

Salmonella strain TA100
and Daphnia magna

No effect up to
5000 pg/plate.

MIP value <0.8 (NP+MP)
considers low in vivo skin
irritant
No D. magna immobilisation
effect observed.

Protection of cells in culture
from lethal stress.

9 nm nano- and 320 nm
bulk-ceria

Park et al., 2008

Human mesothelioma and a rodent
fibroblast cell line

Insoluble ceria showed
comparable results to titania
and zirconia, reduced cell
activity and DNA content
but no complete mortality,
(<30 mg/L).

Solubility greatly affects the
cytotoxicity observed. An initial
stress arose from NP
incorporation but sealing or
detoxification of the NPs in
compartments may have helped
to recover full cell culture
viability.

~8 nm particles

Brunner et al., 2006

Daphnia magna , D. rerio embryos and
Pseudokirchneriella subcapitata

No size dependent toxicity
was observed up to 1000
mg/L (bulk) or 200 mg/L
(NP).

No dispersion preparation or
characterisation determined.

14, 20 and 29 nm ceria
particles

Hoecke et al., 2009
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Table 2-7 Effects associated with synthesized nano-ceria particles
Biological system Effect Reason Particle type Reference

Gram-negative bacteria

Neuro- and radiation-
protective properties on
cells.

NPs were positively charged at
neutral pH and display a strong
electrostatic attraction toward
bacterial outer membranes
reducing exposure of ‘naked’
particles. NPs where mainly
located on the surface of the
bacteria showing no effect on
the bacteria survival rate.

CeO, NPs were gifted
from a chemical
company Rhodia.

They were obtained as a
powder through
precipitation of

ce*(NOy), salt at very
low pH.
(~7 nm)

Thill et al., 2006

E. coli

The bioactivity of ceria
considerably increased with
decreasing NP size being
more pronounced for the
ceria suspension preliminary
kept for a month.

The mechanism of the biological
effects of ceria was assumed to
be based on the capability of the
material to directly bind active
oxygen derivatives formed in the
system due to the presence of
dissolved molecular oxygen.

Precipitation witha 3 M
aqueous ammonia
solution from water—
isopropanol solutions
(1:1v/v)
cerium(lll) nitrate
(0.08 M).

(~5-8 nm)

Ivanov et al., 2008

Human lung fibroblasts

Strong dependence of ceria
availability to cells as a
function of size
(25 =500 nm).

Agglomeration properties of
ceria. Cells were found to rapidly
absorb ceria NPs from the
culture medium.

Prepared by flame spray
synthesis using chlorine-
free carboxylate
precursors.
(25-500 nm by DLS)

Limbach et al., 2005

Cultured human lung epithelial cells
(BEAS-2B)

NPs (5, 10, 20, 40 pg/ml) led
to cell death, ROS increase,
GSH decrease and the
inductions of OS-related
genes (heme oxygenase-1,
catalase, glutathione S-
transferase and thioredoxin
reductase).

The increased ROS triggered the
activation of cytosolic caspase-3
and chromatin condensation.
Uptake was observed where NPs
penetrated into the cytoplasm
and located in the peri-region of
the nucleus.

Prepared by
supercritical synthesis
method.

(15, 25, 30, 45 nm)

Park et al., 2008
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2.8 Summary

It is clear from the literature that data regarding the physicochemical and
ecotoxicological properties of NPs, specifically ceria particles, are not plentiful.
Most areas of NP research involve various methods of synthetic media
preparation and NP synthesis to obtain desired outcomes, so comparative
assessments between commercial and synthesized particles is difficult to
interpret. Also, results from in vitro studies cannot be directly transferred to
environmental conditions (Nowack and Bucheli, 2007) due to the controlled
conditions present in laboratory settings. Equally, cell media used for such tests
are not fully representative of natural corporeal systems due to variation in
pressure, temperature and salt interactions. Also, many of the studies reviewed
here were performed on small data sets, with subjective methodologies for the
assessment of NP characteristics. The apparent lack of characterisation data
from such studies limits the understanding and knowledge of environmental
effects associated with ceria particles. Although there is some difficulty
associated with measuring NPs in environmental systems, many techniques can
be applied to obtain a good representation of particle size, shape and

aggregation behaviour during toxicological tests discussed in the next chapter.
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3 Analytical techniques and methods

3.1 Chapter summary

The environmental fate, mobility, bioaccumulation and ecotoxicity of MNPs can
be influenced by the particles physical properties and chemical composition
including size, shape, particle charge and the presence of impurities. As no
single detection technique is without potential artefacts (Ju-Nam et al., 2011),
correct interpretation of NP characterisation must be based upon a large number
of observations, using a combination of several techniques (Baalousha et al.,
2011). Using a range of analytical techniques provides greater accuracy,
reduces bias, offers a more complete picture of the physicochemical status of the
NPs (Ju-Nam and Lead, 2008; Handy et al., 2008a) and also makes the available
data comparable between studies. This chapter describes the analytical
techniques and associated methodologies used to determine the particle
characteristics chosen for this study, in order of most frequently used technique.
This chapter offers a review on the instrumentation chosen expressing the
reasons for their choice and including a brief theory of each. The advantages
and limitations of each instrument are also discussed in the appropriate sections.
Details on the sample concentrations used for analysis are offered in Chapter 4.
A second aim of this thesis was to determine the mechanism of toxicity attributed
by ceria NPs to Pseudokirchneriella subcapitata by using mass spectrometry,

which is discussed in detail in Chapter 8.
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3.2 Hydrodynamic diameter by dynamic light scattering

Light scattering is a common method used to determine particle size. Dynamic
light scattering (DLS) also referred to as photon correlation spectroscopy (Hoo et
al., 2008), is performed routinely on NP dispersions (ISO, 1996). This technique
can be used to estimate the relative agglomeration of NP dispersions under
different conditions by comparing their hydrodynamic diameters (Jiang et al.,

2009).

3.21 Theory

DLS measures time-dependent fluctuations in the scattering intensity arising from
particles suspended in a liquid solvent, undergoing random Brownian motion
(Kaszuba, et al., 2008). A laser beam can be applied to the particle solution
(Peters, 2000) scattering the light from the particles back to a detector with a
different frequency. Assuming the particles are spherical and non-interacting,
(Karlsson et al., 2009) the particle size (an intensity-weighted Z-average), can be
calculated from an autocorrelation of the Doppler shifts of the scattered light over
time. The Z-ave is estimated from the Stokes-Einstein equation (Equation 3-1)
used to obtain the particles hydrodynamic diameter (dy). The Stokes-Einstein
equation uses the Boltzmann constant (k), temperature (T) and viscosity (n) of
the sample. The Z-ave can be further converted to a volume distribution and to a
number distribution (Gongalves and Gama, 2008). The DLS also produces a
width parameter (polydispersity index (Pdl)) representing the standard deviation

about the Z-ave assuming a monomodal distribution (Darlington et al., 2009).
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Equation 3-1 Stokes-Einstein equation

dH = kT
3anD
3.2.2 Advantages and limitations

There are a number of advantages and limitations of DLS as summarised on

Table 3-1.

Table 3-1 Advantages and limitations of DLS

Advantages/limitations Conditions References

Rapid
Little/no sample preparation
Advantages Low sample volume
Automatic computational data
conversion

Cannot distinguish between Tiede et al., 2009
different types of particles
Poor results from polydispersed Hassellov et al., 2008
samples

Does not factor in shape Powers et al., 2006
Mean diameters are weighted Darlington et al., 2009
toward larger agglomerate sizes

due to light scattering

Limitations

A further limitation of DLS arises with the measured dy interpretation. The dy
depends not only on the size of the particle “core”, but also on any surface
structure, as well as the concentration and type of ions in the medium. Increased
Pdl of a dispersion, which is particularly common with environmental samples,
also limits the use of DLS to measure particle diameters. To reduce error with
polydisperse samples the particle scattering needs to be increased by increasing
the particle concentrations, although this may result in greater particle

aggregation (Domingos et al., 2009a). Another limitation arises from larger
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particles which move more slowly through the fluid reducing the frequency shift.
Larger particles have a greater influence on the measured dy than smaller
particles in the same sample. For example, two sizes of particles (5 nm and
50 nm) but with equal numbers of each particle size can produce three results

from DLS (Figure 3-1).

Number Volume Intensity
w w w
E 1 1 E 1000 E 1,000,000
[&] [&] Q
£ £ £
2 * 2
© 1) [
= = =
© © o
@D [} 1 [eh} 1
o o o
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Figure 3-1 Influence of smaller particles on DLS measurements

An example of a sample containing equal amount of 50 nm and 500 nm particles showing a) number
distribution, b) volume distribution and the c) intensity distribution

Taken from the Malvern (1997).

The number distribution (Figure 3-1a) shows the two peaks of the same size (1:1)
as there are equal numbers of particles in solution. Figure 3-1b shows the peak
for the 50 nm patrticles is 1000 times larger than the peak for the 5 nm (1:1000
ratios). This is because the volume of a 50 nm particles are 1000 times larger
that the 5 nm particles. If the particles are small compared to the wavelength of
the laser used, then the scattering from a particle will be essentially isotropic and
Rayleigh approximation (Equation 3-2) can be applied using the intensity of light
scattering (1), the particle diameter (d) and the laser wavelength (A). The d® term

shows that a 50 nm particle will scatter one million times as much light as a 5 nm
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particle (Figure 3-1c). Hence there is a danger that the light from the larger

particles will swamp the scattered light from the smaller ones.

Equation 3-2 Rayleigh approximations
Taken from Malvern (1997).

Lod and Tol

}\'4

3.2.3 Method

Samples measured for size distribution were undertaken in accordance with 1ISO 13321,
(1996), using a Malvern nanoseries Zetasizer (UK). A 1 ml aliquot of each sample was
taken from the supernatant using a disposable syringe and needle. Approximately 0.5 ml
was used to rinse a disposable cuvette and approximately 2 pl sample was used to load
the cuvette. This was placed into the light scattering unit and ran automatically (Table 3-
2) producing three repeated measurements for each sample. The refractive index (1.94)
and absorption (0.1) for ceria samples (Khawaja et al., 2003) were used. The
CONTIN algorithm was used to convert intensity autocorrelation functions to
intensity-weighted particle dy distributions, assuming the Stokes-Einstein

relationship for spherical particles.

Table 3-2 DLS instrumental set-up details

Instrument Malvern Zetasizer
Temperature (°C) Variable®
Laser 4 mW, He-Ne
Laser position (mm) 633
Standards Latex’ 50nm, 80nm 125nm in 10 mM NaCl

a Specific temperatures used are outlined in Chapter 4
b Latex standards prepared under the guidance of guidelines ISO 13321 (1996 pp.18)
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3.3 Zeta potential by electrophoresis

Environmental fate and reactivity of NPs can be controlled by their dispersion and
agglomeration behaviour. NPs are affected by the weak physical forces of
attractive van der Waals forces and repulsive electrostatic charges. The zeta
potential (C) is an important parameter for a number of applications. The Cis a
function of the surface charge of a particle or any adsorbed layer at the interface
and the natural composition of the surrounding medium, (Borm et al., 2006).
Particles that are sterically stabilised can remain well dispersed even at high salt

concentrations or where C is close to zero.

3.3.1 Theory

When a solid surface is in contact with an aqueous solution, ions of opposite
charge to that of the particle are strongly attracted to the surface; (Figure 3-2)
termed the stern layer (Shaw, 1980 pp55). The arrangement of the charges at
the solid-liquid interface and the balancing counter ions in the liquid is usually
referred to as the EDL. The ions in the stern layer are immobile due to the strong
electrostatic attraction where ions outside the compact layer (diffuse layer) are
mobile, (Sze et al., 2003). The C is the electrostatic potential at the boundary
dividing the compact layer and the diffuse layer, called the slipping plane. When
an electric field is applied across an aquatic dispersion, charged particles will
move toward the electrode of opposite polarity. This phenomenon is called
electrophoresis. If a laser beam is passed through the sample undergoing

electrophoresis, the scattered light from the moving particles will be frequency
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shifted (Jiang et al., 2009). By measuring the frequency shift, the electrophoretic
mobility (m?V*'s™®) can be determined given the laser wavelength and the

scattering angle (Jiang et al., 2009).

Figure 3-2 Charge arrangements at a particle surface

A) A negative particle in B) liquid medium with C) strongly attracted oppositely charged ions to the
D) Stern layer between E) the slipping plane and F) the electric double layer supporting G) loosely
attractive ions.

The C (Equation 3-3) is a measure of particle velocity in a liquid when a known
electrical field (v) is applied. This can be determined by the electrophoretic
mobility (UE) with the known dielectric constant (¢) of a sample when applying
the Henry function (f(ka)) (Equation 3-4). The (f(ka)) can be expressed using the
electric permittivity (u) of the medium (C*N™m™), the electrophoretic mobility (U)
and the sample viscosity (n) measured in kg/m™/s™ (Jiang et al., 2009). The
Henry function can be explained by the particle radius (a) and the ratio of the
particle radius to the double layer thinness (ka), where k is detailed in Section

24.4.1. The ka value can be determined either by the Smoluchowski
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approximation or by the Hickel approximation (Table 3-3) depending upon the

particle being measured.

Equation 3-3 Zeta potential

UE =2 ¢ { f(ka)
3v

Equation 3-4 The Henry function

C=uU
n

Table 3-3 The Smoluchowski and Hiickel approximations

Approximation Value Application Reference
Smoluchowski 15 Based upon the electrophoretic mobility of rigid colloids Ohshima,
approximation ' or for particles in a polar medium 1995
Hiickel Based uBon the eIectr.op’horetlc mobl!lty of ‘small Ohshima,
o 1.0 spheres’* or soft colloids’ or particles in non-polar
approximation . 2002
medium

A soft or permeable colloid relates to a particle coated with hydrodynamically
permeable and often charged surface layers (Duval, 2007). Soft colloids may
include adsorbed polyelectrolytes, biological cells (Makino et al., 1996), bacteria
and humic substances. The electrophoresis of soft permeable systems is much

less understood than that of hard spheres, (Duval and Ohshima 2006).

3.3.1.1 The Point of zero charge
The point of zero charge (Pzc) is an important interfacial parameter, which is

used extensively in characterising the ionisation behaviour of a particles surface.
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As the surface charge approaches zero, the interaction curve approaches the
pure van der Waals curve (Figure 2-2) and the two surfaces may attract each
other (Israelachvili, 1985). If all the particles have a mutual repulsion then the
dispersion will remain stable preventing the particles from coming together. The
DLVO theory (Section 2.4.4.1) describes the repulsive and attractive forces for
particle-particle interaction and predicts that as EDL repulsion is lowered by pH
or ionic strength changes, the particles can approach and adhere to each other,

leading to flocculation (Eggleston and Jordan, 1998) and particle sedimentation.

3.3.2 Advantages and limitations

The measurement of ¢ is relatively effortless with little to no sample preparation
required.  Calculations of ¢ from electrophoretic measurements are fully
computerised and standards are available for instrumental reliability checks. The
¢, unfortunately, offers no information on the chemical or elemental composition
of the surface of a particle. The ¢ also is not a measurement of the surface
charge of the particle itself, but a voltage reflecting the effects of surface charge
and flow dynamics near the surface (Handy et al.,, 2008a), which can be

influenced by particle surface coatings.

3.3.3 Method
Two instruments were used for electrophoretic mobility measurements. The first
instrument used was a Malvern zeta potential running at a constant temperature

of 25 °C. This required the use of an electrolysis cell which was first removed
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and sonicated in detergent and water for 10 min to ensure any previously
deposited particles were removed. The system was flushed with 50 ml of
deionised water (dH,O) using a disposable syringe. A sample of dH,O was then
run as a control sample. A 4-5ml sample was taken from the sample
supernatant using a disposable syringe and needle and injected directly into the
instrument. This was run automatically producing 10 analyses for each sample.
Following each sample the instrument was purged using 20 ml dH,O. The
second instrument used was a Malvern nano Zetasizer. A disposable zeta cell
was used, being rinsed with ethanol and subsequently three times with dH,0. A
1 ml sample was taken from the supernatant using a disposable syringe and
loaded into the disposable zeta cell. This was discarded and a further 1 ml
sample loaded into the cell for analysis. This was placed into the Malvern
Zetasizer and ran automatically three times. A Malvern instrumental standard
solution of -68 mV £6.8 mV was used. Measured electrophoretic mobility was
converted to ¢ using the Smoluchowski or Huckel approximation where

appropriate. Surface charge is reported as the ¢ and/or electrophoretic mobility.

3.4 Particle size and algal counts by microscopy

3.4.1 Optical microscopy

3.4.1.1 Theory

The optical, or light microscope (LM), has a multiple lens in which an image is
obtained from a specimen and magnified. The LM (Figure 3-3) uses objectives on

a turret that can be turned to selected powers of magnification. The objective lens
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forms a real intermediate image, which is then greatly magnified by the eyepiece,
typically with a power of 2 to 10 times magnification. The resultant magnification
is calculated from the multiplication of the objective power by the eyepiece
power. The objective lens and eyepiece are maintained at a fixed distance and
focusing is achieved by moving the whole assembly up and down in relation to

the sample.

eyepiece

focusing -

o objective
rack and pinion

sample
stage

: light source -
mirror,or illuminator

Figure 3-3 Schematic image of the optical light microscope

3.4.1.2 Advantages and limitations

The LM enables live specimens to be imaged in real time, with little to no sample
preparation and only small sample volumes being required, making the process
uncomplicated and rapid. The LM however does not have the magnification to
extend beyond the micrometer (um) range with a limited resolution in the order of

0.1 um (Hasselloév and Kaegi, 2009).
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3.4.1.3 Method

A Kyowa, (Tokyo) optical LM with 20W halogen light, was used to count algal
cells at a magnification of 40X and an eye piece of 10X magnification. A
0.0025 mm? Neubauer haemocytometer (Neubauer, Superior Marienfield,
Germany) with a depth profounder 0.100 mm was used as a counting chamber
(Figure 3-4). The 200 pl algal samples were introduced into the V-shaped wells
using a 200 pl pipette. Two main divisions separate the grid into nine large
squares. Each square has a surface area of 1 mm? and chamber depth of
0.1 mm, with the entire counting grid under a volume of 0.9 mm?®. The cells were
counted in the entire centre square comprising 5 X 5 1/25™ mm?. Counts taken
across 25 squares, each with an area of 1/25 mm? and depth of 0.1 mm, (total
volume 0.004 mm?®) equating to 0.1 mm?® area. This was repeated with the
opposite side of the counting chamber. Using Equation 3-5 the cell counts from

both chambers were averaged and the cells/ml was obtained.

warnple ntroduction polo Cover glass
‘J‘ Connting
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Figure 3-4 The haemocytometer counting chamber
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Equation 3-5 Cell counts from haemocytometer calculations

Counted cells = particles per mm?® (X 1000) = cells/ml.
(0.1)
3.4.2 Transmission electron microscopy

Invented by Ruska in 1931, the transmission electron microscope (TEM) is
arguably the single most powerful technique for characterising NPs. Because the
wavelength of the electrons is much shorter than that of light, much higher spatial
resolution is attainable for TEM images compared with that from a LM. Routine
low-resolution TEM studies can permit a statistically significant, quantitative
description of the size and shape of NPs in a sample (Murray et al., 2000). High
resolution TEM (HRTEM) imaging can reveal the individual shapes and internal
structures of particles and in some cases individual atoms. Furthermore, if the
TEM is adequately equipped, qualitative chemical analysis (EDX) can be
performed by exploiting the interactions of the electrons with the atoms in the
sample. Elemental characterisations of specimens in TEM can also be performed
using electron energy loss spectroscopy (EELS). EELS is based upon the
inelastic scattering of the specimen and can be used to further determine

elemental information on the sample.

3.4.2.1 Theory
Electrons can be generated in an EM by a process known as thermionic emission
from a filament, usually tungsten (Hubbard, 1995) or from a lanthanum

hexaboride source (LaBg) using a field-emission gun (FEG). Connecting the
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FEG to a high voltage source, (typically 100-300 kV), the FEG will begin to emit
electrons by thermionic or by field electron emission into the vacuum (Egerton,
2005). Electrons produced by the FEG emit through the sample and magnetic

lenses focus the image of the sample (Figure 3-5).
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Figure 3-5 Schematic diagram of the transmission electron microscope

The surface topography of a specimen is revealed either by the reflected
(backscattered) electrons or by electrons ejected from the specimen, as the
incident electrons decelerate secondary electrons (RSRAEN, 2004). A visual

image, corresponding to the signal produced, by the interaction between the
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beam spot and the specimen is focused onto a fluorescent screen (Goodwin,

2004).

3.4.2.2 Advantages and limitations

Advantages and limitation of TEM instrumentation are highlighted in Table 3-4.

Table 3-4 Advantages and limitations of TEM

Advantages/
disadvantages

Conditions

Reference

¢ Spatial resolution ca 1 nm
o Drop deposition method easy to perform
e Combine EDX to confirm the element composition

Andrievsky et al., 1999;
Chen et al., 2002

Advantages ¢ Only a small amount of sample is measured ideal for
single particle measurements
o Standards of silica particles at 0.1-1 um with <90,000
particles can be utilised Yoshida et al., 2009
o Expensive instrumentation
e Drop deposition grid preparation causes artefacts and Domingos et al., 2009a
change the structure of the particles imaged Nowack and Bucheli,
e EDX requires adequate standards 2007
e Provides only 2D images causing orientation effects Hassellov and Kaegi, 2009
e Samples must be thin <100 nm
o Large number of particles require counting to achieve Powers et al., 2006
a number average — time consuming Fisker et al., 2000
o Biases due to the overestimation of particle sizes as
N the eye is drawn to easier-to-see particles Domingos et al., 2009a
Limitations

o Electron scattering
e Operates in a vacuum limiting its applicability and
reduces accuracy away from the nature of the liquid the
grid was made from
¢ Only a small amount of sample is measured reducing
representative analysis
 Lack of standards available for particles <100 nm
e Sample preparation
o Electron scattering

Porter et al., 2007
Requicha, et al., 2009;
Mavrocordatos et al.,

2007; Zattoni et al., 2007
Pecora, 2000

Porter et al., 2007

Further limitations of TEM analysis arise from the sample preparation methods

employed. Sample preparation incorporating ‘drop deposition’ method can cause
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difficulty in distinguishing NPs, NP impurities and salt contributions in a sample
due to artefacts during the drying process. Other TEM sample preparation
techniques have been developed such as cryo-techniques (Wang et al., 2004)

and ultra-centrifugal (UC) harvesting (Hassellov et al., 2008).

3.4.2.3 Method

Two methods for sample preparation were employed. The first ‘drop deposition’
method was conducted using a 50 pl sample aliquot using a 200 pl pipette,
dropped directly onto the holey carbon-coated copper TEM grid. Drop deposition
samples were allowed to air dry for 30 min in ambient conditions and were
covered to reduce the occurrence of dust from the surrounding area. The
remaining wet sample was removed by using absorbent paper and placed back

into the grid holder.

The second UC method was also conducted for some samples. Using a
Beckman L7 ultracentrifuge and plastic centrifuge tubes, 4 ml samples were
centrifuged at 30,000 rpm for 1 h at 18 °C. The grids were subsequently rinsed
for 3 s using dH,O and dried using absorbent paper before being placed back
into the grid holder. The images of the prepared TEM samples were obtained
with a Philips (Tecnai Series) TEM operated at 200 kV with a lens of theoretical
resolution 0.19 nm and images taken with Gatan 794 MSC digital camera, with
an extension voltage of 4400 V. Support using TEM was obtained by Dr Ming

Chu, Dr. Mohammed Baalousha and Dr. Ruth Merrifield; University of
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Birmingham, UK. For particle size measurements, axes of individual particles
were measured using DigitalMicroraph™ series 3.4.4 Gatan software 1999.
Basic statistics for particle diameters and particle distribution histograms were
calculated based on the percentage of total particles measured. Aspect ratios (S)
were calculated by the division of the longest axis measured by the shortest axis
measured using DigitalMicroraph™ where a value of 1.0 was considered

spherical.

3.4.3 Atomic force microscopy

3.4.3.1 Theory

Atomic force microscopy (AFM) is a powerful tool for the determination of particle
sizes down to the nm scale (Baalousha and Lead, 2007), but also to determine
particle topography. Developed by Binnig, Quate and Gerber (1986), the AFM
utilizes a piezoelectric effect to produce ultrafine focusing of optical assemblies at
an atomic resolution. The AFM is designed to move a specimen in nanoscale
increments in the X and Y surface and Z-axis directions (Hoo et al., 2008) using
an oscillation movement. It is performed by mounting an AFM tip on a cantilever
and positioning it above the specimen at a distance where the tip is either
repelled (Pauli principle) during contact AFM imagery, or attracted (van der Waal
forces) due to the interaction with the specimen surface. As the specimen is
moved below the tip, the cantilever bends due to topography changes as the tip
maintains a constant force from the surface (Hoo et al., 2008). The detector

reads the deflection for the laser, processes it though the feedback loop and the
P Cote - 67



Environmental characterisations and nanoecotoxicity of ceria Analytical techniques

data acquisition software turns the measured detections into a 2D image. There
are three methods to obtaining AFM topographical images through contact, non-
contact or wet-cell mode. Contact mode (Figure 3-6a) can disturb loosely bound
particles by the tip as it is moved across the sample. Non-contact mode (Figure
3-6b) has a lower force where the tip oscillates above the sample rather than
touching it. Non-contact mode is more difficult to measure particles than that of

contact mode but non-contact makes studying soft or elastic samples much

D flexible vibrating cantilever
hl / / ‘\\ interaction force

surface >
> horizontal sample motion

easier.

flexible
cantilever

surface

tip

Figure 3-6 Schematic diagram of the AFM cantilever
a) Incontact mode and b) non-contact mode

3.4.3.2 Advantages and limitations

The advantages and limitations of the AFM technique are highlighted on Table 3-
5. Chemical characterisation of a sample is a limiting factor of AFM analysis but
can be acquired by using techniques such as NanolR. For the purpose of this

work, the application of NanolR was not used.
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Table 3-5 Advantages and limitations of AFM

Analytical techniques

Advantages/limitations Conditions References
Analysis is typically done at room temperature, in Ju-Nam et al., 2011;
ambient air Wilkinson et al.,

Relatively simple techniques for sample preparation
Can be used as a comparative tool against other sizing

1999

Advantages techniques Stoimenov et al.,
Suitable technique for precise 3D mapping of surfaces 2002
of cells
The accuracy of particle height measurements, using
standard gold particles are often reliable to 0.1 nm.
Systematic bias can be introduced for NPs that are of Requicha, et al.,
sizes similar to (or smaller than) the radius of the 2009
curvature of the tip
Need for locating the particles on the surface manually
or ‘blindly’
S Only possible for NPs that are sufficiently attached to Hassellov et al.,
Limitations

the substrate can be moved around by the cantilever
tip, disturbing the images obtained.
Lateral dimension (x-y) measurements are often
inaccurate for NP samples.
Information about an ensemble of particles can often
be poor

2008

Hassellov and Kaegi,
2009
Borm et al., 2006

3.4.3.3 Method

Application of non-contact mode, on dried sample substrates was implemented
supported by a number of staff at the University of Birmingham, (Table 3-6). For
all samples, a freshly cleaved mica sheet of ca 1 cm? was prepared and placed
into a sample aliquot horizontally. The adsorption method (Wilkinson et al.,
1999) was used where the grid was left for a given time before being removed
and rinsed with dH,O for 3 s. For some samples, the bare mica sheets were not
charged, (or rough enough) to sufficiently allow particle attachment. To
counteract this, the absorption method was introduced. A specific charge on the

mica surface was produced by soaking the cleaved mica sheet in 10 mM NacCl
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before sample preparation. The measurements were imaged and analysed using

a PSIA TIFF version 1.0.2 programme.

Table 3-6 AFM sample preparation

Mode None contact
Image taken (um) 10X 10
Z-Scanner range ‘Topography’
Low pass filter 0 (no flattening applied)
Data width and height 256
(px1)
Over scan (%) 10
Scan rate (Hz) 1
Set point (V) 1
Data gain (um/step) -132.46 X10°®
Measurements Dr. Yon Ju-Nam
supported by Dr. Ruth Merrifield

3.5 Dissolution by ICP-MS

Observed toxic effects of some NPs may be due to the dissolution of ions from
the particles. Since many of the inorganic MNPs contain heavy metals that are
known to be toxic in their dissolved form, it is important to measure the
dissolution of such metals from NP solutions. Inductively coupled plasma (ICP)
sources, especially when combined with mass-spectrometric (MS) detection,
provide high sensitivity and robustness which are excellent tools for elemental
analysis. ICP-MS is commonly applied during the synthesis of NPs, since it is
perfectly suited to determine the total elemental concentration of a colloidal
solution (Scheffer et al., 2007). ICP-MS can also determine the NP fraction of a

sample along with the dissolved fraction, using a range of filtration steps.

P Cote -70



Environmental characterisations and nanoecotoxicity of ceria Analytical techniques

3.51 Theory

When an analyte, in aerosol form, enters the central spray channel of the ICP-
MS, (Figure 3-7) a number of processes occur. The sample desolvates, the
matrix decomposes and the resulting analyte and solvent vapour undergo
excitation to produce molecular atomic and ionic species in various energy
states. Some of this energy is released in the form of electromagnetic radiation
of a wavelength that is characteristic of the emitting species (Mermet, 1987). As
a droplet of nebulised sample enters the central channel of the ICP it evaporates
and any solids that were dissolved in the liquid vaporise and then break down
into atoms. At the temperatures prevailing in the plasma a significant proportion
of the atoms of many chemical elements are ionised where each atom loses its

most loosely bound electron to form a single charged ion.

Figure 3-7 Schematic diagram of the Agilent 7500 ICP-MS
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3.5.2 Advantages and limitations

Advantages and limitations of ICP-MS are given in Table 3-7.

Table 3-7 Advantages and limitations of ICP-MS analysis

Analytical techniques

Advantages/limitations

Conditions

References

Advantages

¢ Analyte concentrations can be measured to ppt
¢ ICP-MS has a working range over 9 orders of magnitude
e ICP-Ms easily vaporises, atomise and ionises NPs with
radii typically of 5-25 nm
o Aqueous or organic solutions and both colloidal and ionic
solutions
o Reliable with low detection limits

Scheffer et al., 2007

Limitations

¢ Atomisation may lead to clouds of metal atoms entering
the detector increasing relative standard deviations of the
measurements
e Temperature fluctuations can cause severe instrumental
drift
e Isolation from vibration is requiring
¢ Low efficiency of ICP-MS instrumentation ca 10-14 %
¢ Limited speed,
e Low signal levels (1 count/atom)
e Low efficiency ca 1 atom in 107 detected
e NPs may behave differently compared to the metal in
solution
o NPs may not fully atomise in the furnace causing a
problem for agglomerated particles
o Shear forces induced during ultrafiltration perturb the
dispersion state of NPs leading to aggregation or particle
disruption
o Ultrafiltration membranes may have distribution of pore
sizes
¢ Concentration of sample, aggregation and hydration
properties of humics can influence UF results

Barnes et al., 2003

Federici et al., 2007

Hassellov et al.,
2008

Bolea et al., 2006
Buffle et al., 1998

353 Method

To separate dissolved and NP fractions filters of 0.45 ym to 0.1 um from

Whatmann UK and regenerated cellulose UF membranes of 1 KD pore size from

Cole-Palmer instruments Co. were used respectively. All filter papers were left

overnight to soak in a 2% HNO3 bath to remove any particular matter which may
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interfere with the subsequent plasma analyses (Vonderheide et al., 2004). The
filter papers were removed prior to use and placed into a 1 L beaker of dH,O.
Appropriate numbers of 25 ml polypropylene (PP) sample bottles were also left
overnight to soak in 10% HNOg3; bath. The bottles were rinsed three times in

dH,0 and left to air dry before use.

3.5.3.1 ICP-MS sample preparation

At low pH, most metal ions are soluble. All samples were therefore stabilised in
nitric acid (HNO3) to pH 1-2 by the addition of 1%/vol PrimarPlus HNO3;. HNOs3
also controls the NP dispersions and aggregation of the particle ions onto the
surface of the collection vessel (Vonderheide et al., 2004). For Daphnia magna
exposure samples, each filtered sample had sodium citrate at 10° M and
ethylenediaminetetraacetic acid (EDTA) acid free at 10* M concentrations
added, to help control the dispersions and reduce aggregation of particles in
solution. All ICP-MS analyses were conducted using an Agilent 7500 ICP-MS
instrument (Figure 3-8) housed in an air conditioned room. Cerium BDH ICP-MS
standards from Aristar were used at 0, 1, 5, 20 and 50 ppb dilutions from
1000 mg/L stock solutions. An independent check was also made by using a
multi-elemental standard solution. At the onset of analysis and between each
sample measured, standards of 140-Ce and 142-Ce samples and terbium (159)
were used. As cerium does not have any known polyatomic interferences, a sub-

check was performed. Here, helium was added to one terbium standard and
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omitted for a subsequent terbium standard to ensure results were acceptable. All

samples were analysed by Dr. Steve Baker, University of Birmingham, UK.

Figure 3-8 ICP-MS instrument used
A) Agilent 7500 ICP-MS instrument housed in an B) air conditioned room. C) sample is injected into
D) flame nebuliser and excess gas removed by E) fume hood.

3.6 Particle absorption by UV-visible spectroscopy

Ultra-violet visible spectroscopy (UV-vis) is a useful tool in the detection of NP
size changes, aggregation and surface chemistry (Ju-Nam and Lead, 2008) due
to the specific position of the surface Plasmon (SP) band (Daniel and Astruc,
2004; Doty et al., 2005). SP is the oscillation of electron clouds, present at the
metal-solution interface (Hassellbv et al.,, 2008). Both UV-vis absorbance and

fluorescence spectrometry use the absorption of incident radiation causes the
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excitation of loosely held electrons within double and triple bonds (Henderson et
al.,, 2009). The interaction of UV light with liquids is related to electron
polarisation which depends on the displacement of electrons with respect to the
nucleus of an atom (Réty et al., 2004) and the strength of the electric field of the
incident light. Ceria attenuates UV and scatters no visible light at all (Wang et al.,
2010). Ceria also has the ability to be intrinsically excited by UV irradiation (Kydd

et al., 2010) making UV-vis a useful tool to detect ceria particles in solution.

3.6.1 Theory

When light is absorbed by valence (outer) electrons, the electrons are promoted
from their normal (ground) states to higher orbital energy (excited) states. The
orbital energies involved in electronic transitions have fixed values. The energies
of the photons in the region 200-800 nm permit excitation of outer valence
electrons. SP resonance (SPR) bands are produced by the movement of the
electrons around the particles, as a consequence of the incident electric field
light. This results in a displacement of the negative and positive charges in the
metal. This displacement gives origin to the particles polarisation as the positive
charge acts as a restoring force to produce oscillations of the electrons (Slistan-
Grijalva et al., 2005). Small metal NPs possess special SP effects which are
particular absorption bands that do not show up in the larger metal particle
dispersion or in metal salt solutions (Hassellév and Kaegi, 2009). The observed

shape and size of NPs can be distinguished from the UV-vis spectra obtained.
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The absorbance spectra produced display a sharp peak called the first excitation

peak at the upper wavelength of the absorption spectra, (Hassellov et al., 2008).

The portion of the absorption peak can be correlated to particle size. The
guantum confinement effect suggests the smaller particle size the lower
wavelength of light absorbed. Aggregation of NPs can also result in band
broadening and red shifting of the SPR band. According to Mie’s theory, only a
single SPR band is expected in the absorption spectra of spherical NPs.
Anisotropic particles could give rise to two or more SPR bands depending on the
shape of the particles. The number of peaks therefore increases as the

symmetry of the NPs decreases (Stoimenov et al., 2002).

3.6.2 Advantages and limitations

Advantages and limitation of UV-vis instrumentation are given in Table 3-8. The
area between where the deuterium and tungsten beam intensities decrease and
increase cross, can result in low sample absorbencies being obtained, resulting
in poor values calculated. NPs can also be more complicated than molecules to
measure (Hassellov and Kaegi, 2009) which also makes the UV-Vis technique

less suitable for complex NP mixtures of different compositions and sizes.
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Table 3-8 Advantages and limitations of UV-visible spectroscopy

Analytical techniques

Advantages/limitations

Conditions

References

Advantages

Instrumental set-up and
application of UV-Vis is relatively
straight forward
Little to no sample preparation
Analysis is rapid
Spectral scans conducted in
<1 min
Effects from reflection, scatter
and absorption by the solvent
can be minimised by use of
blanks

Clark et al., 1993

Limitations

Electronic drift, changes in
voltage and effects of
temperature, can induce
electronic polarisation of charges
Errors of method can often arise
from the nonlinear behaviour of
the sample material
Deuterium source only measures
below 320 nm and the tungsten
source measures above 320 nm
Fractional amount of light
absorbed and light left for
transmission related to the
thickness and concentrations of
the sample can cause errors.

Thomas, 1996

Swinehart, 1962

3.6.3 Method

UV-Vis absorbance was measured using a WPA lightwave UV-Vis diode-array

spectrophotometer (S2000), using deuterium and tungsten filament lamps.

Absorption spectra were obtained between 200 nm and 800 nm using a scanning

method. A referenced cell, (Spencer et al.,, 2007) containing ca 4 ml dH,O or

relevant media in a 10 mm quartz cuvette was first conducted. A 1 ml aliquot of a

sample was used to rinse the cuvette and subsequently discarded. A further

aliquot ca 3 ml from the supernatant of a sample was placed in the cell using a

disposable syringe and needle, placed into the spectrophotometer and ran
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automatically. The cuvette was then rinsed three times in dH,0, three times in
2% HNO3; and three times again in dH,O before addition of the next sample.
Spectral scans were collected from at least three repeated measurements,
averaged and blank corrected against the reverence cell, (Batchelli et al., 2009)

to obtain the true absorbance of the sample at each wavelength.

3.7 Emission intensity by fluorescence correlation spectrometry

3.7.1 Theory
Particle fluorescence can be explained by the use of the Jablonski diagram
(Figure 3-9).
excited vibrational states
8 {excited rotational states not shown)
X /
— =photon absorption

=fluorescence (emission)

A
F
P =phosphorescence
S = singlet state

T =triplet state
IC =internal conversion
ISC =intersystem crossing

IC
e, T,
F

IC
T1

P

4
electronic ground state

So

Figure 3-9 Jablonski diagram

Fluorescence is the phenomenon where the light absorbed by a molecule is
emitted at a different wavelength than it is excited by. The absorption of light (A)

energy (as photons) by a molecule excites if from its electronic ground state (So)
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to an excited vibration state (Si.n). The molecule will fall from this excited state to
the lower orbital of the paired electron, (Lakowicz, 1983) by loosing energy
through emitting radiation (Lakowicz, 1999). This excess energy is converted to
vibration energy (IC) causing fluorescence of that molecule. If the spin of an
excited electron is reversed, it will leave the molecule in an excited triplet state
(T) called intersystem crossing (ISC). A light source from a xenon flash lamp is
directed at a sample to excite it. The resulting emission spectrum, taken at right
angles, is directed to a detector via a series of prisms. The emission spectrum
can be converted to 3D ‘excitation-emission matrix’ (EEM). The EEM axes show
the excitation and emission wavelengths and the observed intensity (Figure 3-10)
of the fluorophores produced. A molecule in the T state may not use ISC to
return to is ground state but emit a photon causing phosphorescence. A
molecule which absorbs light is termed a chromophore, where molecules which
absorb and emit light are termed fluorophores. The intensity and location in
optical space of these fluorophore peaks can vary depending on sample
character (Sierra et al.,, 2005) and changes from temperature, pH and salinity
(Coble, 1996) fluctuations. Due to changes in optical space of the measured
fluorophores, the regions at which specific known fluorophores are located on an

EEM are therefore termed ‘fluorophore’-like.

P Cote -79



Environmental characterisations and nanoecotoxicity of ceria Analytical techniques

40.00

35.00

30.00

25.00

20.00

Z Axis

15.00

10.00

300.00 325.00 350.00 375.00 400.00 425.00 450.00 475.00 500.00
Wavelength (nm)

Figure 3-10 Regions of peaks on a typical EEM.
1) Rayleigh line, A) Humic peak, T1, T2) Tryptophan-like peaks, B) Tyrosine- like peak C) Fulvic-
like.

The two straight lines (1) stretching diagonally across the EEM are not data and
represent the scatter lines of the sample and the cuvette. Peak areas labelled A,
B, C and T are typical fluorophores seen in natural and waste waters. Peak A is
the region for humic acid and peak C the region for fulvic acid, termed humic-like
and fulvic-like respectively. Peak A and Peak C will correlate to total organic
carbon (TOC) found in water samples. Two peaks of tryptophan-like fluorophores
(Peak ‘T’) are identified on the EEM, as they often emit in pairs. Peak B is where
the protein tyrosine-like fluorophore emits. Tryptophan and tyrosine can be
responsible for the protein-like fluorescence intensities correlating to microbial

activity and biological oxygen demand (BOD) (Yamashito and Tanoue, 2003) and
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amino acids found in water samples. Peak T and B are also present in waste
waters and can be an indication of bacterial or faecal contamination. Identified
fluorophore peaks, excitation and emission wavelengths, (ExA and EmA
respectively) used during the NP fluorescence analysis of this work, are

summarised in Table 3-9.

Table 3-9 Fluorescence peak excitation and emission regions

Peak Related matter Excitation wavelengths (nm) Emission wavelengths (nm)
1 Raman scatter peak 275 303
T Tryptophan-like 225-237 / 220* and 280* 340-381 / 350* and 350*
C Fulvic-like 320-390 410-480
A Humic-like 237-260 400-500
B Tyrosine - like 225-237 and 275-220* 309-321 and 310-305*

* Baker and Inverarity, (2004).

Fluorophore A has undergone much less investigation that fluorophore C (Baker
and Spencer, 2004), which is why fulvic acid was chosen, instead of humic acid,
during the organic matter (OM) investigations in this work. Also, fulvic
substances have a greater fluorescent signal than humic substances (Goslan et
al., 2004, Sierra et al., 2005) which makes fulvic substances easier to distinguish

than humic materials.

3.7.2 Advantages and limitations
Some advantages and limitation of fluorescence spectrometry are summarised in

Table 3-10.
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Table 3-10 Advantages and limitations of fluorescence spectrometry

Advantages/limitations Conditions References
Rapid technique.
Reagents not required. Henderson et al.,
10-1000X more sensitive than UV-Vis. 2009

Single molecule detection possible.
None-intrusive method which does not interfere with

Advantages particles molecular structure.
Changes in fluorescent signatures can give information Cumberland and
towards the agglomeration of NPs in a solution. Baker, 2007

Emission peaks tend to narrow and wavelengths are
highly sensitive to NP size making it useful to use for Hassellov et al., 2008
NP size determination.

Only ionic forms of molecules are fluorescent reducing
the number of NPs which are fluorescent.
Quantification and monitoring optical and special peak

movement can be difficult. Clark et al., 1993
S Affects of temperature, metal ions, pH and sample
Limitations . . - . .. .
concentration can reduce intensity due to increased Hassellov and Kaegi,
collision quenching, inner filtering effects and reduced 2009

intensity with increased NOM.
Fluorophore peaks shifts to longer wavelengths with
increases in molecular weight.

3.7.3 Method

All fluorescence spectra of samples were recorded on a Varian Cary Eclipse
spectrofluorometer equipped with a Peltier temperature controller. EEMs were
generated using a method written by Professor Andy Baker, University of
Birmingham (Table 3-11). For all samples, a quartz cuvette was first cleaned by
three rinses of 2% HNOj3 followed by three rinses with dH,O. A 1 ml sample was
used to further rinse the cuvette which was subsequently discarded before the
full sample of ca4 ml was used. The sample was placed in the
spectrophotometer and ran automatically. The spectrophotometer was calibrated
by detecting the Raman intensity at 395/348 nm (EmA/ExA) with a 5 nm slit width,
using a sealed water cell (Baker and Inverarity, 2004). These calibrations were
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determined at the onset and end of the analytical process, to determine
instrumental drift. Results are standardised to a mean Raman emission peak
averaged at 20 intensity units, (Cumberland and Baker, 2007). Fluorescence
results are reported as both excitation and emission wavelengths and intensity of

the observed peaks.

Table 3-11 Fluorescence spectrometer methods

Parameters Method™*
Emission wavelength (nm) 200-400
Excitation wavelength (nm) 280-500
Excitation and emission increments (nm) 5
Slit widths (nm) 5
Voltage applied (V) 725
Temperature (°0) 20+0.1

*Written by Andy Baker, University of Birmingham, (UK) 2008

3.8 Crystallography and particle size by x-ray diffraction

X-ray diffraction (XRD) is a method of measuring inter-particle spacing resulting
from interference between waves reflecting from different crystal planes

(Hassellov et al., 2008).

3.8.1 Theory

An element in an alternating electromagnetic field will oscillate with the same
frequency as the field it is in (Scintag, 1999). When an x-ray beam falls on an
atom, the beam may be absorbed with an ejection of electrons (Warren, 1969).
The electrons around the atom start to oscillate with the same frequency as the

incoming beam. The atoms in a crystal are arranged in a regular pattern
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therefore these waves will be in phase and there will be well defined x-ray beams
leaving the sample at various directions. The highest electron densities are found
around atoms so the intensities depend on what kind of atoms there are and
where in the unit cell they are located thus the elemental composition can be
determined. The mean particle sizes of NPs can also be calculated from x-ray
line broadening of the (112) diffraction peak from x-ray diffraction by using the

Scherrer equation (Equation 3-6).

Equation 3-6 The Scherrer equation

dXRD = 1094 )7\.
Bcos 0

The mean crystallite diameter of the particle (dxrp) is assumed to be spherical for
this calculation. XRD patterns are used to apply the full-width half-maximum
(FWHM) to the Scherrer equation using the radiation wavelength (A) of the x-ray
as 1.54178 and the diffraction peak angle (Cos8), in radians (lvanov et al., 2008).
Instrumental broadening may arise from effects such as wavelength widths or
superposition of the peaks, which has to be corrected for (Warren, 1969). The
Warren’s correction (B) is therefore applied to determine the experimental
integral peak width FWHM by the averaged (112) peak from a standard silicon
sample, averaged from three measured analysis. The obtained XRD ratio of
peaks A(111)/A(200) also offers the probability that one plane will occur
predominantly in a given sample (Clinton, 2008). Since the (111) ceria plane has

a lower propensity for oxygen vacancies than the (200) ceria plane, (Yang, et al.,
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2004) the sample with a higher concentration of Ce(lll) should result in a higher

ratio (Chen and Chang, 2005).

3.8.2 Advantages and limitations

XRD sample preparation is straightforward and rapid. The analysis is relatively
easy and interpretation of results a simple process by computerised applications.
Elemental composition of major elements can be obtained by XRD, although the
sensitivity is much lower in comparison to other elemental techniques e.g. ICP-
MS. Also, quite often a large amount of powdered sample is required for analysis
using x-ray diffraction. There needs to enough dry powdered sample to cover ca
1 cm? area. This can be difficult to achieve if the sample is prepared in solution

and requires drying.

3.8.3 Method

Powdered samples were prepared by loading into a 1 cm? disk holder using
scotch tape (Figure 3-11). This disk was loaded into a Siemens D5000
Kristalloflex X-ray powder diffractometer with nickel-fitered CuKa radiation and
set to run over a range of Bragg angles (25° to 90°) over 50 to 90 min at room
temperature.  Diffraction patters were obtained and analysed using ETA
software. The Joint Committee on Powder Diffraction Standards (JCPDS)
database holds over 500,000 XRD diffraction entries which allows for rapid peak
matching. For cerium dioxide, the JCPDS matching card is often No. 75-0120.

This peak identification confirms the formation of pure-phase CeO, powders
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belonging to the face-centred cubic arrangement with a lattice dimensional length

(a) 5.411A.

Figure 3-11 Powdered XRD sample preparation
Powdered particles are attached to scotch tape (A) and placed into the XRD disk holder (B).

3.9 Specific surface area by BET

Interactions between nanomaterials and biological organisms have recently been
found to coincide with specific surface area (SSA) rather than NP mass
(Donaldson et al., 1998; Oberdorster et al., 1992). This emphasises the need to
determine such parameters of SSA for describing the possible chemical or
biological reactivity of the particle surface. SSA therefore has particular

importance in the reactions on particle surfaces (Nel et al., 2006).
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3.9.1 Theory

Following the recognition that gases adsorb onto solids in multilayer’'s when the
pressure is increased at the boiling point of a gas, Brunauer, Emmett and Teller,
(BET) (1938) derived an adsorption equation termed the ‘BET’ Value. The BET
value is calculated from the known amount of nitrogen atoms adsorbed on the
surface of a particle and using the known size of the nitrogen atoms (Karlsson et
al., 2009) assuming that the particles are spherical and non-porous at cryogenic
conditions. Where SA is the measure of how much exposed area a solid object
possessed (unit?), SSA is a measure of the total SA per unit of mass, solid or
bulk volume or cross-sectional area. SA measurements are calculated with
varying equations depending upon actual material shape. For example, SA
measurements for a cube (Equation 3-7) are quite different from that of a sphere
(Equation 3-8). SSA can simply be measured from a particle size distribution
making some assumption of the particle shape. SSA is derived by Equation 3-9

and Equation 3-10 as a mass or volume calculation respectively.

Equation 3-7 Surface Area of a cube

6 a°

Equation 3-8 Surface area of a sphere

mrl

Equation 3-9 Specific surface area by mass

SSA (m?/kg) = SA
Mass
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Equation 3-10 Specific surface area by volume
SSA (m*m?®) or (m™?) = SA

Volume
The diameter of a particle can also be estimated from the SSA obtained from
BET according to Equation 3-11, where dget is the diameter of the particles, p is
the bulk density of the solid (7.132 g cm™ used for CeO,) and Sger is the SSA

measured.

Equation 3-11 Particle diameter measured from SSA obtained by BET analysis.

Oger=_ 6

(p * SgeT)

3.9.2 Advantages and limitations
Although BET analysis can measure the surface of fine structures and deep
textures, the results can differ markedly depending on the substance adsorbed.
The SSA from BET analysis also assumes that N, has access to the complete
surface of the particles (Hassellov et al., 2008). The SSA measured by BET also
uses dry samples which may not coincide with the apparent SSA in aqueous
dispersions, especially for aggregating particles. The use of SSA is further
complicated by the effect of shape on physical and chemical properties of NPs,
reducing the precision of the technique. The SSA also assumes the particles

measured are spherical in nature, which cannot always be accounted for.
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3.9.3 Method

The BET SSA of the nanopowders used during this study was obtained by
physical adsorption of N, at -196°C using a Micromeritics Ltd, Surface Area Gas
Porosimiter 2010. Samples ca 1 g powdered NP masses were conducted by Dr.

John Wedderburn, University of Birmingham, UK.

3.10 Evaluation

To ensure a full representation of size, shape, crystal structure and chemical
parameters during any environmental nanoecotoxicological test, it is important to
use a range of technigques available, as summarised in Tables 3-12 and 3-13.
One major drawback of using any of the outlined techniques is that only a minute
fraction of material is characterised and essentially removed from its original
context. Of course this is largely due to the sampling regime and only partially an
analytical problem. Also, any sample preparation and certain measurement
conditions can often change the structure of the NP being reported. A reduced
sample volume makes it extremely difficult to ensure that a representative
sample is examined and sample preparation must be taken into account during

assessment procedures.
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Table 3-12 Summary of instrumentation used for NP size determinations

Method Optical microscope AFM TEM BET DLS
Particle hydrodynamic diameter (dy) by
Measured Algae cell counts by Particle height, shape and Particle number, concentration, Specific surface area and intensity distribution (Z-ave), polydispersity
parameter haemocytometer topography size and shape porosity (Pdl), volume and number particle
distributions
Passing visible light through nnin r n . . s .
. assing visible lig t.t. ogg a ?ca Ing ap obe.o. a Interaction of electrons with . Based upon ability of particles to scatter
Principle sample and magnifying it to mica surface containing a matter N, absorption lioht
image by eye dry or a wet sample gnt.
Sample . . : : - .
. B Ambient air Ambient air and liquid Ultra high vacuum Powdered sample Aqueous sample, temperature controlled
environment
libration
C?n:t::):; None as standard Gold standard None as standard None as standard Polystyrene beads
Easy to use High resolution performed . . . Commercially available ) .
High resol n ffer | ncompl ndr
Advantages Colour images and live in ambient temperatures Igh resolution to offer visua analysers with standard Uncomplicated and rapid

specimens observed

and pressures

observation of particles

protocols

Little sample preparation.

2D imagery and low

Disadvantages PR
g magnification

Time consuming, Lrge
number of particles

Time consuming, large number
of particles required for

Assumes particles are
spherical and full surface is
available for gaseous

Signals can be dominated by larger particles
Mono-dispersity reliant.

required quantitative particle evaluations absorption
Limit of SSA; ~1000 particles present is
2
detection wm ppb-ppm ppb-ppm 0.01>2000 m'/g Required
s'z(‘:"':’)"ge <200 um 0.5 to >1000 1t0>1000 1>1000 3> 1000
@Using quinine sulphate standard
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Table 3-13 Summary of instrumentation used for NP chemical characteristics

XRD

Method Electrophoresis ICP-MS UV-Vis Fluorescence spectroscopy
. - Estimation of soluble or
Electrophoretic mobility, ) ; Fluorophore Crystal structure phases,
Measured R . colloidal organic substances. o L . . .
zeta potential. Usinga . . excitation/emission/intensity/ crystal size, lattice constants
parameter . Dissolution (SPR for Ag can be used to . X
pH range - point of zero X Emission of light and parameters
analyse concentrations)
charge.
Used for characterising
biomedical polymers
Werner et al., 1999), L
( N . ) Used for the quantitative
Electro-kinetic particle o . . . .
N determination of different Analysis of frequencies emitted by . .
. transport (Ye et al., 2003) Used for elemental determinations by R o R . Elastic interaction of x-rays
Principle L. K - . analytes by light absorbance excitation of species excited through .
and Characterising micro vaporising elemental solutions o . with matter.
. or transmission of a photon emission.
fluids (Sze et al., 2003) by
R K suspended sample.
measuring velocity of
particles in ionic
solutions
Sample Liquid sample Dilute liquid samples Liquid sample Aqueous sample Ambient temperature
environment q p q P q P q P P )

Calibration method

Commercially available
zeta potential calibration
solutions (-68 mV 6.8
mV).

BDH ICP-MS standards (Aristar) at 0, 1,
5, 20 and 50 ppb dilutions.
Independent check by multi-elemental
standard solution.
Polyatomic interferences internal
standardisation and sensitivity checks
performed by standards terbium (159)
for cerium (140 and 142).

Referenced samples against
water or ‘blank’ sample cell.

Raman sealed cell

Automated software

Advantages

Uncomplicated and
rapid, little/no sample
preparation

Concentrations of ppt can be
measured

No sample preparation.
Simple, quick technique.
None evasive

Uncomplicated and rapid
No sample preparation

Non-destructive and fast

Disadvantages

Only representation of
the calculated zeta
potential with limited
charge heterogeneity

Destructive technique
isobaric.
Molecular and doubly-charged ion
interferences.
Matrix effects.

Signal depends on
concentration and extinction
coefficient. Interferences
from turbidity by particles.

Sensitive to fluctuations in pH,
sample concentrations
and to temperature

Low sensitivity and spatial
resolution compared to TEM.
Large sample mass required.

Limit of detection

ppm

0.0005 pg/I (ppt-ppb)

1 pg/ml

1 ng/mL@

Dry powder

~ size range (nm)

3 to >1000

<150

Depends on fractionation

Concentration sensitive

0.5 to >1000
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4 Laboratory methods

4.1 Chapter summary

This chapter offers the detailed operation of particle preparations conducted
during this work and as directed by the collaborative institutes. The chapter
begins with a brief background covering safety precautions and choices of
containers used. The details of the preparation methods, for each individual
media and particle dispersion, are then discussed. The metabolomic analysis

and protocols along with the use of MS is discussed in Chapter 8.

4.2 Central methods

421 Safety

Gloves were always worn during any particle handling along with laboratory coats
along with eye protection and laboratory coats. Laboratory coats were never
used across laboratories to reduce contamination of other workspaces. During
NP powder handling, a face mask was always worn as a precautionary approach

to reduce particle inhalation of airborne materials.

4.2.2 Containers
Although there is little evidence to suggest specific vessel material (glass, Teflon,
plastic) increase adsorption or contamination of water samples (Reimann et al.,

1999), PP vessels were chosen for characterisations and ICP-MS analysis
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(Figure 4-1a-d) and glass was used for P. subcapitata growth and toxicity tests
(Figure 4-1b) (Rogers et al., 2010). Centrifuged samples conducted in sterile
plastic vessels (Figure 4-1c) and Pzc samples in 8 ml glass vials (Figure 4-1d).
During sample transportation from collaborative institutes samples were housed
in darkened bottles (Figure 4-1e) to reduce any photo-reactivity effects of the

particles.

Figure 4-1 Containers used during the study.
A) PP 30ml vessels, B) glass 30ml vessels, C) PP centrifuge vessel, D) 8ml glass vial, E) brown
glassware.

All glass and plastic-ware used was pre-acidified for 24 h in 10% HNO3; and
rinsed three times with dH,O. The glassware was left to dry overnight in a dust
free oven at ~33°C. All plastic materials were left to air dry in a pre-acidified
container covered with foil. For algal work, all new glassware was soaked for
24 h in 5% decon solution, rinsed three times in dH,O. The glassware was then
soaked for 24 h in 10% HNO3 bath and rinse three times again using dH,O.

Glassware was again dried overnight in a dust-free oven. All glass equipment for
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algal work was autoclaved using a Boxer microprocessor to 123°C for 15 min

prior to use.

4.2.3 Weighing

All powdered particles were weighed using a tarred, plastic weighing boat, on a
pre-calibrated Satgrius MC5 balance after static was removed. A balance was
also housed in an XIT powder weighing still air cabinet (Figure 4-2) especially
designed for the capture of fine particles. Calibration of the balance was

conducted weekly by Dr. Gillian Kingston, Laboratory Manager.

Figure 4-2 XIT still-air cabinet
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4.2.4 pH measurements

All pH measurements were conducted using a PHM 240 PH/ION meter lab
probe. The probe was calibrated before use, using the standard calibration
buffers (pH 4, pH 7 and pH 10) at room temperature. Calibration instructions
were followed until a calibration curve >97% was met. Solution pH values were
adjusted, where required, by the addition of dilute HNO3; or sodium hydroxide

(NaOH), at 0.01 M, 0.1 M and 1 M solutions.

4.2.5 Pipette calibrations
Pipette calibrations were performed using Milli-Q water and a calibrated mass

balance, where 1 ml distilled water = 1 g.

4.2.6 Disposal

Waste NP solutions were placed in a 10 L high density plastic container.
Calcium nitrate Ca(NO3), at 1 M was added to the vessel and left for 24 h. The
suspension was filtered using 0.45 ym Whatman filter, which was subsequently
disposed of via incineration. The filtrates were sent to the University of
Birmingham disposal service (PHS Waste management), and treated as
hazardous waste. Algal waste solutions were collected at the end of a test period
and autoclaved to ensure all cell death. Calcium nitrate at 1 M was added to the

container and left for 24 h, filtered and sent for disposal as discussed above.
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4.2.7

Statistical analysis

Methods

Statistical tests were selected using a one way ANOVA and student’s t-test using

Excel statistical package.

occasions.

4.3 Preparation methods

A p value <0.05 was considered significant in all

Nano- and bulk-ceria particles were received from various collaborators with a

variety of speculative properties, (Table 4-1). The ceria particles obtained from

Sigma Aldrich, UK are termed ceria®, particles from Alga Aesar are termed ceria®

and particles obtained from Sigma Aldrich USA, are refred to as ceria® patrticles.

Table 4-1 Commercial nano- and bulk-ceria particle suppliers

Particle Manufacturer Manufacture size Collaborator Use
Used (nm)
Cell lines, D. rerio and
D.
Sigma Aldrich, <25 nm (Nano) . magna exposures. .
. a Napier None-exposure characteristics
Ceria (UK) . . . , .
$26 <5 um(Bulk) University in Exeter’s determined C.
' " carpio media and in NaCl
solutions.
<35nm (Nano) Exeter ex iiuarr;csj alr?ddizrféfeirp;Zure
Ceria” Alfa Aesar, (UK) . . P S P
University characteristics in NaCl
< 25 um (Bulk) .
solutions.
10-20 nm (Nano)
(SA 80 m’g™ by
manufacturer BET)
. . Uncoated cerium (IV)
Aldrich
Ceria® i:)gl?i]sa, Mgtl(L:JS(AS)t oxide nanopowder CSIRO, Sydney | P. subcapitata exposures and

<5 um (Bulk)
Macro-particulate
cerium (1V) oxide
powder (99.9%)

Australia

NaCl solution tests

P Cote

- 96




Environmental characterisations and nanoecotoxicity of ceria

Following discussions with collaborators,

individual

Methods

methods of particle

preparation were established. Particles were prepared in relevant media at given

stock concentrations, pH conditions and temperatures (Table 4-2). Cell culture

mediums were also used for NP characterisations in the absence of cells using

nano- and bulk-ceria® under specific conditions (Table 4-3).

Table 4-2 Guidelines for media preparation
Electrolyte solution concentrations and guidelines as given by collaborators

Organism D. magna C. carpio C. carpio | P. subcapitata D. rerio
Particles ceria® ceria® ceria” ceria ceria’
EPA (2002),
udeine | oeat, | oecpzoa | SO/ | 1s08ss2, | oEcD210
OECD 202.
NaHCO; 192.0
E KCl 8.0 0.5175 0.5175 0.4
L MgS0, 120.0 3.675 0.5
E CaS0, 6.120
C NaCl 2.0675 2.0675 2.0
T MgCl, 1.095 1.095 3.040
R CaCl, 6.125 6.125 1.10 3.0
0} H3BO3 46.40
L MnCl, 104.0
Y ZnZl, 0.820
T FeCls 40.0
E CoCl, 0.360
Na,MoO, 1.820
(mg/LY) CuCl, 0.003
NaNO; 6.375
KH,PO, 0.261
NaHCO; 3.750
Sodium citrate 0.5
Temp (°C) 20 10 10 24-27 12-15
pH 7.9 7.3-7.6 7.3-7.6 6.5 7.3-7.6
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Table 4-3 Additional materials in Eagle media for cell tests used for ceria®

Details

Primary Trout

Human Hepatocyte

Intestinal M cell

Celllines hepatocyte C3A Caco-2
Media . . . . . .
Sigma Media M199 Sigma media M2279 Sigma media MEM (D6171)
reference
CaCl,
0.0005
(mg/L)
NaHCO;
0.000344
(mg/L)
100 Units/mL
A penicillin/0.1 mg/mL 2mM L-glutamine 5ml Glutamax (Bibco 35050)
D streptomycin
D .
I 0.834g/L penilc(i)lcl)il:\?tl)ti/nTgL/mL 5ml non-essential amino acids
1|' Hepes, 0.344g/L streptomycin (Sigma M7145)
T
| 10% foetal calf serum 10% foetal calf serum 50ml foetal calf serum
0 1mM 0.6ml Gentamcyin (Sigma
N 28 sodium pyruvate G1272)
S 1% non-essential amino
acids (Sigma M7145)
Temp (°C) 12 37 37

pH 7 7 7

To further understand the likely fate and behaviour of NPs, it is also essential to

understand their interaction with natural water components (Baalousha et al.,

2008), such as natural organic material (NOM). NOM is known to play a critical

role in controlling the biogeochemical uptake of trace elements (Guo et al., 2001)

and be used as a carbon and energy source by organisms (OU, 1996).

To represent NOM in comparative synthetic media samples, Suwannee River

Fulvic Acid (SRFA) purchased from the International Humic Substances Society
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was used as received (Diallo et al.,, 2005; Hyung et al., 2007). DOC can be
found at 0.54 to 20.9 mg/L between the Gulf of Mexico and Sabine-Neches
estuary respectively (Guo et al., 2001). From this, a representative concentration
of 10 mg/L SRFA (unless stated) was added in some media solutions, as

conducted by Cumberland and Lead, (2009).

4.3.1 Pzc

For samples requiring Pzc analysis, at least six aliquots of 8 ml from each
10 mg/L particle solutions prepared were taken in 10 ml glass vessels with plastic
screw lids, (Figure 4-1d). The pH of each six individual aliquots, were converted
to between pH 2 and pH 10. These were pH monitored after 24 h being left in

the dark at 4°C prior to electrophoretic analysis.

4.4 Media preparations

4.4.1 Electrolyte solutions

Electrolyte stock solutions of 10 mM and 500 mM NaCl were prepared by filtering
Milli-Q water using a pre-acidified 0.45 um filter (Chapter 3) in the presence and
absence of SRFA (Table 4-4). A 100 mg/L ceria dispersion was prepared from
these stocks and sonicated for 30 min. A variety of particle concentrations were
prepared using aliquots from the stocks using the remaining electrolyte stock
solutions for dilutions. All samples were housed at 4°C in the dark for 24 h

before characterisation assessments.

P Cote -99



Environmental characterisations and nanoecotoxicity of ceria Methods

Table 4-4 NacCl stock solutions preparation

In 1 L volumetric flasks using filtered Milli-Q water at pH 7, NaCl solutions were sonicated for
30 min. Using the appropriate NaCl stock solutions, 100 mg/L stock solutions of nano-and bulk-ceria
were prepared in 50 ml volumetric flasks. These were stored in 30 ml volumes in PP vessels. Using
appropriate NaCl stock solutions, aliquots of ceria particle stocks solutions were used to prepare 20,

10, 5, 1, 0.1 and 0.01 mg/L concentration at 20 ml volumes.

NacCl St((::ll(vf)olutlon NaCl mass (g) in 11 SRFA mass (mg) Ceria ;z:::/c:;: mass
10 0.58 0 50
10 0.58 10 50
500 29 0 50
29 10 50
4.4.2 Cell culture exposure media

Three cell culture media termed ‘Trout’ ‘Caco-2’ and ‘C3A’ (Table 4-3) were sent
courtesy of Dr. Birgit Gaiser at Napier University and were used as received, for
dilutions and stock preparatory solutions (Table 4-5). All aliquots prepared were
sonicated for 30 min and housed at 4°C in the dark for 24 h before
characterisation assessments.

One specific concentration, as used for

exposures by collaborators of 62.5 pg/L was also investigated.

Table 4-5 Cell culture media particle dispersion preparation

Cell mediums were used as received at pH 7. Nano- and bulk-ceria® particles were weighed to
prepare 100 mg/L stock solutions directly dispersed in all cell mediums and sonicated for 30 min.
Using the appropriate cell medium solutions, aliquots of particle stocks were used to prepare 20, 10,
5,1, 0.1 and 0.01 mg/L at 20 ml volumes. A further concentration 62.5 pg/L was also prepared for all
particles.

P Cote

Cell media solution Ceria particle mass
(mg/L)
C3A 100
Trout 100
Caco-2 100
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4.4.3 C. carpio exposure media

Both commercially available Alfa Aesar (ceria®) and Sigma Aldrich (ceria®)
particles were used to compare commercial particles of the same chemical form,
from different manufacturers, in C. carpio exposure media. The C. carpio media
salt solution was prepared (Table 4-2), in the presence and absence of 10 mg/L
SRFA, with sodium citrate at 0.005%/vol used as a stabilisation agent (Table 4-

6).

Table 4-6 C. carpio media stock solution preparations

In 1 L volumetric flasks using Milli-Q water, C. carpio media was prepared and filtered to 0.45 pm
along with a combination of SRFA and sodium citrate additions. Using the appropriate media
solutions, nano-and bulk-ceria®® particles from both Alfa Aesar and Sigma Aldrich manufacturers
at 100 mg/L stock solutions were prepared in 50 ml volumetric flasks and sonicated for 30 min.
These were stored in 30 ml volumes in PP vessels. Using appropriate media solutions, aliquots of
these ceria particle stocks solutions were used to prepare 20, 10, 5, 1, 0.1 and 0.01 mg/L at 20 ml
volumes, in 30 ml PP vessels.

. . Sodium citrate Ceria particle mass
C. carpio solutions SRFA mass (mg) 0.005%/volume (mg/L)
Media 1 0 No 100
Media 2 10 No 100
Media 3 0 Yes 100
Media 4 10 Yes 100

All ceria particle stock solutions (100 mg/L) were sonicated for 30 min prior to
aliquot preparation (0.01-50 mg/L) and stored at 4°C in the dark for 24 h prior to

characterisation tests.
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4.4.4 D. magna exposure media

The D. magna media salt solution was prepared (Table 4-2), in the presence and
absence of 10 mg/L SRFA. Stock samples of ceria® particles were prepared at
100 mg/L and sonicated for 30 min. Stock solutions were then diluted using
appropriate D. magna media to produce a range of particle aliquot solutions
(Table 4-7). Samples were kept at 4°C in the dark prior to characterisation

assessments.

Table 4-7 D. magna media stock solution preparations

D. magna media in 1 L volumetric flasks were prepared using Milli-Q water at pH 7 and filtered to
0.45 um. A further media solution was prepared with the addition of 10 mg/L SRFA additions. Using
the appropriate media solutions, nano- and bulk-ceria® at 100 mg/L stock solutions were prepared in
1 L volumetric flasks and sonicated for 30 min. These were stored in 30 ml volumes in PP vessels at
pH 7. Using appropriate media solutions, aliquots of ceria® particle stock solutions were used to
prepare 20, 10, 5, 1, 0.1 and 0.01 mg/L at 20 ml volumes, in 30 ml PP vessels.

. Ceria particle mass
D. magna solutions SRFA mass (m
? (me) (me/1)
Media 1 0 100
Media 2 10 100
4.4.5 D. rerio exposure media

Media used for D. rerio exposures were sent by collaborators at Exeter University
consisting of salt concentrations shown in Table 4-2. The nano- and bulk-ceria®
particles were weighed to 50 mg and made to 500 ml volume by using these sent
solutions and sonicated for 30 min. Aliquots were prepared from the media and
stock solutions to prepare 0.01-50 mg/L particle concentrations. Samples were

left in the dark at 4°C for 24 h prior to analysis.
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4.4.6 P. subcapitata exposure media

P. subcapitata growth media was prepared as suggested by the collaborators at
CSIRO as modified from Stauber, Franklin and Adams, (2005). EDTA is known
to interfere with organic ligands, in respect to metal complexation (Guéguen et
al., 2003) and has been found to release lipopolysaccharides in the bacterium E.
coli (Amro et al., 2000). EDTA is therefore omitted during metal toxicity
exposures and thus during characterisation investigations. For P. subcapitata
growth however, EDTA is added to the media to aid metal elimination which may
be present in solution. Five stock solutions were required for P. subcapitata
exposure media preparation, (Table 4-8).

Table 4-8 Liquid Growth Medium for the stock P. subcapitata culture.

Stock Solution Compound Amount Dissolved in 250mL Milli-
Q® Water (mg)
MgCl,.6H,0 3040
CaCl,.2H,0 1100 (g)
H3BO; 46.4
MnCl,.4H,0 104.0
1~ ZnCl, 0.82°
FeCl;.6H,0 40
CoCl,.6H,0 0.36°
Na,Mo00,.2H,0 1.82°
CuCl,.2H,0 0.003°
*Na,EDTA.2H,0 150
2 NaNO, 6375
3 MgS0,.7H,0 3675
4 K,HPO, 2610
5 NaHCO; 375

aZnCl,at 164 mg is weighed out and diluted to 100 mL. From this, 0.5 mL is added to Stock #1.

b CoCl,.6H,0 at 71.4 mg is weighed out and diluted to 100 mL. From this, 0.5 mL is added to Stock
#1.

¢ Na,M00,.2H,0 at 36.4 mg is weighed out and diluted to 10 mL. From this, 0.5 mL is added to
Stock #1.

d CuCl,.2H,0 at 60.0 mg is weighed out and diluted to 1000 mL. 1 mL of this solution was added into
a 10mL volumetric flask and made to volume. From this second dilution, 0.5 mL is added to Stock #1.
* omitted during chemical tests and exposures.

~For stock solution 1, each salt was dissolved prior to adding the next chemical according to the
specific instructions
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PIPES Buffer (Piperazine-1,4-bis(2-ethanesulfonic acid) CgH1gN206S;) at 0.5 M
was prepared by weighing 17.315 g into a tarred polycarbonate vial. Milli-Q
water was added at ca 50 mL and ca 500 pL of 3 M HCI then further diluted with
additional Milli-Q to 100 ml and brought to ca pH 8.5. The final concentration of

nutrients in the culture medium is given in Table 4-9.

Table 4-9 Final concentration of nutrients in stock P. subcapitata culture

Macronutrient Concentration (mg/L)
NaNO; 255
MgCl,.6H,0 12.2
CaCl,.2H,0 4.41
MgS0,.7H,0 14.7
K,H,PO, 1.04
NaHCO, 15.0
H3BO; 185
MnCl,.4H,0 416
ZnCl, 3.27
CoCl,.6H,0 1.43
CuCl,.2H,0 0.012
Na,Mo00,.2H,0 7.26
FeCls.6H,0 160
Na,EDTA.2H,0 300
pH 7.5+0.1

This medium has an alkalinity of 9 mg CaCO4/L and water hardness of 15 mg CaCOs/L.
PIPES buffer addition of 1 ml in 1 L had a final concentration of 2 mM. Values assume no
complexation due to PIPES buffer taken from Stauber, Franklin and Adams, (2005).

For P. subcapitata exposure media, 1 ml from each of the five stock solutions
(Table 4-8) was added to approximately 900 mL of Milli-Q water and made up to
1 L using Milli-Q water. Four P. subcapitata media were prepared for ceria®

characterisation assessments as described in Table 4-10. All media prepared

were used immediately for characterisation studies.
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Table 4-10 Nano- and bulk-ceria® preparation in P. subcapitata media

Media 1 is prepared with 1 ml of each 5 stock solutions. This was repeated with 1 ml PIPES as media
2. A third media solutions had the addition of along with 10 mg/L SRFA and a fourth media had
10 mg/L SRFA and 1 mL PIPES buffer additions. All media were adjusted to required pH (between
7.5 and 6.5 = 0.1) by drop wise addition of 3 M HCL. Each of the four media solution were then
filtered to 0.20 um and used immediately for particle preparations. Using the appropriate media
solutions, nano- and bulk-ceria® at 100 mg/L™ stock solutions were prepared in 1 L volumetric flasks
and sonicated for 30 min. These were stored in 30 ml volumes in PP vessels. Using appropriate
media solutions, aliquots of ceria® particle stock solutions were used to prepare 20, 10, 5, 1, 0.1 and
0.01 mg/L at 20 ml volumes, in 30 ml PP vessels.

Media solutions SRFA mass (mg) PIPES buffer (ml) Ceria particle mass
(mg/L)
Media 1 0 0 100
Media 2 0 1 100
Media 3 10 0 100
Media 4 10 1 100

4.5 Exposure methods

Collaborators from Napier University and Exeter University contributed ceria
particle dispersion samples taken during their exposure assessments to D.
magna and C. carpio respectively. Exposure assessments on P. subcapitata
were carried out independently under the training and advice of the collaborative

institute, CSIRO.

45.1 D. magna exposures

Daphnia magna exposures were conducted by Phillip Rosenkranz under the
guidance and supervision of Dr. Birgit Gaiser and Professor Vicky Stone, at the
University of Napier, Scotland. For D. magna exposures, all glassware was
washed through a dishwater using dH,0 and then soaked for 24 h in 20-30% HCI,
then rinsed three times in dH,0 again. Media salt concentrations (Table 4-2),

were prepared and stored in a 100 L tank to reduce variation in readings of
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conductivity (mean 430 uS and pH 7.9). The vessels were housed in a climate

chamber at a constant 20 °C + 0.5 °C and a 16 h light/ 8 h dark cycle.

Each ceria® particle treatment (Table 4-11) consisted of 120 ml media in 1 L
glass beakers. A 75 ml sample was taken and replaced with fresh media and
appropriate spiked particle treatments and termed Day 0 (DO). A further 75 ml
sample was taken from each test vessel (D1 to D3) every day throughout the
exposure period. Silver exposures were also conducted using D. magna (tank 2-
5) and C. carpio by the collaborators at Napier University, but particle

characterisation results are not represented in this thesis (Appendix A).

Table 4-11 Tank set-up for D. magna exposures.

'Six neonates were added to each treatment vessel of 120 ml media spiked with appropriate ceria
particle treatments after ‘Day 0’ sample taken (tanks 6-11).

The 1 mg/L™" nano-silver treatments showed 100% mortality, so no 1 mg/L nano-silver treatments
after 96h (D4) were produced and processed (tanks 2-5).

~ Particle stock solutions of 10 mg/L were prepared and sonicated for 30 min before inoculating.
*Nanoparticle

“Bulk particle

a

Tank Ceria (mg/L) A

1 0

2 0

3 0

4 0

5 0

6 0.01*
7 1*
8 10"
9 0.01°
10 1"
11 10
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45.2 C. carpio exposures

Nano- and bulk-ceria® were used in exposures to C. carpio in duplicate studies
at Exeter University. The first of these studies was conducted by Dr Blair
Johnson over a 35 d exposure period using twelve separate treatments. The
second repeated test was conducted by Rhys Goodhead over a 10 d exposure,

under the same conditions. All work was overseen by Professor Charles Tyler.

452.1 Testl

Twelve 60 L fish tanks were prepared at Exeter University by Dr. Blair Johnson.
Nano- and bulk-ceria® solutions were prepared with the additions of 0.005%/vol
sodium citrate. A stock concentration of 30 times higher than the highest dose
was prepared at 1.5 mgL and sonicated for 30 min. Two 100 ml stock bottles of
nano- and bulk-ceria® were added to the adjusted amount of sodium citrate
solution and sonicated again for 30 min. For representative NOM samples, 10 ml
of the correct concentration (50-250 ugL) of SRFA (not sonicated) was added to
the tank before the particle and sodium citrate solution was added. Nano- and
bulk-ceria® stocks were prepared in 1 L doses and added to the 29 L of water in
the tank. Both nano- and bulk-ceria® were prepared at concentrations of 5 and
50 pugL™ and added to tanks with and without SRFA. One tank remained with no
particles or SRFA, only containing sodium citrate as a blank control. The patrticle

concentrations in each tank are shown in Table 4-12.
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Pre-exposure samples were taken (DO) followed by a sample extracted from the
tanks 1 h after C. carpio were exposed (D1). Samples were taken from the base
of the tank and placed in a labelled darkened 125 ml sample bottle. Further
samples were taken on D7, D14, D21 and D35. These samples were sent to the
University of Birmingham for immediate characterisation analysis. The water
within the fish tanks was removed by half (15 L) every two days and replaced
with the same volume of water, including the addition of appropriate particles,

SRFA and sodium citrate where required.

Table 4-12 Tank set-up for nano- and bulk-ceria exposure to C. carpio for 35 days.

"60 L tanks used with 30 L media, each with 18 fish. Fish were of a small size around 20 g and
approximately 1 year old having been bred at Exeter University, fed once a day during exposures.
The temperatures of the tanks were kept to an average daily temperature of between 11 °C to
12.6 °C. The average charges on the tanks were recorded at 190 ps (between 219 ps and 269 ps) and
each tank was kept at an average of pH 7.85 (between 7.14 to 7.57).

* Nano-ceria® mass

# Bulk-ceria” mass

@ Cerium nitrate solution

~ All fish died within tank by end of investigation

Tank Sodium citrate (ug/L) SRFA (pg/L) Ceria (pug/L)
1 0.005 0 0
2 0.005 50 0
3 0.005 250 0
4 0.005 0 5%
5 0.005 50 5*
6 0.005 250 5*
7 0.005 0 50%*
8 0.005 50 50%*
9 0.005 250 50%*
10 0.005 50 50"

117 0.005 50 50°
12 0 0 0
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4522 Test2

The second test was conducted by Rhys Goodhead one year after Test 1
following the same protocol. The only variation between Test 1 and Test 2 was
the number of test tanks used (Table 4-13). A sample of the stock solution (30X

higher than the dose) was also supplied for TEM preparation.

Table 4-13 Tank set-up for nano- and bulk-ceria exposure to C. carpio for 10 days.

" 60 L tanks used with 30 L media, each with 18 fish. Fish were of a small size around 20 g and
approximately 1 year old having been bred at Exeter University, fed once a day during exposures.
The temperatures of the tanks were kept to an average daily temperature of between 11 °C to
12.6 °C. The average charges on the tanks were recorded at 190 ps (between 219 ps and 269 ps) and
each tank was kept at an average of pH 7.85 (between pH 7.14 to pH 7.57).

* Nano-ceria® mass

# Bulk-ceria” mass

Tank Sodium citrate (ug/L) SRFA (ug/L) Ceria (pug/L)
1 0.005 50 0
2 0.005 250 0
3 0.005 0 5*
4 0.005 50 5*
5 0.005 250 5*
6 0.005 0 50*
7 0.005 50 50*
8 0.005 250 50*
9 0.005 50 50"
10 0.005 0 0
4.5.3 P. selenastrum exposures

P. selenastrum exposure samples could not be sent for analysis from the
collaborators at CSIRO. P. selenastrum exposures were therefore conducted
independently at Birmingham University under the same conditions as set out by
the collaborator. Six weeks training was given on site at CSIRO to ensure Modus

operandi.
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4.5.3.1 P. selenastrum growth cultures

All handling and transferring of P. selenastrum during culturing procedures was
carried out using aseptic techniques, in a biohazard cabinet. P. selenastrum
growth media (Table 4-8) was prepared by adding 1 ml of each five stocks (stock
1 with EDTA) to 1 L Milli-Q water (Section 4.4.6). Growth media was then filter
sterilised (Figure 4-3). Aliquots of 50 mL filter-sterilised medium were then
dispensed into a pre-sterilised 250 mL Erlenmeyer flask, capped with loose fitting

lids ready for algal inoculation.

Figure 4-3 P. selenastrum media preparation set-up
1 L glass measuring cylinder (A), and the sterile filter system (B) with pump (C).
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P. subcapitata was obtained from the ATCC culture (22662) UK. From this initial
vial, 2 ml of P. selenastrum was removed by using a sterilised 5 mL pipette tips in
a biohazard flow cabinet and placed into 50 mL filter sterilised growth media (with
EDTA) at room temperature. Subsequent P. subcapitata stock cultures were
prepared weekly, with each flask aseptically inoculated with 1 mL of the previous
week’s culture of using sterile 5 mL pipettes. The flasks were capped and stored
in an incubation cabinet with fluorescent tubes providing standard conditions

(Table 4-14), with a fitted agitation table at 100 rpm.

Table 4-14 Summary of culture conditions for P. subcapitata.

Temperature 24+ 1°C
Light quality “Cool White” fluorescent lighting
Light intensity 65+5umol s m”
Photoperiod Continuous illumination
pH 7.5%+0.1

4.5.3.2 P. subcapitata exposure suspensions

P. subcapitata inoculums were prepared and used within 2 h. The algal
inoculums were prepared by decanting ca 25 mL of an exponentially-growing
stock culture of 4-5 days old of P. selenastrum (Section 4.5.3.1) into two
centrifuge tubes (Figure 4-1c) and centrifuged at low speed (~2500 revs/min) for
7 min. The supernatant was removed in each tube and the algal pellet gently re-
suspend in ca 25 ml exposure media (without EDTA), vortex and then
centrifuging again. The centrifuging and rinsing process was repeated twice more
resulting in a concentrated algal suspension in fresh test media (without EDTA).

This was then diluted in ca 15ml of test media, ready for counting and
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inoculating into the toxicity test containers. Each test vial was then secured with a
screw lid and loosened by % turn to allow gas exchange during the test period
and placed on a shaker. The pH measurements were recorded on DO and at
test completion after 72 h (D3). The test conditions are based on the OECD Test

Guideline 201, (1984) summarised in Table 4-15.

4.5.3.3 Cell counts

The required initial cell count volumes for each mini-vial was a density of 2-4 x
10* cells/ml (Rogers et al., 2010). This was calculated and checked by
inoculating a “counting vial” with 10 ml media and ca 50 pL of the P. subcapitata
exposure suspension. The density of P. subcapitata cells in the counting vial was
determined by haemocytometer. The calculated volume of P. subcapitata
inoculums is not to exceed 0.5% of the total media volume (e.g. 50 pl in 10 mL).
To check calculated cell counts, a further counting vial is inoculated for validation.
Upon validation this volume was then added to all sample vessels requiring P.
subcapitata cells. To ensure the suspension remains homogenous, the P.
subcapitata exposure suspension was covered and vortex between every 3
inoculations. The confirmation and recording of DO cell density in three replicates
of each test concentration was conducted using a haemocytometer and in some
cases confirmed by spectroscopic means (Section 3.6) using UV-visible

spectroscopy.
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Table 4-15 Summary of growth inhibition test conditions to P. subcapitata

Revised from OECD 201 (1984) guidelines

Test type: Shaking
Temperature: 24 +2°C
Light quality: “Cool white” fluorescent lighting
Light intensity: 4000 * 10% lux (65 umols photons/m*/s)
Photoperiod: Continuous illumination

Test chamber size:

30 mL minivial

Test solution volume:

10-15 mL minivial

Renewal of test solutions:

None

Age of test organisms:

4 -5 days
(in exponential phase of growth)

Initial cell density:

10,0000 cells/mL

Methods

8 vials (3 vials for daily cell counts, 4 vials

No. replicate vessels / concentration: . .
for chemical analysis).

Shaking rate: 100 rpm

Dilution water: Algal culture medium (without EDTA)
pH range: 6.5

Test duration: 72h

Cell growth inhibition, measured as
inhibition of exponential growth rate
Cell density in the control to increase by a
factor of 16 after 72 h.

Effect measured:

Test acceptability"l I

#Quality assurance by reference toxicant is often used to ensure that the algae are responding in a
reproducible way to a known toxicant (e.g. copper). During training at CSIRO, a dilution series of
copper (40, 20, 10, 5 and 2.5 pg/L) prepared from a copper sulphate stock solution was calculated.
Quality assurances were further conducted using commercial ceria powders during synthesized ceria
particle exposures.

~Turbid samples can alter light quality and quantity available to the algal cells in the growth rate
inhibition test, potentially causing decreased algal growth, unrelated to sample toxicity. To overcome
this problem, additional turbidity controls at various dilutions of sample can be prepared. The
turbid sample (e.g. highest concentration of the nanoparticle suspension) is poured into clear
polycarbonate containers and the mini-vial containing control water (culture medium only) is placed
inside the container on the shaking platform. Cells are counted daily as usual and any effect of light
reduction on algal control growth can be compared to normal controls. This was conducted at
CSIRO with no significant effect compared with the controls observed and therefore not repeated.

4.5.3.4 Growth inhibition determination
The growth inhibition test measures the decrease in growth rate of treated P.
selenastrum over 72 h compared against controls. Ordinarily growth rates in test

solutions are compared statistically to that of controls, enabling a calculation of
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NOEC, LOEC, EC, and ECsy values. The growth rate value however, does not
take into consideration algal cells which are dead within the sample. Therefore,
the ‘growth rate’ which is often used to define the growth of cells over the period
of an exposure assessment, is in fact a measure of cell density difference
between the treated samples compared against the control sample. The ‘growth
rate’ determined during this study is therefore the calculated cell number

difference in comparison to the control samples of that test.

The average specific growth rate was calculated as the slope of a linear
regression of the natural logarithm of the measured cell density versus time
(Hoecke et al., 2009). The logio cell density for each replicate in each treatment
is plotted against time (d). Lines of best fit are then calculated for each test
treatment where the slope of the line is equivalent to the growth rate. The specific
growth rate is calculated by multiplying the slope by 2.303 for each treatment and
control. Growth rates in each treatment as a percentage of the mean control
growth (the specific growth rate) can be calculated as shown in Equation 4-1
using HC as the mean value for average specific growth rate in the control and
UT as the average specific growth rate for the treatment replicate. The growth

rate () at time t and can be expressed as Equation 4-2.

Equation 4-1 Specific growth rate
Taken from Stauber et al, (2005)

Growth rate (% of control) =T x 100
puC
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Equation 4-2 Growth rate
Taken from Stauber et al, (2005)

H =(InNt—InNp) (day™)
(tto)
No is the cell density at time to where the cell density (Nt) can be calculated as

Equation 4-3 at time (t) days.

Equation 4-3 Cell density

Nt = No exp [ut (t-to)]

Percent growth compared to control results in each individual replicate should be
plotted against the logarithm of the test substance concentration. This is the
concentration-response curve. The ECsy and ECy cell growth compared to the

control were calculated from the concentration response curve.

4.5.3.5 Nano-ceria particle preparation in algae exposure media

4.5.3.5.1 Commercial ceria particles

Commercial nano- and bulk-ceria® particle powders were prepared in P.
subcapitata exposure test media (Table 4-16). Ceria® particles prepared in P.
subcapitata test media were sonicated for 30 min. Aliquots of 50, 20, 10 and 5,
1, 0.1 and 0.01 mg/L were prepared with the 100 mg/L stock solution. Aliquots of

1, 0.1 and 0.01 mg/L were prepared with the 10 mg/L stock solution.
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4.5.3.5.2 Synthesized nano-ceria particle preparation

Four discrete ceria NP particle dimensions were also used for P. subcapitata
toxicity assessments. Ceria particles were synthesized using various chain
lengths of poly(N-vinylpyrrolidin-2-one) (PVP) as the stabilising agent for specific
dimensions required (Table 4-16) thanks to Dr. Ruth Merrifield, University of
Birmingham following a protocol previously described by Zhou et al., (2007).
The redox state of the ceria particles were not measured following synthesis, so

no definitive state of Ce(lll) or Ce(IV) can be offered during this study.

Table 4-16 Synthesized nano-ceria particle preparation

PVP was dissolved in 40 ml Milli-Q water along with cerium nitrate in 20 ml water. After heating,
solutions were cooled before centrifugation with acetone. After centrifugation, 5 ml Milli-Q water
was used to dissolve the ceria particle pellet.

Particle A B C D
PVP Chain (K) 10 40 160 360
PVP (g/60ml water) 3 1.5 1 0.233
Cerium(lll)nitrate (g/60ml water) 130 130 130 130
Heat (min) 180 180 180 180
Re-suspended in Milli-Q water (ml) 5 5 5 5

The PVP solution was prepared in 60 ml Milli-Q water and added to a stirred
1800 mg/L cerium nitrate solution in Milli-Q water. This mixture was allowed to
stir at 100°C for 3 h and allowed to cool to ambient temperature. Following
cooling, the solution was washed three times by centrifugal force using acetone.
The final ceria pellet was re-suspended in 5 ml Milli-Q water as a stock nano-
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ceria particle solution. Four particle dimensions (A-D) between 5 nm and 40 nm
were prepared as a batch of samples. Three individual batches (1-3) were
prepared several months apart from one another. Each particle stock solutions
were diluted directly in P. subcapitata test media (Table 4-8) for toxicity testing

and characterisations as discussed in Chapter 6.
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5 Nanoparticle characterisations in aquatic

ecotoxicological test media

5.1 Chapter Summary

There is increasing research addressing the uptake, accumulation and toxic fate
of biota during nanoecotoxicological exposures. Many of these studies however
do not consider potential changes in the NPs physicochemical characteristics
within the test media, from the onset to the end of an exposure investigation.
Changes of specific NP characteristics due to the presence of biota are also
rarely considered or documented. This chapter investigates the physicochemical
characteristics of three commercially available nano- and bulk-ceria particles
from samples dispersed in a range of aquatic media both before and after
exposure investigations. Results imply different MNPs of the same chemical
form will exhibit variations in physicochemical characteristics such as increases
in dy (up to 7.5%) and UV-visible absorption, when dispersed in the same media.
Collaborators repeated samples varied up to 2 fold in dy4 measurements reducing
the reliability of such samples. The presence of the test organism can cause
increases in particle dy by up to 80% and increase Ce dissolution up to 63%,
specifically after 1 h of exposure. To obtain a reasonable appreciation of particle
characterisation in test media, it is advised that future nanoecotoxicological work
includes vigorous particle characterisation assessments using accurate test

conditions, sample preparation methods and appropriate analytical techniques.
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5.2 Chapter organisation

This chapter begins with the experimental design including the aims and
objectives, (Table 5-1) of this work. This experimental design precedes a brief
introduction to the project, setting the scene of this chapter's relevance in

nanoecotoxicological research.

Table 5-1 Aims and objectives for Chapter 5

Aim

. To determine and compare the physicochemical characteristics of
commercial ceria particles in a range of aquatic ecotoxicity test media.

" Determine the physicochemical characteristics of commercial ceria particles

in a range of aquatic ecotoxicity test media, when in the presence of test species

Objectives

= Conduct a series of analyses to determine commercial ceria particle
characteristics in a range of aquatic ecotoxicity test media;

= Discuss comparatives observed in particle characteristics in the presence and
absence of test species;

= Compare the physicochemical characteristics of the same particles in

different media in the presence and absence of biota.

Samples were produced during separate but parallel collaborative studies
investigating NP toxicity. It was not the rationale of this chapter to investigate or
discuss in detail the uptake or any toxic effect of the associated NPs as much of
this work is published. It was however considered relevant to include a short
passage of the results which were obtained from the collaborators’ exposure
investigations, which follows the brief introduction. The characterisation results

obtained are subdivided between the individual commercial particles tested (ceria
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a-c). The associated trends and variations in the particles physicochemical
characteristics measured are then further discussed collectively in the
subsequent section. Due to the amount of data accompanying this work, Figures
A1-A33 and Tables Al1-Al13 can be accessed via Appendix A, using the CD-
ROM. Some of this work has also been published, as listed in Appendix B.
Figures A50-63 and Tables A16 in Appendix A represent characterisation data

conducted using silver NPs, not represented during this study.

5.3 Introduction

One widely used strategy to monitor the ‘health’ of an ecosystem is to monitor
one or more organisms that are particularly sensitive to the presence of a
pollutant or other environmental contaminants (Griffitt et al., 2008). Experiments
to determine biota sensitivity range from in vitro cellular toxicology and ‘omics’ to
more traditional measurements of growth response investigations (Bar-llan et al.,
2009). Over the past two decades, increasing numbers of aquatic
nanoecotoxicological studies have been published using a range of test species
from Pseudokirchneriella subcapitata, (Aruoja et al., 2009) and Daphnia magnha
(Lovern and Klapper, 2006), to Cyprius carpio (Hao et al., 2009) and more
recently Danio rerio (Zhu et al., 2009). Many of these studies have reported the
effects of NP exposure to specific organisms without any indication of particle

characteristics from the onset to the end of the test period.
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Three individual research groups were involved in investigating uptake and
accumulation of three individually purchased commercial ceria particles (nano
and bulk) on a range of aquatic biota (Table 4-1). In collaboration with these
groups, NP characteristics were conducted using extracted exposure samples,
sent via the collaborator, during their studies. These results were compared
against independently conducted NP characterisations in equivalent test media,
prior to these exposure tests, (pre). This offered a cross-comparison relating to
inter-laboratory NP characterisations and effects of NP characterisations due to

the direct exposure to an organism.

5.4 Collaborative nanoecotoxicological exposure results

54.1 Effects of ceria on cells and aquatic species at Napier University

Investigations into the nanoecotoxicological effects to a range of aquatic
organisms and cell lines using commercially available nano- and bulk-ceria® (and
silver) particles were conducted under the supervision of Professor Vicki Stone
and Dr Birgit Gaiser, at Napier University, UK. The test subjects included in vitro
cell cultures of human hepatocytes (C3A), primary trout hepatocytes (Trout) and
human intestinal cells (Caco-2), and organism exposures using D. magna and C.
carpio (Gaiser et al., 2009; 2011 Appendix B). Ceria® particles did not exhibit
significant toxicity at equivalent doses to that of silver particles and did not cause
significant toxicity in C3A cells or to D. magna (Gaiser et al., 2011)*. Nano-sized
particles were found to be more toxic than their bulk equivalents in all conditions

measured.
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5.4.2 Effects of ceria on Cyprius carpio at Exeter University

The effects of uptake and accumulation of nano-ceria® to the freshwater fish C.
carpio was investigated at Exeter University by Professor Charles Tyler and Dr.
Blair Johnson. A repeated investigation was conducted 12 months later by Rhys
Goodhead. The aim of this work was to determine the toxic effects of ceria”
particles to C. carpio in the presence and absence of SRFA once stabilised with
sodium citrate (Goodhead et al.,, 2011; Appendix B). Cerium concentration
measurements taken of the gill, brain and kidney tissues, demonstrated
significant uptake of higher nano-ceria® concentrations (50 pgL) with the addition
of SRFA, compared to controls (Goodhead et al., 2011%). The tissue data
indicated how the presence of SRFA can significantly affect the bioavailability of

commercial nano-ceria® to C. carpio.

5.4.3 Effects of ceria on Pseudokirchneriella subcapitata at CSIRO

A research group lead by Dr. Simon Apte and Dr. Nicola Rogers were
investigating the toxic effects and mechanisms associated with commercial ceria®
particles to P. subcapitata at the CSIRO laboratories Sydney, Australia. Nano-
ceria® particles were found to be 6 times more toxic per Ce mass than the bulk
equivalent to P. subcapitata, (Rodgers et al., 2010). Nano-ceria® showed an
inhibitory mode of action caused by ceria® particles interacting with the algal cells.

Cell membrane damage was observed along with increasing hydroxyl radical

generation by the ceria® particles. Hydroxyl species were found to be caused by

! Information obtained from Rhys Godhead prior to data being prepared for publishing.
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photo-catalytic activity of nano-ceria® particles produced due to light illumination

during the algal exposure conditions.

5.5 Results

The following is an account of the findings for each ceria (a-c) particle dispersion

characteristics under both pre- and exposed conditions.

551 Ceria A

Ceria® particles (Table 4-1) were used in exposures to Caco-2, C3A and Trout
cell cultures and to D. magna and D. rerio (Table 4-2). D. magna exposures
were conducted at Napier University, with samples sent for characterisation
assessments following 24 h exposures. Pre-exposure tests were conducted
using appropriate media solutions (Table 4-3) in the presence and absence of

10 mg/L SRFA. Tables of results are offered in Appendix A, (Tables A1-A2).

5.5.1.1 Powdered particle analysis

XRD diffractograms were obtained for nano- (Figure 5-1) and bulk-ceria®* (Figure
Al) particle samples. BET results show a low variation in the repeated SSA
measurements (Table 5-2). Calculated particle sizes (dget) of nano- and bulk-
ceria® were found to be within the nominal particle distribution range as
determined by the manufacturer (<25 nm and <5000 nm respectively), although

bulk is much less.
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Figure 5-1 XRD diffractogram of nano-ceria®
Obtained from powdered commercial nano-ceria® particles at room temperature

Ceria® particles are well matched with that of CeO, JCPDS Card No. 75-0120
confirming the formation of pure-phase CeO, powders belonging to the face-
centred cubic arrangement with lattice constant a=5.411 A.  The measured
nano-ceria® (111)/(200) XRD absorption plane ratio is greater than that of bulk-
ceria® (111)/(200) plane ratios, suggesting a greater number of (111) sites
exposed in nano-ceria® and thus a greater proportion of Ce(lll) to Ce(lV)

compared with bulk-ceria® powdered samples.
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Table 5-2 Nano- and bulk-ceria® powdered BET and XRD analysis
Specific surface area and associated particle diameter by BET were obtained and further calculated
size distributions were made using XRD analysis using the Scherer equation.

. Particle diameter BET SSA. dger dxro (111/200)
Particle 2 . .
by manufacturer (nm) (m“/g) units (nm) (nm) ratio
Nano-ceria <25 53.81+2.4 15.9 15.3 1.12
Bulk-ceria <5000 0.37+£0.4 2316.6 1155.5 0.982
n=2 for BET analysis
n=1 for XRD

5.5.1.2 Charge — pH relationship
As the electrolyte solution concentration and viscosity increases from D. magna
to cell culture media, the pH at which the calculated C is zero (Pzc) increases

from pH 2 to pH 4 for both nano- and bulk-ceria® particles (Table 5-3).

Table 5-3 The pH at which zeta potential is zero
pH of nano- (black) and bulk-(blue) ceria® at 62.5 pg/L in cell mediums and at 10 mg/L in D. magna
media with the additions of 10 mg/L SRFA where shown.

Media Cell media D. magna media
.. Pre-Exp +
Conditions C3A Caco-2 Trout Pre-Exp SREA
4.3 4.3 3.5 <2 <2
zero charge (pH) 4.2 4.1 4.6 2.2 <2

The Pzc of nano- (Figure A2) and bulk-ceria® (Figure A3a), at 62.5 ug/L in cell
culture mediums is consistent at pH<5. The Pzc of nano- and bulk-ceria® in D.
magna media at 10 mg/L, (Figure A3b) is pH<2. The addition of SRFA to D.

magna media has no effect on the pH at which ( is zero.
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5.5.1.3 Particle hydrodynamic diameter

Nano-ceria® have low Pdl (<0.5) in all cell mediums (Tables A1-2). Using
calculated hydrodynamic diameters (dy) from Z-ave results using DLS analysis,
nano-ceria® dispersed in cell mediums >10 mg/L show similar dy as calculated by
deer and dygp. Nano-ceria® particles in Trout media have up to 47% larger dy
compared to equivelant nano-ceria® dispersions in C3A media, (Figure 5-2)
although these results are not significantly different (p>0.05). Bulk-ceria®
dispersions in cell media have no obvious trend in measured dy (Z-ave). Nano-
ceria® dispersions in D. rerio media show increased dy with increasing

concentration.

With the addition of SRFA to D. rerio media, dy increases in nano-ceria® by up to
85%. In the highest ionic strength media (D. magna) the dy of nano-ceria®
dispersions generally increases as concentration increases (Figure A4a). This
increase in dy of nano-ceria® in D. magna media is significantly reduced (p<0.05)
in the presence of SRFA (Figure A4b) up to 86% across the dispersions 0.01-
100 mg/L. As electrolyte concentration increases (D. rerio<D. magna) dy for
equivalent dispersion of nano-ceria® generally increase. During exposures to D.
magna, nano-ceria® <1 mg/L show a significant increase (p<0.05) in dy, up to

80% compared against equivalent pre-exposure measurements.
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Figure 5-2 Average Z-ave of nano- and bulk-ceria® in cell media
Using DLS analysis as a function of concentration. Nano-ceria® in Trout media, white; bulk-ceria® in
Trout media, grey; nano-ceria® in C3A media; bulk-ceria® in C3A media.

5.5.1.4 Particle zeta potential

Ceria® dispersions in cell culture media were not conducted due to corrosion of
the zeta-cell by the media. As nano- or bulk-ceria® concentrations increase in D.
magna media, { decreases (away from zero) although this is not systematic
(Figure 5-3). Significant differences are observed, (p<0.05) between nano- and
bulk-ceria® in D. magna media at equivalent concentrations where bulk-ceria®
appears to be less negatively charged (-ve) than nano-ceria® dispersions. The
is significantly reduced (-ve) with the addition of SRFA when compared to

equivalent dispersions in D. magna media alone. There are no trends associated

with ¢ between exposure and pre-measured samples, (Table A1-2). There are
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significant differences observed between equivalent concentrations (p<0.05) of
exposure and pre-measured ceria® dispersions in D. magna media, where
exposed samples are generally lower (+ve) in measured ¢ than pre-exposure
samples. As nano- and bulk-ceria® concentration increases in D. rerio media at

pH 7, the C decreases (-ve).
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Figure 5-3 Average zeta potential for nano- and bulk-ceria® in D. magna media

Measurements in the presence and absence of 10 mg/L SRFA as a function of concentration were also
taken. Nano-ceria® dispersed in D. magna media, black square; bulk-ceria® dispersed in D. magna
media, black diamond; Nano-ceria® dispersed in D. magna media with SRFA, white square; bulk-
ceria® dispersed in D. magna media with SRFA, white diamond.

Bulk-ceria® produces a significantly (p<0.05) more -ve { than nano-ceria® at
equivalent concentrations in D. rerio media. The addition of SRFA to D. rerio
media at pH 7 significantly reduces (-ve) the  of nano-ceria® dispersions. As
media electrolyte concentrations increase, the { of equivalent nano-ceria®

dispersions increases (-ve) significantly (p<0.05).
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5.5.1.5 TEM

Images of nano- and bulk-ceria® at 1 mg/L dispersed in deionised water were
received courtesy of Dr. Birgit Gaiser, University of Napier. TEM images were
independently conducted taken from grids prepared by the drop method for
particles dispersed in D. rerio media at 500 mg/L and at 1 mg/L in D. magna.
The UC method (Chapter 3) for TEM grid preparation was used for all cell
medium particle dispersions at 62.5 pg/L. Particles were counted and their

aspect ratios (S) calculated (Table 5-4).

Table 5-4 Nano-ceria® particle diameters by TEM
Particle diameter calculated from TEM (d+gwm) particles counts along with agglomeration and aspect
ratios (S) across a range of media and dispersions.

Media Conditions | Dispersion drem Range Agglomeration S
(mg/L) (nm/No particles) (nm) (nm) (range)
Milli-Q Pre-Exp 0.1 57.7+54.1/96 9.6 - 556 1237.5+279.9 0.82+0.2
Sent 1.0 11.3+25.3/148 3'20229- 75.2+42.7 0.80+0.1
Pre-Exp 1.0 28.6 +25.5 /146 3.2-145 350.6 + 202 0.87+0.2
D. Pr;EF’:’ * 1.0 5.47+35/116 | 1.2-21.9 21.9£3.5 0.6310.2
13354 +
+ - +
magna 24 h Exp 1.0 18.1+11.5/80 3.9-69 1384.4 0.86+0.1
D. rerio Pre 500 487.4+640.8 / 38 13'099-1 2909.1+ 618.8 0.69+0.2
1021 £ 10 -
- + -
C3A 0.0625 1369/1305# 510,000 52.6 - 13,750 1.4+0.4(1-2)
1072 £ 10 -
_ _ + _
Cell Caco-2 0.0625 1305/1739# >10,000 615 ->10,000 1.5+0.4(1-2)
media Trout 0.0625 6113+ 10 - 5000 <4521.7 1.8+1.1(1-4)
) 44.6/2264" ) o

# conducted courtesy of Dr. Mohammed Baalousha

At relatively low, environmentally relevant concentrations (0.1 mg/L) nano-ceria®

particles in Milli-Q water, (Figure 5-4) appear to form truncated octahedron with
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rectangular features (Lin et al., 2011; Getzlaff, 2008) supported by a calculated S
<1.0. A ten fold increase in concentration (1 mg/L) shows larger aggregates of
nano- and bulk-ceria® dispersions (Figure A5a+b) and equivalent calculated S in

Milli-Q water.

SOl

Figure 5-4 TEM micrographs of nano-ceria®

a) Dispersion at 0.1 mg/L in Milli-Q water. b) Dispersed in C3A media at 0.06 mg/L.

Blue arrow indicates octahedral forms, white arrow highlights more rectangular features and red
arrow highlights rhombus forms.

Nano- and bulk-ceria® dispersed in C3A, (Figure 5-4b) at 62.5 pgL show similar
structures as nano- and bulk-ceria® in Caco-2 (Figure A6) and in Trout cell media
(Figure A7). Cell media dispersions (Figure A8) show the formation of large
agglomerates with higher S (1.4-1.8) suggesting more rod-like shapes (Lin et al.,
2011) or rhombus forms with unequal sides (Baalousha et al., 2010). Nano-
ceria® drem in trout media (Figure A9) are nearly two fold smaller than that
measured in equivalent dispersions in C3A and Caco-2, opposing DLS

measurements. At the lowest electrolyte solution of D. rerio media the particle
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images (Figure A10) shows the highest rate of aggregation at 500 mg/L of
rectangular shaped nano aggregates (S=0.69, Figure All). In higher electrolyte
D. magna media, nano-ceria® form relatively well dispersed particle distributions
at 1 mg/L (Figure A12). With the addition of 10 mg/L SRFA patrticle size reduces
supporting trends observed by DLS measurements for D. magna dimensions.
After 24 h exposures to D. magna, particle size reduces as particle number
reduces and aggregation occurs. Particle shape is equivalent in Milli-Q water,

pre- and exposure dispersions (S=0.80 to 0.87).

5.5.1.6 Particle UV-visible absorption

Spectra obtained across the A 200-800 nm showed two significant peaks at
420 nm and at 580 nm for both nano- and bulk-ceria® in all cell media at
62.5ug/L, (Figure A13). Nano-ceria® produces greater absorption peak
intensities than equivalent bulk-ceria®. There is a significant difference (p<0.05)
in UV-visible absorptions measured in Trout and Caco-2 media between nano-
and bulk-ceria®. Maximum UV-visible absorption A is red-shifted with increasing
concentrations of nano- and bulk-ceria® in D. magna media from 368 to 377 nm
(Figure 5-5). With the addition of SRFA, nano-ceria® dispersions show a blue-
shift in peak absorption A compared to in media alone. After 24 h exposures to
D. magna, nano- and bulk-ceria® UV-visible absorption A is red-shifted compared
to equivalent pre-exposure analysis. Nano- and bulk-ceria® exhibit significantly

higher (p<0.05) UV-visible spectra intensty in exposure samples compared to
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equivalent pre-exposure samples. Higher concentrations (10 mgL) of nano-

ceria® offer greater UV-visible peaks than lower concentration (0.01 mgL).
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Figure 5-5 UV-Visible spectrum of nano-ceria® in D. magna media
After 24 h exposure to D. magna UV-visible spectroscopy was performed, as a function of
concentration; a) 10 mg/L, B) 1 mg/L, C) 0.1 mg/L, D) 0.01 mg/L.

5.5.1.7 Emission intensity by fluorescence spectrometry

Fluorescence analysis was not used for the determination of any particular
particle but to identify if any fluorophore changes occur under the influence of
ceria particles. Cell media were found to be highly fluorescent without dilution
(Figure Al4a) and were considered unsuitable for fluorescence spectroscopy
analysis. Representative EEM’s (Figure Al4b-c) of nano- and bulk-ceria®
dispersions in D. magna were used to determine maximum absorptions and
associated EmA and ExA of five frequently quoted fluorophores (Table A3). As
ceria® concentration increases in D. magna media in the presence and absence

of SRFA, a significantly greater (p<0.05) number of EmA decrease in bulk-ceria®
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compared to equivalent nano-ceria® dispersions. SRFA significantly increases
(p<0.05) the fluorescence intensity observed across all ceria® dispersions
compared to in media alone. Tryptophan-like EmA are lower in bulk-ceria®
dispersions compared to equivalent nano-ceria® dispersion. T1 fluorophore peaks
(Figure 5-6) increase significantly (p<0.05) in exposure samples compared to

none-exposure samples for both ceria® particle dispersions.

5.5.1.8 Total particle concentration

Calculations against measured ICP-MS concentrations of nano- and bulk-ceria®
dispersions in D. magna media were compared against initial particle
concentrations applied and offered as a percent of initial mass added (Table 5-5).
Nano- and bulk-ceria® have low solubility in the absence (<0.2 % and <1.8%
original mass added respectively) and presence (<0.6% and <0.2% original mass

added respectively) of D. magna.

Table 5-5 ICP-MS measurements of ceria® particles in D. magna media
Samples taken in the absence (0 h) and presence (24 h) of D. magna.

Time Initial ceria Control | Nano-ceria Nano-ceria Bulk-ceria Bulk-ceria
(h) Concentration (ppb) (ppb) (ppb) (% added) (ppb) (% added)
0 100 <0.2 <0.2 0.2 <0.2 0.2
10 <0.2 2.00 1.73 17.3
24 100 0.21 0.44 0.44 0.21 0.21
1000 5.74 0.57 <0.2 0.02
10000 16.2 0.16 2.22 0.02
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Figure 5-6 Maximum ceria® peak-T fluorescence intensity in D. magna media

Peak T (tryptophan-like) fluorescence in media, media with SRFA and after 24 h exposures to D.
magna. Samples taken in the presence and absence of SRFA and under pre- and exposure conditions
across a concentration range. A) Nano-ceria® in D. magna media conditions; B) Bulk-ceria® in D.
magna media conditions. 0.01 mg/L, white; 0.1 mg/L, grey; 1 mg/L chequered; 10 mg/L, black;
dispersions in pre-exposure media - (media); dispersions in pre-exposure media with SRFA - (M+F);
dispersions in exposure after 24 h — (24 h).
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5.5.1.9 Summary
Seven general observations were made following characterisation studies using

ceria® particle dispersions in cell and aquatic test mediums.

o Ceria® particle dispersions display low solubility, form rectangular,
octahedral and rhombus structures and have Pzc <pH4 in all media.

o Bulk-ceria® dispersions have greater dy, generally more negative (-ve) (,
have blue-shifted UV-visible maximum A, reduced UV-visible peak intensities and
generally have lower fluorophore intensities than equivalent nano-ceria®
dispersions.

o As concentration of nano- and bulk-ceria® increases, dy increases, (
decreases (—ve), aspect ratios remain stable and UV-visible A red-shifts.
Fluorophore EmA red-shift and fluorophore intensity increases in nano-ceria®
dispersions.

o As media electrolyte concentration (and viscosity) increases, (D. rerio < D.
magna < Cell media) ceria® particle dy increases, Pzc pH increases from pH 2-4,
C increases in negativity (-ve) and TEM images suggest a greater dispersity of
particles in solution.

o Addition of SRFA to any media produces a more negative ¢ (-ve), reduces
dy, and reduces drey, increases fluorophore intensity and UV-visible peak A blue-

shifts.
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o The presence of organisms generally increases dy, reduces drem,
decreases ( (+ve), red-shifts UV-visible peak wavelengths and increases
tryptophan-like fluorophore intensity of nano-ceria® particle dispersions.

o Independent pre-exposure sample analysis differs by increased measured
Ce solubility and reduced drgm compared to equivalent samples sent by

collaborators.

55.2 CeriaB

Ceria® particles were used for C. carpio exposures at Exeter University.
Exposure samples were sent throughout the 35 day test period and at the end of
the repeated 10 day exposure period. Ceria” was also dispersed into electrolyte
solutions of 10 mM and 500 mM NacCl, in the presence and absence of 10 mg/L

SRFA, as a further comparative study (Table A4-6).

5.5.2.1 Powdered particle analysis

Each sample measured using BET and XRD calculated size (Table 5-6) were
found to be within the nominal particle distribution range as determined by the
manufacturer. Ceria® particles are well matched with that of CeO, JCPDS Card

No. 75-0120 (Figure 5-1 and Figure Al).
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Table 5-6 Nano- and bulk-ceria” powdered BET and XRD analysis
Specific surface area and associated particle diameter by BET were obtained and further calculated
size distributions were made using XRD analysis using the Scherer equation.

. Particle diameter BET SSA. dger dxrp (111/200)
Particle 2 . .
by manufacturer (nm) (m?/g)units (nm) (nm) ratio
Nano-ceria <35 594+ 1.1 14.4 15.5 0.87
Bulk-ceria <2500 0.66 £0.1 1298.7 554.6 0.683

n=2 for BET analysis
n=1 for XRD

5.5.2.2 Charge — pH relationship

Using 10 mg/L ceria® particle dispersions, (Table 5-7) an increase in NaCl
concentration (10 mM<500 mM NacCl) reduces the Pzc from pH 4.5 to 2, (Figure
A15). The addition of 10 mg/L SRFA further reduces the Pzc to pH<2. The Pzc
is a physiological pH 6.3 in C. carpio media with 0.05% sodium citrate, (Figure
A16). The addition of SRFA to C. carpio media reduces the Pzc to pH 2.4. With
the addition of SRFA to C. carpio media with sodium citrate, the pH is further

reduced to <2.

Table 5-7 The pH at which nano-ceria® zeta potential is zero

pH of nano-ceria® at 10 mg/L in 10 mM and 500 mM NaCl and in C. carpio media in the presence and
absence of 10 mg/L SRFA where shown.

Media NaCl media C. carpio media
condgitions | 10 1€viThM 500 | 500 mM Nvl\ifr:a Media with Media, sodium
mM SRFA mM with SRFA SRFA sodium citrate citrate and SRFA

Zero charge

4,5 ~3 <2 <2 2.5 6.3 <2
(pH)
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5.5.2.3 Particle hydrodynamic diameter

The mean dy measured by DLS (Table A4-6) increases with increasing
concentrations of ceria® particles in all media tested with up to 47% decrease in
Pdl. Pdl is further reduced with the presence of SRFA in all NaCl solutions.
Nano-ceria” dy are generally lower than the equivalent bulk-ceria® dispersions.
Nano-ceria” dy measurements increase up to 7.5% in 500 mM NaCl media
compared against equivalent dispersions in 10 mM NaCl (Table A4-6). With the
presence of SRFA in NaCl solutions, the dy is seen to decrease significantly
(p<0.05) by 79% with increasing particle concentrations >0.1 mg/L (Figure 5-7).
The dy is reduced by between 65-88% in C. carpio media with the addition of
0.05% sodium citrate in the presence and absence of SRFA, compared to

equivalent dispersions in media alone (Figure Al17).

During exposures to C. carpio, there is a significant increase (p<0.05) in
measured dy between pre-exposure measurements and equivalent DO sent
samples. Between DO and ‘DO repeated’ samples, there is a noticeable two fold
decrease in measured Z-ave, which are significantly variable (p<0.05).
Significant differences (p<0.05) are observed across all tanks, between DO and
D1, by a measured reduction in dy. The dy measurements decrease between DO
and D35 showing statistically significant differences (p<0.05) within tanks 5, 6, 7,
and 8. Significant increases (p<0.05) in dy between independent (pre) and

equivalent collaborators (D0O) measurements were also observed.
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Figure 5-7 Average Z-ave (dy) and zeta potential for nano-ceria® in NaCl media

Average particle hydrodynamic diameters (dy) by DLS and zeta potential of nano-ceria® in NaCl
mediums as a function of concentration. Z-ave: 500 mM NaCl with SRFA, grey; 10 mM NaCl with
SRFA, yellow; 500 mM NacCl, blue; 10 mM NaCl, black. Zeta: 500 mM NaCl with SRFA, white
square; 10 mM NaCl with SRFA, black triangle; 500 mM NacCl, black square; 10 mM NacCl, white
triangle.

5.5.2.4 Particle zeta potential

Nano- and bulk-ceria® dispersions are —ve charged in all NaCl media dispersions
at pH 7 (Figure 5-7). Nano-ceria® dispersions are less —ve charged than
equivalent bulk-ceria®. Ceria® particles exhibit a general decrease in { (-ve) with
increasing particle concentrations in all NaCl solutions. The addition of SRFA to
any NaCl media increases the negativity of measured ¢ ceria® dispersions. In C.
carpio media with 0.005% sodium citrate, in the presence and absence of SRFA,
¢ reduces (-ve) compared to equivalent dispersions in media alone (Figure A17).

Nano-ceria” dispersions in C. carpio media show a more negative  (-ve) in the
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presence of organisms (D1) compared against the absence of organisms (DO) at
pH 7. Recorded ¢ are however not significantly different (p>0.05) between DO
and D1 in tanks 4, 7 and 9. Nano-ceria® exhibits a decrease in { from DO to D35
at pH 7, of which is only significant (p<0.05) for tanks 6 and 7. DO exposure
samples offer a more negative ¢ compared with equivalent pre-exposure particle

sample ¢, although these results are not significant (p>0.05).

5525 TEM
Table 5-8 offers particle counts obtained from TEM images. Dispersed in Milli-Q
water, nano-ceria” form large aggregated material, many found to be elongated

(Figure 5-8) supported by a high S=3.5 (Lin et al., 2011).

Table 5-8 Nano-ceria® particle diameters by TEM
Table offers maximum agglomerates average particle diameters (dtgpm) and calculated particle aspect

ratio (S).
Media conditions Dns(;:gr;:-c))ns drem (hm/No) R(zl;g)e Agglo(r::‘;atnon S (range)

Milli-Q 500 17.1+13.1/34 5.9-43.2 - 3.5+1.5(1.1-5.0)

10 mMm Pre 1.0 149+6.3/ 125% 14.6-67.2 1720.0 +749.8 1.7+0.6 (1.1-3)
NaCl Pre + SRFA 1.0 44.8+40.5/20 11.4-170.7 5190.5 £ 1545.1 2.7+1.2(1.6-4.4)
C. Pre 1.0 74.7 £107.2 /134 3.9-618.6 8065.7 +2802.5 1.8+1.8(1.0-15.7)
carpio Pre + SRFA 1.0 16.5+22.7 /204 2.8-139.1 5970.0 £1777.3 1.5+1.1(1.0-11.4)
(DO) Tank 7 103.3+146.0/ 142 1.6-703 2593.5 +504.6 1.8+0.9(1.0-4.2)
C. (DO) Tank 9 23.3+18.4/134 5.2-80.7 1700.8 + 392 1.4+0.4(1.0-3.0)
carpio (D1) Tank 7 873.1+44.7 / 58 31-237 783.0+214.4 2.0+1.7 (1.0-10.9)
(D1) Tank 9 35.9+19.8/124 3.75-136 3420.0+735.2 1.5+0.4(1.0-3.6)
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Figure 5-8 TEM micrographs of nano-ceria”
a) Dispersion of 500 mg/L in Milli-Q water, b) dispersions in 10 mM NaCl with 10 mg/L SFRA.

Average particle diameters are equivalent to calculated dxgp and dger albeit
obtained from low number of particles (<35) of which were only present on the
TEM images for representative counts. In 10 mM NaCl, nano- and bulk-ceria”
(Figure A18) looks more variable forming semi-porous aggregates. Particles
appear to form less elongated shapes in 10 mM NaCl solutions (Figure A19) than
when just dispersed in Milli-Q water, supported by a lower S=1.7. In the
presence of SRFA, nano-ceria® dispersions in 10 mM NaCl appear to be more
distributed than in 10 mM NacCl solutions alone (Figure 5-8b). Particle diameters
are increased in 10 mM with SRFA compared to without SRFA (Table 5-8) due to
surface coating of SRFA in particles. Agglomeration increases in 10 mM media

with SRFA by ca 26% with increased S being measured.

P Cote - 141



Environmental characterisations and nanoecotoxicity of ceria Ceria characteristics

In C. carpio media, there appears to be a greater dispersion of nano-ceria’
particles compared to images from Milli-Q water dispersion, possibly due to four
times the number of particles available for counts (Table 5-8). There are more
dispersed patrticles present in C. carpio dispersions with SRFA than equivalent
samples without SRFA (Figure A20). Pre-exposure and equivalent collaborative
samples (D0) are comparable in C. carpio media (Figure A21-22) with respect to
drem (Figure A23). Maximum agglomerates are greater in independent pre-
exposure samples than equivalent collaborator samples. Only one image of
nano-ceria® was obtained in equivalent pre-exposure tank 7 reducing reliability in
particle counts measured. D1 exposure images show (Figure A22) what appears
to be organic substance on the grid. This increases the dtgyv also observed by
DLS analysis. Particle shape does not change as the S is comparable from DO
to D1. There are larger agglomerates in tank 9 TEM images after 1 h exposure
compared against equivalent TEM images from tank 7, due to the fulvic addition

in the sample.

5.5.2.6 Particle UV-visible absorption

As the concentration of nano-ceria® dispersed in all C. carpio media conditions
increases, the maximum absorption A remains unchanged, (259-261 nm). The
UV-visible absorption of ceria® dispersions in C. carpio media at relatively high
concentrations (10 mg/L) is low (<0.1 a.u.) with no trend in absorbance with

concentration observed (Table 5-9). As absorption measurements are so low for
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ceria® concentrations <1 mg/L, the UV-vis analysis is difficult to interpret for

exposure samples obtained.

Table 5-9 Maximum UV-Visible absorption data for nano-ceria® in C. carpio media
Maximum peaks and wavelengths for nano-ceria® in various C. carpio media under a range of
conditions at 10 mg/L.

. . . s Maximum absorption Maximum peak
Dispersion media Conditions Lo
peak A (nm) absorptions” (a.u.)
Media 259-261 >0.0
C. carpio Media with citrate 259-261 >0.0
- carp Media with SRFA 259-261 0.05
Media with citrate and SRFA 259-261 0.035

*Measured from highest absorption peak using 10 mg/L particle concentrations.

5.5.2.7 Emission intensity by fluorescence spectroscopy

Representative EEM’s are presented for the raw fish mucus sample offered by
Dr. Blair Johnson, Exeter University, as requested (Figure A24a) and 0.1 mg/L
nano-ceria® present in media with citrate in the absence (Figure A24b) and
presence of SRFA (Figure A24c). Tank 4 and Tank 6 on DO, D1 and D35 EEMs
are also given in Figure A25 and A26 respectively. Maximum peak fluorophores
with EmA and ExA are offered in Tables A7-8. In C. carpio media with citrate, only
T:-T, peaks increase with an addition of SRFA, where other fluorophores
decrease in media dispersions with SRFA (Figure 5-9). Fluorophore intensity
increases with associated blue-shifts in EmA when nano-ceria® is dispersed in C.
carpio media with 0.005%/vol sodium citrate compared to equivalent dispersions
in media alone. DO measurements show an increase in fluorophore intensities

with increased EmA compared to equivalent independent samples.
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Figure 5-9 Maximum ceria® peak T fluorescence intensity in C. carpio media

Peak T tryptophan-like fluorescence of exposure conditions of nano- and bulk-ceria® to C. carpio.
Day 0, blue; Day 1, grey; Day 35, yellow. Tank 4 (5 pg/L nano-ceria in media with citrate); Tank 5
(5 hug/L nano-ceria in media with citrate and 50 pg/L SRFA); Tank 6 (5 pg/L nano-ceria in media
with citrate and 250 pg/L SRFA); Tank 7 (50 pg/L nano-ceria in media with citrate); Tank 8 (50 pg/L
nano-ceria in media with citrate and 50 pg/L SRFA); Tank 9 (50 pgL nano-ceria in media with
citrate and 250 pg/L SRFA); Tank 10 (50 pg/L bulk-ceria in media with citrate and 250 pug/L SRFA).
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Nano-ceria® dispersions have higher tryptophan-like fluorescence than bulk-
ceria® on DO which is reversed following 1 h organism exposure. Nano-ceria®
dispersions at 0.1 mg/L significantly reduce Peak T fluorophore intensity of the
fish mucus samples measured from a maximum intensity of the fish mucus
1000a.u at 284/339 nm (Em/Ex) to 363 a.u 281/338 nm. This suggests ceria”
may quench the fluorophore signals of protein (tryptophan-like) fluorophores.
Between DO-D1, a decrease in T1-T fluorophores is observed in 5 out of 7 tanks.
A general increase in T;-T, peak intensities between DO and D35 is observed
across all tanks measured. The decreased fluorophores observed are found in

samples with lower (50 pg/L) SRFA additions compared to higher SRFA

concentrations (250 pg/L).

5.5.2.8 Total particle concentration

Nano- and bulk-ceria” dispersions show low solubility across all conditions
measured with <0.4% and <5% Ce mass added, respectively being measured
after D35 exposures (Table 5-10). Across all tanks, nano-ceria® concentration
increases up to 63% from DO to D1 and decreases overall from DO to D35 by up
to 12% of mass added. Lower concentrations of nano-ceria® (5 pug/L) show up to
20% more Ce being measured between DO and D1 than higher nano-ceria”
concentrations (50 pg/L) under the same conditions. The higher SRFA
concentrations (250 pg/L) show up to 2 % more Ce being detected than in lower

SRFA concentrations (50 pg/L) under the same conditions. With an increase of

SRFA concentrations from 0-250 pg/L there is a greater recovery of Ce in
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solutions from 7 to 16% of nano-ceria® mass added in lower nano-ceria®

concentrations (5 pg/L) than with higher nano-ceria® concentrations (50 pg/L)
with 4 to 7 % mass added being measured. The repeated test results comparing
D7 from the first test and D10 from the second test vary by between -13.2 % up
to +14.8% by mass added. Replication from ICP-MS is ca 5-10%, so these

results are not significant. NPs have been found not to fully atomise in the ICP-

MS furnace which can cause some inaccuracies in analysis.

Table 5-10 ICP-MS measurements of ceria® particles during C. carpio expsosures

Day Tank Number Ce Dissolution / % mass added (Ce ppb/%)
4 5 6 7 8 9 10
0.38+3. | 0.47+28.7/9 | 0.90+11.0/1 | 2.39+13.0/4 | 2.84+6.31/5 | 3.47+4.11/6
(DO) 64/7.6 4 8 .78 .68 94 <0.2/<04
(DO
Repea ~ ~ ~ ~ ~ ~
t)
1.38+10
+ + + +
(D1) 2/ 1.4249.27/2 | 0.84+18.4/1 | 4.88+4.37/9 4.50434.9/9 3.64+8.29/7 <0.2/<0.4
8.4 6.8 .76 .28
27.6
1.1242. | 0.97+28.4/1 | 0.56+20.3/1 | 3.72+13.2/7 | 6.17+2.94/1 | 6.03+7.49/1
©7) | /224 9.4 1.2 4 2.3 2.1 <0.2/<0.4
R(Ie?lga 0.4620. 1.3+2.51/ 1.3+1.42/ 9.57+#5.93 / | 0.64+0.72/1 | 1.55+1.24/3 | 3.07+1.05
S 83/9.2 26 26 19.1 .28 i /6
+ + + +
(D35) 07'15/_59' <0.2/<0.4 <0.3+26.1/6 3'58_2'69/7 2'11_1’20/4 3’16_2'27/6 <0.2/<0.4

Tank 4-media with citrate and 5 pgL nano-ceria®. Tank 5-media with citrate and 50 ugL SRFA and
5 ugL nano-ceria®. Tank 6- media with citrate and 250 pgL SRFA and 5 pgL nano-ceria®. Tank 7-
media with citrate and 50 pgL nano-ceria®. B) Tank 8- media with citrate and 50 pgL SRFA and 50
HgL nano-ceria®. Tank 9- media with citrate and 250 pgL SRFA and 50 pgL nano-ceria®. Tank 10
representing media with citrate and 50 pgL SRFA with 50 pgL bulk-ceria®.

5.5.2.9 Summary
The general observations made following characterisation studies of ceria®

particle dispersions in C. carpio test media are offered below.
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o Ceria® particles have low solubility, form elongated/rectangular aggregates
with S>1.4 and Pzc pH<6 and reduced peak-T fluorescence intensity of fish
mucus samples.

o Nano-ceria® has lower dy, less —ve charge, greater UV-visible absorption
and higher tryptophan-like fluorescence intensity with red-shifting UV-visible peak
A compared to equivalent bulk-ceria® dispersions.

o As concentration of ceria® increase dy increases, Pdl increases up to 47%,
( decreases (-ve) and 20% less Ce concentration is detected by ICP-MS.

o As media electrolyte concentration increases Pzc reduces, dy increases
up to 7.5%, UV-visible absorption and fluorescence intensity increases.

o The addition of SRFA reduces the Pzc, the { becomes more negative and
dy decreases up to 88%. The dtem increases up to 26% and Ce solubility, UV-
visible and tryptophan-like fluorophores absorptions increase.

o Presence of C. carpio increases dy after 1 h exposure but over 35d dy
decreases. The ( becomes more negative and tryptophan-like fluorophores
intensity decreases with 63% increases in Ce measured after 1 h exposure.

o Independent samples have higher dy, higher dtem, are less -ve charged
and have lower measured UV-visible and florescence intensity than equivalent
collaborators’ samples. Ce concentration by ICP-MS differed by between -13 to
15% mass added between independent and collaborator samples with

collaborators repeated samples differing in dy up to 2 fold.
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553 Ceria C

Ceria® particles were gifted by the collaborative group at CSIRO. Results of
nano- and bulk-ceria® characterisations are offered in Tables A9-10. Once P.
subcapitata growth curves (Figure A27) were verified, (Rogers et al.,, 2011)
characterisation assessments were conducted under the appropriate toxicity

conditions, in the presence and absence of 10 mg/L SRFA.

5.5.3.1 Powdered particle analysis

Calculated dger of nano- and bulk-ceria® were found to be within the nominal
particle distribution range as determined by the manufacturer (Table 5-11) and
bulk being much smaller. Ceria® particles are well matched with that of CeO,

JCPDS Card No. 75-0120 (Figure 5-1 and Al).

Table 5-11 Nano- and bulk-ceria® powdered BET and XRD analysis

Nano- and bulk- ceria® purchased from a number of manufacturers were analysed for specific
surface area and associated particle diameter by BET. Further calculated size distributions were
made using XRD analysis using the Scherer equation.

Particle Particle diameter BET SSA. dger dxro (111/200)
by manufacturer (nm) (mZ/g)units (nm) (nm) ratio
Nano-ceria <25 53.23+0.8 16.1 16.3 1.092
Bulk-ceria <5000 0.56x0.1 1530.6 324.3 0.863

n=2 for BET analysis
n=1 for XRD
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5.5.3.2 Charge — pH relationship

The pH at which nano-ceria®  dispersions at 10 mg/L are zero (Table 5-12)
decreases with increasing electrolyte solutions (10 mM < 500 mM) (Figure A28).
The addition of 10 mg/L SRFA further decreases the Pzc pH<3.5. In P.
subcapitata media, irrespective of PIPES buffer or SRFA additions, the nano-

ceria®at 10 mg/L dispersions have Pzc pH<2 (Figure A29).

Table 5-12 The pH at which ceria® zeta potential is zero
pH of nano-ceria® at 10 mg/L in NaCl media and in P. subcapitata media with the additions of
10 mg/L SRFA where shown. Test media includes PIPES buffer.

Media NacCl P. subcapitata
-, 10 mM + 500 mM + . Test media
Conditions 10 mm 500 mm SREA SREA Test media with SREA

Zero charge

6.6 4.3 3.2 <3 <2 <2
(pH)

5.5.3.3 Particle hydrodynamic diameter

Nano-ceria® dispersions have lower dy than equivalent bulk-ceria® dispersions.
As the electrolyte concentration increases, (10 mM NaCl< P. subcapitata
media<500 mM NaCl) the dy of nano-ceria® significantly increases, (p<0.05)
across equivalent concentrations (Figure 5-10), although this trend is not
systematic. The increasing dy signifies an increase in aggregation of the
particles in solution. As particles aggregate, they will become denser, fall out of
suspension and settle, reducing the dimension of material present in solution to
be detected by DLS. This will offer a reduced dy as shown by the more
concentrated solutions. There is a significant reduction in dy measurements
(p<0.05) in nano-ceria® 500 mM NaCl dispersions with SRFA compared to in
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500 mM NacCl alone. As ceria® particle concentrations increase, the dy increases
in P. subcapitata media in the presence and absence of SRFA. The majority of
the particles in P. subcapitata media however are found as aggregates (vol)
which are greatly reduced in P. subcapitata media with SRFA. Individual nano-

aggregates (No) are however reduced to as low as 31 nm in the presence of 10

mg/L SRFA.
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Figure 5-10 Average Z-ave and zeta potential measurements of ceria® in NaCl solutions

Average hydrodynamic diameters (dy) by DLS and average zeta potential of nano-ceria® in NaCl
media as a function of concentration. dy: 10 mM NaCl with SRFA, grey; 500 mM NaCl with SRFA,
yellow; 10 mM NaCl, blue; 500 mM NacCl, black. Zeta potential: 500 mM NaCl with SRFA, black
triangle; 10 mM NaCl with SRFA, black square; 500 mM NaCl, white triangle; 10 mM NaCl, white
square.
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There are no significant differences (p>0.05) in dy observed at the onset (0-24 h)
of exposure between equivalent samples in the presence or absence of P.
subcapitata (p<0.05). Throughout the 72 h exposure period nano-ceria®
dispersions without P. subcapitata cells do not significantly change in dy

measured.

5.5.3.4 Particle zeta potential

As nano- and bulk-ceria® concentration increase at pH 7 in either NaCl solutions,
¢ becomes more —ve (Figure 5-10). With the addition of 10 mg/L SRFA, ¢
decreases (-ve) in both NaCl media. As the NaCl concentration increases
(10 mM< 500 mM) nano-ceria® dispersions of 10 mg/L at pH 7 increase { (+ve).
In the presence of P. subcapitata, { of nano-ceria® dispersions becomes more
positively charged (+ve) irrespective of SRFA addition compared to equivalent

samples absent in P. subcapitata cells, although this is not significant (p>0.05).

5.5.35 TEM

Particle counts from TEM images (Figure A30) are presented in Table 5-13. All
TEM grids were prepared from 0.1 mg/L ceria® solutions using the drop method
supported by frequency curves (Figure A31) determined from particle counts.
Nano-ceria® appear to form rectangular assemblages when dispersed in Milli-Q
water, (Figure A30a-b), although with S=1.3 this suggests more rod-shaped
particles (Lin et al., 2011) or rhombus forms (Baalousha et al., 2010) dominate.

In P. subcapitata media, single nano-ceria® particle counts are equivalent to
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dispersions in Milli-Q water with S=2.2. However, much fewer particles are
present in P. subcapitata media samples. Agglomerates are much greater in P.
subcapitata media images (Figure A30c-e) than in Milli-Q water dispersions
offering higher S=2.2.  After 72 h exposure to P. subcapitata, the only image
obtained shows small particle agglomerates on the TEM image obtained (Figure
A30f), reducing reliability in this measurement but offering support with DLS

measurements obtained.

Table 5-13 Nano-ceria® particle diameters by TEM
Average particle diameters (dgw) calculated from TEM images for nano-ceria® dispersion in Milli-Q
water, P. subcapitata media and NaCl solutions with aspect ratio (S) calculated.

Concentration d Range Max )
Media Conditions TEM & Agglomeration
(mg/L) (nm/No) (nm) (range)
(nm)
+
Milli-Q Pre 0.1 11'21‘;2 / 4.5-30.9 215.7+95.6 1.3+0.2 (0.9-1.9)
P. . Pre 0.1 7.1+4.1/ 10 1.0-15 1000+£518.8 2.2+1.0 (1.1-4)
subcapitata

media 72 h 0.1 2.141.2 /22 0.5-4.8 26.8t11.6 1.3+0.2 (1.1-1.6)
55.3.6 AFM

The average dimension of 0.1 mg/L nano-ceria® dispersed in 10 mM NacCl, (Table
5-14) after the mica grid was left for 30 min, was ~15 nm diameter (Figure 5-11).
This is equivalent to TEM dimensions measured in Milli-Q water. After the grid

An increase in nano-ceria®

was left for 1 h, these dimensions doubled.
concentration to 10 mg/L obtained further increased measured particle diameters
by AFM, increasing again with increasing mica adsorption time (Figure A32).

Nano-ceria® particles show agglomerated features from AFM images with
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diameters up to 0.5 um in P. subcapitata media, (Figure A33) relative to dy data

obtained.

Table 5-14 Ceria’ particle counts in NaCl from AFM images
Grids were removed form the sample after 30 min adsorption at 0.1 mg/L dispersions

Ceria“ particle

Particle diameter

Standard deviation

Number particles

(nm) counted
Nano 14.9% 6.3 157
Bulk 62.1% 48.4 117
 Appendix B

Figure 5-11 AFM images of nano-ceria® in NaCl media
Dispersion at 0.1 mg/L in 10 mM NacCl after 30 min in solution
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5.5.3.7 Particle UV-visible absorption

There is an overall increase in ceria® particle UV-visible absorption intensity with
increasing concentration in all media observed. The UV-visible absorption
spectra for nano-ceria® in NaCl mediums are always larger by nearly double than

observed with the bulk-ceria® in equivalent dispersions (Table 5-15).

Table 5-15 Maximum UV-visible absorption peaks ceria®
Maximum UV-visible absorption peaks and wavelengths for nano- (black) and bulk-ceria®(blue) in
NaCl media.

. . . .. Maximum absorption Maximum peak
Dispersion media Conditions L o#
peak wavelengths (nm) absorptions” (a.u.)

Media 340 0.048

257 0.008

10 mM Nacl With SRFA 291 0.108

290 0.08

Media 211-214 0.111

207-214 0.219

500 mM Nacl With SRFA 211/340 0.052
208/352 0.018

There is a red-shift in peak A in all nano-ceria® samples with increasing
concentration in all NaCl solutions. This trend is reversed for bulk-ceria® where
there is a blue-shift in peak A with increasing concentration in all NaCl solutions.
As NaCl electrolyte concentration increases there is a blue-shift observed in UV-
visible peak A obtained in equivalent nano-ceria® dispersions. The peak A is
further blue-shifted with nano-ceria® dispersions in NaCl solutions in the presence
of 10 mg/L SRFA. The absorption peaks of nano- and bulk-ceria® in P.
subcapitata media do not change significantly with changes in concentrations in

the presence (Figure 5-12) or absence of SRFA.
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Figure 5-12 UV-Visible spectrum of nano-ceria® in P. subcapitata media
The addition of PIPES buffer and 10 mg/L SRFA to aglae media at; 1) 100 mg/L, 2) 50 mg/L, 3)
20 mg/L. Blue line shows no spectral shift in UV-visible peak.

5.5.3.8 Emission intensity by fluorescence spectrometry

Table A11-12 offers the maximum fluorophore peak absorptions along with EmA
and ExA for particles in P. subcapitata media in the presence and absence of
SRFA and in the presence and absence of P. subcapitata, across a 72 h
exposure period. Results show as nano-ceria® concentration increase,
fluorophore intensity increases. Fluorophore intensity generally increases with
the addition of SRFA than in media alone with the exception of tryptophan-like
(Peak T;) fluorophore (Figure 5-13). With the addition of P. subcapitata,

fluorophore intensity further increases with the exception of tryptophan-like
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fluorophores. Fluorophore intensity increases between 0 h and 72 h exposures

in the presence of P. subcapitata.

@
<1
3
W
<}
S}

N
a
3
N
@
3

N
=3
3

N
=}
S}

.
@
3

r
el |

Peak T1 Peak T1 Peak T2 Peak T2 Peak T1 Peak T1 Peak T2 Peak T2
D3 DO

=
1)
3

fluorescence intensity (a.u)
=
Q
]
Fluorescence intensity (a.u)

.
1)
3

a
3
@
3

o
o

DO D3 Do D3 Do

Figure 5-13 Maximum peak T fluorescence intensity for ceria® in P. subcapitata media

Nano-ceria® fluorophore tryptophan-like peaks T; T, maximum at; A) 0.01 mg/L, B) 1.0 mg/L
Absorption in P. subcapitata media (black) and in P. subcapitata media with P. subcapitata exposure
(grey) and in media with 10 mg/L SRFA (yellow) and in media with 10 mg/L SRFA with P.
subcapitata exposure (blue).

5.5.3.9 Total particle concentration
ICP-MS analysis was conducted under exposure conditions using ceria®
particles, by the collaborator at CSIRO. Results showed ceria patrticle

dispersions have low solubility with >0.003 mg/L nano-ceria® dissolving in P.

subcapitata media (Rogers et al., 2010) over 72 h.

5.5.3.10 Summary

Six observations were made following characterisation studies using ceria®
particle dispersions in P. subcapitata and NaCl test media.

o Ceria® particles have low solubility, form elongated and rectangular

particles with aspect ratios >1 and have variable Pzc in all media tested.
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o As concentration of ceria® increases, dy and daryv increases, { decreases
(-ve) and UV absorption and fluorophore intensity increases with red-shift in
nano-ceria® UV-visible peak intensity A and fluorescence EmA.

o As media electrolyte concentration increases (10 mM NaCl< P.
subcapitata media< 500mM NaCl) Pzc pH decreases, dy increases, ¢ increases
(+ve), TEM particle counts decrease, UV-visible absorption increases and UV-
visible A blue-shift. The UV-visible absorbance and peak A do not change as
ceria® concentration increases or as SRFA is added to P. subcapitata media.

o Addition of SRFA reduces the Pzc, reduces Z-ave and ¢ (-ve), increases
UV-visible and fluorophore absorption and blue-shifts UV-visible peak A.

o The presence of organisms increases ( (+ve), increase fluorophore
intensity and decreases drgw.

o Some analytical techniques compliment others in measurements obtained
including AFM, TEM and DLS although the preparation methods used e.g. AFM

grids can alter the measured particle diameters.

5.6 Discussion

The first aim of this chapter was to use a range of analytical techniques to
determine and compare the physicochemical characteristics of three nano- and
bulk-ceria particles in a variety of synthetically prepared ecotoxicity test media.
The second aim was to determine if the physicochemical characteristics of the

particles in synthetic aquatic media varied when dispersed in test media in the
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presence and absence of test organisms. The main trends were identified (Table

A13) and discussed under the trend headings below.

56.1 Nano and bulk particle characteristics vary in equivelant media

NPs exhibit variable measured characteristics compared to equivalent MP
dispersions, a phenomenon common throughout the literature. NPs were found
to have a greater SSA by BET, where the proportion of atoms on the surface
compared to interior of the particle is much greater compared to the MPs. This
increased SSA can increase the surface reactivity of NPs compared to MPs in
solution and may affect the variable characteristics observed and associated
toxicity attributed with NPs. Powdered NP samples also show a greater
broadening of obtained XRD diffraction peaks, as a result of NPs nanocrystalline
behavior (Sharma et al., 2010). Variations in the NP surface coordination can
also lead to changes in the surface acidity constants (Bullard and Cima, 2006) as
shown by the reduced pH at which { becomes zero with NP dispersions
compared with MP dispersions. NP dispersions also appear to generally have a
more reduced { (+ve) compared to equivalent MP dispersions. As a NPs
electrical double layers overlap, electrolytes build up in this overlap. This
concentration imbalance causes a rush of solute into the area producing a more
neutral charge on the particles, reducing the negative charge of { observed. In
some cases, NPs exhibit more negatively charged dispersions than equivalent
MPs, which has also been observed in the literature (Tang et al., 2007; Chen et

al., 2011).
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NPs have a greater UV-visible and fluorescence intensity compared to the MP
dispersion measured. The confinement of electrons in NPs changes the
wavelengths absorbed compared to MPs of the same chemical form. More Ce(lll)
predicted as being present in nano-ceria creates more electrons that can be
excited and increases the florescence intensity observed (Clinton, 2008). UV-
visible peaks of NPs will shift to regions of greater intensity and wavelengths,
(red-shift) due to the higher ratio of Ce(lll) ions within the crystal lattice and the
defect states associated with oxygen vacancies (Clinton, 1998). From these

results the trends appear to be media dependent, discussed next.

5.6.2 Variation in media composition alters particles characteristics

As the media electrolyte concentration increases, general trends are observed
across the ceria®* particle dispersions. Such changes include an increase in dy,
and increased UV-visible absorption. The  trends are particle dependent where
¢ decrease (-ve) with ceria® particle dispersion as electrolyte increase and
increase (+ve) with ceria® particle dispersions as electrolyte increases.
Increasing the ionic strength of a solution compresses the EDL layer (Jiang et al.,
2009) and causes opposite charges to attract. Some of the salt ions will
accumulate in the EDL and screen some of the surface charge of the NPs,
reducing the negative charge observed, (Suttiponparnit et al., 2011). When the
electrolyte concentrations increase, the surface charges of the NPs are
completely screened allowing attractive van der Waals forces to dominate,

causing fast aggregation (Chen and Elimelech, 2006). This increases the particle
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attachment behaviour and subsequently increases the dy obtained. The larger
particles in turn possess higher scattering coefficient for visible light, (Liu et al.,
2009) increasing the UV-absorption measured. The increased dy will allow
sedimentation of particles increasing the dispersity observed by TEM and

reducing counts measured.

The dispersion media can have a profound effect on the particle characteristics
measured. There is evidence to suggest a direct influence of some mediums e.g.
the cell culture mediums, acting upon the ceria particle dispersions measured, as
shown by the dy, ¢ and UV-visible absorption peak wavelengths using largely
unchanged, irrespective of particle concentration. Protein adsorption from cell
culture medium can dominate the surface charge of oxides (Limbach et al., 2005)
and can shift the ¢ in a more negative direction than would be obtained in aquatic
mediums. Additional material in the cell media like amino acids along with the
variation in temperatures are also contributing factors against particle
characteristics measured. Both calcium and phosphorus have been found to
destabilise and subsequently increase aggregation of TiO, NPs by Domingos et
al., (2010), likely to be the cause of increased aggregation in ceria® particles
observed in dtgy measurements from Trout cell media. With no cell media
dilution made, there is no significant difference between the particles UV-visible
absorption peak wavelengths and that of the control media measured showing a

direct effect of media on particle measurements. This makes predictions and
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further investigations difficult when using such media and may infer predications

made against real scenarios.

5.6.3 Different nanoparticles in equivalent media exhibit variable
characteristics

When different ceria particles are dispersed in the same aquatic media, (e.qg.
NaCl) variations across the measured characteristics were obtained. No
significant systematic trends were observed in any analyses conducted, as
previously observed in the literature (Xia et al.,, 2008). There were no trends
observed in the dy data obtained from ceria” and ceria® particle dispersions in
either 10 mM or 500 mM NaCl media. There were more discrepencies in the
data observed with larger standard deviations obtained, across the repeated data
with ceria® dispersion compared to ceria® dispersion in equivelant media. The
reduced significance observed in these samples may in large be due to the
manufacturer’'s processing procedures, producing the variences in the NP

powder analyses being produced.

5.6.4 Particle concentration varies the measured characteristics

As the concentration of nano- and bulk-ceria®® particles increases, dy and darw
increases, Pdl and C increases (-ve) and Ce concentration measured by ICP-MS
reduces up to 20% mass added. The NP dispersions also exhibit a UV-visible

intensity increase with UV-visible A being red-shifted.
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The increase in particle concentration will increase the number of particles in
solution. The frequency of particle collision is a strong function of particle number
concentration (O’Melia, 1995) suggesting greater number of particles present in
solution, the greater chance of collision and subsequent increased dy measured
from DLS analysis. As NPs agglomerate, they decrease the surface-to-volume
ratio thus decreasing the free energy of the particle dispersion (Simakov and
Tsur, 2007) and changing the stability of the particle solution. The stability of
colloidal systems is dealt with by the DLVO theory (Section 2.4.4.1). DLVO
suggests decreases in { (+ve) reduces the electrostatic repulsive force and
subsequently increases the agglomeration (Suttiponparnit et al., 2011) and
associated increase in dy measured. DLVO theory therefore predicts that as the
particle charge increases, (-ve) stability of NPs should increase, and dy should
reduce, opposing that observed in this study with nano-ceria®‘ particle
dispersions. The DLVO theory however is reliant on particle measurements
being from spherical shapes, which is not the case with these observed particle
dispersions showing elongated and rectangular assemblages.  Particle shape
appears to be a governing characteristic which requires further investigation and

modelling for future nanoecotoxicological tests.

5.6.5 The addition of SRFA alters the particles characteristics
The presence of SRFA leads to a significant increase (p<0.05) in measured C (-
ve) for ceria”*® dispersions, decreases the pH of Pzc and increases the Ce

concentration detected by ICP-MS analysis by 2% mass added. UV-visible peak
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intensity A blue-shift and dy reduces up to 88% with SRFA addition to a media.
Since the SRHA bears a particular average charge of its own, the SRHA “masks”
the charge of the particles with its own (Pelley and Tufenkji, 2008), reducing (-ve)
the measured ¢ and reducing the pH at which ¢ is zero. In the presence of
SRFA, NP suspensions can be effectively stabilised (Chen and Elimelech, 2007)
through steric repulsion of the particle dispersions exerted by the SRFA, resulting
in reduced dy and Pdl measured. A reason for the generally observed reduced
dy measurements with SRFA can be explained due to the high electrostatic
energy barrier caused by SRFA producing a protective layer of adsorbed chains
(Kallay and Zalac, 2002). At lower ceria concentration dispersions with SRFA,
reductions in UV-visible absorption suggest ceria is dissolving due to the
presence of the SRFA, as observed by Domingos et al. (2009b), and shown by a
2% increase in Ce detected by ICP-MS. The effects of SRFA on patrticle

dispersions however are largely due to media dispersion and particle type (a-c).

5.6.6 The presence of test species alters the particle characteristics

The presence of organisms in a test solution was found to have variable
characteristic differences depending on particle type and organism exposed.
General decreases in the measured { (-ve) of nano-ceria®‘ dispersions are
observed with fluorescence intensities increasing and UV-visible peak A red-shift.
Up to 63% more Ce can be measured by ICP-MS (ceria”) after 1 h C. carpio
exposure. Measured dy increased up to 80% in exposures to D. magna

increases and after 1 h exposure to C. carpio, but reduced in exposures to C.
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carpio after 35 d. No significant changes in dy were recorded during exposures of

ceria® to P. subcapitata.

Aquatic organisms will produce natural defences to reduce effects of
environmental pollutants and contaminants from exudates e.g. mucus from fish
(Coello and Khan, 1996). Fish mucus can aid in the removal of particles and
other environmental contaminants away from their bodies, (Handy, 1989). Heavy
metals like cadmium and mercury are known to bind to mucus glycoprotein’s
(Handy and Eddy 1989). If NPs bind to fish body mucus, the mucus will form an
organic layer around the particles in the same way as SRFA can, causing
increased agglomeration resulting in the increased dy. The particles will be well
dispersed in the mucus layer, creating an increase in individual particles, as was
identified by TEM imagery and reduced dtgem measured during exposure
investigations with ceria®*® particles. The organic fish mucus and P. subcapitata
exudates will have a more negative charge as with other organic molecules as
with SRFA. This reduces the particle charge measured by ¢ being measured on
the particles in D. magna and C. carpio media under exposures and increase the
fluorophore intensity measured. With an increase in organic material from
predicted fish mucus production, this will increase the aggregation of particles
and allow settlement in the sample. The supernatant of the sample used for
analysis therefore will only measure particles left in suspension resulting in the
reduced dy observed with ceria® particle dispersions under exposures to C.

carpio.
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5.6.7 Collaborator and independent particle characteristics vary under
equivalent conditions

Independent samples show greater reductions in measured dy, more variable ¢
values and had decreased fluorophore intensities than equivalent collaborators
samples. This variation between sent samples compared against independently
conducted samples maybe due to a number of factors. The change in personnel
and therefore laboratory practices may be a contributing factor. Also, the time
from which samples were taken and transported for analysis may cause some
error in readings taken due to settlement of particles during transit. There are
also larger volumes of collaborative samples offered. Therefore, taking a small
1 ml sample from 15 L tank sample may offer a more unrepresentative sample
for analysis than e.g. 1 ml from a 20 ml sample. The reproducibility of the
collaborators repeated test samples was also poor, with up to two fold variations
in measured dy, a phenomenon observed in the literature (Lanone et al., 2009).
Future protocols and further inter- and intra-laboratory investigations on particle

characterisations are therefore required.

5.6.8 Using a range of analytical techniques increases the
understanding of particle characteristics

The true size of a particle dispersed in cell or aquatic media vary considerably
across the techniques applied. Variations in pH, temperatures and salt
concentrations will also alter observed particle characteristics measured.

Variation between calculated diameters (drem, dxrp, dser) and manufacturers
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average estimates range between 41-65% across some measurements made.
This phenomenon was also observed by Darlington et al., (2009) who found up to
38% difference in particle diameter of aluminium between calculations made from
dser and sizes quoted by the manufacturer. Aggregation of NPs during
mechanical process such as milling is inevitable and it is difficult to overcome the
strong forces holding NP clusters together (Hoecke et al., 2009). BET also works
on the premise of a particle being spherical and thus having equidistant pore

space for N, dispersion.

Clusters of NPs tend to form during TEM sample preparation, particularly from
the ‘drop-method’ employed. As a result, particle dimensions calculated from
TEM imagery were larger than crystallite sizes obtained from XRD, as observed
by Pike et al., (2006) and Ju-Nam et al., (2011). Using the centrifugal method for
cell media TEM grid preparation also showed artefacts during the use of higher
concentrations of particles with increased particle material on the images
obtained. Using the adsorption method for AFM grid preparation can also give
various images depending upon particle concentrations and length of time the
mica grid is left in solution (Ju-Nam et al., 2011). Both the AFM and TEM images
suggest the method preparation is vital to the observed patrticle effects. Some
techniques for predicting and calculating particle diameters were found to be
comparative across results obtained. AFM particle dimensions for example,
support those obtained by TEM particle counts measured and in some cases,

were found to be in good agreement with particle sizes calculated by dger and
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dxrp analysis. The measured (111)/(200) XRD plane ratio values were also in
good agreement from PEELs data obtained by Gaiser et al., (2011) and
Baalousha et al., (2011) for equivalent samples measured. All particle diameters
in test mediums estimated by dy measurements were larger that predicted by the
manufacturer in all aquatic media measured also observed in the literature, [e.g.
Adams et al.,, (2006); Jiang et al., (2009)]. The ceria particle dispersions
measured are poorly soluble resulting in poor particle dispersions in solution.
Due to this, DLS was found not to be conducive as a suitable instrumental
technique for determining particle diameters in some mediums, particularly at low
concentrations (<0.1 mg/L) due to low scattering of light of the particle
suspension. The unpredictability of DLS dy results could also be due to the
particle shape not being spherical producing the over averaged and highly
variable results. At these low concentrations the polydispersity of the samples is

high in all aquatic media measured (>0.5) and DLS quality control is low.

From this study, it is important to determine the best analytical techniques to use
prior to characterisation for chosen working concentrations. The low trend in dy
data maybe due to a greater volume of arbitrary sized and shaped particles,
produced in the media. In the course of aggregation of NPs the overlap of the
diffuse layers is practically compete, so that one also cannot apply the common
DLVO theory (Kallay and Zalac, 2002). DLVO theory also does not include the
effects of particle shape, charge, heterogeneity and surface roughness which,

looking at TEM images, is an important factor and requires further investigations.
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5.7 Conclusion

It was the aim of this chapter to determine if and how the characterisations of
ceria particles may or may not change in various ecotoxicity test mediums in the
presence and absence of exposure species. Using three separately purchased
commercially produced nano- and bulk-ceria samples, a series of
physicochemical characterisations were carried out under a range of dispersion
conditions. Three cell culture media along with aquatic mediums appropriate for
P. subcapitata, D. magna, C. carpio and D. rerio exposure assessments were
used for particle dispersions. It is evidence from this short account that NP
behaviour in some media still has not been fully addressed. Results show NPs
behave significantly differently (p<0.05) in comparison to their bulk form and most
interestingly, to each other in different media. The same particle may also
significantly increase in dy by up to 7.5% and increase in UV-visible absorption in
various media. Cell media offer a unique environment eliminating the ability to
determine the changes in nano- and bulk- particles under exposure conditions
due to the media composition. The effects therefore, on the particles in contact
with cell media are not conclusive. It is also evident that the use of different test
media for different aquatic test organisms, introduces an additional variable when
addressing nanoecotoxicological results to a test design, even when the
commercial particle remains the same. It is evident that the preparation of NP
solutions may project different NP characteristics experienced during exposure to
different organisms. The presence of organisms can also increase measured dy

up to 80% and increase measured Ce solubility by 63%.
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The DLVO theory is not applicable during commercial NP characteristic studies
largely due to particle shape. As yet, there is no theory or model to support
commercial NP dispersions in aquatic ecotoxicity test media at environmentally
relevant concentrations, an area required for future work. Using a range of
analytical techniques is invaluable in ascertaining the characteristics of a particle
dispersions in a given media used. The reduction of particle concentrations (<1
ppm) reduces the reliability of some analysis including the TEM, UV-visible
spectroscopy and DLS. This highlights the difficulty in reliably detecting and
understanding NP distributions in aquatic suspensions at environmentally
relevant concentrations but supports the need to conduct a full range of particle
characteristics under such conditions to obtain a better idea of the particles in

solution.

Weighing out samples and attempting to disperse poorly soluble powders in
aquatic mediums can cause loss of material when producing aliquots from stock
solutions and must be taken into account during such activities. Reproducibility
in some tests was reduced by changes in laboratory personnel; volumetric
changes in sample measurements, sample transportation and length of time
between sampling and measurements taking place. Repeated collaborative
samples differed in measured dy up to 2 fold and Ce dissolution differed by
between -13 to 14% mass added between independently produced and
equivalent collaborative samples. It would be fitting to conduct a full

characterisation assessment of particles under exposure conditions at the
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exposure site and use a greater volume of sample than that suggested by the
analytical method requirements. This would of course increase costs and time in
the analytical procedure. ldentifying toxicity hazards in new chemicals and NPs,
to trophic-level organisms is an increasing area of research. It is therefore
essential that NP dispersions be characterised in test media before such

investigations take place, using appropriate techniques.

5.8 Evaluation

The inconclusive data obtained and therefore the weaknesses relating to this
study were largely derived from the inconsistency in particulate material used.
Increasing the variables being measured by incorporating a number of variously
supplied commercial particles, makes the comparative assessments of
commercial cerium dioxide NP characteristics difficult to evaluate. It is unrealistic
therefore to determine the comparative effects of measured particle
characteristics across and within a range of aquatic media when the particles
being measured are from various manufacturers. Sub-samples of the particles
purchased by the collaborators were sent from their specific institutes for this
independent research to be carried out, with little consideration of potential
contamination or further transportation effects of the particles. It would be fitting
for example, if all three collaborators had used the same particles from one
manufacturer to compare the particle interactions across their trophic studies. It
would also have allowed for comparative characterisation assessments to have

been made of one particular particle across the range of conditions measured.
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Further to this, it would have been beneficial for the study if the particles that
were used by the collaborators for their exposure assessments and therefore
during this characterization assessment, to have been from a ‘real’ source e.g.
nano-ceria from Envirox as used in their additives for diesel products, or nano-
ceria particles derived from the combustion of such ceria particle additives, to

offer a real environmental scenario to resolve.

5.9 Further work

During natural environmental conditions, turbidity of aquatic systems will aid
displacement of particles, making them small and un-agglomerated. Dissolution
and rapid removal of NPs will also take place under such environmental
conditions. With turbidity factors at play, it is likely that exposed particles to
natural aquatic systems will become smaller, more spherical in shape and
dissociate rapidly. It is therefore vital to further investigate size and shape factors
of NPs in environmental systems at environmentally relevant particle
concentrations. Further to this, it is important to determine toxic effects of NPs as
a factor of size and shape to a range of taxonomic groups. Producing spherical
particles of a discrete size is a difficult yet obtainable challenge. In the next
chapter, particle characteristics and associated toxicological assessments were
carried out on freshwater algae Pseudokirchneriella subcapitata using spherical,

synthesized nano-ceria particles at discrete particle diameters.
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6 Size dependent toxicity of nano-ceriato

Pseudokirchneriella subcapitata

6.1 Chapter summary

A number of nanoecotoxicity tests have been carried out using commercially available
nano-ceria particles to identify the associated toxic effects to aquatic organisms such
as algae, (Rodea-Palomares et al., 2011). The interactions between nano-ceria and
biological targets are however, somewhat paradoxical, with some publications
highlighting the benefits (Silva, 2006) and others the potential risks (He et al., 2010) of
nano-ceria. Recent nanoecotoxicological tests have highlighted the increased risks of
commercial nano-ceria particles compared to commercial bulk-ceria particles to P.
subcapitata (Rogers et al., 2010) directly reflecting the effect of particle size. To date
however, nano-ceria toxicity as a function of size has not been fully addressed. With
current and future uses of nano-ceria being engineered at low particle diameters to
purposefully enter cells, (Cerion, 2011) associated size-dependent toxicity
assessments are required. This study investigated the effects of four synthesized
nano-ceria particles to P. subcapitata. Results suggest a size dependent toxicity of
synthesized particles showing over a 600 fold ECsg increased toxicity with 5 nm ceria
particles compared against commercial nano-ceria particles. 5 nm ceria particles
show a 4% and 20% greater risk to P. subcapitata by ECsy than dissolved copper and

PCP respectively.
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6.2 Chapter organisation

This chapter begins with the experimental design (Table 6-1) reviewing the aims and
objectives addressed in Chapter 1. This leads onto a short introduction followed by
the results obtained from synthesized nano-ceria particle exposures to P. subcapitata

with related discussions.

Table 6-1 The aims and objectives for Chapter 6.

Aim

1. Determine the physicochemical characteristics of a range of synthesized ceria
nanoparticle sizes in P. subcapitata test media.

2. Determine the toxic effects associated with nano-ceria to P. subcapitata as a
function of particle size.

Objectives

= Produce and characterise a range of discrete synthesized nano-ceria particle
sizes.

= Conduct toxicity tests using P. subcapitata and OECD 201, (1984) growth
inhibition test using well characterised synthesized nano-ceria particles.

= Determine if any, the size related toxicity effect of ceria NPs to P. subcapitata.

6.3 Introduction

Nano-ceria is being exploited in a number of commercial and industrial uses including
medical applications (Karakoti et al., 2008) and healthcare practices (Pierscionek et
al.,, 2011). Due to its unique redox capabilities, nano-ceria has also been found to
protect normal cells against radiation damage during cancer treatments (Tarnuzzer et
al., 2005). Nano-ceria has been found to be able to prevent vision loss due to light-

induced degeneration of photoreceptor cells (Chen et al., 2006) and has been found to
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be able to repair spinal cords by increasing the survival of the neurons against OS
related damage (Das et al., 2007). Due to the potential medical applications of nano-
ceria, synthesized dimensions of 3-20 nm are becoming more widespread (Karakoti et
al., 2008). Although nano-ceria is considered as having negligible effects to cells
(Pierscionek et al., 2011) and a number of aquatic organisms, (HEI, 2001 pp15)
smaller nano-ceria particles have been found to be more toxic than their bulk
counterparts (Roh et al.,, 2010). It is imperative therefore that nanoecotoxicological

studies are performed on nano-ceria particles as a function of their size.

6.4 Pseudokirchneriella subcapitata

The most common micro-alga used in aquatic nanoecotoxicological studies (OECD
201, 1984), is the green alga Pseudokirchneriella subcapitata, (Figure 6-1) formally
known as Selenastrum capricornutum. From the kingdom Plantae; phylum Chlorphyla
and class Chlorphyceae, P. subcapitata is considered a model organism for
freshwater algal toxicity tests. This species is a ‘sensitive’, pelagic organism (Ward et
al., 1995) with a rapid exponential growth rate under optimal conditions, making it an
ideal species for well controlled investigations. P. subcapitata also has a familiar
crescent shape making it easy to identify under microscopic investigations (Figure 6-
1). P. subcapitata, has been used in a number of studies including investigations into
cell surface absorbance efficiencies, (Casiraghi et al., 2005) metal toxicity (Koukal et
al., 2007) and more recently, effects of growth due to NP exposures as a single

organism (Rogers et al., 2010) and as a trophic level specie (Hoecke et al., 2009).
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40 pum

Figure 6-1 Pseudokirchneriella subcapitata under the light microscope
Optical light microscope imagery taken from an AFM grid of Pseudokirchneriella subcapitata used during
size dependent toxicity assessments under control conditions after 72 h.

6.4.1 Cell structure and reproduction

The cell structure of P. subcapitata is usual for most Chlorphyceae, although the
shape varies within this class. The nucleus of P. subcapitata lies near one end of the
cell with the inner side of the nucleus having a Golgi apparatus (Hoek et al., 1995).
The single chloroplast usually lies at the tip of the cell and contains pyrenoids with
high levels of rubisco (Hoek et al., 1995). Cell walls are composed of cellulose and
many Chlorophyceae are calcified (South and Whittick, 1987). A long mitochondrion
stretches along the inner face of the chloroplast. Flagella are usually apically inserted
(South and Whittick 1987) and the entire cell is surrounded by a thin cell wall (Hoek et
al., 1995). P. subcapitata propagate asexually (South and Whittick, 1987) through the

formation of autospores (Hoek et al., 1995).
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Figure 6-2 Cell structure of Pseudokirchneriella subcapitata
Adapted from Hoek et al., (1995) not drawn to scale.

6.5 Results and discussion

Nano-ceria particles were synthesized using an agqueous method by Dr. Ruth
Merrifield, University of Birmingham (Chapter 4). Four discrete particle sizes were
obtained and characterised using a range of techniques (Chapter 3). These particles

were exposed to P. subcapitata using OECD 201, (1984) guidelines (Chapter 4). The
P Cote -176



Environmental characterisations and nanoecotoxicity of ceria Size-dependent toxicity

results of these exposures were repeated with three separate batches of synthesized
nano-ceria particles to ensure reproducibility across particle batches obtained. Batch
one was also repeated at the CSIRO Ilaboratories to ensure inter-laboratory

reproducibility.

6.5.1 Synthesized particle characterisations
A summary of synthesized nano-ceria characterisations preparation in Milli-Q water is

offered in Table 6-2.

6.5.1.1 Dynamic light scattering

From the dy measurements obtained, the particles A-D in Milli-Q water may be
addressed as mean diameters 5, 7, 12 and 43 nm respectively, (Figure A34) across all
three batches made. The dy obtained for each particle (A-D) measured are similar

showing reliability in batches produced across each particle batch (1-3).

6.5.1.2 Electrophoresis

Across all three synthesized nano-ceria particle batches, each particle (A-D) prepared
were found to have different ¢ ranging from -0.28 mV to -33.2 mV with variable pH
values from pH 4 to pH 9 making it difficult to compare the ¢ of the four nano-ceria
particles measurements under these ‘as made’ conditions. The increase in (
measurement (+ve) with increasing particle dimension, (Figure A35) is a phenomenon

previously observed [Ofir et al, (2007); Suttiponparnit et al., (2011)].
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Table 6-2 A summary of synthesized nano-ceria particle characterisations

Nano-ceria particle size distributions by DLS and TEM, electrophoretic measurements and associated zeta potential values taken from at least three
repeated values. Three batches (1-3) of four synthesized nano-ceria particles (A-D) obtained.

Synthesized nano-ceria particles
Analy.tlcal Measurement NP A NP B NP C NPD
technique
Z average (nm) 1~ 6.5 +0.3" 9.8+1.7 12.8+1.0 32.2+3.1
DLS Z average (nm) 2~ 5.5+0.2 5.2+ 0.6 7.6+0.6 13.9+1.9
Z average (nm) 3~ 3.2+0.2 8.2+1.5 15.4+6.5 83.5+27.5
TEM Size distribution (nm) 3.2+0.2 8.1+14 11.1+2.1 14.1+4.7
Particles counted (no) 114 26 104 126
Shape factor (ratio) 1.410.2 1.410.4 1.410.4 1.410.3
Electrophoresis {(mV/~pH) -33.216.4 /7.8 -5.3+0.7/4.3 -11.942.10/9.3 -0.98+0.4/ 6.4
Conductivity (mS/cm) 0.19 0.26 0.3 0.2
ICP-MS"* 1 18.4+3.8 128.1+5.29 925+1.5 226+1.3
2 Ce concentration (mg/L) 40.34 65.26 57.84 ~
3 19.3£678.5 585.2 £219.8 215.8+32.3 32.7+10.4
UV-vis Max Absorption A (nm) 267 264 262 260

"Representing batchnumber
*Mean taken from only two results.
“Following 0.1 um filtration and acidification using HNO3 to ~pH 2.
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Using electrophoretic measurements alone would suggests the 35 nm particles are
more likely to aggregate under these conditions due to charge neutralisation effects
(Baalousha et al., 2008). However the particles are sterically stabilised with PVP,
which has a high dielectric strength, good charge storage capacity and is hydrophilic,

which protects the surface of NPs (Gasaymeh et al., 2010) from attractive forces.

6.5.1.3 Transmission electron microscopy

TEM imaging was conducted under the supervision of Dr. Ruth Merrifield, Birmingham
University. TEM grid preparation for all samples was conducted using the drop
deposition method. Figure 6-3 shows representative images of particles A-D. Nano-
ceria particles were clearly visible and distinct from the dispersion media due to the
high electron density of CeOs,. It is evident that all particles are well dispersed due to
the PVP coating used during the synthesis process and show little aggregation and
few defects. TEM images show that there are relatively low particle numbers resulting
in fewer particles to count for a representative size distribution. The particle size
distributions obtained from TEM do however coincide with the dy results obtained from
DLS analysis. TEM particle counts suggest particles A-D are between 3, 8, 11 and
14 nm in diameter respectively. The particles A-D show a similar particle shape,
irrespective of particle dimensions, all with an S=1.4. This suggests rhombus and

octahedral forms (Baalousha et al., 2010) of particles were produced.
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Figure 6-3 TEM images of synthesized nano-ceria particles
a-b). Ceria particle A, c-d) Ceria particle B, e) Ceria particle C, f) Ceria particle D.

P Cote - 180



Environmental characterisations and nanoecotoxicity of ceria Size-dependent toxicity

6.5.1.4 UV-visible spectroscopy
As particles A-D increase in size, by measured dtgm and dy, the UV-visible maximum
peak absorption wavelength reduces from 267 nm to 260 nm, although this shift is not

significant but suggests particles may in large be Ce(lll), (Roa and Sahu, 2001).

6.5.1.5 Summary

From the particle characterisations it is reasonable to speculate that the synthesized
nano-ceria particles A-D prepared across three separate batches (1-3) are within
nominal dimensions of 5, 7, 11 and 35 nm, which is how they are depicted from
herein. The particles have a range of { at various pH’s ‘as made’ in Milli-Q water.
Although the low { measured indicates a potential instability of the particles, the Pdl by
DLS and TEM images suggest well dispersed patrticle solutions due to them being
sterically stabilised by the PVP coating. These measured parameters however, may
change upon dispersion into P. subcapitata test (OECD) media. Therefore further

characterisations in OECD media were performed during exposure conditions.

6.5.2 Synthesized particle characterisations in OECD media

Additional physicochemical characterisations of each of the four synthesised nano-
ceria particles were carried out in diluted stock solutions of 1:100 representing nano-
ceria stock solutions used for dosing during the Pseudokirchneriella subcapitata
exposures. Dilutions were made using P. subcapitata test media. A summary of

results obtained are given in Table 6-3.
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Table 6-3 A summary of synthesized nano-ceria characterisations in OECD media
Point of zero charge, (Pzc) maximum absorbencies and size distributions of all synthesized ceria particles
dispersed in OECD media at 1:100 dilutions at pH 7.

Synthesized nano-ceria particle termed sizes (nm)
Analytical Technique Measurement 5 7 10 35
Electrophoresis {pH7 (mV) -25 +12.7 -12.1 -0.9
Pzc (pH) 4.34 7.59 5.5 <2
Z-ave (nm) 346+452 (| 21.7+6.8 | 343+0.9 50.5+0.7
Polydispersity 0.26 0.2 0.25 0.35
DLS Vol (nm) 7.52+1.8 |23.5+21.7 | 83.78+5.7 | 430.8+91.3
Nom (nm) 4.4+0.2 9.1+0.5 15.8+1.1 23.4+1.4
UV-Vis Maximum Absorbance (nm) 263 260 259 258

6.5.2.1 The point of zero charge

The Pzc for the nano-ceria particles in P. subcapitata media (Figure A36) at 1:100
stock dilution is pH <5.5 for 5 nm, 10 nm and 35 nm particle dimensions. The Pzc for
7 nm particles is ca pH 7.5 which is the dispersion pH used for P. subcapitata
exposures. Results suggest 5, 10 and 35 nm synthesized nano-ceria particles at
1:100 stock dilutions should be negatively charged when under P. subcapitata
exposure conditions. This will reduce any associated algal cell interactions by
reducing charge based reactions with negatively charged algae cells. Nano-ceria at
7 nm diameters has the potential to interact with algae cells given by a positive

surface particle charge at relevant exposure pH 7.5.

6.5.2.2 Dynamic light scattering

There is an increase in dy observed across all the particles in 1:100 algae media
dilutions at ~pH 7, compared to original readings taken prior to dilution (Section
6.5.1.1). A 1.7 fold increase is observed for 35 nm diameter ceria particles and ca 2.8

fold increases for 7 and 10 nm diameters with a 7 fold dy increase for 5 nm ceria
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particle dimensions. The increased dy is due to the EDL being reduced in the high
electrolyte concentration of P. subcapitata media, allowing particle interactions and
increased aggregation observed. The associated Pdl is however low (<0.4) with size
distributions calculated by number from DLS reflecting those originally made,
(between 5-23 nm) suggesting the majority of particles are still present in their original

dimensions when dispersed in the P. subcapitata test media.

6.5.2.3 UV-Visible absorption

The maximum UV-visible absorption peak of each particle size at 1:100 dilutions at
pH 7 is observed at the same wavelength of ~270 nm (Figure 6-4). The 5 nm patrticles
have a smaller peak area compared against 35 nm particles, possibly due to the 5 nm
particles being so small and present in such low quantities at this chosen dilution.
This reduces the absorption of light detected by the WPA lightwave UV-Visible
spectrometer used. There is a decrease in maximum absorption peak wavelength
with increasing particle size suggesting a red-shift in larger sized particles as observed
by Clinton (2008) and being consistent with previous work by Elechiguerra et al.,

(2005).
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Figure 6-4 UV-Visible absorption spectra of nano-ceria in P. subcapitata test media
Batch three ceria particles, in P. subcapitata media at ~pH 7 following 1:100 dilution - in order 1-4 showing
maximum peak absorption wavelengths; 35 nm, 7 nm, 10 nm, 5 nm.

6.5.2.4 Summary

Synthesized nano-ceria particle dimensions 5-35 nm will easily disperse into P.
subcapitata media at 1:100 dilutions at pH 6.5. Particle dispersions under these
conditions will occur largely as single particles with few agglomerates, maintaining a
stable formation. Nano-ceria particles of 5, 10 and 35 nm diameters will have a
negative charge in P. subcapitata media at stock dilutions of 1:100 at pH 6.5, where
nano-ceria particles of 7 nm dimensions will have a positive charge, which may
increase the P. subcapitata cell interactions during exposure assessments. During
exposure investigations, these stock dilutions of 1:100 will be further diluted by up to

1% prior to exposure conditions. This may infer further particle changes in dimension,
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¢ and maximum UV-visible peak wavelengths. This advocates the need to continue

physicochemical characterisations under P. subcapitata exposure tests, as conducted.

6.5.3 Exposure assessments

P. subcapitata cell density measurements were determined using a linear regression
plotted from UV-Visible absorption measurements at 680 nm for Pseudokirchneriella
subcapitata (Molot et al., 2010) calibrated against cell counts conducted using a
haemocytometer (Section 3.4.1.3). Growth curves are given as a percentage of

growth over 72 h compared against the control sample under the same conditions.

6.5.3.1 Growth curves

Commercial nano-ceria growth curves obtained for P. subcapitata (Figure A27) were
in good agreement with previously conducted work at CSIRO laboratories and as
published (Rogers et al., 2010), increasing confidence in the growth curves from
synthesized nano-ceria particles. Representative growth curves from each nano-ceria
particle dimensions (A-D) across all three batches (1-3) are offered in Figure 6-5 to 6.
A further representative growth curve from each patrticle size distribution is offered in
Figure 6-7 compared against commercial ceria particles. Using Figure 6-7, the
associated ECsg, ECy, NOEC, PNEC and LOEC values were obtained for each

particle dimension (Table 6-4).
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Figure 6-5 P. subcapitata growth curve of synthesized 5 nm and 7 nm ceria particles
Growth curves taken across all three particle batches compared to the control, both with an

associated gradient (red line) A) 5 nm ceria; B) 7 nm ceria.
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Figure 6-6 P. subcapitata growth curve of synthesized 10 nm and 35 nm ceria particles
Growth curves taken across all three particle batches compared to the control, both with an
associated gradient (red line) A) 10 nm ceria; B) 35 nm ceria.
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Figure 6-7 Representative growth curves of nano-ceria exposures to P. subcapitata

One representative growth curve from Figure 6-5 to 6-6 showing synthesized nano-ceria and
commercial nano-ceria particle growth curves to freshwater algae Pseudokirchneriella subcapitata.
A-E across the blue line representing the ECs, value associated with particle toxicity in order from 5
nm (White Square), 7 nm (white diamond), 10 nm (white triangle), 35 nm (black triangle) and
commercial nano-ceria® NPs (black circle).

Some growth curves show an increase in P. subcapitata cell growth compared to
the control as a function of increased nano-ceria dose. This may be due to the
speculative hormesis effect. Hormesis is a term used to describe the
phenomenon of biphasic dose- or concentration-response relationships
(Cedergreen, 2008). Stimulation of P. subcapitata cell growth has been
observed following TiO, NP exposures to algal cells by Hartmann et al., (2010)
although the hormesis effect often occurs below contaminant concentrations

often measured, or below the LOEC in toxicity tests, and is therefore rarely
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documented during environmental nanoecotoxicity tests, with little understood by

this phenomenon.

6.5.3.2  Effective concentrations

ECso values are used in ecotoxicity studies as a measure of comparable toxicity
of a contaminant against that of the control. Commercial nano- and bulk-ceria®
ECso values along with positive controls of cerium nitrate solutions (Table 6-4)

correlated well with those obtained by Rogers et al., (2010).

Table 6-4 Average toxicity data from ceria particle exposures to P. subcapitata

Toxicity assessment values of ECsy, ECy,, NOEC and LOEC obtained during size toxicity
investigations of synthesized nano-ceria particles to Pseudokirchneriella subcapitata showing
commercial powered nano- and bulk-ceria® particle exposures conducted in Chapter 5.

~EC values Growth I:';';\rt:;(;nhlbltlon Other
L |
(me/L) (% control/mg/L) values
Ceria ~NOEC | ~LOEC PNEC Gradient
20 50 0.01 0.1 1.0 10
Particle (mg/L) | (mg/L) (mg/L) value
Commercial " - - + o
Bulk® * 3 0.003 60
Commercial + 0.16- 81.2—- | 82— | 73.5- | 27—

Nano® 0.5 0.81 0.0005 08 8 915 | 86.1 78 47 -1.8225
Cerium + ~ - 0.3 N o N N o
Nitrate" 0.03 0.00003 015"

0.14- 0.3- 83.5-

35nm <0.034 0.23 0.000034 0.28 08 >100 91 39.5 -48.137
0.23-

10 nm <0.010 0.14 <0.00001 0.29 <0.35 | >100 | >95 ~ ~ -212.1
0.03- 48.5-

7 nm 0.013 0.043 | <0.000013 0.065 <0.14 | >100 575 -221.22
0.003- 26.5-

5nm <0.001 | 0.002 | <0.000001 0.0045 0.0013 45 -4346.8

Gradient taken from individual growth curves, shown by red lines on individual growth curves.
“Data received by collaborative work in Rogers et al., (2010) or during training at CSIRO

* Growth curves not shown

" Data not conducted.
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As the measured nano-ceria particle size decreases from 35 nm to 5 nm the
ECso value also decreases suggesting a size dependent toxicity of synthesized
nano-ceria particles to Pseudokirchneriella subcapitata of 0.8, 0.3, 0.1 and

0.001 mgL respectively.

6.5.3.3 Gradient values

The gradients derived from Excel software applied to the growth curves obtained
offer a further indication of particle toxicity. The steeper the gradient, as a
function of particle dose, can be assigned to a more rapid toxic effect. The least
gradient measured was -1.8, obtained from commercial nano-ceria® particle
exposures. The gradient is shown to reduce from -48 to -4346.8 with decreasing
calculated synthesized nano-ceria particle diameters (35 nm to 5 nm). This
trend supports the decrease in nano-ceria particle’s growth effect to P.
subcapitata compared to controls, with decreasing particle size as obtained from

ECs values.

6.5.3.4 LOEC, NOEC and PNEC values

The LOEC values calculated from Figure 6-7 were found to follow the trends
observed by the ECsyo where as the synthesised nano-ceria particle size
decreased from 35 nm to 5 nm the calculated LOEC also reduces. The NOEC
values however do not present this linear trend. The NOEC values obtained are
derived largely from approximate values from the growth curve, as particle

concentrations below this were not measured. Therefore, the NOEC values are
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only offered as a guide as concentration below which a no observable effect will
occur. The PNEC was derived from the NOEC using an extrapolation factor of
1000. As a guide, the PNEC values are between 0.0005 mg/L for commercial
nano-ceria® to 0.000001 mg/L for synthesized nano-ceria particles at a dimension

of 5 nm, although further work is required to fully determine these values.

The PEC has yet to be set for cerium particles, due to water quality data being
required (ENV, 2007). The predicted maximum exposure to humans via
inhalation, based on general environmental atmospheric data, is ca 0.0078 pg/m?®
where the predicted maximum oral exposure is estimated to be ca
0.45 pgl//kg/day based on calculations from data for soil (ENV, 2007). Using the
PEC value 0.00045 mg/L the PEC/PNEC ratio calculation for risk is presented on

Table 6-5.

Table 6-5 PEC/PNEC values for commercial and synthesized ceria exposures to P. subcapitata

. Commercial Commercial Cerium
Particle MP NP nitrate 5nm 7 nm 10 nm 35 nm
PNEC (mg/L) 0.003 0.005 0.00003 | 0.000034 | 0.000001 | 0.000013 | 0.000001
PES;;DEC 0.15 0.9 15 13.2 450 34.6 450

Using PEC/PNEC ratio values (Table 2-3) it is evident that commercial nano- and
bulk-ceria® particles offer no immediate concern (<1 value). However, all
synthesized particles are of some concern with a PEC/PNEC ratio value 1-10 in
the concentrations measured. Further data is required for 5 nm and 10 nm

particles where PEC/PNEC ratio values were 10-100. The 7 nm and 35 nm ceria
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particles are of great risk to P. subcapitata with a PEC/PNEC ratio value >100

value based upon this risk assessment model.

6.5.3.5 Dose-response semi-log plot

Synthesized nano-ceria particle ECso values were plotted against commercial
ceria particle ECsp values (Figure 6-8) to obtain a comparative understanding of
size related toxicity. Previously determined dy results by DLS (Section 5.5.3.3)
for commercial bulk- and nano-ceria dimensions in OECD test media, of 4209 nm
and 2662 nm respectively were used for the commercial ceria particle size
values. From this log-plot distribution, it is evident that the apparent toxicity
associated with synthesized nano-ceria particles follows a typical dose-response
sigmoidal profile.  There are however, some limitations using the dose
determinations for this model when using commercial ceria particle dimensions
determined from DLS. It is difficult to determine whether the initial commercial
nano-ceria® stock solution used for dosing is an accurate measure of dissolved
nano-ceria. Also, the dose referenced from the synthesized nano-ceria particles
are also reduced as the initial concentration is only measured from ICP-MS

analysis which can be subject to errors when measuring NP concentrations.
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Figure 6-8 Dose-response semi-log plot of ECs, ceria particle exposures

Synthesized (white diamond) and commercial (black symbols) nano- (triangle) and bulk-ceria
(Square) particles associated ECsy values following toxicity assessments to Pseudokirchneriella
subcapitata. Blue dotted line signifies potential predicted ECs values for particle sizes which have yet
been conducted. Red triangle indicates an example of an average ECs, commercial nano-ceria result

taken from Rodea-Palomares et al., (2011).

Future tests using increased synthesized nano-ceria particle sizes >35 nm to
Pseudokirchneriella subcapitata maybe projected upon this sigmoidal trend,
using ECsp values. Such results may be plotted along the red line as indicated in
Figure 6-8. For example, a recent study using commercial ceria NPs of 2632 nm
(by DLS) on Pseudokirchneriella subcapitata was conducted by Rodea-
Palomares et al., (2011) resulting in an average ECso value of 16 mg/L. This
result plotted shows a direct relationship to the ECsy values obtained during the
commercial ceria particles used during this independent study.
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6.5.3.6 Comparative toxicity to other investigations
Table 6-6 shows related ECsq values obtained by previous 72 h exposure studies

to Pseudokirchneriella subcapitata using a range of toxicants.

Table 6-6 Comparative ECs, values for exposures to P. subcapitata
Using a range of documented ECs, values following 72 h growth inhibition tests in OECD test media,

for a range of toxicants.

ECso (mg/L) Contaminant specie Reference
0.0013 5 nm synthesized ceria Chapter 6
0.0067 Pentachlorophenol (PCP) Yeh and Chen 2006

0.03 Cu (dissolved) Schamphelaere et al., 2003
0.06 2,3,4,6-tetrachlorophenol Chen and Lin 2006
0.13 cu™ Pereira et al., (2005)
<0.14 7 nm synthesized ceria Chapter 6
0.15 Cerium nitrate Rogers et al., (2009)
0.3 Cerium nitrate Chapter 6
<0.35 10 nm synthesized ceria Chapter 6
0.3-0.8 35 nm synthesized ceria Chapter 6
8 Commercial nano-ceria Chapter 5
60 Commercial bulk-ceria Rogers et al., (2009)
0.2-20 Bromoxynil octanoate Ma et al., (2007)

From these previous studies, it is evident that the smallest synthesized nano-
ceria particle dimension of 5 nm offers a greater toxicity (using ECso) by ca 20%
than that obtained by PCP exposures (Yeh and Chen 2006). The synthesized
nano-ceria particles of 5 nm dimensions also show a 4% greater risk to
Pseudokirchneriella subcapitata than that of dissolved copper (Schamphelaere et
al., 2003). This suggests nano-ceria particles as a function of size offers a
greater risk to Pseudokirchneriella subcapitata than previously determined

contaminants.
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Oxidation of ceria NPs have been considered as being a cause for algal toxicity
observed during previous nanoecotoxicological tests. With 6% Ce®*" found in
6 nm particles and 1 % Ce** found in 10 nm particles, (Amin et al., 2011) there is
reason to believe the proportion of Ce®" has a profound effect on toxicity. Using
cerium nitrate (Ill) as a positive control for Ce®" tests, ECso values of 0.3 mg/L
were obtained during work at CSIRO (Table 6-4) with ECso values of 0.15 mg/L
previously being determined by Rogers et al., (2009). Cerium nitrate results
therefore show less toxic effect on the growth of P. subcapitata compared to
results from synthesized nano-ceria particles <10 nm. This indicates that there
are further effects attributed to the observed size dependant toxicity than the

effect of dissolved ceria ions alone.

6.5.3.7 Effects of PVP on Pseudokirchneriella subcapitata toxicity

Although synthesised nano-ceria particles used in this independent study were
washed three times in acetone before exposure assessments, (Chapter 4) there
remains the possibility that residual PVP may remain in solution which may be
attributed to the toxicity observed.  Surface modifiers on e.g. gold NPs have
been found to significantly increase cellular toxicity (Connor et al.,, 2005). To
eliminate the possibility of the PVP coating being the potential cause of observed
toxicity, PVP solutions were prepared without cerium nitrate addition, during the
synthesis process and used for comparative toxicity tests. Pure PVP samples
were used as stock solutions and diluted to the same concentrations as the

nano-ceria stock solutions of particles, to obtain a growth curve representing
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maximum possible PVP concentration in solution. The growth curves associated
with these PVP concentrations are given in Figure 6-9 and were conducted at

CSIRO laboratories during training.

The growth curves of the tests for PVP toxicity, across the dilutions made, were
found to have no apparent toxic effect towards Pseudokirchneriella subcapitata
compared to the control samples, at the highest solution concentration of PVP
possibly present in the samples of synthesized nano-ceria particles prepared.
Equivalent results from PVP toxicity tests have also been found [Elechiguerra et

al., (2005); Benhra et al., (1997)] during P. subcapitata exposures.
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Figure 6-9 P. subcapitata growth inhibition curve using PVP
10K PVP chain (black square) and 360 PVVP chain lengths (black triangle) at the same concentration
of synthesized nano-ceria stock solutions, compared to the control.
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6.5.3.8 Synthesized nano-ceria particle exposure characterisations

To further understand any associated mechanisms of nano-ceria particle toxicity,
the physicochemical characterisation of the particles under the test conditions, in
the presence and absence of P. subcapitata, was also carried out. Under
exposure conditions, a range of size distributions were undertaken using DLS
and TEM analysis at the associated ECsg values of each patrticle size, (Table 6-7)

along with maximum UV-visible absorption wavelengths and ¢ measurements.

Table 6-7 Synthesized nano-ceria particle characterisations during exposures
Particle characterisations at concentrations representing ECs, dose under exposure conditions to
Pseudokirchneriella subcapitata after 72 h in the presence (blue) and absence (black) of P. subcapitata.

Concentration Determined
of particles . Maximum UV-visible
nano-ceria dy 4 .
measured at . . absorption
particle size (nm) (mV)
ECso doses wavelength (nm)
(mg/L) (nm)
Exposure
time (h) 0 72 0 72 0 72
0.0013 5 2.5+2.5 4.3+1.7 -32.749.0 | -35.24#3.1 | 260/294 260/298
' 4.5+1.9 4.1+13.3 -19.841.2 | -7.4%1.2 | 259/296 | 261/297
0.14 7 12.6+2.0 9.9+2.1 -18.1+7.6 | -31.5%#4.8 263 259/294
) 9.0+3.4 13.3+2.3 -12.1+0.5 | -4.1+1.7 261 259/291
0.35 10 13.6+1.3 | 18.8+5.2 -4.5+4.4 -3.1+0.8 | 261/293 | 260/295
) 10.2+4.0 9.4+4.9 -1.243.1 -1.5+0.6 | 259/293 | 260/297
0.8 35 23.949.4 | 22.5+10.5 | -12.948.9 | -19.2+6.8 265 262/290
’ 26.1+2.2 22.1+7.8 -4.4+2.0 -1.9+1.5 265 261/291

6.5.3.8.1 Dynamic light scattering

From dy results (Z-ave) using DLS analysis (Figure A37) it is evident that
synthiezed nano-ceria particles do not significantly change (p>0.05) in diameter
during the test period, either in the presence or absence of algae at the
associated ECsp values. This suggests the particles are stable under the 72 h P.

subcapitata toxicity test conditions. This also suggests that P. subcapitata cells
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do not have any significant effect on the particle diameters which could otherwise
be attributed to changes in solution pH, algal exudates (Hartman et al., 2010) or
removal of phosphates from solution by algae cellular processes (Vanderborough

and Buyers, 1974).

6.5.3.8.2 Zeta potential

All nano-ceria particle dimensions at associated ECsop measured had negative
(Figure A37) suggesting no charge related interactions are applicable with P.
subcapitata cells. The ¢ did not significantly alter (p<0.05) between the onset
(0 h), to the end (72 h), of the exposure period in the presence or absence of P.
subcapitata across all particle sizes measured. The { measurements for all
nano-ceria particle sizes become more negatively charged in samples containing
P. subcapitata cells compared with samples without. This result would infer a
direct effect of P. subcapitata cell present in solution. All samples, however, were
syringe filtered to 0.45 um prior to analysis, to eliminate P. subcapitata cell signal
interferences. The associated charge decrease over time maybe a direct relation
with negatively charged P. subcapitata exudates being produced in solution (Pan
et al., 1998). The increased control growth rate obtained over 72 h can be

directly attributed to the further negative charge in { measured.

6.5.3.8.3 UV-Visible spectroscopy
At the onset of exposure (Table 6-7) the P. subcapitata cells do not appear to

have any effect on the UV-visible absorption maximum peak intensity of nano-
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ceria particles measured (Figure A38). The nano-ceria particles both in the
presence and absence of P. subcapitata also increase in broadening the
secondary UV-visible absorption peak shoulder observed at ~290 nm, throughout
the test period (Figure A39-41). This may suggest an increase in Ce*" ions (Roa
and Sahu, 2001) over 72 h across all particle sizes in P. subcapitata test media

both in the presence and absence of P. subcapitata.

6.5.3.8.4 ICP-MS

At ECsp doses, ICP-MS analysis shows lower Ce concentration detected for all
synthesized ceria particle dimensions in P. subcapitata test media with P.
subcapitata compared to Ce concentration in media alone (Table 6-8). ICP-MS
values also indicate some reduced dissolution of ceria particles under the
exposure conditions after 72 h shown by a reduction in Ce concentration after

72 h in the presence and absence of P. subcapitata.

Table 6-8 ICP-MS analysis of synthesized nano-ceria during exposures
Synthesized nano-ceria particle ICP-MS measurements in algae media at onset (0 h) and end (72 h)
of exposure assessments, at ECs doses, in the presence and absence of algae

Nano-ceria Ce loss after Ce loss after
Particles 0h 72h 72 h 72 h
Size (nm) With algae No algae With algae No algae With algae No algae

Ce(ppb) Ce(ppb) Ce(ppb) Ce(ppb) (%) (%)
5 1.08 4.09 0.32 0.86 30 21
7 0.87 0.96 0.52 0.61 60 64
10 62.3 46.6 42.9 39.2 69 84
35 68.2 70.8 13.2 4.5 19 6

Up to 13% more Ce is lost from the P. subcapitata test media in samples with
5n€m and 35 nm synthesized nano-ceria particles in the presence of P.

subcapitata (30 and 19 % respectively) compared to without P. subcapitata, (21
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and 6% respectively) over the 72 h exposure period. More than double Ce is lost
in 7 nm and 10 nm ceria particle dispersions (60 and 69% respectively) with P.
subcapitata after 72 h exposures compared to equivalent 5 nm and 35 nm
particle dispersions. The reliability of the ICP-MS data however is somewhat
qguestionable and can range in reproducibility of up to 10% observed from

previous measurements made.

6.5.3.8.5 TEM

Nano-ceria samples, in the absence of P. subcapitata, were further investigated
using TEM imagery under the same 72 h test conditions, using the drop method
for TEM grid preparation (Figure 6-10) at relevant ECsy values. TEM images
were supported by Dr Ruth Merrifield, University of Birmingham. Although there
are a small number of particles present in these sample images, there is
evidence to suggest 7 nm, 10 nm and 35 nm ceria particles may aggregate in the
P. subcapitata media following 72 h exposure conditions. Although the TEM
suggests some aggregation of the particles in P. subcapitata test media, there is
no further evidence to support this from UV-Visible absorption, DLS or
electrophoretic measurements conducted, which may be due to the low

sensitivity of such measurement methods.
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Figure 6-10 TEM images of synthesized nano-ceria particles after 0 h exposure

TEM images of nano-ceria particles on 0 h of exposure in the absence of algae. a-b) 5 nm ceria
particles, scale bar 20 nm and 10 nm respectivley; c-d). 7 nm ceria particles, scale bar 10 nm;
e) 10 nm ceria particles, scale bar 10 nm; f) 35 nm ceria particles, scale bar 20 nm.
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Alternatively, the TEM images of agglomerates may be artefacts of drying during

the TEM grid preparation process.

6.5.3.8.6 AFM

To investigate external P. subcapitata cell conditions during exposure
assessments, AFM analysis and imagery was conduced. Compared with control
cells (Figure 6-11a), AFM images of commercial nano-ceria particle exposures to
P. subcapitata at 0.5 mg/L (Figure 6-11b-c) show similar P. subcapitata cell
morphology after 1 h exposure. Further analysis show P. subcapitata cells under
these conditions are surrounded by a material, re-shaping the topography
measured after 72 h exposures. Although there is no confirmation of particle
internalisation or chemical analysis by AFM images it is evident that under
exposures to commercial nano-ceria®, compared against the control samples, the
P. subcapitata cells are being coated by a material, hypothesised as being the
ceria nano-powders. This apparent coating of commercial nano-ceria however
does not reduce P. subcapitata growth rates from this sample, as shown by the
growth curves obtained. Further AFM images investigating P. subcapitata cell
morphology to the exposed synthesized 5 nm and 35 nm ceria particles at ECs
values are shown in Figures 6-12 to 6-13 respectively. The direct interpretation
of these images is that the 5 nm particle treatments at ECs, concentrations
created ‘holes’ or ‘pits’ in the cell wall, thus potentially reducing the cells’ ability to

function naturally. The term ‘pits’ refers to the indentations observed on the
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surface of the treated algal cells, which show a greater surface depression

compared against that observed from the control algal cell sample.

There appears to be agglomeration of cells (Figure 6-12a) and the cells appear to
collapse (Figure 6-12b-c). In some cases, cells exposed to 5 nm particles also
seem to curl around themselves (Figure 6-12d). After only 48 h exposure to 5
nm particles, the typical crescent shape of some P. subcapitata cells become
more spherical in shape (Figure A42). The ‘pitted’ cell shows a significantly
changed cellular profile, increased roughness and increased measured
topography suggests greater SA compared to the control sample. The increase
in topography can be attributed to some algal cells lying on top of adjacent cells
or by a cell covering itself as it curls to form a spherical shape. The curling of P.
subcapitata cells has also been observed using bright-field and fluorescence
microscopy by Bouldin et al., (2008) following a 96 h quantum dot exposure to P.
subcapitata. Such changes in the structural integrity of cells have been also
been observed by Brunner et al., (2006) where human mesothelioma and a
rodent fibroblast cells were found to change their shape in response to 7.5 mg/L
crocidolite asbestos particles producing a nearly spherical shape gaining volume
and loosing adhesion to the cell culture plate. After 72 h exposures to 35 nm
particles, at ECsy values, pitting of the algal cells and swollen centres are

observed (Figure 6-13a).
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Figure 6-11 AFM images of P. subcapitata cells

A). AFM analysis showing typical dimensions of a control P. subcapitata cell after 1 h. B). P. subcapitata
cell after 1h exposure to 0.5 mg/L commercial nano-ceria®. C). P. subcapitata cell after 72 h exposure to
0.5 mg/L commercial nano-ceria® under test conditions.
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Figure 6-12 AFM images of P. subcapitata cells exposed to 5 nm ceria particles
a) Image after 30 min exposure at ECs, values; b) Image after 1 h exposure at ECs, values;. c) After 48 h at
EC,, values showing pitted features; d) after 48 h at EC,, values showing cells curled over themselves.

Cell densities calculated suggest P. subcapitata cells can still reproduce, albeit at a
lower rate compared to control samples suggesting this observation maybe due to the
cells reproduction processes. This is shown by possible autospore evolution from the
one cells’ lateral side (Figure 6-13b) but which could also be particles accumulating in
that area as this AFM analysis used does not allow recognition of chemical forms.
The observed ‘pits’ may also be produced by the AFM cantilever, during analysis. As

the cell membrane is free moving and much softer than the surrounding structure,
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when the AFM tip applies force, a crack in the cell wall may bend easily causing the
appearance of a depressed area (Stoimenov et al.,, 2002). However, as these
structures are not observed in control samples, it is reasonable to suggest such
artefacts from AFM imaging of these cells is negligible and in this case the observed

images can be attributed to direct effects from nano-ceria exposure.

Figure 6-13 AFM images of P. subcapitata cells exposed to 35 nm ceria particles after 72 h exposure at ECsg
doses.
Arrow indicating possible autospore formation or particle aggregation after 72 h at ECs, doses.

The ‘pits’ of the algal cells imaged can be quantified by direct observation of the
treated or exposed algal cell samples compared against the control algal cell AFM
images obtained. The number of ‘pits’ were counted by eye from the control,
commercial nano-ceria; 5 nm and 35 nm synthesized nano-ceria particle exposure

AFM images taken and are offered in Table 6.9. The ‘depression pits’ are those
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observed as areas showing deeper surface indentations compared to those observed

in the control algal sample images.

Table 6-9 Counted observed ‘pits’ from AFM images
AFM images used were from the control and exposed algal cells. Counted ‘depressions’ are those observed
as areas more profound than the surface indentations observed with the control algal images.

Exposure Counted Counted AFM Number algae
Exposure . ot . L cells counted
Sample . concentration Pit depression Images sps
(min) within images
(mglL) number number counted
taken
Control 60 0 11 0 1 1
Commercial 60 0.5 -75 0 1 1
Commercial 4320 0.5 37 33 1 1
5nm 30 EC50 62.4+14 34132 1 5
5nm 60 EC50 41+12.7 40+ 12.7 1 2
35nm 2880 EC50 21+4.2 80.5+7.8 2 2
5nm 2880 EC20 70+47.6 361428 2 4

Commercial samples refer to nano-ceria® exposures.

Negative counted ‘pit’ value from commercial nano-ceria® AFM image represents increases in surface
topography. This suggests some material, considered the commercial powders, is coating the algal surface,
compared against the control sample.

The additional surfaces observed with the commercial nano-ceria particle exposures
are thought to be due to material coating the algal cell, shown on the Table 6.3 as a
negative counted ‘pits’. As the exposure time increases, in either the commercial or
5 nm synthesized nano-ceria particle exposures, the number of depressions counted
from the AFM images obtained, also increases. There are more depressions and pits
counted with 5 nm synthesized ceria particles after 60 min exposure compared
against the commercial nano-ceria particle exposures after 72 h. This suggests
greater cellular surface effects are occurring after a short exposure period to
synthesized nano-ceria particles compared against commercial nano-ceria particle

exposures.
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The number of pits and depressions being counted are limited by the number of AFM
images taken and also by the access available to observe the complete algal surface
having been imaged, reducing the accuracy of this procedure. Also, the counts of ‘pits’
or surface coated material being viewed is also bias in the manor of counting by the
individual, where the eye is known to be drawn to the more discernable regions. The
counts can also only be as good as the images and any artefacts from the AFM
imagery may account for a greater number of pit or depression counts taken. To
improve this quantification, a greater number of images should be taken per sample
being investigated and the SA of the algal cells should be calculated from a greater

surface image where possible.

6.5.3.9 Summary

Following a range of particle characterisation assessments, it is evident that
synthesized nano-ceria particles in the range 5-35 nm in dimension do not alter
significantly in the presence or absence of P. subcapitata after 72 h exposure period,
under test conditions. AFM images offer evidence of cellular interactions directly
attributed to synthesized nano-ceria particle exposures to P. subcapitata. Such

interactions cause pitting and other morphological changes to the P. subcapitata cells.
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6.5.4 Conclusion

Four nano-ceria particle dimensions were prepared by synthesizing cerium nitrate and
PVP to produce calculated mean particle dimensions of 5, 7, 10 and 35 nm as
determined by DLS and TEM analysis. These particles were extensively characterised
under three conditions: as made; in OECD test media and under appropriate test
conditions in the presence and absence of P. subcapitata. These particles were
exposed to P. subcapitata using OECD 201, (1984) tests guidelines. Evidence of a
size dependent toxicity of P. subcapitata was observed under exposures to
synthesized ceria particles between 5 nm and 35 nm dimensions. Physicochemical
characterisation results showed all synthesized nano-ceria particles do not
significantly change in the presence or absence of P. subcapitata throughout the
exposure period and conditions. This suggests the toxicity observed is more likely to
be directly attributed to the particles and not due to aggregation or surface particle
changes associated with increases in media electrolyte solutions or exudates from P.
subcapitata cells. Morphological changes of P. subcapitata cells were observed
through AFM imagery indicate a ‘pitting’ of the cells, possibly caused by cellular
interactions of the synthesized nano-ceria particles. The ECs, value for 5 nm particles
was <0.001 mg/L, which is more than a factor of 10 below nano-ceria concentrations
currently predicted in the environment from its use as a diesel additive (Prospect,
2010). This highlights a real effect which could be met if nano-ceria particles <7 nm
diameters are released into the environment at concentrations predicted at <1 mg/L by

Mdller, (2007).
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6.5.5 Future work

Many questions relating to the size-dependent toxicity of nano-ceria particles to P.
subcapitata remain unresolved following this study. Further work to test particle size
effects might include investigating the SSA effects of P. subcapitata cell membrane
disruption by nano-ceria exposure or changes in osmotic pressure due to nano-ceria
exposure. Measured glutathione levels, the production of malondialdehyde and the
measured oxidation of NADH levels, would all have been useful parameters to have
helped to identify potential mechanisms of reduced growth of algae cells observed,
(Section 2.5.3.1.1.) and must be considered in future NP exposure assessments.
Such parameters may help to identify stress factors associated with OS, which is
considered the main cause of reduced algae cell growth during NP exposure
assessments. Looking into the metabolomic changes from P. subcapitata cells as a
direct result from the exposure to synthesized nano-ceria particles is also an important

investigation to explore for future assessments.

Although this study would have benefitted from additional analyses to identify OS,
which is considered the potential cause of NP toxicity, the opportunity to investigate
and use the novel method of metabolomic analysis presented itself and was
considered better use of time and resources at this point of this project. To further this
study it was therefore proposed to help determine the mechanism of toxicity, attributed
to synthesized nano-ceria particles as function of size, by using a novel method of

metabolomic analysis, discussed in the following chapter.
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7 Investigating P. subcapitata toxicity using a

metabolomic approach

7.1 Chapter summary

With the ever increasing commercial use of ceria NPs, particularly of well defined
shapes and dimensions, there is a greater threat of exposure, specifically in aquatic
systems. Toxicological effects associated with nano-ceria maybe superficial, acute or
chronic and may occur at the cellular level. It is therefore essential not only to
understand the fate, behaviour and ecotoxicity of NP exposures but to understand the
mechanism of nanotoxicity associated with aquatic biota. To date, no metabolic
responses induced by NPs are so far understood (AshaRani et al., 2009). This
chapter investigates the appropriate use and associated outcomes of metabolomic
analysis using P. subcapitata as a test species, under previously determined toxic
responses from synthesized nano-ceria particles as a function of size and dose. The
metabolomic signals obtained indicated exposure of P. subcapitata to >ECsg values of
5 nm and 35 nm ceria particles contributed most to the separation of samples in the
PCA scores plots, suggesting significant metabolic differences exist between control
and exposure P. subcapitata cell samples. Although extraction methods are sensitive
to cell density and temperature fluctuations, metabolomic analysis has huge potential
in future environmental nanoecotoxicological applications using P. subcapitata as a

test species, although further knowledge of the metabolic peak locations are required.
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7.2 Chapter organisation

This chapter opens with the aims and objectives (Table 7-1) followed by an
introduction to the topic and methods of metabolomic analysis used. The rationale of
this work is largely underpinned by the hypotheses developed from the previous

experimental conclusions made.

Table 7-1 Aims and objectives of Chapter 7

Aim

Identify and quantify the metabolomic responses of Pseudokirchneriella subcapitata
exposed to synthesized nano-ceria particles.

Objectives

1. Develop appropriate methods for the quenching and extraction of metabolites
from Pseudokirchneriella subcapitata.

2. Provide preliminary evidence that metabolomic analysis will be appropriate for
identifying cellular processes in Pseudokirchneriella subcapitata exposed to
synthesized nano-ceria particles compared to control samples as a function of cell
density.

3. Identify any significant variations in metabolomic signals obtained from
Pseudokirchneriella subcapitata when exposed to nano-ceria particles as a function
of size and dose.

4. Ascertain the use of metabolomics as a tool for environmental nanotoxicology
analysis for future assessments.

Following some of the more recent literature on this topic, the experimental design and
subsequent progress for this work is discussed. The results section encompasses the
experimental design and is supported by appropriate discussions. Chapter 7 is

brought to a close by a summary of the findings and evaluation of the work conducted.
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A grant application to the NERC Biomolecular Analysis Facility — Birmingham Node,

was successfully approved to allow this study to take place.

7.3 Introduction

To date, very little is known about the toxic effects associated with ceria NPs to
aquatic biota, irrespective of the volume of published work related to this topic.
Following previously derived data (Chapter 6) it is evident synthesized nano-ceria
particles exhibit size-dependent toxicity to Pseudokirchneriella subcapitata. The
reason for this apparent toxicity is still not established. Considerable effort is however,
currently being invested in cellular, genomic and computational models to meet this
need for toxicological effects of specific contaminants. Recently, ‘Systems Biology’
approaches (e.g. genomics and proteomics) have been widely applied in the
toxicology research field and have provided valuable information in toxicology
assessments. Among them is the novel approach of metabolomic analysis, which is a
rapidly developing new discipline. This new approach was initiated for this study, to
help ascertain the toxicity observed by nano-ceria particles as a function of size and

dose, to Pseudokirchneriella subcapitata.

7.3.1 What is metabolomics?

Metabolomic analysis is a relatively new approach for quantitatively (Fiehn, 2002)
assessing the interactions of living organisms with their environment (Viant et al.,
2009). Metabolomic analysis measures the changes of an organism’s phenotype. An

organism’s phenotype is the observed biochemical or physical characteristics of an
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organism determined by its genetic and environmental influences. Under conditions of
stress, like drought or disease, molecular changes will take place within a cell and
essentially change the original phenotype measured. Metabolomic profiles therefore
reflect the dynamic response of biochemical reactions to environmental, genetic or
development signals as a valuable measure of how a living system adjusts to a
changing environment (Bolling and Fiehn, 2005) and to understand the biology of an

organism and its response to environmental stimuli (Roessner and Bowne, 2009).

7.3.1.1 Metabolism

Metabolism consists of hundreds of enzymatic reactions which change the
concentrations of metabolites on a rapid timescale, (seconds). Figure 7-1 shows a
representative metabolic pathway of energy, carbon and oxygen during
photosynthesis and growth of an alga. All organisms possess similar metabolic
pathways by which they synthesize and utilise certain essential compounds such as
sugars, amino acids and lipids and the polymers derived from them e.g.
polysaccharides, proteins and lipids, (Mann, 1987). This is termed primary metabolism
and these compounds are classed as primary metabolites. Most organisms utilise
other metabolic pathways which produce compounds that usually have no apparent
utility. Such ‘natural products’ are termed secondary metabolites (Mann, 1987).
These pathways are as much a product of genetic make-up of the organism as are the
primary pathways, but they are only activated during particular stages of growth and
development, or during periods of stress caused by nutritional limitation or microbial

attack, (Mann, 1987). Secondary metabolite profiles may better reflect the
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differentiation of species and their complex response to environmental factors and to

other organisms (Roessner and Bowne, 2009).

Figure 7-1 The pathways of energy, carbon and oxygen in photosynthesis of an alga.

Abbreviations: Glyc, glycolate; PCOC,photorespiratory carbon fixation cycle; PCRC, photosynthetic
carbon reduction cycle; PGA, 3-phosphoglycerate; Pglyc, phosphoglycolate; RuBP, ribulose bisphosphate;
Rubisco, ribulose bisphosphate carboxylase-oxygenase. Taken from Raven (2001).

7.3.1.2 Metabolites

Inside the cell, DNA is first transcribed to mMRNA which is then translated into proteins.
Proteins can catalyse reactions that act on, and give rise to, metabolites (Jamers et
al., 2009). In the living organism chemical compounds are synthesized and degraded
by means of a series of chemical reactions, each mediated by an enzyme (Mann,
1987). These processes are known collectively as metabolism, which comprise of
catabolism (degradation) and anabolism (synthesis). The suite of secondary
metabolites in an organism can be highly complex, and while similar compounds may

be found in different organisms a vast number of compounds are very species-specific
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(Roessner and Bowne, 2009). For most secondary metabolites, the exact functions
in plants and algae still remain unknown. Carotenoids for example, are important
metabolites which comprise a large and diverse group in plants and algae (Rao and
Rao 2007). In photosynthetic organisms, carotenoids play important roles in many
biological processes such as pigmentations and protection against oxidation (Liu et
al., 2009). One drawback with measuring a metabolite as carotenoids is that there are

more than 600 kinds which have so far been identified in nature (Britton et al., 2004).

7.3.2 Established ‘omic approaches

Currently available ‘omic analysis (Figure A43) provide high data content, offering a
comprehensive description of nearly all components within the cell. While the genome
gives rise to a blueprint to any living organism, the transcriptome is the result of the
transcription factors responding to stimulus from upstream receptors (Khoo and Al-
Rubeai, 2007). The proteome can be determined in a number of ways for example by
measuring the corresponding levels of mRNA transcripts (Khoo and Al-Rubeai, 2007).
Metabolite concentrations are determined by enzymes, which form a part of the
proteome. Metabolomics is therefore a complementary method to transcriptomics and
proteomic analysis (Khoo and Al-Rubeai, 2007; Viant et al., 2009). Despite the ‘omics
being relatively young technologies they have taken up a very important position in the
biological and biomedical scientific landscape during the last decade, (Jamers et al.,

2009).
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7.3.3 Previous metabolomic studies
Metabolomics has successfully been applied across the environmental sciences,

briefly sumerised in Table 7-2.

Table 7-2 Summary of previous environmental metablolomic analysis carried out

Test specie Investigation Reference

Stress physiology for studying

nutrient depletion. Bolling and Fiehn 2005

Algae

Viant et al., 2006a; 2006b

Fish Aquatic toxicity analysis. Turner et al., 2007

Molluscs Marine toxicity analysis. Viant et al., 2003

Determine novel mechanisms for

adaption and tolerance to abiotic

stresses like drought, salinity, frost
and mineral deficiencies.

Cereal plants Roessner and Bowne (2009)

Distinguishing between silent plant

Plants Weckwerth et al., 2004
phenotypes.
Plants Freezing tolerances. Cook et al., 2004
Plants Temperature stresses. Guy et al., 2008
Earthworms Ecotoxicological work Mckelvie et al., 2009

7.3.3.1 Metabolomic studies using algae

Light-induced synchronous cultures of microalgae are ideally suited to investigate cell
cycle related metabolic events (Kluender et al., 2008) as all individuals of the
population are in an equivalent developmental stage and will reproduce within a
similar period of time. Intra-specific variation at a given developmental stage is
considered to be minimal in colonial populations of genetically identical algae
(Kluender et al., 2008). Pseudokirchneriella subcapitata are remarkably robust in
terms of substances affecting metabolism in organisms (Munkegaard et al., 2008) and
have been used extensively in previous environmental nanoecotoxicological studies.
Although Pseudokirchneriella subcapitata are genetically identical, they can reproduce

at different stages in a given sample and this must be taken into consideration during
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metabolomic analysis. Only a very small number of metabolomic studies on algae
have been performed. Most algal studies have been focused on the quantification and
identification of secondary metabolites with economical value in food science,
pharmaceutical industry and public health, including fatty acids; steroids; carotenoids
and polysaccharide investigations, (Jamers et al., 2009). Lee and Fiehn, (2008) and
Boyle and Morgan (2009) used Chlamydomonas reinhardtii to study the control of
metabolism. Their results showed that a number of responses can be stress related

and/or plant-specific.

7.3.3.2 The need to use metabolomics for nanoecotoxicology studies

Karakoti et al.,, (2008) found ceria NPs have a radical-savaging role under
environmental conditions. Nano-ceria has also been found to suppress ROS
production and induce cellular resistance to an exogenous source of OS by Xia et al.,
(2008). In other studies, nano-ceria has also been found to exert toxicity through OS
production in vitro to human bronchial epithelial cell, (Beas-2B), by Eom and Choi,
(2009). Such contradictory reports make it difficult to interpret the actual mechanism
by which nanotoxicity is induced. These data underscore the need to develop a more
comprehensive understanding of toxicological pathways induced during NP
exposures. Metabolomic analysis offers a potential to unlock such uncertainties

offering it as a viable contribution for this independent study.
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7.4 Experimental work

Metabolomics is a relatively new area of research incorporating techniques which
require time to develop, particularly for metabolite quenching, extraction and analysis.
A range of methods were therefore deployed particularly for the wuse of
environmentally relevant P. subcapitata cell density ca 4 X 10* cell/ml (Rogers et al.,
2010) used throughout this independent study. To obtain metabolomic data that
correctly measures the amount of ceria to reflect the levels of intracellular metabolites,
a multistep procedure was followed. This can conceptually be divided into three

areas: cell quenching, cell homogenisation and metabolite extraction.

One aim for this work was to optimise the methods for metabolomic extraction of
Pseudokirchneriella subcapitata cells for any future nanoecotoxicological studies.
Extraction efficiencies have already been optimised for metabolomic profiling of a
variety of matrices such as E. coli (Dwivedi et al., 2010), yeast cells (Villas-Boas et al.,
2005) and blood plasma (Jiye et al., 2005) each yielding quite different protocols.
These efforts document that sample preparation methods have to be carefully
calculated and cannot be transferred from one field of application to the other without
in-depth validation (Lee and Fiehn, 2008). Lee and Fiehn (2008) presented a method
for algal metabolite profiling based on extractions from the Chlamydomonas reinhardtii
using GC-TOF/MS. Kluender et al., (2008) presented a method for algal metabolite
profiling using Scenedesmus vacuolatus. Improvements were made from these two
diverse methods to facilitate using P. subcapitata and smaller culture volumes for this

independent study.
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7.4.1 Methods

7.4.1.1 Precellys tubes

Lee and Fiehn, (2008) found sample handling, reliability and metabolite extraction
efficiency using glass beads was 30-40% lower than by metal ball grinding.
Therefore, Precellys ‘24 hard tissue-grinding mix-lysing kit" tubes from Bertin
Technologies were used for this study. The six steel balls present in each Precellys
tube were removed and stored in the dark at -4°C for the homogenisation process.
The 1 ml volume of cold quenching solution (CQS) consisting of HPLC grade
methanol (CH3OH) and analytical grade water (H>Oagde) at 70:30 ratio was added to
each Precellys tube and stored at -80°C for cell harvesting. The following methods

are supported by Figures A44-45.

7.4.1.2 Cell harvest

The Precellys tubes with CQS were removed from -80°C freezer and temperature
maintained by placing them all on dry ice. Quenching of P. subcapitata metabolism
was achieved by mixing 1 ml of a biological sample into one Precellys tube with the
CQS. This was then centrifuged at 17,000 rcf at -9°C for 3 min using a Sanyo Hawk
15/05 refrigerated centrifuge MSE. The supernatant was removed and the remaining
algal cell sample pellet retained in the Precellys tube and stored at -80°C for

homogenisation.
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7.4.1.3 Homogenisation

When using suspension cultures, mild quenching methods may unavoidably lead to
some degree of metabolite leakage through the weakening of cell walls. In such
cases, lyophilisation methods are employed to remove any remaining interstitial water,
residual CQS and efficiently inhibit any enzymatic reaction during storage (Lee and
Fiehn, 2008). During the homogenisation process, six to ten Precellys tubes
containing the pellet algae samples were removed from the -80°C freezer and
temperature maintained on dry ice. Using a methanol-washed Hamilton syringe and
1 ml pipette, 500 pl CH30H and 200 pl H2Oa9¢e Were added to each Precellys tube,
respectively. Six cold-stored steel balls were added to the Precellys tube and
subsequently homogenised using a Precellys Centrifuge Lysis and Homogeniser for
10 sec, twice. The homogenised sample was placed back onto dry ice for the

metabolite extraction process.

7.4.1.4 Metabolite extraction

The homogenised sample was removed from the Precellys tube using a Pasteur
pipette, into a pre-labelled 1.8 ml glass vial with plastic screw lid, placed on crushed
ice. To the glass vial sample, 500 pl CHCI; and 250 pl H2O4gde Was added by use of a
chloroform-washed Hamilton syringe and water rinsed 1 ml pipette, respectively.
Each sample was vortex for 30 s and left in a polystyrene box of dry ice for 10 min.
Centrifugation of these samples was performed at 4000 rpm at 4°C for 10 min using a

thermoelectric corporation Hercules Biofuge Primo R Centrifuge. The sample was
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removed using forceps and left at room temperature for ten mins before metabolite

fraction separation.

7.4.1.5 Metabolite separation

The polar layer was removed by using a methanol-washed Hamilton syringe and
placed into a pre-labelled eppendorf. The non-polar (lipid) layer was subsequently
removed by using a chloroform-rinsed Hamilton syringe. This sample was placed into
a pre-labelled 1.8 ml glass vials with plastic screw lid. The eppendorf samples were
dried using a Thermo SPD111V Speed Vac and RV14104 refrigerated vapour trap at

970 mbar. All samples were kept at -80°C until MS analysis.

7.4.2 Analysis

All samples were analysed using a Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry was performed using an LTQ FT Ultra (Thermo Fisher
Scientific, Bremen, Germany) equipped with a chip-based direct infusion
nanoelectrospray ion source (Triversa, Advion Biosciences, Ithaca, NY) (Figure 7-2)
by Dr. Ulf Sommer, University of Birmingham. Each dried sample had 50 ul spray
solution added which consisted of 1:4 CHCl3:H20444e ratio with an additional 0.25%/vol
formic acid (CH,0,) for positive ion analysis (non-polar samples were not measured).
The sample was vortex for 10 s and subsequently centrifuged at 14000 rpm at 4°C for
10 min to remove any particular matter. Each sample was analyzed in triplicate from a
96-well plate using the selected ion monitoring (SIM)-stitching method from m/z 70 to

590 in both ion modes.
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Figure 7-2 HR-MS instrument used
A thermo LTQ FT ultra high resolution mass spectrometer used for metabolite profiling. All samples were
conducted by Dr UIf Sommer.

7.4.2.1 Putative identification of metabolites

Metabolites in the MS were identified using MI-Pack software (an in-house script),
which provided putative identifications based upon the KEGG database. The initial
peak lists were filtered for false negatives, artefact peaks and contaminants,

conducted and interpreted by Dr. Ulf Sommer.

7.4.2.2 Principal component analysis plot

The principal component analysis (PCA) plots were prepared and interpreted by Dr.
UIf Sommer and used to identify the overall metabolic similarities and differences
between the test samples and controls. Distances between the groups of samples
give a measure of the overall differences between the metabolite signals, with greater
distances corresponding to greater differences, obtained throughout different

treatments (Bdlling and Fiehn, 2005).
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PCA was used initially to assess the overall metabolic differences between the sample
groups in an unbiased manner, using the PLS_Toolbox (version 5.5.1, Eigenvector
Research, Manson, WA, USA) within Matlab (version 7.8; The MathsWorks, Natick,
MA, USA). Supervised multivariate analysis was performed using partial least squares
discriminant analyses (PLS-DA), with internal cross-validation and permutation testing.
The m/z signals with the largest weights (i.e. top-ranked) correspond to the
metabolites that maximally discriminate the treatment groups. ANOVA were
conducted using in-house R scripts in Excel (Microsoft). All contributions to MS and

statistics were conducted by Dr Ulf Sommer.

7.5 Results and discussion
7.5.1 Hypothesis 1: Feasibility study
The metabolomic signals obtained during nano-ceria exposures to P. subcapitata will

vary due to lower cell densities when compared against control samples.

7.5.1.1 Aim

The aim of this study was to investigate the potential use of metabolomic analysis for
future environmental nanoecotoxicology assessments using P. subcapitata as a test
subject and identify any changes in metabolomic profiles of P. subcapitata cells as a

function of cell density.
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7.5.1.2 Design

Six control samples (algal cells only) and six treated samples using 10 nm synthesized
ceria particles at ECsy values, (ca 0.4 mg/L by ICP-MS) to Pseudokirchneriella
subcapitata were prepared in 15 ml OECD test media. Initial P. subcapitata cell
inoculations were ca 4 X 10° cel/ml and grown under the OECD 201, (1984) 72 h
growth inhibition test guidelines. All samples were counted daily (24 h) using a
haemocytometer and the final cell densities recorded. After 72 h, all P. subcapitata
samples were harvested for metabolomic analysis and extracted the following day.
Six further control samples were then prepared representing ‘reduced control’ (RC) P.
subcapitata cell density samples at equivalent cell densities to those of the treated

samples (ca 7 X 10" cell/ml).

7.5.1.3 Cell counts
The control cell counts are approximately double that obtained for the 10 nm ceria
treated samples at expected ECsy values (Table 7-3). The RC cell counts are relative

to that of the treated cell densities obtained, with one outlier.

Table 7-3 Cell counts after 72 h exposure

Cell density counts (x 10 cell/ml)
Sample Control RC Treated
a 13.5 5.5 7
b 10 5.5 6
C 13.5 5 3
d 9 5 3
e 17.5 3 7.5
f 14.5 8 17.5"

* Outlier
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7.5.1.4 Principal component analysis

The PCA plot (Figure 7-3) shows no significant difference in the metabolomic signals
measured from the control and RC samples. This suggests cell density variance of up
to half, does not infer metabolomic signals obtained from Pseudokirchneriella

subcapitata under such growth conditions.
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Figure 7-3 PCA plot for Hypothesis one
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7.5.1.5 Summary and evaluation

The hypothesis tested is rejected as P. subcapitata cell densities did not appear to
significantly interfere with the metabolomic signal obtained from the control samples
tested. There is evidence to suggest however, that the exposure of 10 nm synthesized
ceria particles at ECsp values (ca 0.4 mg/L) to P. subcapitata results in a metabolic
profile that is significantly different to the untreated P. subcapitata cell control samples.

P Cote - 226



Environmental characterisations and nanoecotoxicity of ceria Metabolomic approach to nano-toxicity

Cell density does not have a significant effect of metabolic signals obtained. The no
significant effect observed in metabolomic profiles by reduced cell density compared
to control samples validates the use of metabolomic analysis for nanotoxicological
investigations using P. subcapitata exposures to synthesized nano-ceria particles at
ECso values. This conclusion however is drawn from a limited scale experiment, (five
repeats and three factors) with some signal variability obtained between biological
repeats, as shown by the low clustering between repeated samples on the PCA plot.
The results do however offer the use of P. subcapitata as a reliable species for
nanoecotoxicological metabolomic analysis under these conditions. From this, the
further investigation into the metabolomic profiles obtained from environmentally
relevant P. subcapitata cell densities, exposed to synthesized nano-ceria particles

compared to control samples, was considered plausible, at 10° cell/ml density.

7.5.2 Hypothesis 2: Effective concentration comparative study
P. subcapitata exposed to four synthesized nano-ceria particle dimensions, at
previously obtained ECsy and EC, values (Chapter 6), will produce comparable

metabolomic signals, irrespective of the nano-ceria particle dimensions.

7.5.2.1 Aim

Identification of P. subcapitata toxicity is often assigned by ECsy and EC,, obtained
after 72 h exposures compared against control samples. The aim of this work was to
explore the metabolomic signals obtained during Pseudokirchneriella subcapitata

exposures to four synthesized nano-ceria particle dimensions (5, 7, 10 and 35 nm
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diameters) as a function of previously determined ECsy and EC, dose, using OECD

201, (1984) guidelines.

7.5.2.2 Design

Each of the four determined nano-ceria particle sizes were prepared using five
replicates at two concentrations, (ECsp and ECy ) (Table 7-4). In addition, five
background samples (media only) along with five control samples (algae only) were
also prepared. Cell density counts were conducted daily, using a haemocytometer.
The investigation was then repeated 14 days later to demonstrate the reproducibility
and reliability within the data set and associated analytical processes used. The cell
sample replicates were inoculated with an approximate mean value ca 4 X10*
cellssmL for Test 1 and an approximate mean value ca 3 X10”cells/mL for the

repeated Test 2.

Table 7-4 Representative doses of each synthesized nano-ceria particle dimensions
Based upon ICP-MS determination of stock solutions

Mean synthesized ceria particle dimensions (nm)
5 7 10 35
ECso (mg/L) 0.0027 0.13 0.37 0.45
EC,o (mg/L) 0.0009 0.044 0.18 0.15

7.5.2.3 Cell counts
P. subcapitata growth counts (Figure A46) and the 72 h growth inhibition results
(Figure 7-4) compared against control samples for both tests as a function of dose

was obtained. Test 1 growth rates showed cell densities outside that predicted for the
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chosen mean ECso and EC, predictions. For Test 2, these concentrations were not
changed in order to keep the investigation comparable. Test 2 growth rate therefore
also show some variance (Figure A46) outside the predicted EC5y and EC, values
previously produced (Table 6-4). Although a size dependent toxicity was observed
during this replicated study, (Figure 7-4) various ECsp values outside predicted values

were obtained across all four nano-ceria particle size exposures (Figure A46).
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Figure 7-4 Growth inhibition semi-log plot for Hypothesis two

Growth curve of Pseudokirchneriella subcapitata after 72 h exposures to synthesized nano-ceria particles
compared to the control, across two test periods.

Solid symbols represent Test 1, white symbols represent Test 2. Circles, 5 nm; diamond, 7 nm; square,
10 nm and triangle, 35 nm ceria particles. SD in growths shown by upper limits only.

The 5, 7 and 35 nm ceria particle dimensions at EC,, doses from Test 1 and 35 nm
ceria particle dimensions at EC,, doses from Test 2 were within the predicated growth

rate expected. There were also significant differences (p<0.05) in growth rates after
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72 h for all P. subcapitata cell counts within biological repeats across both Test 1 and

Test 2 shown by the large standard deviations obtained.

7.5.2.4 Principal component analysis

Figure 7-5 presents the PCA plot showing both Test 1 and Test 2 samples (labelled A
and B respectively). From this plot, it is evident that the two tests are significantly
different from each other, shown by the distinct separation from both tests. The
quality control (QC) samples show little variance across the two test periods,

eliminating the possibility that the results could be due to analytical drift from the MS.

Figure 7-5 PCA plot testing Hypothesis two
The two repeated tests A and B.

Due to the variance in the growth curves across the two test periods, these
metabolomic profiles are not comparable and appear as two separately conducted

investigations. Unlike the conditions predicted from the testing of hypothesis 1, the
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otherwise high precision of Pseudokirchneriella subcapitata growth rates were not
equivalent during this investigation. This may be due to variance in starting cell
densities, potential temperature variations, changes in light conditions and exposure
preparations conducted during the tests. Test 1 (Figure A47) shows little grouping of
the biological repeated samples, suggesting little difference in the overall metabolic
profile/fingerprint compared to the controls. This high variation in metabolomic signals
within biological repeats is observed in the cell counts, shown by the high standard
deviations measured. Figure 7-6 represents the PCA plot obtained from each of the
five biological repeated samples from each condition measured in Test 1. The PCA

plot shows a drift in the data for Test 1, suggesting samples quenched or extracted in

order show equivelant metablomic signals.
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Figure 7-6 PCA plot of all extracted samples in Test 1 Hypothesis two
The variance across repeated samples (1-5) for each particle size (5 nm, 7 nm, 10 nm and 35 nm) across two
doses represnting EC,q (L) and ECsg (H).
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The PCA plot from Test 2 (Figure 7-7) also shows little clustering of biological
repeated samples, suggesting variance within the same biological samples. This was
observed in the cell density measurements obtained, shown by high error bars, as
with Test 1. The Test 2 PCA plot show a pooling of the data (Figure A48) in order of
extraction as observed with Test 1 (Figure 7-6). As the MS process was conducted in
a block randomised order and conducted at the same time for Test 1 and Test 2, this
ellimenates any pontential analytical error from the MS instrument. For both Test 1
and Test 2, the cell samples for each biological sample were harvested systematically
and extracted chronologically. The drift of metabolomic signals in the PCA models
therefore must be due to human error during the cell harvesting and extraction

procedure.

Figure 7-7 PCA plot of Test 2 Hypothesis two
The variance across repeated samples (1-5) for each particle size (5 nm, 7 nm, 10 nm and 35 nm) across two
doses represnting EC,q (L) and ECsg (H).
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7.5.2.5 5 nm ceria particles

From the PCA plots, the lack of clustering observed by the data points suggests P.
subcapitata cells exposed to 5 nm synthesized ceria particles at either ECso or ECy
shows no significant (p>0.05) metabolic differences compared to the control in either
Test 1 (Figure 7-8a) or Test 2 (Figure 7-8b). From the cell counts (Figure A46) it is
evident that the ECsy and the EC,, doses resulted in similar growth trends for both
tests conducted. The scatter in the PCA plot would therefore suggest no significant
variations in the metabolomic signals obtained due to little difference in toxicological

change in the cell samples.
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Figure 7-8 PCA plot of 5 nm ceria particles testing Hypothesis two.
ECs values (5nmy) and 5 nm EC,q values (5nm,)
A) Test 1, B) Test 2.

7.5.2.6 7 nm ceria particles
There is a greater variance of metabolomic signals from 7 nm ceria exposures at ECsg
doses in Test 1 (Figure 7-9a) compared against the control. These variations in

metabolomic signals may be related to the variable cell counts obtained from the ECsg
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(31.4 x 10" + 16.5 x 10* cell/ml) doses compared to the ECy (69.6 x 10* + 23 x 10*
cell/ml) dose cell density measurements. The variation of 7 nm ceria ECs treatments
in Test 1 is not as apparent in Test 2 (Figure 7-9b) where the clustering of both ECy
and ECsp, metabolomic signals are close to the control. The 7 nm ceria particle PCA
scores, in both Test 1 and Test 2, show a similar clustering around the centre of the
PCA plot, although between the two tests, the clustering is in two directions. This

suggests variation between the repeated tests.
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Figure 7-9 PCA plot of 7 nm testing Hypothesis two
ECs values (7nmy) and 7 nm EC,q values (7nm,) particles from
A) Test 1, B) Test 2.

7.5.2.7 10 nm ceria particles

The 10 nm ceria particles show greater scatter across samples in Test 1 (Figure 7-
10a) compared with controls than the clustering of samples compared against the
controls observed in Test 2 (Figure 7-10b). The scattering of metabolomic signals from

Test 1 PCA plots maybe due to the signals not being significantly variable between
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ECso and EC,q scores, as the cell counts were similar (ECso 3.1 x 10* + 16.8 x 10*

cell/ml and EC 12.3 x 10* + 30.6 x 10” cell/ml).

Test 2 metabolomic signals plotted show some trend across the PCA plot for both the
10 nm ceria doses compared against the controls. The cell densities for 10 nm ceria
exposures for both Test 1 and Test 2 showed the most reduced cell count compared
to any other particle dimensions measured. Also, the high cell count variability in Test
2 (ECsp 4.5 x 10* + 30.5 x 10” cell/ml and ECy 50.8 x 10* + 47.1 x 10* cell/ml) would
suggest some metabolomic impact, but this was not the case. As the cell counts were
so low, it is possible that the metabolomic signals obtained were not from actual cells

and possibly caused from background signals.
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Figure 7-10 PCA plot of 10 nm testing Hypothesis two

Decluttered

10 nm at ECsg values (10nmy) and 10 nm ECy values (10nmy)

A) Test 1. B) Test 2.
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7.5.2.8 35 nm ceria patrticles

The metabolomic signals obtained from the 35 nm ceria particle exposures at the ECsp
dose results from Test 1 show good reproducibility in the biological repeats compared
to the 35 nm EC, dose (Figure 7-11a). This reproducibility maybe due to the reduced
variance observed in the cell counts with the ECs dose (63 x 10% + 9.3 x 10* cell/ml)
compared with the ECy dose cell counts (78 x 10* + 31.3 cell/ml) producing reduced
clustering in the PCA plot. The PCA plot from Test 2 (Figure 7-11b) shows a closer
clustering of metabolite scores plot obtained. Some outliers are observed in Test 2
which is an opposite trend to that found in Test 1, where more scatter in PCA scores
are observed. This close resemblance to the control samples suggested by the PCA

plot cannot be attributed to the cell counts which are significantly different and have a

high variability (ECso 33.1x10% + 55.6 cell/ml and ECy 90.7 x 10* + 35.6cell/ml).
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7.5.2.9 Summary and evaluation

The hypothesis tested “P. subcapitata exposed to four synthesized nano-ceria particle
dimensions, at previously obtained ECso and ECyo values will produce comparable
metabolomic signals, irrespective of the nano-ceria particle dimensions” is rejected as
ECso concentrations across four synthesized nano-ceria particle dimensions did not
produce equivalent metabolomic signals. The EC,, concentrations of four synthesized
nano-ceria particles also did not produce equivalent metabolomic signals. The
observations in metabolomic signals obtained from the PCA plots following
synthesized nano-ceria particle exposures to Pseudokirchneriella subcapitata as a
function of size and dose was found to incur many errors. The variability in repeated
P. subcapitata cell growth rate for example, reduces the ability for an accurate cross-
comparison across the metabolomic signals obtained. Reproducible growth rates from
identically conducted P. subcapitata exposures are difficult to obtain and have been
reported as being as variable as 25% by Mayer et al., (1998). Similarities in cell
counts after 72 h exposures across the two tests for a range of particle sizes and
doses also reduces the effectiveness to compare the tests, specifically across low

numbers of biological repeats.

The test samples after 72 h may also contain dead algal cells, as well as algae cells at
various stages of growth. Such factors complicate the metabolomic signals measured
and must be taken into consideration during future studies. It is also evident from this
work, that future extrapolation of algal cell samples must be conducted randomly to

reduce the systematic error observed during this work. Although it would be
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considered crucial to continue with and repeat this experimental design it was
considered important to investigate whether the reduction of identified variables and
cellular effects will aid in future nanoecotoxicity studies of this kind. Due to this and

the time remaining for the study, a third and final hypothesis was developed.

7.5.3 Hypothesis 3: Onset of P. subcapitata cell toxicity to synthesized
nano-ceria

Metabolomic signals from Pseudokirchneriella subcapitata will differ at the onset of
toxicity when exposed to 5 nm and 35 nm ceria particles as a function of dose,

compared to the controls.

7.5.3.1 Aim

The experimental design was altered from the testing of Hypothesis two in order to
eliminate potential artefacts derived from various stages of algal cell growth during a
72 h exposure. Metabolite signals from synthesized nano-ceria particle exposed
Pseudokirchneriella subcapitata cells at the onset of toxicity (calculated at 18 h) were
therefore conducted. To reduce the number of factors in the experimental design,
only two synthesized nano-ceria particle dimensions were investigated (5 and 35 nm).
Initial starting cell densities were kept at environmentally relevant concentrations (4 X
10 cell/ml) and biological repeats were more than doubled from previous studies to

address the problem of high metabolic variability.
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7.5.3.2 Design

Twelve biological repeats of two synthesized nano-ceria particle dimensions of 5 nm
and 35 nm, across six concentrations (Table 7-5) were prepared in 15 ml media and
then used in 72 h growth inhibition tests (OECD 201, 1984) of P. subcapitata. Initial
inoculations of ca 4 X 10* cell/ml were made and cell density counts were conducted

using a haemocytometer and further supported by spectroscopic means.

Table 7-5 Nano-ceria dose measurements for Hypothesis three
Dose measurements based upon ICP-MS determination.

Synthesized ceria particle sizes Exposure dose used (mg/L by ICP-MS)
1 2 3 4
5nm 0.00069 0.00231 | 0.00347 | 0.0069
35nm 0.0039 0.012 0.039 0.079

After 18 h exposure, ten of the twelve biological repeated samples were selected for
metabolomic quenching. A 1 ml aliquot was removed from each sample for harvesting
(Section 7.4.1.2). The biological sample was then placed back into the growth cabinet

for continued growth for the remaining 72 h growth period.

7.5.3.2.1 Cell viability

To reduce the previous variation in metabolomic signals obtained during the testing of
Hypothesis two, it was considered important to reduce the probability of dead P.
subcapitata cells in a sample. Cell viability tests were therefore conducted prior to the
test to ensure the P. subcapitata cells present in solution would be at least 80%

viability after 18 h.
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7.5.3.2.2 Cell viability method

Cell viability tests were conducted using a fluorescence activated cell sorter (FACS)
facilitated and supported by Dr. Rachel Hayden, University of Birmingham. P.
subcapitata toxicity test was prepared for three biological repeated exposures to 5 nm
and 35 nm synthesized ceria particles at ECso (ca 0.003 and 0.4 mg/L receptively) and
EC,o doses (ca 0.001 and 0.2 mg/L respectively) along with three control samples.
After 18 h the three biological repeats were centrifuged at 17,000 rpm for 10 min to
obtain a pelted sample then re-suspended in fresh test media to obtain a cell count ca
30 X 10* cell/ml. The control sample was separated into two aliquots one of which
was autoclaved to produce the ‘dead cell’ sample. A 500 pl aliquot of each sample
was suspended in 100 pl of phosphate buffered saline (PBS). Propidium lodide (PI)
from Sigma Aldrich, UK was diluted to 50 pg/ml with a 5 pl aliquot used to stain P.

subcapitata cells in each sample.

7.5.3.3 Cell viability tests

A distinctive peak observed for the ‘dead cell’ samples compared against the ‘live cell’
sample was obtained from FACS cytometry (Figure 7-12a). Results obtained suggest
at least 81% viable cells were obtained in control samples (Figure 7-12b) after 18 h
growth. This was also observed with treated P. subcapitata cell samples, exposed to
5 nm ceria particles at ca 0.002 mg/L and at ca 0.007 mg/L (Figure A49a) and to
35 nm ceria particles (Figure A49b-c) at ca 0.004 mg/L and 0.012 mg/L doses after

18 h.
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7.5.3.4 Cell counts

The higher doses of 5 nm and 35 nm ceria patrticles (ca 0.007 mg/L and ca 0.08 mg/L
respectively) showed a significant (p<0.05) reduction in growth compared against the
control samples, after 18 h exposure (Figure 7-13a). Throughout the 72 h exposure
period, the growth rates observed for both 5 nm and 35 nm ceria particles (Figure 7-

13b) were comparative to those obtained in previous studies (Chapter 6).

7.5.3.5 Principal component analysis

Following harvesting and extractions, all samples were normalised against cell
densities by Dr. Ulf Sommer based upon the 18 h cell counts obtained through
spectroscopic calibrations. The total number of mass spectral peaks in the
metabolomics dataset, obtained by Dr. Ulf Sommer, was 1375, with all blank signals
removed. The MS contained a large number of unusually low intensity signals, most
probably due to the relatively low cell densities used, following only 18 h of growth.
The scatter obtained in the metabolomic signals across the PCA plot (Figure 7-14a)
implies an increased variability in the signal obtained, which is not observed with the

well placed QC plots.
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Figure 7-12 Stained algae cell counts obtained from FACS cytometry

Showing amount of Pl against calculated algae cell counts. A) Overlay of live cells (purple region) V’s
“dead” cells (green peak) both with PI stain showing a distinct variation in positions with counts obtained.
B) M1 showing < 7% (-2.92%) of cells in control sample potentially “dead” offering at least 81 % cell
viability in control samples. C) M1 showing exposed cells to 0.002 mg/L 5 nm ceria particles after 18 h

expressing < 7.5% (-2.92%) of cells in sample potentially “dead” offering at least 81 % cell viability.
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Figure 7-13 Daily cell counts after 18 h exposure testing Hypothesis three

35 nm (black square) and 5 nm (white square) synthesised nano-ceria particles.

A) After 18 h exposure, representing the time the samples were harvested for metabolomics analysis, B)
growth inhibition graph, compared to the control after 72 h exposure.
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7.5.3.5.1 5 nm ceria particles

With two outliers removed, the PCA scores plot shows a high degree of scatter
between the control samples and the 5 nm ceria particle treated samples (Figure 7-
14b). This maybe due to the biological variability or due to the low signal obtained
from the MS analysis. It may also be due to the sample signals all being very similar
to one another as cell densities at the lower particle doses are comparative to control
cell densities after 18 h. In order to focus on the most discriminating peaks (e.qg.
between control samples and dosed samples), a multivariate statistical approach

using partial least squares-discriminant analysis (PLS-DA) was used instead of PCA.

The PLS-DA models of the control and 5 nm treated samples produced by Dr. Ulf
Sommer, built were subsequently “forward selected”, which is another technique for
determining which of the peaks in the MS are the most important for discriminating
biological groups. In this data, only 17 of the most important peaks (m/z values) were
chosen, reducing the significance (p>0.02) of this data, (Table Al4). Statistical
analysis on the 18 h cell growth counts revealed that only the highest dose (0.007
mg/L) was different from controls. Therefore, another PLS-DA model was built where
forward-selection revealed 89 of the most discriminatory peaks between the highest

5 nm ceria particle dose and the controls (Figure 7-15).
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Figure 7-14 PCA scores plot from selected analysis testing Hypothesis three

A) All samples with quality controls and control samples included, with two outliers (35 nm 0.08 mg/L number 8 and
Control number 7) removed. B) PCA of control and all 5 nm particle treated samples with 2 outliers removed. (Control
sample number 7, 5 nm 0.003 mg/L sample number 2, and 5 nm 0.007 mg/L sample 8).
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Figure 7-15 PCA plots from selected analysis testing Hypothesis three

A) PLS-DA forward-selected control and only 5 nm, 0.007 mg/L particles: Comparison of only these two
groups shows a clear separation after forward election (3 LVs, 89 m/z variables). The model was initially
built without four samples then rebuilt with them added back in.

Comparisons of the controls and treated samples show a clear separation in the PLS-
DA plot obtained. It is however easy to over-fit the data in this instance with only 1/5™
(20 data points) of the entire data set being investigated, so caution must be taken
when interpreting these results. These data points fit well with good statistical
significance (p<0.01). The class error rate of 0.06 infers 6% of the samples removed
will be incorrectly predicted as being control samples when in fact they are treated
samples (or vice versa) in the PLS-DA analysis. This shows that 94% of the

predictions are correct and this equates to a highly predictive multivariate model.
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7.5.3.5.2 35 nm ceria particles

When forward-selected control and 0.08 mg/L 35 nm synthesized ceria particle
treatments were chosen for PLS-DA, the controls are shown to cluster well suggesting
little variation between these samples compared to the treated samples. In this PLS-
DA scores plot, large variability in the treated samples is observed compared to the
controls, with a distinct separation between peaks selected. This suggests a variation
in the metabolomic response when P. subcapitata are under exposure to 0.08 mg/L
35 nm ceria particles compared to control conditions. The 35 nm ceria particles at a
0.012 mg/L dose induces a growth above that of the control sample (Figure 7-14b),
potentially related to the hormesis effect of cells (Calabrese, 2008). The PLS-DA plot
investigating the metabolic profiles of the 0.012 mg/L dose group as well as the control
group shows a clear separation (Figure 7-16). This separation suggests at this dose
promoting a cellular response in growth, there is a clear change in the metabolic

profile of exposed P. subcapitata relative to the controls.

Figure 7-16 PLS-DA scores plot from selected analysis testing three
A) PLS-DA forward-selected control and 35 nm, 0.08 mg/L particles using 14 forward selected m/z
variables: B) PLS-DA forward-selected control and 35 nm, 0.012 mg/L particles using 93 m/z variables.
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7.5.3.6 5 nm and 35 nm ceria treatments overlap

When the most discriminating peaks from the highest doses of 5 nm (0.007 mg/L) and
35 nm (0.08 mg/L) ceria particles are collated and compared against the control
peaks, there is a general lack in overlap of the peaks obtained (Figure A50). This
poor overlap of metabolomic signals from the two particle sizes that are associated
with the greatest toxic effect may be due to there being two separate mechanisms of
toxicity observed between these two particle sizes. This mechanistic approach is

beyond the scope of this work and requires further interpretation for future work.

7.5.3.7 Regression analysis for growth predictions

Further analysis, conducted by Dr. Ulf Sommer using the MS data, involved a
regression analysis to determine whether any of the peaks in the MS data correlated
with the cell count data. This was conducted for both particle dimensions (5 nm and
35 nm) after 18 h exposures compared against the 72 h growth rates obtained.
Ultimately this analysis sought to determine if any MS signals could predict P.
subcapitata cell growth. Forward selection of the m/z peaks was again pursued to
produce a low number of predictive signals which led to significant PLS regression
models (Appendix C). The results suggest a lower growth rate (and therefore cell
count) is associated with specific metabolic signals. Higher cell counts over the same
exposure period exhibit different metabolic signals than lower cell counts. These
specific peaks however have not been successfully identified at this time, and requires

further work for this analysis to be useful in future prediction models.
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7.5.3.8 Summary and evaluation

The hypothesis tested can be accepted as metabolomic signals from high doses of
5 nm and 35nm synthesized nano-ceria particles (0.007 and 0.08 mg/L respectively)
after 18 h showed distinctive PCA separation compared to controls. The metabolomic
profiles from PCA and PLS-DA score plots showed that P. subcapitata exposed to the
higher synthesized nano-ceria particle doses, at two particle dimensions (35 nm and
5 nm respectively), contributed most to the separation across the PLS-DA scores plots
obtained. The results obtained suggest relatively small metabolic differences exist
between none-exposed and exposed P. subcapitata cells to the lower doses of
synthesized ceria particles. There is also reason to believe a possible homeostatic
range for lower concentrations of synthesized nano-ceria particles at 35 nm diameters
also exists although further work is required to determine this effect. As a large
number of metabolites undergo marked changes in at least one condition, the (future)
identification of these peaks would be adventitious but is beyond the scope of this

work at present.
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754 Conclusion and evaluation

This work was conducted with four objectives. The first objective was to develop the
methods for quenching and extracting metabolites from P. subcapitata cells. This was
conducted successfully following previously determined publications. From the
method used it was evident that using the highest possible initial P. subcapitata cell
density >10° cell/ml for future applications is imperative to ensure good MS signal
intensities which will reduce interference and variability obtained from metabolomic

signals obtained during analysis.

A second objective was to determine whether metabolomic analysis could be used
effectively to understand the mechanisms of nano-ceria toxicity as a function of size
and dose on exposures to P. subcapitata. The variation in P. subcapitata cell density
between control and treated samples did not significantly alter the metabolomic

signals obtained, which lead into the third objective of this study.

The third objective was to identify significant differences in metabolomic signals
obtained from P. subcapitata when exposed to nano-ceria particles as a function of
size and dose. It was evident that investigating a range of factors from nano-ceria
particle size, various dose measurements and conducting parallel tests, at low initial
P. subcapitata cell densities, (<4X10* cell/ml) can result in large variation with the
metabolomic signals obtained. The metabolomic signals did show P. subcapitata
exposure to higher doses of 5 and 35 nm nano-ceria particle diameters contributed

most to the separation of samples in the PCA scores plots and therefore significant
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metabolic differences do exist between the control and treated P. subcapitata cell

samples.

From this study it is evident that P. subcapitata is a viable model organism for future
environmental nanoecotoxicological studies using metabolomic analysis. Cell
densities must be >20X10° cell/ml in order to produce reproducible results, which is
also dictated by the finite sensitivity of the MS based metabolomics method.
Metabolomic analysis can aid in the interpretation of nanoecotoxicological
assessments for future work, fulfilling the final objective of this work, although
identification of specific metabolic changes and their associated signals is required in

order to learn more about the mechanisms of toxicity.

7.5.5 Future work

Following this short study, the mechanisms of observed synthesized nano-ceria
toxicity to P. subcapitata have not been identified with any certainty. Due to time
restraints and the sheer novelty of the metabolomic techniques employed, there is still
a great deal of work which can be developed to enhance metabolomic analysis in the
future. One area of work still to be developed is the identification of specific m/z peaks
which may offer further insight into the possible mechanisms of toxicity by identifying
the most discernable peaks and their associated chemical signature. However, at this
developmental stage of metabolomic use, only 10% of the peaks obtained from MS
analysis from this study are identifiable. A problem associated with peak identification

however, is that specific peaks may be species dependent and was therefore beyond
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the scope of this short project. With improvements in the peak identification for future
metabolomic use, there is huge potential for better understanding of exposure effects

of P. subcapitata to synthesized nano-ceria particles.

From this independent investigation, it is evident that metabolomic analysis can
successfully be used for future nanoecotoxicology work, although variable signals
obtained using P. subcapitata can dominate metabolomic signals produced. Although
the genetic variation is reduced in algal samples, P. subcapitata maybe at different
growth stages at metabolomic quenching, resulting in variable metabolomic signals.
To reduce this variation, future nanoecotoxicological work using algae may consider
the marine macro algae species Ulva linza which releases zoospores synchronously,
thus reducing this potential variation in cell growth within a sample. Also, identifying
MS signals relating to specific metabolites like pyruvate or glycerol phosphate, in
algae cells will help to identify the mechanisms of toxicity, being another step in
developing this analytical process as a viable tool for future nanoecotoxicological

tests.
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8 Conclusions and further work

8.1 Conclusion

This thesis aimed to investigate three areas of environmental nanoecotoxicity

research outlined below.

8.1.1 Aim 1: Physicochemical characterisations of commercial ceria

The physicochemical characterisations of three commercial nano- and bulk-ceria
particles showed variations across a range of media used, appropriate for C. carpio,
D. rerio, P. subcapitata and D. magna exposures and including cell media. Variations
in media electrolyte concentrations showed significant differences (p<0.05) in
measured hydrodynamic diameters (dy) of commercial nano-ceria particles. UV-
visible intensity increased and Pzc changed from pH 6 to pH<2 as media electrolyte
increased. A general trend showed that as the NP concentration in a given media
increased, the measured dy increased and the { become more negatively charged
opposing the DLVO theory. Characterisations of different commercial nano-ceria
particle dispersions in the same media obtained from collaborative institutes also
showed significant differences in dy, ¢ and measured Ce concentrations compared to
equivalent independently produced samples. In one instance, a collaborative institute
repeated a nanoecotoxicological test using the same nano-ceria particle batch but
using different personnel to conduct the particle dispersions. This resulted in
significantly variable particle characteristics of ¢ and UV-visible absorbance and a two

fold difference in measured dy. The addition of Suwannee River fulvic acid, (SRFA) to
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a media also had variable effects on commercial nano-ceria particle characteristics
measured, across all the media used. The addition of SRFA significantly reduced dy
up to 88% and increased the ¢ negative charge measured. The dissolution of nano-
ceria increased up to 2% with SRFA additions and fluorescence intensities
significantly increased (p<0.05). There was also evidence to suggest the presence of
the test biota has further effects on the commercial nano-ceria physicochemical
characteristics, particularly at the onset of exposure (1 h). Decreases in measured dy
of up to 80% compared to none exposure samples were observed along with
increased Ce dissolution of up to 63% in the presence of organisms. The
polydispersity of the nano-ceria dispersion decreased up to 47% with increasing nano-
ceria concentration and a 20% reduction in measured Ce dissolution was recorded in
the presence of an organism. An increase in negative charge with the presence of
organisms was also measured. The increased fluorophore measurements obtained
from exposure assessments allow the prediction that organic material is produced by
the organism (exudates) during exposure to NPs, contributing to the changes in

particle characteristics observed.

The results from the NP characterisation study may have implications for future
nanoecotoxicological tests. It was evident from this study, that a number of particle
characteristics with comparative analysis from a variety of instruments are required to
obtain an understanding of particle behaviour at the onset and post exposure test.
The method of sample preparation can also have an effect on the outcome of results

obtained and must be justified before use.
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8.1.2 Aim 2: Physicochemical characterisations of commercial ceria

The next aim was to characterise the nanoecotoxicity effects of Pseudokirchneriella
subcapitata under the exposure of four discrete synthesized nano-ceria particles. P.
subcapitata showed a convincing size-dependent toxic effect to the well-defined
synthesized nano-ceria particles. Nano-ceria particles of 5 nm dimensions were found
to have a greater effect on cell growth compared to 7 nm, 10 nm and to 35 nm patrticle
dimensions with ECsp values 0.0013, 0.14, 0.35 and 0.8 mg/L respectively compared
against commercial nano-ceria dispersions (ECsp 8 mg/L). These results suggest
there are still real challenges associated with the proposed future applications of
synthesized nano-ceria in e.g. drug-delivery systems, which are purposefully produced
at dimensions <30 nm. Associated disposal mechanisms for nano-ceria particles
particularly at low particle dimensions also needs immediate consideration to ensure

future environmental safety.

8.1.3 Aim 3: P. subcapitata toxicity using a metabolomic analysis

The final aim of this work was to investigate the novel approach of metabolomic
analysis to further understand the observed toxicity of synthesized nano-ceria particles
to P. subcapitata. The limitations of this technique were governed mainly by the
extraction methods are which are sensitive to cell density volumes and temperature
fluctuations. Cell densities of >10° cell/ml for P. subcapitata exposures were found as
optimal to ensure good signal responses during MS analysis. The metabolomic
signals obtained during P. subcapitata exposures to nano-ceria particles of 5 nm and

35 nm dimensions at >ECsy values following 18 h exposure contributed most to the
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separation of samples in the PCA scores plots, suggesting significant metabolic
differences exist between control and treated cell samples under these conditions.
From this short study, it is evident that metabolomic analysis has a huge potential for
nanoecotoxicological investigations. Increasing our knowledge of the metabolic peak

locations will further aid the future use and application of this technique.
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8.2 Future Work

From this study it was evident that much more work is still required to help develop
methods of NP characterisations and to further extend our understanding of the toxic
effects of ceria NPs to a range of taxonomic groups. A number of questions regarding

future investigations on nano-ceria are highlighted below.

8.2.1 Short and medium term studies

How should future nanoparticle characterisations be assessed?

It is important to monitor the changes in physicochemical characterisations of any NP
in aquatic media during future exposure investigations. Defining a standardisation
protocol to incorporate NP dispersion and physicochemical characterisation methods
will reduce bias across laboratory tests and allow better comparative analysis of

results.

What is the mechanism of action observed from nano-ceria toxicity?

It is evident from this work that full appreciation of the mechanisms associated with
nano-ceria particle uptake in P. subcapitata cells and other biological test species are
not fully understood. Understanding the mode of action relating to nano-ceria particle
toxicity, across a range of species, is imperative to ensure the future use of nano-ceria
at these low particle dimensions. Further developments in metabolomic analysis will

aid in the understanding of NP toxicity.
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Does nano-ceria shape have a contributing effect of toxicity?

It was evident that synthesized nano-ceria particles had a significant effect on P.
subcapitata toxicity compared against commercial nano-ceria particles, due to the
particle size. The shape of commercial nano-ceria particles are predicted to contribute
to the changes in measured physicochemical characteristics of NPs. The shape of
synthesized nano-ceria particles may therefore also have a contributing effect on P.
subcapitata toxicity due to changes in physicochemical characterisations being

measured.

What effect do nano-ceria particles have on human health?

Toxic effects of nano-ceria particles associated with aquatic species may result in
food-chain accumulation and the future uses of nano-ceria in e.g. diesel fuels and
cosmetics, may increase inhalation and dermal exposures of these patrticles.
Investigating inhalation, dermal exposure and ingestion effects of synthesized nano-
ceria particles as a function of size and dose using human test conditions is a further
area of study essential for the continued technological progression of nano-ceria

particles.

How much nano-ceria is used per annum and what is the rate of release associated
with nano-ceria products?

Increasing our knowledge and understanding regarding the annual release of ceria
NPs during manufacture, through run-off, combustion of materials and that emitted

from e.g. exhaust following NP uses as catalysts in fuels and from waste disposal is
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essential. No systematic description of natural and anthropogenic ceria NPs and
their occurrence, fate or effects on the environment is yet available. Until this is fully
understood, it is difficult to calculate the true risk using models of e.g. PEC/PNEC

ratios.

How are nano-ceria particles transported and how do they behave in environmental
systems?

Environmental transport and behaviour of nano-ceria particles is essential to
determine potential sinks and bioavailability of nano-ceria particles in environmentally
relevant conditions. Transportation of nano-ceria in e.g. groundwater, marine
systems, estuarines and percolation through limestone, sandstone or peat, along with
the interactions of nano-ceria particles with known organic compounds such as

leachate would aid in future risk assessments of these particles.

Do particle coatings have an effect on physicochemical characterisations?

The use of ligands (PVP, citrates), proteins and humic materials during nano-ceria
synthesis may have an effect on particle toxicity and bioavailability over time. Particle
coatings may be used as food source by other organisms, rapidly releasing the
particle core to the environment. Also, different particle coatings may degrade over

time, releasing particles after several decades with variable effects for the future.
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8.2.2 Long term studies

What effect do nano-ceria particles have over time?

Chronic exposures of nano-ceria particles as a function of size, shape and dose, to a
range of species will help identify species sensitivity to these particles under simulated

environmental conditions.

How do real environmental conditions compare with laboratory tests?

True environmental conditions including water temperature fluctuations and biological
(bacterial and algal) interactions may change particle characteristics over time. These
conditions can not be fully explored in the confinements of a laboratory so a move
towards environmentally relevant conditions conducted outside the laboratory would

benefit future understanding of NP behaviour.

How can nano-ceria particle characterisations be predicted under different
environmental conditions?

Theoretical models of colloids e.g. DLVO theory cannot meet a true representation of
particles at the nano-scale, due to their variable properties. A model of risk for all
MNPs would therefore benefit future NP research and equally the public’s perception

of NPs.
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APPENDIX C
Additional metablomic data

Venn diagram produced courteous of Dr. Ulf Sommer. Representation of the
overlapping metabolomic signals obtained during analysis of Pseudokirchneriella

subcapitata to nano-ceria particle sizes 5 nm and 35 nm diameters.

Figure C1. Venn diagram showing overlap of metabolomic signals from Hypothesis 3.
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Figure C2. Plots of 72 h grwoth counts obtraiend during hypothesis 3 tests and proecidted counts
from PLS regression model by Dr ulf Sommer.

A) A plot of the actual cell counts (x-axis) at 72 h against the predicted cell counts derived from the
PLS regression models.

B A plot of the actual control cell counts and all 5 nm partilces counts (x-axis) at 72 h against the
pedicted cell counts from the PLS regression model.
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Figure C3. A plot of the actual control cell counts and all 35 nm partilces counts (x-axis) at 72 h
against the predicted cell counts from the PLS regression model.

Counts at 72 h: 4 LVs, initial p-value = 0.492, where 105 metabolomic peaks offer the best separation

from the data. After forward selection, p-value = 0.000.
Counts at 72 h: 2 LVs, initial p-value = 0.664, where 102 metabolomic peaks offer the best separation

from the data. After forward selection, p-value = 0.007.
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