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Abstract

Nanotechnology and the use of nanoparticles (NPs) has remarkably increased in the past few
years and is attracting a lot of public interest. As a result, NPs are increasingly being released
into the environment. Ceria NPs, due to their widespread applications, have also attracted a
lot of concern about their toxic effects on both human health and environment. Cerium occurs
in two oxidation states, Ce (III) and Ce (IV), and has the unique ability to readily switch
between these two states. There is a lot of speculation on the redox behaviour of cerium oxide
being related to its toxicity but there are large gaps in knowledge of whether Ce (III) or Ce
(IV) 1is responsible for such toxic behaviours, their toxicological mechanism and safety

assessment.

The aim of this study is to accurately quantify the ratio of Ce (III) and Ce (IV) in synthesised
ceria samples using a multi-method approach thus providing an insight in understanding their
surface chemistry and hence biological behaviour. It is known that nanoceria is capable of
oxygen storage, which is size and shape dependent. In order to understand the chemistry of
these nanoparticles, ceria NPs of different shapes and sizes were synthesised using various
cerium salts and reducing agents as precursors. We produced NPs coated with different
capping agents, with different strengths of interaction between core and capping agent/no
capping agent and with both steric and charge stabilization. In total, four different sizes of
nanocubes, seven different sizes of spheres and two different sizes of rods were synthesized
using different methodologies. The size, shape and morphology of the as synthesized samples
have been determined using DLS and TEM. DLS has also been used to monitor the stability
of the particles after 3/6 months post synthesis. The results indicate that reaction time,
temperature and concentration of the precursors play an important role towards the shape and

size of the particles formed.



The oxidation state of the samples was determined using STEM-EELS and XPS. The My s-
edge spectra were used to evaluate the oxidation state of cerium using STEM-EELS whereas
binding energies of individual peaks of the Ce (3d) spectrum from XPS were employed to
quantify the oxidation states in different samples. The results suggest that the oxidation state
of ceria NPs is not uniform throughout the particle and the amount of Ce (III) increases as the

particle size decreases, with particles < 2nm to be completely Ce (III).

Human exposure to nanoceria may promote their entry in human body by inhalation and
ingestion, allowing them to reach bloodstream and other body fluids. Later in the study, we
investigated the uptake and internalisation of different shapes and sizes of ceria NPs in lung-
derived A549 cell lines (Adenocarcinomic human alveolar basal epithelial cells, A549). The
characterization of NPs in pristine conditions as well as in biological media is essential to
understand their biological behaviour. In this study, NPs were dispersed and characterised in
cell culture media to mimic the realistic conditions during uptake assays in order to better
understand the behaviour of NPs when treated with the biological media. DLS was used to
measure the hydrodynamic diameter and polydispersity index (PdI) of the NPs in sterile
water as well in the culture media whereas reflectance confocal microscopy (RCM) was used
to detect the aggregation behaviour and visualise the uptake and internalsation of ceria

nanoparticles by the human lung epithelial cells (also known as HeLa A549 cells).

The results from in vitro ceria uptake experiments conclude that particles with sizes (<10nm)
are completely internalised and uptaken by the A549 cells. The data further concluded that
the internalisation seems to be more size dependent and to some extent shape and capping
dependent. The uptake images depicted that the internalised particles were localised in the

cytoplasm and did not seem to enter the nucleus of A549 cells.
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1 Introduction

1.1 Introduction to nanotechnology and nanoparticles

Nanotechnology involves the design, production, and use of structures at the nanoscale (1—
100 nm) (Rotello, 2003, Roco, 2003). A nanometer (nm) is equal to one billionth of a meter
(10 m). Without special measures, the human eye can not see anything much smaller than
one tenth of a millimetre wide. Figure 1.1 provides a relative scale of physical size of
nanostructures as compared to the common things we can see with human eye, from large- to

small- to nano.

Figure 1.1 Relative scale of physical size, nanoscale engineering deals with sizes many

orders of magnitude smaller than conventional features

(http://www.slideshare.net/PerkinElmer/poster-nanomaterials, 2012)



Nanoparticles (NPs) are usually defined as the particles with size range between 1 and 100
nm (Hosokawa, 2007, Klabunde and Richards, 2009). Although there is no official definition
yet, on 18 October 2011, the European Commission defined nanomaterial (NM) as natural,
incidental or manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50% or more of the particles in the number
size distribution, one or more external dimensions is in the size range 1 nm — 100 nm
(European Commission, 2011). The source of NPs can vary and is classified into naturally
occurring and incidental (man-made) nanoparticles. The former are generated during the
evolution of earth or other natural processes such as volcanic eruptions (in the form of ashes,
soil particles) physical and chemical weathering of rocks, precipitation reactions, and
biological processes whereas the latter are either formed as by-product of processes like
combustion or are produced intentionally due to their characteristic properties (Nowack and
Bucheli, 2007). Theses NPs which are designed and produced deliberately are called

engineered nanoparticles (ENPs).

In past decades, extensive research has been carried out in the design and preparation of
nanostructures with different shapes and sizes because of their corresponding novel
properties and potential applications (Service, 1996, Sun et al., 2003a, Sun et al., 2003b,
Alivisatos, 1996). This is due to the reason that NPs possess a much higher specific surface
area (SSA) than their larger counterparts of the same material, and the proportion of atoms on
the surface versus the interior of the particle is also much larger for NPs. As the size of NPs
approaches the range, 20-30 nm, their mechanical, electronic, magnetic, optical, chemical
reactivity, catalytic properties and potential toxicity may differ significantly from those of
their bulk counterparts (Baalousha and Lead, 2009, Klaine et al., 2008, Auffan et al., 2009¢).

This is due to an exponential increase in the number of atoms localized at the surface as the


http://en.wikipedia.org/wiki/European_Commission

size decreases. These smaller nanoparticles have a size-dependent crystallinity that gives
them properties drastically different from the bulk material. Other size-dependent property
changes include surface plasmon resonance in some metal particles and superparamagnetism
in magnetic materials. These unique properties make NMs physico-chemically different and
superior to their bulk counterparts of the same material. For example, copper which is opaque
at macroscale can become transparent at nanoscale (Shanmin, 2003), aluminium which is
stable at macroscale turns combustible at nanosclale (Shafirovich et al., 2006) and insoluble
materials such as gold can become soluble at nanoscale (Pengo et al., 2003). Similarly,
silicon, an insulator at macroscale, becomes a conductor of electric cureent at nanoscale (Hu

et al., 2003).

Manufactured nanoparticles are already in hundreds of products including sunscreens,
cosmetics, foods, food packaging, clothing, agrochemicals, industrial catalysts etc. (Figure
1.2) (El-Sayed et al., 2005, Veiseh et al., 2005, Salata, 2004, Chan and Nie, 1998, Karhanek
et al., 2005, Aitken et al., 2006, Chaudhry et al., 2009, Chaudhry, 2005). Chaudhry et al.
(Chaudhry, 2005) provided a report on the global distribution of nanotechnology companies
(Figure 1.3). It can be seen that the nanotechnology industry is dominated by US companies
(49%), followed by Europe (21%) and rest of the world (21%). A report by Wijnhoven et al.
provides a comprehensive analysis of the current and projected scales of the use of
engineered NMs in consumer products (Wijnhoven et al., 2009). Other reports have also been
published, having identified that engineered NMs are produced in high production volumes
(Aitken et al., 2008). These include silver, carbon black, amorphous silica, titanium dioxide,
zinc oxide, nanoclays, carbon materials (fullerenes and carbon nanotubes), cerium oxide,
iron, organic materials and other commercially produced ENMs. As the number and quantity

of engineered products in the market are increasing, the potential for their unintended
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environmental consequences is also increasing. There is now a worldwide debate about the
benefits of the manufactured NMs and their potential harmful effects on environment and
human health (Royal, 2004, Breggin and Carothers, 2006, US-EPA, 2005, Owen and
Depledge, 2005, Maynard, 2006, Tratnyek and Johnson, 2006, Pitkethly, 2009, Savolainen et

al., 2010, Handy and Shaw, 2007, Owen R and RD, 2007).

As mentioned above, shrinking the size of a material to the nanoscale can produce vastly or
subtly different properties. However, just as this is true for desirable properties, such as
colour, strength and conductivity, it may also be true of undesirable properties such as
toxicity. A substance that is normally considered to be inert and non-toxic at a larger scale
may become toxic when produced at the nanoscale. The potential toxicity of NPs has been
recognized (Barnard, 2006, Brayner et al., 2006, Ju-Nam and Lead, 2008, Nel et al., 2006,
Suresh et al., 2010, Thill et al., 2006) and reviews and perspectives are available (Nel et al.,
2006, Auffan et al., 2009a, Handy et al., 2008a, Handy et al., 2008b, Klaine et al., 2008,
Nowack and Bucheli, 2007). However, very little is known about their environmental fate,

transport and accumulation as well their effects on both human health and environment.



Figure 1.2 Applications of Nanoparticles : Manufactured nanoparticles are already in

hundreds of products including sunscreens, cosmetics, foods, food packaging, clothing,
agrochemicals, industrial catalysts etc (El-Sayed et al., 2005, Veiseh et al., 2005, Salata,
2004, Chan and Nie, 1998, Karhanek et al., 2005, Aitken et al., 2006, Chaudhry et al.,

2009, Chaudhry, 2005).

(Source: http://networksandservers.blogspot.co.uk/2011/01/nanotechnology.html)
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Figure 1.3 The global distribution of nanotechnology companies (Source: (Chaudhry,

2005)

1.2 Cerium oxide (ceria) nanoparticles

Ceria nanoparticles, due to their widespread applications such as their use in the preparation
of high temperature ceramics, in catalytic convertors, in fuel cells, solar cells, UV blocks and
for polishing materials (Campbell and Peden, 2005, Deluga et al., 2004, Park et al., 2000,
Corma et al., 2004) (detailed explanation of applications in section 1.2.2), have also attracted
a lot of concern about their toxic effects on both human health and environment. Fluorite-
structured ceria; the cations have a coordination number of 8 and the anions have a
coordination number of 4, have proved to be a material of exceptional technological
importance due to its unique properties, including high mechanical strength, oxygen ion
conductivity and oxygen storage capacity (Inaba and Tagawa, 1996, Trovarelli, 1996, Feng et
al., 2006). A perfect cerium oxide, CeO,, (ceria) lattice has cubic fluorite structure (Fig. 1.4a)
and in presence of oxygen vacancies it can exist as Ce;O; (sesquioxide) with a hexagonal

lattice.
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Figure 1.4 (a) Fluorite structure of cerium oxide (CeO2), (b) (111) plane of CeO2, (¢)

(110) plane CeO2 and (d) (100) plane of CeO2, adapted from (Kumar et al., 2014)

1.2.1 Redox behaviour

Cerium occurs in three oxidation states, Ce (II), Ce (III) and Ce (IV). While Ce (II), because
of its instability, is very rarely found and is observed only in CeH,, Cel, and CeS (Patnaik,
2003), both Ce (III) as well as Ce (IV) are commonly found and have the unique ability to
readily switch between these two states (Suzuki et al., 2001, Conesa, 1995, Herman, 1999),
as shown in figure 1.5. This easy oxidation and reduction (surface catalytic activity) in CeO,.
is known to have several key origins linked to switching between Ce (III) and Ce (IV)
oxidation states and the possibility to absorb and release oxygen by inducing oxygen
vacancies close to the surface (Turner et al., 2011). However, the detailed mechanism for

oxygen buffering in these materials is relatively poorly understood.



Figure 1.5 The oxidation and reduction reactions of cerium oxide (CeQO,.y) nanoparticles

(Amin et al., 2011)

1.2.2 Applications

Ceria NPs are currently being used for preparing high temperature ceramics, in catalytic
convertors, in fuel cells, solar cells, UV blocks and for polishing materials (Campbell and
Peden, 2005, Deluga et al., 2004, Park et al., 2000, Corma et al., 2004). They are produced at
industrial scales for their use as a diesel fuel additive for fuel efficiency and as a polishing
agent (Park et al., 2003, Park, 2008). The former application is claimed to reduce fuel
consumption and particulate emissions. Typically added to diesel at a concentration of 5-10
ppm (5 mg L), nano-cerium oxide is claimed to increase fuel efficiency by ~10% and is also
known to reduce particulate emission by converting harmful gases such as carbon monoxide
(CO) and nitrogen oxide NO (emitted from the vehicle exhaust) and other hydrocarbons to
less harmful carbon dioxide (CO;) and nitrogen and water. Under high-oxygen conditions,
the cerium oxide absorbs oxygen, which helps to increase the efficiency by which nitrogen
oxide is reduced to nitrogen. Under low-oxygen conditions, the cerium oxide releases stored
oxygen and increases the efficiency by which carbon monoxide is oxidized and becomes
carbon dioxide (McCartney, 2003). The hydrocarbons are subsequently converted to water
vapour and carbon dioxide (Bleiwas, 2013). The catalyst is already in use on a large scale in
stage coaches in a number of countries including the UK, Philippines and New Zealand
(Aitken et al., 2008). Almost all these uses of nano ceria depend upon the ease with which the

ceria particles are reduced and oxidized (Figure 1.5).
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1.2.3 Physico-chemical properties of NPs

There is a long list of physico-chemical properties which are considered to be potentially
important in assessing the biological behaviour and effects of NPs, including ceria (figure

1.6). Some of these have been grouped and discussed here.

a) Size: The foremost and perhaps the most fundamental measure of nanoparticles is its size.
Both mean particle size and particle size distribution are crucial in understanding the
behaviour of the NPs in (eco) - toxicological studies. It is known that as the size of NPs
approaches the range, 20-30 nm, their mechanical, electronic, magnetic, optical, chemical
reactivity, catalytic properties and potential toxicity may differ significantly from those of
their bulk counterparts (Baalousha and Lead, 2009, Klaine et al., 2008, Auffan et al., 2009¢).
This is due to an exponential increase in the number of atoms localized at the surface as the
size decreases. These smaller nanoparticles have a size-dependent crystallinity that gives
them properties drastically different from the bulk material. Particle size can also enhance
processes such as dissolution. For example, It has been found that the bactericidal effect of
silver nanoparticles between 1 and 100 nm in diameter was highest in the 1-10-nm range,
where there are more highly reactive (111) surfaces (Morones et al., 2005). The interaction of
particles with cells is also known to be strongly influenced by particle size (Gratton et al.,
2008) but little is known about the independent role played by size in view of other NP

properties (Jiang et al., 2009).

b) Aggregation/Agglomeration: The use and meaning of the words 'aggregation' and

'agglomeration' is discipline specific. Here we define 'aggregation' as strongly bonded or



fused collection of particles while 'agglomeration' is a collection of loosely bound particles
(or aggregates) held by weaker van der Waals forces. In the environment, Brownian motion
(Einstein, 1905) and NP characteristics (e.g., surface properties, particle size) are believed to
affect NP agglomeration and aggregation (Farré et al., 2009). The particles are constantly
colliding with each other because of Brownian motion, and agglomeration will occur when
the energy of either motion or attraction exceeds the energy of repulsion (Lin et al., 2008).
The forces involved in the collisions include Born repulsion, diffuse double layer potential,
and van der Waals attraction. These forces are described by the extended DLVO theory
developed by Derjaguin and Landau in 1941 and Verwey and Overbeck in 1948, hence the
name DLVO (Derjaguin and Landau, 1993, Verwey EJW, 1948). It is also known that
aggregate size in the solution depends on properties such as initial particle size and
concentration (Phenrat et al., 2006). Also the aggregate size may vary among different
particle types, zinc oxide NPs dispersed in aqueous solutions aggregate in a wide range of
sizes (Pipan-Tkalec et al., 2010, Wang et al., 2009, Lin and Xing, 2008) whereas TiO, NPs

showed a uniform distribution and agglomeration (Jemec et al., 2008).

¢) Morphology: This includes shape of the nanoparticles, including sphericity and aspect
ratio. Particle shape is known to play an important role in the fate and behaviour of
manufactured NPs into their environment. This could be either because diffusion rates of the
material change with the aspect ratio of the material (e.g., higher drag on a tubular structure
compared to a perfect sphere) or because of steric hindrance in the collisions as the shape
may make it difficult for particles to approach each other (Handy et al., 2008a). Several
reports have addressed the role of shape and size on cellular internalization (Geng et al.,

2007, Champion and Mitragotri, 2006, Jiang et al., 2009).
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d) Chemical composition — The chemistry of the medium is known to influence the
electrostatic surface charge of the particles, thereby affecting agglomeration/aggregation rates
and particle stability. Most of the manufactured NMs nowadays are coated with surfactants to
increase the stability of the suspension. The presence of a surface coating on manufactured
NPs may significantly modify their surface chemistry, compared with the uncoated
equivalents (Badawy et al., 2010). Similar kind of changes may happen when pristine
particles are treated with complex media such as humic acids. For example, adsorption of
humic acids on the surface of small aggregates of silver NPs is known to resulted in the

disaggregation of the NPs (Fabrega et al., 2009).

e) Surface chemistry:

1. Redox state: The redox process (oxidation and reduction processes) can occur at the surface
of nanoparticles leading to change in the crystalline nature. For example cerium oxide NPs.
Cerium occurs in both trivalent (III) as well as tetravalent (IV) state and has the unique ability
to switch readily between these two states (Suzuki et al., 2001, Herman, 1999, Conesa, 1995).
This low energy change gives nanoceria some of its key properties (Turner et al., 2011) but it
is known that oxidation state is spatially variable within an individual particle (Merrifield et
al., 2013) and is dependent on size (Wu et al.,, 2004), so understanding of the redox

mechanism on the particle surface is really crucial.

1. Zeta-potential: 'zeta potential® is the potential difference between the dispersion medium
and the layer of fluid attached to the dispersed particle and is often used as an analogue for
colloidal stability, although this is only relevant where NPs are charge stabilized. More

details are in Chapter 2
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iii. Surface charge: is the charge which arises from adsorption or desorption of protons or
other charged material on the nanoparticle surface. This is not synonymous with zeta

potential. Details are in chapter 2

f) Solubility/Dissolution: Dissolution is a dynamic process in which the contents of the
dissolving substance migrate from the surface to the bulk solution through a diffusion layer
(Borm et al., 2006a). The thermodynamic parameter that controls this process is described as
solubility (Misra et al., 2012). Metal-based NPs such as zinc oxide are known to dissolve
quickly and release ions that are themselves known to be toxic. Thus, the extent of
dissolution and the relative toxicities of both the nanoparticulate and dissolved forms need to
be considered to better understand the potential NP effects on organisms over time (Tourinho

etal., 2012).

Some of the above parameters may also be linked. For example the oxygen storage capacity
of ceria is known to be size and shape dependent (Mai et al., 2005, Wu et al., 2004). Also,
nanoceria are generally considered to be highly insoluble and so ion effects are likely to be of
lower importance (Hoecke et al., 2009) than to other common nanoparticles such as Ag or Zn
oxide. However, recent work has shown potential effects of even low level dissolution
(Rohder et al., 2014, Schwabe et al., 2015). There is a general assumption that solubility will
increase as the particle size decreases and redox state is linked to size (Wu et al., 2004), so
solubility and oxidation state may be correlated. So, given the dynamics that are well known
to occur, it is really important to perform accurate measurements on the size, shape,
morphology, aggregation/ agglomeration, surface charge and dissolution (and related

parameters) behaviour of these NPs both in their pristine form as well as their evolvement
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through interaction with environment. All the above parameters can be measured by
scattering, microscopy, spectroscopy and separation techniques. Some of these techniques

have been briefly discussed in Chapter 2.
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Figure 1.6 Illustration of physico-chemical descriptors for assessing behaviour, fate and

environmental/biological effects of NPs, adapted from (Hassellov and Kaegi, 2009)

1.2.4 Types of synthesis

As such the industrial manufacturing process for nano ceria is not known but over the past
few years, many methods have been proposed to produce the ceria NPs, such as sol-gel
process (Niederberger, 2007, Laberty-Robert et al., 2005), hydrothermal or solvothermal
synthesis, homogenous precipitation (Hakuta et al., 1998, Hirano and Kato, 1999, Uekawa et

al., 2004, Wu et al.,, 2002, Verdon et al., 1995), forced hydrolysis (Dong, 1997),
13



microemulsion (Masui et al., 1997), etc. Most of these methods are employed for small scale
quantities. Typically, these synthetic strategies involve a cerium precursor (usually a Ce (III)
source) and an oxidant to convert the cerous ion Ce (III) to less soluble ceric ion Ce (IV)
along with the presence of a stabiliser. However, in some cases, the latter plays a dual role of
a stabiliser as well as an oxidiser. The general reaction mechanism is based on the concept of
preparation of nanoparticle dispersion by condensation from previous supersaturated solution
(LaMer and Dinegar, 1950). So, a method of making cerium oxide nanoparticles includes: an
aqueous reaction mixture having a source of cerous ion (Ce III)) and a source of hydroxide
ion (OH’), a nanoparticle stabilizer and an oxidant. This leads to the formation of a
suspension of cerium hydroxide nanoparticles and further raising the initial temperature
achieves oxidation of cerous ion to ceric ion and thereby forming cerium dioxide
nanoparticles. The reaction mechanism and the equations (eq 1-4) involved have been

summarised below.

Ce’® + OH ——» Ce(OH); eq. (1)
Cedm —» Cet o+ e eq. (2)
Ce* + ,OH + H,0 — [Ce(OH), (H,0),] " eq. (3)
[Ce(OH), (H,0),] “" + H,0 ————»Ce0,.nH,0 + H;0" eq. (4)

Some of the commonly used stabilizers include alcohols such as primary, secondary and
tertiary alcohols (Zhang et al., 2003, Chen and Chang, 2004), polymers such as poly vinyl

pyrrolidone (PVP) (Zhou et al., 2007, Merrifield et al., 2013) polyethylene glycol (PEG)
14



(Zhang, 2007, Karakoti et al., 2011), carboxylic acids (Heckman et al., 2013, Lu et al., 2013)

and some organic amines such as ethylenediamine and hexamethylenetetramine also known

as HMTA (Kar, 2009, Polezhaeva et al., 2008, Chen and Chen, 1993). Calcination is a

commonly employed high temperature technique for the industrial scale production of ceria.

The process usually involves high temperature treatment below the melting point of the

material in an oxygen rich atmosphere (Grulke et al., 2014). Table 1.1 illustrate a list of

selected industrial manufacturers of ceria and their production process.

Table 0.1 Selected industrial manufacturers of ceria and their production processes,

adapted from (Grulke et al., 2014)

Manufacturer | production process Reference

Hitachi Precipitation (carbonate chemistry prominent); then | (Park et al., 2010)
calcined and milled

Rhodia Precipitation (hydroxide chemistry prominent); then | (Sakurada et al.,
calcined and milled 2012)

Antaria Precipitation while being mechanically milled in a NaCl | (McCormick and
media Tzuzuki, 2003)

Umicore Precipitation while being evaporated (thermal spray) (De Messemaeker

etal., 2011)
Evonik Pyrogenic gas formation from metal alokoxides or metal | (Katusic et al.,

carboxylates

2009)
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1.2.5 Estimated production volumes, environmental release and exposure

While little is known about their environmental fate, transport, and accumulation, cerium
oxide is produced at industrial scales for their use as diesel fuel additive and polishing
material. Park, et al. projects as much as 1255 tons of CeO, will be used as a combustion
enhancement additive in diesel fuel in the EU (Park, 2008). The European Commission
estimates the global production of nanoceria to be around 10,000 tons (Commission, 2012).
Similarly, a comprehensive market study provides an estimate of 7500 to 10 000 tons for the
year 2011 (Future Markets, 2012). The emergence of multiple, important applications for
ceria NPs and increased industrial production has undoubtedly lead to environmental release
of nanoparticles. So far, not many attempts have been made to quantify the release of
engineered ceria NPs through use. One of the few studies by Park et al., indicates that 6—
100% of CeO, will be released during the use phase of diesel fuel additives (Park, 2008).
Another article by Ulrich et al. demonstrated that particle filters from diesel cars removed
99.9% of cerium present in fuel additives (Ulrich and Wichser, 2003). However, they did not
specify whether the ceria used in additive was at nanoscale. Recently, Collin et al. made some
assumptions on the likelihood of environmental release of nanoceria considering the
enormous amount of its applications (Collin et al., 2014). They demonstrated that if the
batteries carrying nanoceria are not disposed of properly, the most likely environmental
compartment would be soil, with negligible release to air, water or wastewater treatment
plants (WWTP). Similar assumptions were made for metallurgical products, catalysts in FCC,
polishing powders used in industry (which may be released to air or in wastewater), and other
applications. Another article by one of the co-authors of the review estimated that nanoceria
concentrations in treated WWTP effluent discharged to waterbodies are expected to be in the

range of 0.003—1.17 pgL™' (Lazareva and Keller, 2014). In biosolids, nanoceria
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concentrations are expected to be around 0.53-9.10 mg kg ' (Lazareva and Keller, 2014).
Their initial estimates suggest that the majority of nano-ceria will ultimately end up in
landfills, with lesser amounts emitted to air, soil and water. However, this may or may not be
the case as the estimated concentrations are expected to change with the increase in global
production of nanoceria for different applications, and they are likely be accumulate in soils

and sediments further leading to aquifers.

1.2.6 Environmental and human exposure

It is inevitable that NMs are released into the environment during usage, which may
adversely affect both the organisms and humans. The human exposure to NMs, as with many
other substances in the environment, could include exposure via the air, water or food supply
as shown in figure 1.7 (Farré et al., 2009). The source of entry could be through industrial
production and transportation or any accidental spills during transfers (Navarro et al., 2008).
Particles in solid wastes, wastewater effluents (Mueller and Nowack, 2008), direct
discharges, or accidental spillages can be transported to aquatic systems by wind or rainwater
runoff. Nanoparticles reaching land have the potential to contaminate soil, migrate into
surface and groundwaters, and interact with biota. Amongst other things, it is generally
known that the potential of nanomaterials to be released into the environment and the
associated risk of direct exposure of nanomaterials to consumers is highly dependent on the
location of the nanomaterial within a product (Figure 1.8) (Hansen et al., 2008).
Nanomaterials suspended in liquids (e.g. sunscreens) or located on the product surface (e.g.
coatings, clothing) pose a higher risk, than products in which nanomaterials are embedded in
a solid substance (e.g. tennis rackets) (Hansen, 2008b) (Figure 1.9). If we look at the product
category with respect to the location of the NPs present, then most of the cosmetics and

sunscreens products contain nanoparticles suspended in liquids whereas most sporting goods
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use nanoparticles suspended in solids. If we assume that products that contain nanoparticles
"suspended in liquids" and "airborne nanoparticles" are to be expected to reach the
environment conveniently, this indicates that ceria nanoparticles used in fuel additives might
also be the similar candidates. As far as the humans and other living organisms are
concerned, the primary route of entry could be — inhalation, ingestion, and dermal penetration

(Oberdorster et al., 2005a, Oberdorster et al., 2005b, Oberdorster, 2012).
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Figure 1.7 Different pathways of entry of ENMs into the environment, adapted from

(Farré et al., 2009)
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Figure 1.9 Distribution of the products with no, possible and expected exposure within
each of the various product categories depending on the location of the nanomaterial in

the product as suggested by (Hansen, 2008b)

1.2.7 Health impacts of inhaling airborne particles

The health impacts of inhaling airborne particles have long been recognized and a lot of
literature is associated with the lung toxicity caused due to the exposure to ultrafine particles
(Maynard and Kuempel, 2005). When particles are inhaled, depending on their size, they may
deposit in different regions of the respiratory tract, including the nasal, tracheobronchial, or
alveolar (gas-exchange) region. Particles deposited in the respiratory system that are cleared

via the mucociliary escalator may be swallowed, leading to exposure to the gastrointestinal
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tract (Parent, 1992). Thus, the ingestion route of exposure also occurs when particles are
inhaled but there are very few studies available (Oberdorster et al., 2005b). Dermal
penetration is another potential route of entry. The extensive use of nanoparticles in
sunscreens and cosmetics have raised a big concern over their possible penetration through
skin leading to health implications (Royal, 2004). Titanium dioxide and zinc oxide NPs are
being used as ultraviolet (UV) blocking agents in sunscreens (Popov et al., 2005, Willander et
al., 2005). Ryman-Rasmussen et al. have demonstrated that quantum dots with different sizes
(diameter below 10 nm), shapes, and coatings penetrate through the outer layers of pig skin
samples in a flow cell, and enter the epidermal and dermal layers (Ryman-Rasmussen et al.,
2006, Smijs and Pavel, 2011). There are wider concerns over the photogeneration of hydroxyl
radicals by nanosized titanium dioxide and zinc oxide leading to oxidative damage in the
skin. However, their surface modification with coatings has shown to suppress free radical

generation (Lademann et al., 2000, Wakefield et al., 2004).

1.2.8 Human and eco - toxicity of ceria

Toxicity of ceria NPs has been recognised but various studies have lead to seemingly
different assessments. There is a lot of contradiction in literature about the
oxidant/antioxidant activity of nanoceria. Park et al. described ceria nanoparticles inducing
oxidative stress in human lung epithelial cells (Park, 2008). In other previous reports, nano-
ceria was regarded as an exogenous source of reactive oxygen species (ROS) for cells or
organisms (Park et al., 2008, Lin et al., 2006). It has been reported that Ce (III) was capable
of redox-cycling with peroxide to generate damaging oxygen radicals (Heckert et al., 2008b).

They further presumed that Ce (III) accompanied by the oxygen vacancy on the particle
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surface was the most likely active sites for ROS generation in the nanotoxicological studies.
Figure 1.10 illustrates the redox mediated oxidative stress caused in human fibroblasts.
Reactive oxygen species (ROS) are generally produced at low levels in all cells through the
electron-transport chain during aerobic respiration and by various constitutively active
oxidases. ROS, particularly O, and H,0,, are neutralised in cells by some enzymes such as
superoxide dismutase (SOD) and catalase which act as antioxidants (Pirmohamed et al.,
2010, Dowding et al., 2013). However, excessive ROS production can lead to oxidative stress
and cause structural and functional damage to proteins and genes which can further lead to

inflammatory diseases (Martin and Leibovich, 2005).
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Figure 1.10 Redox evolution of the surface of ceria nanoparticles in contact with human
dermal fibroblasts in vitro, this redox instability induces an oxidative stress and

genotoxic effects, adapted from Auffan et al. (2007).

In contrast, Schubert et al. reported that ceria nanoparticles act as antioxidants and protect
cells from oxidative damage (Schubert et al., 2006). Another critical review reveals that ceria
NPs have the potential to prevent degenerative diseases that are triggered by oxidative stress

(Karakoti et al., 2010a). Few more studies by the same group show that nanoceria remains
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deposited in tissues and may decrease ROS, thereby suggesting that cerium oxide
nanoparticles may be a useful antioxidant treatment for oxidative stress (Hirst et al., 2013). A
study by Xue et al. describes ceria NPs as excellent antioxidants. This activity was proved to
be size-dependent and was believed to have a close correlation with Ce (III) at the surface of
the particles (Xue et al., 2011). Toxicity has also been reported in daphnia (Gaiser et al.,
2011) and algae. Recent findings also suggest that pH and other factors may determine
whether ceria nanoparticles destroy or help cells (Perez et al., 2008, Asati et al., 2009).
Another study on bacteria by Thill et al. demonstrated that ceria NPs tend to adsorb onto the
outer membrane of bacteria (Escherichia coli), and this adsorption and the subsequent
reduction of Ce(IV) to Ce(IIl) was associated with bacterial cytotoxicity (Thill et al., 2006).
As is evident, the results are quite conflicting. There is a lot of speculation on the redox
behaviour of ceria related to its different biological behaviour however; there is no particular

pattern to suggest that ceria NPs have oxidant or anti-oxidant behaviour.

1.2.9 Synthesis dependent behaviour

Recent literature has shown that the synthesis route and different environmental conditions
can dramatically influence the properties of nanoceria. Samiee at al used microwave assisted
method to prepare ceria NPs and found that different cerium precursors affect the size and
optical properties of the ceria NPs formed. They further concluded that Ce (IV) precursors
leads to smaller size in relatively shorter reaction time as compared to Ce (III) precursors
(Samiee and Goharshadi, 2012). Sakthivel et al. used hydrothermal method to synthesise
ceria NPs and concluded that reaction parameters of a hydrothermal method influence the

crystallite size, lattice constant, lattice strain, bandgap and oxygen vacancies of ceria
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nanostructures. They demonstrated that ceria nanoparticles, nanocubes, and nanorods can be
obtained with precisely controlled aspect ratios by varying the synthesis conditions and
compositions. They further revealed the concept behind this that in a typical hydrothermal
synthesis, the formation of nano- structured materials starts with nucleation from precursor
solutions followed by growth of the resulting nuclei. So, by varying synthesis compositions
and conditions, both the shape and growth direction of nuclei can be manipulated to obtain
nano- structured materials with desirable morphologies (Sakthivel et al., 2013). Recent
literature also highlighted that sample preparation methods, synthesis temperature and sample
processing may also apparently alter particle behaviour in case of cerium oxide nanoparticles
(Karakoti et al., 2012). Karakoti et al. examined different types of the cerium oxide (ceria)
particles reported in the literature (table 1.2) in relation to their biological responses observed
and categorised them into three different types based on the synthesis temperature and
conditions.

a. High temperature: This included nanomaterials heated or calcined at >300°C (e.g.,
sintering, calcination, high-temperature or flame pyrolysis, and thermal
decomposition)

b. Heated in solvent: These included ceria NPs produced when heated in solvents
<100°C (e.g., thermal hydrolysis, solvothermal, and hydrothermal)—with or without
surfactants/coatings

c. Room temperature: This included NPs synthesized at room temperature (e.g., acid or

base hydrolysis or microemulsion)—with or without surfactants/coatings.

They further grouped the biological effects observed from the exposure in three basic

responses. All studies indicating inflammatory response from ceria nanoparticles were
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grouped as pro-oxidative while all studies reporting beneficial effects were grouped as anti-
oxidative. In addition studies that have had mixed response or showed no effect from addition
of ceria nanoparticles were grouped as no effect or ambiguous and found that most of the pro-
oxidative results reported on ceria nanoparticles involved the NPs synthesized at direct high-
temperatures whereas studies using ceria NPs synthesized by low heat in solvents or at room
temperature more often reported little or ambiguous response or anti-oxidative response.

However, there were few exceptions.

Table 0.2 Classification of biological responses of ceria NPs based on their synthesis

temperature, adapted from (Karakoti et al., 2012)

* Biological effects observed as pro-oxidative are indicated in red, anti-oxidative in blue and
where no effect or ambiguous or neutral have been indicated in green. The references are in
chronological order as observed in table and are summarised here.

36 (Cho et al., 2010), 28 (Eom and Choi, 2009), 37 (Park EJ, 2010), 34 (Yokel et al., 2009),
30 (Lin et al., 2006), 31 (Cassee et al., 2012, Ma et al., 2011), 32 (Park et al., 2008), 69
(D'Angelo, 2009), 70 (Niu et al., 2007), 71 (Xia et al., 2008a), 72 (Park et al., 2007), 73
(Park, 2008), 74 (Gojova et al., 2009), 44 (Thill et al., 2006), 41 (Pierscionek, 2010), 43 (Safi
et al., 2010), 27 (Auffan et al., 2009b) , 39 (Hardas et al., 2010), 35 (Zhang et al., 2011a), 75
(Perez et al., 2008), 76 (Schubert et al., 2006), 77 (Niu et al., 2011), 22 (Alili et al., 2011), 23
(Chen et al., 2006), 24 (Colon et al., 2009), 25 (Das et al., 2007), 26 (Tarnuzzer et al., 2005),
48 (Karakoti et al., 2009), 52 (Heckert et al., 2008a), 53 (Hirst et al., 2009), 55 (Karakoti et

al., 2010b), 56 (Korsvik et al., 2007).
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Synthesiz Study Eezponze Eef

Inflammation in lungs by metal oxide nanoparticles Pro-oxidative [36]
Omdative stress of certa nanoparticles m bronchial epithelial cells Pro-oxidative [28]
Inflammatory response m mice treated with cena nanoparticles by mibatracheal instillation Pro-oxidafive [37]
Biodismbution and oxidative stress of commercial ceria nanomatenials Pro-omdative [34]
Tomaty of cerum oxide nanoparticles m human lung cancer cells Pro-oxidative [30]
Cena-nanoparticle-induced pulmeonary mflanunation in rats Pro-oxidative [31]

. (Omdative stress induced by cena nanoparficles in BEAS-2B cells Pro-oxidative [32]

High temperature
Cermum oxide nanoparticles mgger newronal suraval Anti-oxidative [69]
Cardioprotective effects of cena nanoparticles Anti-oxidative [Ta]
Companson of toxicity of zine oxide and ceria nanoparticles based on dissolution of metal Anfi-omidative [71]
1oms
Screening nanoparticulate cena as a diesel fuel additrve Neutrzl or Both | [72]
Hazard and rizk assessment of ceria nanoparticles Neutral or Both | [73]
Effect of cena nanoparticles in vaseular endothehal cells Meutrzl or Both | [74]
Cvtotoxieity of cena nanoparticles for F colf Neutral or Both | [44]
MNanocena exhibits no detnmental effects on eye lens protems Neutral or Both | [41]
Interaction between cena nanoparticles and 3T3 fibroblasts Neutrzal or Both | [43]
Heated in Solvent
DNA damage in human dermal fibroblasts by cena nanoparticles Pro-oxidative [27]
Bram distnbution and toxicological evaluation of ceria nanoparticles Neutrzl or Both | [39]
Adverse effects of cena nanoparticles at emvironmentally relevant concentrations Pro-oxidative [35]
Altered vascular reactivity and 1schemia-reperfusion injury following cena nanoparticle Pro-oxidative [45]
mstillation
pH-dependent antioxidant activity of cera nanoparticles Ann-omidative [75]
Ytma and cena nanoparticles are newroprotective Arnn-oxdative [7&]
Cenia nanoparticles mhibit oxidative stress in H9¢2 cardiomyocytes exposed to cigaretts Anti-oxidative [771
smoke
Combined cytotoxic and anti-invasive properties of redox-acfive nanoparticles m tumer Ant-omdative [22
stroma-interactions
Fare earth nanoparticles prevent retinal degeneration induced by wtracellular peroxides Anfh-oxmidative [23]
Protechion from radiation-induced pneumonths using cenum oxide nanoparticles Ant-oxidative [24]
Boom Temperature

Auto-catalyfic cena nanoparticles offer neuroprotection to adult rat spmal cord neurons Ann-oxdative [25]
Vacancy-engineered cena nanostructures for protection from radiation-induced cellular Ant-omdative [26]
damage
PEGvlated Nanocenia as Radical Scavenger with Tunzble Redox Chemistry Anfi-omidative [48]
The role of cermum redox state in the 30D mimetic activity of nanocena Anti-oxidative 52
Arti-inflammatory properties of cerum cxide nanoparticles Ann-oxmdative [33]
Rare earth oxides s nancadditives in 3-D) nanocompesite scaffolds for bone regeneration Ant-omdative 35
Superoxide dismutase mimefic properties exhibited by vacancy-enginesred ceria Ann-omidative [36]

nanoparticles
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1.2.10 Summary

It is clear that different synthesis temperatures may lead to different biological responses but
this may not be the case always. Additional parameters such as the amount of precursors,
reaction timings, presence/absence of capping agents, sample storage and handling,
impurities and Ce (III)/Ce (IV) ratio in a particular sample may be responsible towards
contradictions in biological responses. A recent study by Dowding et al. has also elaborated
the fact that cellular interaction and toxicity depend on physicochemical properties and
surface modification of redox-active nanomaterials (Dowding et al., 2013). The literature
available also reveals that the bulk particles are dominated by Ce (IV) and the ceria NPs
contain a large amount of Ce (III) however the percentage of Ce (III) and Ce (IV) may also
depend on the type of synthesis method and the size and morphology of the NPs (Baalousha
et al., 2010, Wu et al., 2004, Zhang et al., 2004). There is concern that nanoceria, due to its
small particle size and enhanced reactivity by design, may present unique hazards to
ecological receptor species. Of critical importance are the redox properties of ceria which
enables it to transition between Ce (III) and Ce (IV). There is a lot of speculation on the

redox behaviour of ceria being related to its different biological behaviour.
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Figure 1.11 Research design

27



1.3 Research aims and objectives

1. To synthesise shape and size selected ceria nanoparticles, both with and without
capping agents.

2. To characterise the physico-chemical properties of manufactured ceria nanoparticles
for their size, shape, aggregation, surface charge, composition and oxidation state.

3. To quantify the Ce (III) and Ce (IV) ratios in as-synthesised samples using STEM-
EELS and XPS and the technique comparison.

4. To perform dispersion and aggregation studies of ceria nanoparticles in cell culture
media which is serum containg media (SCM) and serum free media (SFM)

5. To perform uptake and internalisation studies of selected ceria NPs in human lung

epithelial cells (Adenocarcinomic human alveolar basal epithelial cells, A549)

Aim 1 and 2 have been discussed in Chapter 3, aim 3 in Chapter 4 whereas aim 4 and 5 have

been discussed in chapter 5 (Research design, figure 1.11).
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2 Laboratory techniques and nanoparticle
characterisation

2.1  Chapter overview

As discussed in Chapter 1, characterisation of NPs is an important step to understand the
chemistry of these nanoparticles in both their synthesized form as well as their evolvement
through applications (Karakoti et al., 2012). Size, shape, particle size distribution, surface
area and surface charge are one of the most important parameters in understanding the nature
of these nanoparticles (Hassellov and Kaegi, 2009). This chapter summarises the use of
various microscopic and spectroscopic techniques used to characterise the ceria NPs.
Characterization of the synthesised NPs has been carried out using a combination of existing
techniques. The size, shape and morphology of the samples synthesised has been determined
using DLS and TEM while STEM+EELS along with XPS have been used to quantify ceria
oxidation states. The purpose of this chapter is to highlight the detailed background
information about the techniques used with their principle, advantages and disadvantages and
how they have been employed to analyse the synthesised ceria NPs as well as understanding
their interaction with biological systems. The chapter is also devoted to some other laboratory
techniques used either during the synthesis or post synthesis during sample preparation and

refinement. All these have been summed up at the bottom of the chapter.
2.2 Laboratory techniques

2.2.1 Chemicals

All the chemicals used in this study were Analytical reagent (AR) grade and used without

further purification. They were purchased from Sigma Aldrich and Fisher scientific and all
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water used in the experiments was Ultrapure of resistivity 18 MQ.cm resistivity. All the
chemicals were stored according to their material safety datasheets (MSD) and chemicals like

Cerium nitrate hexahydrate were kept in dessicator due to their hygroscopic properties.

2.2.2 Glassware preparation

All the glassware and plastic required for the experiments was washed before and after use
with 10% nitric acid (HNOs3) for a minimum of 24 hrs and then rinsed thoroughly with
ultrapure water ensuring no traces of acid remained. The glassware was then air dried and

kept in sterile boxes until next use.

2.2.3 Filtration

Filtration was used in order to remove any large particles or aggregates which may have
formed during synthesis. This step is also important in order to eliminate any contamination
or impurities in the form of dust which may have entered the sample. A Millipore sterfill
filtration system from Sigma-Aldrich, a receiver flask and funnel with filters of cellulose

nitrate membrane, pore size 0.1 um and a diameter of 47 mm, were used.

The set up is a closed unit designed to protect the sample and filtrate from contamination and
could be connected to a low pressure vacuum system in order to speed up the filtration
process. For every filtration carried out, the filter was first washed and flushed by filtering
some ultra pure water before filtering the sample in order to remove any impurities intact

with the filter. The setup is shown in the figure 2.1
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Figure 2.1 A Millipore sterfill filtration system (adapted from Sigma-Aldrich)

2.2.4 Centrifugation and ultracentrifugation

Centrifugation technique (an Eppendorf 5804 R) was used post synthesis with a maximum
speed of 5000 rpm at 4 °C for 10 minutes to separate the nanoparticle pellets collected at the
bottom from the rest of the reaction mixture (Figure 2.2). The technique was also used to
wash the nanoparticles repeatedly in order to get rid of any excessive capping agent and in
some cases to achieve size based separation of the nanoparticles by centrifuging the washed

sample for longer periods (40-60 minutes).

Ultracentrifugation was used as an alternative approach for the preparation of TEM grids
apart from the drop method. TEM samples for this work were prepared by ultracentrifugation
using a Beckman ultracentrifuge (L7-65 ultracentrifuge) with a swing-out rotor SW40Ti
(Figure 2.13). Nanoparticles were immobilised on a 300 mesh holey carbon films by

immersing the grid in diluted solutions of nanoparticles and ultracentrifuging at 30,000 rpm
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for 1 hour at 5 °C . The technique is considered to be ideal for preparing uniform TEM grids

(Mavrocordatos et al., 2007).

Figure 2.2 The Eppendorf 5804 R centrifuge and Beckman ultracentrifuge (L7-65

ultracentrifuge) used in the project

2.2.5 Ultrasonication

Ultrasonication is a technique used to disperse nanoparticles in different matrices. It is
commonly used for dispersing and de-agglomerating the nanoparticles in water. Ultrasonic
cavitation generates high shear forces that break particle agglomerates into single dispersed

particles and improve uniformity and stability of the sample.

Ultrasonication (Branson 1510) has been carried out on synthesised ceria nanoparticles for 1
minute before treating them with the serum containing media and serum free media in order
to understand the aggregation behavior of these particles in these media (Figure 2.3).
Ultrasonication assisted synthesis has also been carried out to synthesise pegylated ceria
nanoparticles using different molecular weights of polyethelene glycol (PEG) as a capping

agent (details in chapter3).
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Figure 2.3 Branson 1510 sonicator used in the project

2.3 Nanoparticle characterisation techniques

2.3.1 Transmission Electron microscopy (TEM)

Transmission electron microscopy is a well known and one of the most powerful techniques
to visualise nanoparticles. It is used to produce images from a sample by illuminating the
sample with electrons (electron beam) within a high vacuum, and detecting the electrons that
are transmitted through the sample. It allows visualisation and analysis of specimens in the

realms of microspace (1pm = 10°m) to nanospace (Inm = 10°m).
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Figure 2.4 Schematic diagram showing the main TEM components (Bortolini, 2014)

The first TEM was built by Max Knoll and Ernst Ruska in 1931 (Knoll, 1932) and the first
commercial TEM was developed in 1939 after significant improvements to the quality of
magnification. Since then, it has been used in a number of different fields such as life
sciences, nanotechnology, medical, biological and material research, forensic analysis and
metallurgy as well as industry and education. A schematic representation of the electron path

in TEM is shown in Figure 2.4

Starting from the top, a TEM consists of an electron source also known as field emission gun

(FEG), which may be a tungsten filament, or a lanthanum hexaboride (LaBg) source (Egerton,



2005). This high voltage source (typically ~40—120 kV) emits electrons into the vacuum and
a system of electromagnetic lenses focuses the electron beam on the sample (Kuntsche et al.,
2011). The condenser system (usually made up of two lenses) converges the electron beam to
a focus at the plane of the specimen and the objective lens acts as an important component in
enhancing the contrast and improving the image quality. One or several lenses are situated in
an intermediate position between objective and projector lenses and this projects the image
either on the fluorescent screen or the charge-coupled device (CCD) camera (Bortolini,
2014). The image is formed as a result of the interaction of the electrons with the specimen.
The technique has sub-nanometer scale resolution and provides 2D image of the sample. The
contrast formation in the TEM depends on the mode of operation. The most common mode of
operation is the bright field imaging mode in which the contrast is formed directly by
absorption of electrons in the sample. Thicker regions of the sample, or regions with a higher
atomic number will appear dark, whilst regions with no sample in the beam path will appear
bright — hence the term "bright field". So it produces high-resolution black and white images.
The lighter areas of the image represent the places where a greater number of electrons were
able to pass through the sample and the darker areas reflect the dense areas of the object.

These differences provide information on the structure, texture, shape and size of the sample.

This technique not only provides direct visual images but can be applied to determine other
properties such aggregation, dispersion, sorption, size, structure and shape of the NPs
(Mavrocordatos. D, 2004) but there are a number of drawbacks. Many materials require
extensive sample preparation to produce a sample thin enough to be electron transparent. The
technique require sample drying, have to be operated under vacuum conditions, electron
beam leads to sample destruction and only small amount of samples can be analyzed at a

given time.
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Figure 2.5 Jeol 1200EX TEM used in this project (courtesy of Centre of Electron

Microscopy, University of Birmingham)

Transmission electron microscopy samples for this work were prepared by ultracentrifugation
using a Beckman ultracentrifuge (L7-65 ultracentrifuge) with a swing-out rotor SW40Ti.
Nanoparticles were immobilised on a 300 mesh holey carbon films by immersing the grid in
diluted solutions of nanoparticles and ultracentrifuging at 30,000 rpm for 1 hour
(Mavrocordatos et al., 2007). The grids were then washed with ultra pure water and allowed
to air dry while kept covered to prevent contamination. The bright field images have been
taken at Jeol 1200EX TEM (Figure 2.5). The TEM has an operating voltage ranging from 40
to 120 keV and is fitted with a LaBg filament however; most of these images have been taken
at 80 kV. Images were collected digitally using a Gatan Dual Vision 300W digital camera.
Shape and size quantification has been carried out using image J® software. In all cases, at
least 100 NPs were analyzed from TEM images to construct a representative shape and
particle size distribution. The size distribution and form factor ((4n*area)/(perimeter2)) of the

NP suspensions were measured using image J®. The edges of the particles were defined by
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using a watershed algorithm in image J where the background is removed by excluding pixels
of a threshold value, leaving just the particles contributing to the image. The diameters, areas,
circularity and roundness values are then automatically calculated and used for quantification.
The particles at the edges of the image and overlapping particles were excluded (an example
is shown in Appendix C). In some cases, where the agglomeration seemed to complicate the
accuracy of data obatined, manual measurements were carried out by calibrating the scale bar

and taking measurements by visual inspection.

2.3.2 Scanning transmission electron microscopy (STEM)

Scanning transmission electron microscopy (STEM) combines the principles of transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). A fine, highly focused
beam of electrons is scanned over a thin specimen. Unlike TEM, STEM works on the
principle of focusing the electron beam into a narrow spot which is scanned over the sample
in a raster. The transmitted electrons at high scattering angle can be collected to form high-
resolution, chemically sensitive, atomic number (Z-) contrast images. Both STEM and TEM
were initially developed at about the same time (von Ardenne, 1938, Knoll, 1932) but the
evolution of STEM was much slower and was not developed until the work of Crewe et al. in
1970 demonstrated its potential and developed the field emission gun (Crewe et al., 1969).
Usually a STEM is a conventional transmission electron microscope equipped with
additional scanning coils and detectors to it but nowadays dedicated STEM are manufactured
and used. Figure 2.6 represents a schematic diagram of the main components of a high-

resolution dedicated STEM.
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Figure 2.6 Illustration of the main components of a high-resolution dedicated STEM,

adapted from (Pennycook et al., 2007)

Electrons are accelerated from a source (usually a heated tungsten filament, a LaBs pointed
filament, a Schottky or thermal-assisted field emission source) and focused into a point on the
specimen by a set of condenser lenses and an objective lens. The probe is serially scanned in
a two dimensional raster across the specimen by the set of scan coils, just above the objective
lens. The image formed can be collected by multiple detectors providing different but
complementary information. The usual detectors include a bright field detector that intercepts
the transmitted beam and an annular dark field (ADF) detector that surrounds the transmitted
beam to collect scattered electrons. The number of electrons scattered at each point on the
sample is fed into a computer that builds up an incoherent Z (atomic number) contrast image
pixel by pixel. This is often referred to as a Z-contrast or high-angle ADF (HAADF) image.

STEM when coupled with energy dispersive x-ray (EDX) and electron energy loss
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spectroscopy (EELS) can provide elemental mapping and chemical composition with

precision. It is discussed in the next section

2.3.3 Electron Energy Loss Spectroscopy (EELS)

In electron energy loss spectroscopy (EELS), a material is exposed to a beam
of electrons with a known, narrow range of kinetic energies. Some of the electrons will
undergo inelastic scattering, which means that they lose energy and have their paths slightly

and randomly deflected (Figure 2.7).
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Figure 2.7 Illustration of the Electron Energy Loss Spectroscopy (EELS) principle

The amount of energy loss can be measured via an electron spectrometer and interpreted in
terms of what caused the energy loss. So, EELS is based on the principle of loss of energy of
the incident electron through the sample and is capable of measuring atomic composition,

chemical bonding, valence and conduction band electronic properties, surface properties, and
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element-specific pair distance distribution functions (Egerton, 1996) and also works well for
low atomic numbers. Electron energy loss spectroscopy (EELS) coupled with TEM/ STEM
(Scanning transmission electron microscopy) can provide chemical composition of the
particles and especially in case of ceria, can provide oxidation state data with precision (Wu
et al., 2004). Quantification of the spectrum enables determination of (local) concentrations
of elements. The fine structure in the EELS spectra provides information on the chemical
binding of the atoms involved. The combination of EELS and STEM allows 1-D and 2-D

mapping of the lateral distribution of elements (Koninklijke, 2012).

EELS is considered to be a unique surface profiling technique as the scan can be selectively
acquired at different points of a single particle and oxidation state can be assessed in a
localised way. The technique has some disadvantages too. Long beam exposure durations
lead to sample destruction. The results obtained also significantly depend upon the method

used for the signals extraction and data processing.

Electron energy loss spectra (EELS) for this work has been generated using JEOL 2100F
with CEOS GmbH hexapole STEM probe corrector coupled with an X-EDS from Oxford
Instruments and EELS from Gatan, Inc. (Figure 2.8) This instrument is an advanced field
emission electron microscope with an accelerating voltage of 80 to 200kV and can be
operated in either TEM or STEM (scanning transmission electron microscope) mode. In
general, TEM mode was used to obtain high resolution images and STEM mode was used to
obtain EELS spectra for individual particles. A short EELS acquisition time of 2 s was used
as we know that electron beam irradiation for longer periods may damage the particles and
also result in the change of oxidation from Ce (IV) to Ce (IIl), due to loss of oxygen

(Baalousha et al., 2012b). The STEM probe size was ~1 A. The spatial resolution of the
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EELS is comparable to that of the STEM probe size and the energy resolution of ~1 eV. The
spectra were collected with a convergence angle of 2o = 8.2mrad, a collection angle of 2 =
8.9 and a 1.0 mm EELS aperture. The EELS data have been collected across the diameter of
the particle in order to investigate the change in oxidation state as we go from the center of

the particle towards the edge.

Figure 2.8 JEOL 2100F TEM (courtesy of http://www.jeolusa.com/)

Cerium oxidation states have been measured using Cerium Ms/M, white line ratios obtained
from the EELS spectra, the two peaks at ~883 eV and ~901 eV indicated the cerium M5/M4
edge (double white line). CeNO; was used as a Ce (III) standard and bulk CeO, was used as a
Ce(IV) standard. Ce (III) and Ce (IV) standards have been effectively used giving Ms/My
white line ratios of 1.234+0.05 and 0.82+0.03 respectively. These values agree with those

previously calculated by others (Wu et al., 2004) (Merrifield et al., 2013) (Fortner et al.,
41



1997). These are high quality standards and have been previously used in our group and data
published. A number of methods have already been developed to measure the Ms/My ratios
(Yang et al., 2006) (Manoubi et al., 1990) but in this work, the second derivative method
have been used since it is insensitive to thickness variations (Fortner et al., 1997). Because of
the noise in the spectra, the raw data of the spectra have been smoothed using the low-band
pass smooth function and the M5/M4 ratios have been determined by extracting the

integrated signal of the smoothed second derivative (Figure 2.9)
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Figure 2.9 Typical electron energy loss spectroscopy spectra of Ce (III) standard,

illustrating spectrum analysis procedure by second derivative (Baalousha et al., 2010)

It is also known that the relative intensity of the white lines (M4 and Ms) of the cerium in the
EELS can be used to determine the oxidation state of the ceria nanoparticles i.e a bigger M
peak corresponds to the presence of a significant Ce (I1I) oxidation state whereas it is the vice
versa in case of a bigger My peak (Figure 2.9). The EELS measurements and experiments are

detailed in Chapter 4.
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2.3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoemission spectroscopy (XPS) is another surface sensitive technique used to
determine atomic compositions and learn information about the types of bonding within the
specimen. It is a quantitative technique in which the number of electrons recorded for a given
transition is proportional to the number of atoms at the surface and is interpreted in the form
of spectra where each peak is a result of certain recorded binding energy. The technique, also
known as ESCA (Electron Spectroscopy for Chemical Analysis), was first developed in the
mid-1960s by Kai Siegbahn and his research group at the University of Uppsala, Sweden.
The phenomenon is based on the photoelectric effect outlined by Einstein in 1905 where the
energy of a photon of all types of electromagnetic radiation is given by the relationship E=
hv, where h is planks constant and v is the frequency (in hertz) of the radiation however XPS,
uses monochromatic sources of radiation, either Mg K, radiation : Av= 1253.6 eV or Al
K, radiation : hv = 1486.6 eV, leading to ionization and the emission of a core shell electron
from the top atomic layers of the surface of the material and the number of emitted
photoelectrons as a function of their kinetic energies is measured using an energy analyser
and a spectrum is recorded. Since these binding energies are a characteristic of a specific
element and their peak intensities are related to the concentration of the element in the
sampled region, quantitative information about the surface composition can be calculated
with precision. The only drawback is that a variety of background algorithms are used to
measure the peak area and therefore represent a source for uncertainty when computing the

peak area.

X-ray photoelectron spectroscopy (XPS) measurements of the dry nanoparticle samples
(powder) were performed using the high performance Kratos Axis Ultra DLD instrument

equipped with a monochromated Al K, x-ray source and hemispherical analyzer capable of
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an energy resolution of 0.5 eV (Figure 2.10). The NP samples were placed on a standard
sample stud using double-sided adhesive tape, and the takeoff angle was fixed at 90°. Low
resolution survey spectra were obtained over a binding energy range of 0.0 to 1200 eV. High-
resolution spectra were obtained over a binding energy range of 870 to 925 eV using 0.1 eV

increments. The binding energy (BE) scale was calibrated with respect to the C 1s at 285 eV.

The Ce 3d features were collected from reference material (CeO, and CeNOs) and the peaks
were investigated in order to determine the positions of various components and was
deconvoluted using the peak fitting process in casaXPS softeware version 2.3.16 PR 1.6
(licensed to us). The relative amounts of Ce (III) and Ce (IV) have been calculated from XPS
data by spectral curve fitting the Ce 3d binding energy region. Curve fittings have been done
using shirley calculations in the casaXPS software using the procedure used by others in

previous XPS studies of cerium oxide and of nanoceria (Deshpande et al., 2005).

Figure 2.10 X-ray photoelectron spectroscopy (XPS) instrument used in the study

(Image courtesy, Shuguo Ma, college of engineering and computing , USC)
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2.3.5 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), also known Quasi-Elastic Light Scattering (QELS) or
Photon-Correlation Spectroscopy (PCS), is a widely used, non-invasive technique to measure
the size , size distribution and aggregation behaviour of particles in solution (Ledin, 1994).
DLS is used across the spectrum of polymer and particle science, while synthetic chemist use
it to understand the size of pristine particles as well as complex media, on the other hand
biologist use it for proteins and other molecules. It is based on the principle of Brownian
motion and measures light scattering and provides an intensity weighted average

hydrodynamic diameter of a collection of particles (figure 2.11).
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Figure 2.11 Illustration of the dynamic light scattering principle (Maxit, 2010)

It works on measuring the intensity of light scattered by the particles in the sample as a
function of time. For example, when light is scattered by a particle, it would be constant if the
particle was stationary. However, since all the particles in solution diffuse with Brownian
motion in relation to the detector, there will be random changes (constructive and destructive)
in the intensity of light scattered. So, by measuring the time scale of light intensity

fluctuations, DLS can provide information regarding the average size, size distribution, and
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polydispersity of particles in the solution. This Brownian motion of particles in the

suspension is modelled by the Stokes-Einstein equation (2.1) below (Einstein, 1905)

kT
3znD,

h

(2.1)
Where Dy is the hydrodynamic diameter, Dy is the translational diffusion coefficient, kg is
Boltzmann‘s constant, T is thermodynamic temperature and n is dynamic viscosity of the
solvent. The calculations are done within the instrument software. However, the equation
does serve as an important reminder that the sample temperature and viscosity are important
factors and that the particle size determined by DLS is the hydrodynamic size (Figure 2.12).
The hydrodynamic diameter is reported as the intensity-weighted Z-average, with the
polydispersity index width (PdI) representing the standard deviation about the Z average
assuming a monomodal distribution (Darlington et al., 2009). The Z-Average size or Z-
average mean used in dynamic light scattering is a parameter also known as the cumulants
mean. It is insensitive to noise and is the primary and most stable parameter produced by the
technique. The Z-Average defines the mean value as the _hamonic intensity averaged

particle diameter*.

Figure 2.12 Hydrodynamic radius of a particles coated with ionic polymer (Maxit, 2010)
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Advantages and disadvantages of the technique: An important characteristic of DLS is its
ability to measure particles as they exist in solution. It provides size measurements from 1nm
up to ten microns (Zetasizer nanao from Malvern). The instrument set up is simple and
requires no sample preparation. The measurements are fully automated and can be carried out
at samples with higher concentrations as well as turbid samples. The instrument offers

repeatable particle size analysis in few minutes.

Although DLS provides fast, in situ analysis, it has certain limitations. Firstly, it is only
applicable to fairly simple and homogeneous systems, so the data obtained from samples
containing particles with heterogeneous size distributions is difficult to interpret (details
below in section 2.3.5.1). The detection limits are at high particle concentrations (1mgL'1)
much higher than environmentally relevant concentrations (ugL™ levels or less) (Gottschalk
F, 2009). Secondly, DLS calculates particle size based on the assumption of spherical
geometry and non-permeability less applicable to high aspect ratio systems. Also, the
presence of dust particles or other undesirable particles could lead to interferences hence

giving wrong results.

Figure 2.13 Zetasizer nano from Malvern instruments
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2.3.5.1 The case of strong aggregation

In case of strong aggregation and high polydispersity, the Z-average values obtained from the
instrument may vary significantly from the intensity distributed sizes. For a perfectly
monodisperse sample, the two results should be the same, that is the z-average should be the
same as the mean of the (one and only) peak in the distribution. In real applications, even for
monodisperse samples, this is likely not the case and there will be small to large differences

(Nobbmann, 2014).

Explanations for the three potential scenarios are:

(a) Z-average smaller than peak size: The cumulant fit only is to the initial part of the
correlation function, so in a way, overemphasizes the initial decay from the smaller
part of the distribution.

(b) Z-average the same as peak size: Ideal, probably monodisperse sample. In very odd
situations it could be a very polydisperse sample where one of the peaks happens to
match the overall average size.

(c) Z-average larger than peak size: The distribution shows a small and a large
component, the average of the two is somewhere in between. Under peculiar
circumstances, there may actually not be a smaller or a larger peak when the smaller
peak is smaller than the lowest display cutoff and when the largest peak is larger than
the large cutoff. This is a typical scenario of very large aggregates or particles
sedimenting at different rates (Washington, 1992). High polydispersity index is
another indicator of such systems. In this case, the intensity distribution result is
recommended to quote instead of z-average. So for studies with a focus towards

detecting strong aggregation, the recommended choice in most cases is the intensity
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distribution values. However, this is a sensitive detector for the presence of large

material in the sample.

Measurements in this work were obtained using Zetasizer nano from Malvern instruments
and the hydrodynamic diameter (Z-average) was calculated (Figure 2.13). In case of
discrepancy between the z- average and intensity distribution values obtained, intensity
distribution result is quoted with a comment on the sample status. Standard operating
procedure (SOP) files were created for cerium oxide nanoparticles using the refractive index
value from the Malvern manual and also feeding in the absorption, viscosity and type of
dispersant. Low volume disposable cuvettes were used throughout and the sample was
injected using syringe or pipettes to avoid any air bubbles. At least three measurements were
collected and averaged to report the size. The samples were equilibrated for 2 minutes and all

the measurements were taken at 20°C unless specified.

2.3.6 Electrophoretic mobility (EPM) and zeta potential (ZP)

Zeta potential is a measure of the magnitude of the electrostatic or charge repulsion/attraction
between particles, and is one of the fundamental parameters known to affect stability. In
particular, the concentration and type of ions and buffer species in solution, as well as the pH,

strongly affect the zeta potential.

Electrophoretic light scattering (ELS) is a technique used to measure the electrophoretic
mobility of particles in dispersion, or molecules in solution. This mobility is often converted

to zeta potential to enable comparison of materials under different experimental conditions.
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By directly measuring the electrophoretic mobility of a particle, the zeta potential may then

be determined using the Henry Equation

~ 2&f(Ka)
L.' E — _3._
® (1)

Where Ug is the electrophoretic mobility, € is the dielectric constant, z is the zeta potential,

f(Ka) is Henry‘s function, and 1) is the viscosity.

In solution, the presence of a net charge on a particle affects the distribution of ions
surrounding it, resulting in an increase in the concentration of counter-ions. The region over
which this influence extends is called the electrical double layer (Zasoski, 2008) (Figure
2.14). It consists of an inner region of strongly bound ions known as the Stern layer and an
outer layer of loosely associated ions called the diffuse layer. Due to an applied charge, the
ions move with the particles in the solution but there is a 'boundary' beyond which the ions do
not move with the particle. This is known as the surface of hydrodynamic shear, or the
slipping plane, and exists somewhere within the diffuse layer. The potential that exists at this
slipping plane or boundary is defined as the zeta potential. The zeta potential is positive for
low pH values and negative for high pH values. The pH at which the zeta is zero is called the
isoelectric point (IEP). When two particles come so close that their double layers overlap,
they repel each other (Borm et al., 2006b). The strength of this electrostatic force depends on
the zeta potential. If the zeta potential is too small (typically less than about 25 mV in
magnitude), the repulsive force won‘t be strong enough to overcome the Van der Waals
attraction between the particles and they will begin to agglomerate, the suspension is said to

be unstable when this happens.

50



@
@ ® ® ® Counter lon

{ Potential measured here

s

Decay of potential in the

1
1
1
1
1
1
1

® g diffuse double layer.
® ® |\
|
1
Electricali i
Potential i ;
i
by

Oi ! Distance ————m

Figure 2.14 Schematic of the electrical double layer at the surface of solution-phase

nanoparticles

2.3.7 Reflectance Confocal Microscopy (RCM)

The concept of confocal imaging was first developed and later patented by Marvin Minsky in
1957 (Minsky, 1988). In a conventional widefield microscope, a specimen is placed on
microscope stage and the entire field of the specimen is illuminated by light and visualized.
However, in confocal microscopy, the point of illumination is brought to focus in the
specimen by the objective lens and laterally scanned using a scanning device within the
computer (Figure 2.15). The sequences of points of light from the specimen are detected by a
photomultiplier tube (PMT) through a pinhole, and the output from the PMT is displayed by
the computer in the form of an image (Nikon) (Nwaneshiudu Adaobi, 2012). This technique
allows the specimen to be imaged one —point” at a time. One of the main advantages is that

unstained specimens can be viewed using light reflected back from the specimen. It provides
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very-high-quality images with fine detail and more contrast than conventional microscopy. It
can be utilized to gather additional structural information from a specimen by reconstructing
the virtual 3D image of the specimen when multiple sections are combined. The specimen
preparation is fairly simple and requires minimum effort however; the technique is costlier

than conventional microscopes.
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Figure 2.0.15 Simplified view of confocal microscope (Nikon)

Reflectance Confocal Microscopy (RCM) was used in this work to detect the aggregation
behaviour and visualise the uptake and internalisation of ceria nanoparticles by the human
lung epithelial cells (also known as HeLa A549 cells). Reflectance confocal image

acquisitions were obtained using the laser 488 and the reflectance option from confocal
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microscope (Zeiss LSM 710 Confocor 3) equipped with an oil immersion objective (PLAPO

63x/1.40 oil DIC M27). Z-series of images were taken at 0.2 um increment.

2.4 Summary

The characterization of ceria nanoparticles has been performed using a combination of

techniques listed above and is a part of a multimethod strategy to understand and quantify the

size, shape and oxidation state of the synthesised ceria NPs. The techniques used and the

parameters obtained have been summed below (Table 2.1)

Table 2.1 List of characterisation techniques being used as a part of multi-method

approach

Analytical
Techniques

Zeta
Potential by
Zetasizer-
nano

Particle
Size

Particle
Size
Distribution

Surface
Charge

Oxidation Structure

state

Agglomeration

Composition

XPS

STEM+EELS
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3 Synthesis and characterisation of ceria

nanoparticles

3.1 Chapter summary

As discussed above in Chapter 1, there are scattered observations in literature about the
behaviour such as oxidant/antioxidant activity of nanoceria (Chapter 1, sections 1.2.8 and
1.2.9). Differences in behaviour could be attributed to many factors, such as the origin of the
precursors used to synthesise these nanoparticles, presence/absence of a capping agent,
reaction conditions for example, whether the synthesis was carried out under low/ high /room
temperature conditions, what were the physical and chemical properties of the nanoparticles
formed (synthesis dependent) and the amount of Ce (III) and Ce (IV) present in the sample. It
is also known that nanoceria is capable of oxygen storage, which is size and shape dependent
(Mai et al., 2005). So there is an emerging need to understand the chemistry of these

nanoparticles in both their synthesized form as well as their evolvement through applications.

In this project, we have tried to address some of these issues. A systematic study has been
carried out to look into the effects of some of the potential thermodynamic variables such as
precursors and their concentrations, preparation methods, synthesis temperature and sample
processing. Ceria nanoparticles of various shapes and sizes have been synthesised using
different forms of cerium salts and reducing agents as precursors. Amongst other differences
between syntheses, the synthetic procedures have been performed both in the presence and
absence of a capping agent. The reactions have been monitored at different concentrations of
the precursors and temperature of the reaction mixtures and a batch of samples have been
obtained. These nanoparticles are quite stable when dispersed in D.I water. The samples have

been characterised for their size, shape, aggregation, surface charge, composition and
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oxidation state using a combination of existing techniques such as DLS, TEM, STEM-EELS,

XPS along with XAS. This chapter covers the characterisation using DLS and TEM.

3.2 Types of synthesis

Over the past few years, many methods have been proposed to produce the ceria NPs, such as
sol-gel process (Niederberger, 2007, Laberty-Robert et al., 2005), hydrothermal or
solvothermal synthesis (Hakuta et al., 1998, Hirano and Kato, 1999, Uekawa et al., 2004, Wu
et al., 2002, Verdon et al., 1995), forced hydrolysis (Dong, 1997), microemulsion (Masui et
al., 1997), homogenous precipitation (Polezhaeva et al., 2008) etc. Most of these methods are
employed for small scale quantities. The industrial scale production has been discussed in

chapter 1.

3.2.1 Hydrothermal and solvothermal synthesis

A typical hydrothermal synthesis utilizes single or heterogeneous phase reactions in aqueous
media at elevated temperature and pressure to crystallize the metal oxide directly from
solution (Riman et al., 2002). However, if the water is replaced by a non-aqueous solvent
such as alcohols, it is termed as solvothermal synthesis. Typical sol-gel processing consists of
hydrolysis and condensation of precursors. It is a multi-step process occurring sequentially

and in parallel.

3.2.2 Microemulsion synthesis
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Microemulsion synthesis typically involves a colloidal _nano-dispersion® of water in oil (or
oil in water) stabilized by a surfactant film which can be used to carry out synthesis of
nanoparticles (Bumajdad et al., 2009). So microemulsions are nearly transparent quasi-
homogeneous, thermodynamically stable mixtures of two immiscible liquids, one is polar
such as water and the other is non-polar, such as an organic oil, stabilized by surfactants (or

mixture of surfactants).

3.2.3 Hydrolysis

Forced hydrolysis is another popular technique used in industrial applications because of its
cheap raw materials, ease of handling and large-scale production. Hydrolysis means cleavage
of chemical bonds by the addition of water. A typical forced hydrolysis synthesis involves a
carbonyl group carrying ester or amide, alcohol as solvent, a strong base such as ammonia,
and desired amount of water. It is called thermal hydrolysis when involves the reaction of
cerium(IV) ammonium nitrate (NH4),Ce(NO3)4 with ammonia or other stronger base such as

sodium hydroxide at elevated temperatures (Lu et al., 2013, Hirano et al., 2000).

3.2.4 Precipitation method

Precipitation method is one of the simplest processes for the synthesis and scale up of
nanoceria (Sahu et al., 2013). They are further categorised into aqueous precipitation
(typically involves an aqueous solution of a surfactant such as PEG and cerium nitrate
(Ce(NOs3)3.6H,0) along with hydrogen peroxide stirred at high temperatures), homogenous
precipitation (synthesis involves mixing of equi-volume solutions of cerium nitrate with

HMTA or ammonia) (Polezhaeva et al., 2008), co-precipitation (typically involves aging of
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solutions containing cerium nitrate after treatment with elevated temperatures (100 °C) for 5
hrs). The precipitation method is attractive because it can produce fine, spherical particles

with improved chemical purity, better chemical homogeneity and controlled particle size.

3.2.5 Sonochemical method

Sonochemical method is another method widely used in the synthesis of nanoparticles.
Sonochemistry is the process of generating cavitations, which involves the creation, growth
and collapse of bubbles (often called hot spots) formed in the liquid due to the irradiation of
high intensity ultra sound (Yin et al., 2002). In laboratory, this process is used in the
sonicator. There is no direct interaction of ultrasound field with the chemical species and the
chemical reaction is driven by the cavitation effects caused by the agitation of the liquid. The
enormous local temperature, pressure and extraordinary heating/cooling rates generated by

cavitational collapse provide an unusual mechanism for generating high energy chemistry.

3.3 Synthesis strategy and research design

In this study, we have used hydrolysis, precipitation and sonochemical methods for the
production of ceria NPs. Typically, these synthetic strategies involve a cerium precursor and
an oxidant to convert the cerous ion Ce (III) to less soluble ceric ion Ce (IV) along with the
presence of a stabiliser. However, in some cases, the latter plays a dual role of a stabiliser as
well as an oxidiser. The general reaction mechanism is based on the concept of preparation of
nanoparticle dispersion by condensation from previous supersaturated solution (LaMer and
Dinegar, 1950) and is mediated by the formation of Ce(OH); as intermediate. Detailed

mechanism has been discussed in Chapter 1, section 1.2.4.
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A systematic study has been carried out to look into the effects of some of the potential
thermodynamic variables such as types of precursors and their concentrations, capping
agents, preparation methods, synthesis temperature and sample processing as they are known
to influence both reaction and crystallization kinetics. Thermodynamic variables are known
to affect the overall nucleation and growth rates, which control crystal size and morphology,
so the reaction conditions have been carefully monitored and documented. We have also
looked into the non-thermodynamic variables such as addition speed of the oxidant in the
reaction mixture, stirring speed and sonication time as they are also known to influence the

particle size by orders of magnitude (Suchanek et al., 2005, Farré et al., 2009).

Characterization of the synthesised NPs has been carried out using different microscopic and
spectroscopic techniques. This chapter covers the characterisation using DLS and TEM.
STEM+EELS along with XPS have been used to quantify ceria oxidation states and have
been discussed in detail in Chapter 4. All the synthesis and characterisation has been carried

out by myself.
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Figure 3.1 Research design
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3.3.1 Aims and objectives

1. Synthesis of shape and size selected ceria nanoparticles, both with and without

capping agents.

2. Physico-chemical characterization of the manufactured ceria nanoparticles for their

size, shape, aggregation, surface charge, composition and oxidation state.

3. Quantification of the Ce (III) and Ce (IV) ratios in as-synthesised samples using

STEM-EELS and XPS and the technique comparison.

4. Dispersion and aggregation studies of ceria nanoparticles in cell culture media which

is serum containg media (SCM) and serum free media (SFM)

5. Uptake and internalisation studies of ceria NPs in human lung epithelial cells

(Adenocarcinomic human alveolar basal epithelial cells, A549)

Aim 1 and 2 has been discussed here whereas aim 3, 4 and 5 has been discussed in chapter 4

and 5 respectively (Research design, figure 3.1).

3.3.2 Materials and methodology

All the chemicals used in this study were Analytical Reagent (AR) grade and used without
further purification and all water used in the experiments was ultrapure with the resistivity of

of 18 (MQ.cm). The various precursors and stabilisers used are:

Cerium nitrate hexahydrate: Ce(NOs);-6H,0

Ammonium Ce(IV) nitrate

Sodium hydroxide

Ammonium hydroxide
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Hexamethylene tetramine (HMTA)

Polyethylene glycol (PEG): Molecular weights used are 600 and 1500

Ethylenediamine

We understand that small changes in synthetic conditions could lead to dramatic changes in
particle properties, so we have synthesised similar type of shapes and sizes using different
methodologies and looked at their properties in order to identify the synthesis dependent

changes.

3.4 Experimental section

3.4.1 Synthesis 1: Homogenous precipitation

Ceria nanoparticles were prepared using a modified method as described in (Polezhaeva et
al., 2008), by precipitating CeO, from aqueous solutions of cerium(IIl) nitrate hexahydrate
and hexamethylene tetramine (HMTA). The starting chemicals used were Ce(NOs3);-6H,0
and HMTA. The initial cerium nitrate concentration was, 0.065, 0.08, and 0.1 M; and the
initial HMTA concentration was 0.0750, 0.15, and 0.3 M. The solutions were mixed in molar
ratios of 1: 10, 1 : 20, and 1 : 40 and were then left standing at room temperature for 24 h,

followed by thermostating at a temperature range of 50-80°C for 7hrs. The solutions were
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magnetically stirred during thermostating. The contents were cooled down at room
temperature and the solutions were kept for ageing overnight. The particles were recovered
by centrifugation followed by washing in ethyl alcohol and finally with water. The particles

were re-dispersed in ultrapure water.

3.4.1.1 Results and discussion

The 1: 10 and 1: 20 molar ratio solutions became turbid after 15-20 minutes of heating at 70
°C (along with continuous stirring). However, the 1 : 40 molar ratio solution was initially
yellow in colour and gradually turned turbid after one hour of heating. The nanoparticles
obtained are cubic in structure. The experiments were carried out by changing the
concentration of the precursors as well as the reaction temperatures. It was observed that
changing the temperature of the reaction from 50-80°C did not have any major effect on the
shape and size of the nanocubes formed. However, changing the concentration of the
precursors yielded nanocubes of three different sizes. It was observed that increasing the ratio
of HMTA yielded nanocubes of smaller sizes however cerium(IIl) nitrate hexahydrate
concentration had very little or almost no effect on the NPs formed. For example when the
aqueous solutions of cerium(IIl) nitrate hexahydrate and hexamethylene tetramine (HMTA)
were mixed in the ratio of 1 : 10 and heated at a temperature of 70 °C for 7hrs, nanocubes of
size of 30.8+7.3 nm (TEM) were formed. For this work, the sample has been labelled as C1
whereas under similar condition, when the precursors were mixed in the ratio of 1 : 20 and 1 :
40, the particle size decreased to 20.6+7.3 and 15.8+4.6 nm (TEM) respectively (labelled as
C2 and C3 respectively). However, all the three samples retained the same nanocubic shape.
The pH of the final dispersions is +6.9 (C1), +7.1 (C2) and +7.2 (C3). The exact mechanism

of this reaction is not known. However, it is believed that HMTA slowly hydrolyzes in
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aqueous solutions to form ammonium hydroxide and formaldehyde and ceria NPs are formed
through intermediate compounds such as insoluble Ce(Ill) carbonates and
hydroxycarbonates, which are stable at low temperatures but rapidly oxidize to form cerium
oxide at higher temperatures (Polezhaeva et al., 2008). The low and high resolution TEM
micrographs (Figure 3.3 and 3.4) clearly illustrate the sizing in ceria particles formed as a
function of the change in the concentration of the precursors. The crystallinity of the NPs was
determined using high resolution transmission electron microscopic (HRTEM) studies.
Figure 3.2 illustrates the size distribution by intensity data obtained by DLS. The results are
summarised in table 3.1. Shape and size quantification has been carried out using image J®
software. In all cases, at least 100 NPs were analyzed from TEM images to construct a
representative shape and particle size distribution (Figure 3.5). All the three samples are very
stable when dispersed in ultrapure water and stay stable up to three months when kept at 5 °C
in the refrigerator. The DLS data 3/6 months post synthesis has been illustrated in Figure 3.2
and table 3.1. The experimental sizes as calculated by DLS indicate that in all the three
samples except C2, the polydispersity index (PDI) significantly increases after 6 months of

production confirming that the samples were aggregating.
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Figure 3.2 Size distributions by intensity obtained with DLS for nanocubes (C1-3), each
coloured line represents an average of minimum three measurements
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Figure 3.3 Bright field TEM images of the synthesised nanocubes (C1-3)
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Figure 3.4 Dark field high resolution TEM images of the synthesised nanocubes (C1-3)
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Figure 3.5 Histograms showing shape and size distributions for nanocubes (C1-3)
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Table 3.1 Results from synthesis 1

3 months 6 months

Cl Nanocube 0.78+0.17 93.7+0.8 30.8£7.3 289+5 2305+285  +5.7£0.1

PdI- 0.152 PdI- 0.373 PdI- 0.316
at pH+6.9

C2 Nanocube 0.70+0.23 113.4+0.5 20.6£7.3 15245 317+28 +26.9+1.7

PdI- 0.150 PdI- 0.226 PdI- 0.203
at pH+7.1
C3 Nanocube 0.82+0.13 132.8+3.2 15.8+4.6 166+6 1736+372 -2.2+0.3
PdI- 0.115 PdI- 0.241 PdI- 0.671
at pH+7.2

3.4.2 Synthesis 2: Sonochemical synthesis

The synthetic scheme has been adapted from (Zhang, 2007). In a typical synthesis, 1.25g of
cerium nitrate hexahydrate was first dissolved in 15ml of ultra pure water. To this solution,
polyethylene glycol (PEG) molecular weight 1500 (250 mg in 10ml of water) was dispersed
by ultrasonication at room temperature, and then NaOH solution (250mg in 50ml water) was
added gradually (5 ml min) into the above mixed solutions with vigorous stirring during the
ultrasonication until the pH value was 10. Finally, the mixture solution was further sonicated

for 4 hours and the solution was kept for ageing overnight. Ceria nanoparticles were
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recovered by centrifugation after repeated washings with alcohol to get rid of any excess PEG

1500 (molecular weight). The particles were re-dispersed in ultrapure water.

3.4.2.1 Results and discussion

The nanoparticles obtained by the above method are spherical in shape. The solutions started
turning turbid with the gradual addition (5 ml min™") of NaOH solution and intermittently had
an appearance of purplish tinge in them. We believe that ultrasonication accelerates the
release of OH™ groups, resulting in immediate reaction to form a stable cerium oxide
suspension. The experiment has also been carried out by raising the temperature of the
reaction mixture however, it resulted in larger aggregates. This could be attributed to the
degradation of PEG at higher temperatures or to the fact that steric hindrance of PEG is
relatively weaker at higher temperatures and so it is weakly adsorbed onto the particle
surface. So, it was made sure that the temperature of the ultrasonic bath stayed constant (at
room temperature) throughout the experiment. This was done by changing the water of the
ultrasonic bath every 30 minutes. It was also observed that addition of the sodium hydroxide
solution at a higher rate (10 ml min™) also leads to aggregation whereas slow (5ml min™)
addition of the NaOH solution with vigorous stirring during ultrasonication leads to well
dispersed stable particles. The experiment was also performed by changing the molecular
weight (MW) of the capping agent used. So PEG 1500 (MW) as well as PEG 600 (MW) have
been used and both yielded monodisperse spherical nanospheres. They have been named as
S1 and S2 respectively. The experimental pH of the samples S1 and S2 is + 7.9 and + 7.3
respectively. The size and morphology of the as-synthesised samples have been obtained
using high resolution TEM images, Figure 3.6 and 3.8 respectively, and the hydrodynamic

diameter has also been obtained using DLS (figure 3.7 and 3.9). Shape and size quantification
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has been carried out using image J® software. The size, shape, morphology and zeta potential
data as well as the stability data after 3 and 6 months of synthesis is tabulated in table 3.2.
According to the experimental data, both the samples are very stable when dispersed in
ultrapure water and stay stable up to six months when kept at 5 °C in the refrigerator. The

DLS data 3/6 months post synthesis has been illustrated in Figure 3.7 and 3.9 and table 3.2.
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pectrum Image

Figure 3.6 Bright field and dark field high resolution TEM images along with

histograms showing shape and size distributions for nanospheres (S1)
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Figure 3.7 Size distribution by intensity obtained with DLS for nanospheres (S1), each
coloured line represents an average of minimum three measurements

70



52 I e
- 70
* 60
50 -
2
& 40
&
c
g 30 W Sample 52
@
o
£ :
3 10
0 T T T T 1
5 5 10 15 20 25 30 More
T h Size (nm)
S2
60
50
W { -
" &
£ 30
<
]
[
& 20 W Sample S2
b, 10
0 1
SRR APV NN SR RN IR
Q8
Shape factor

spectrum Image} Spectrum Image|

Spatial Drift

Figure 3.8 Bright field and dark field high resolution TEM images along with

histograms showing shape and size distributions for nanospheres (S2)
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Figure 3.9 Size distributions by intensity obtained with DLS for nanospheres (S2), each
coloured line represents an average of minimum three measurements

Table 3.2 Results from synthesis 2

Nanosphere 0.86+0.09 89.0+0.3  6.0+£3.0  116+2 13844 0.094+0.023

PdI:0.092 PdI:0.108 PdI:0.132
at pH +7.3
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3.4.3 Synthesis 3: Homogenous precipitation (scheme a), Co-precipitation (scheme b
and ¢)

Ceria nanoparticles were prepared using a modified method as described in (Kar, 2009).

Scheme a - In a typical synthesis, 0.234 g of Ce (NOs3);.6H,0O was first taken in a round
bottom flask. To this, 32 mL of ethylenediamine was added by continuous stirring and the
reaction mixture was stirred on a magnetic plate for 24 hours at room temperature. The thick
dark yellow contents were poured down in a centrifuge tube and the ceria NPs were
recovered by centrifugation followed by washing in ethyl alcohol and finally with water. The

particles were re-dispersed in DI water to obtain a faint yellow solution.

Scheme b - The same experiment was repeated at 100 °C. In a typical synthesis, 0.234 g of
Ce (NOs3)3.6H,O was first taken in a round bottom flask. To this solution, 32 mL of
ethylenediamine was added by continuous stirring and the reaction mixture was refluxed
using a condenser at 100°C for 7hrs (Figure 3.10). The dark yellow contents were cooled
down at room temperature and the particles were recovered by centrifugation followed by
washing in ethyl alcohol and finally with water. The particles were re-dispersed in DI water

to obtain a faint yellow solution.

Scheme ¢ - Another experiment was carried out by changing the concentration of the
precursors used. In a typical synthesis, 0.234 g of Ce (NO3);.6H,O was first taken in a round
bottom flask and dissolved in 16ml of DI water. To this solution, 16 mL of ethylenediamine
was added by continuous stirring and the reaction mixture was refluxed using a condenser at
100°C for 7hrs (Figure 3.10). The light brown contents were cooled down at room

temperature and the particles were recovered by centrifugation followed by washing in ethyl
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alcohol and finally with water. The particles were re-dispersed in DI water to obtain a dark
yellow solution. All these particles form a stable suspension when dispersed in ultra pure

water.

Figure 3.10 Experimental set up for synthesis 3 scheme b and ¢

3.4.3.1 Results and discussion

The nanoparticles obtained by scheme _a‘ and _b‘ are spherical in shape whereas scheme c
yielded nanorods. The samples have been named as S3, S4 and R1 respectively. As is clear
from the schemes used, the reactions have been carried out by varying the concentration of
the precursors as well as the reaction conditions. All the three solutions were clear at the
starting point and eventually turned to thick dark yellow (scheme a), dark yellow (scheme b)

and light brown (scheme c) by the end of the synthesis. It was observed that changing the
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temperature of the reaction from room temperature to 100°C did not have any major effect on

the shape of the particle as both appear to be spherical in shape (by TEM).
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Figure 3.11 Dark field high resolution TEM images along with histogram showing size

distribution for nanospheres (S3)

The crystallanity of the spheres formed has been determined using high resolution TEM
images; however, the crystallanity of S4 is obscured by some agglomeration (figure 3.11 and
3.12). The size and shape quantification has been illustrated in figure 3.11 and 3.12 however
the shape quantification for S3 could not be carried out. The DLS data of the as synthesised
NPs and post synthesis after 3 and 6 months has been illustrated in Figure 3.14. It was
further observed that the addition of water and higher temperature in the scheme c yielded
nanorods (R1) of the size of 83+56 nm in length and 16+6 nm by width (TEM). The
crystallinity of the NPs has been determined using high resolution transmission electron
microscopic (HRTEM) studies. The low and high resolution TEM micrographs (Figure 3.13)
clearly illustrate the sizing of ceria nanorods formed as a function of the change in the
concentration of the precursors at 100°C. The histograms clearly depict the size and shape
quantification. The experimental sizes as obtained by DLS are illustrated in Figure 3.14 and

the results obtained from all the three schemes have been summarised in table 3.3.
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Figure 3.12 Bright field and dark field high resolution TEM images along with

histograms showing shape and size distributions for nanospheres (S4)
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Figure 3.13 Bright field and dark field high resolution TEM images along with

histograms showing shape and size distributions for nanorods (R1)
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Table 3.3 Results from synthesis 3

Nanorod 0.52+0.19 168+2 83+56 (Length) _ 2893+76
16+6 (width)
PdL:0.167 Pdl:0.252

3.4.4 Synthesis 4: Hydrolysis (Scheme a) and thermal hydrolysis (scheme b)

This method of synthesis is a modified form of synthetic scheme 2. Here Ce (IV) ions were
used a starting material instead of Ce (III). Here we have used ammonium Ce (IV) nitrate as a
starting material as compared to the cerium nitrate hexahydrate used previously and no

capping agent has been used.

Hydrolysis is known to be greatly accelerated by increasing the solution temperature (Hirano
et al., 2000), therefore, in order to explore that, we performed thermal hydrolysis at

temperatures of 100°C

Scheme a- In a typical synthesis (hydrolysis), 2.78 g of ammonium Ce (IV) nitrate and 2.0 g
of sodium hydroxide were dissolved separately in ultrapure water and then mixed together in

a conical flask using a magnetic stirrer until the pH value turned 10. The yellow contents
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were allowed to stir overnight at room temperature. Ceria NPs were recovered by
centrifugation at 5000 rpm for 20 minutes and washed with water three times before

dispersing them in ultrapure water.

Scheme b- The same experiment was repeated at 100 °C (thermal hydrolysis). In a typical
synthesis, 2.78 g of ammonium Ce (IV) nitrate and 2.0 g of sodium hydroxide were dissolved
separately in ultrapure water and then mixed together in a round bottom flask using a
magnetic stirrer until the pH value turned 10. The reaction mixture was then fitted with a
reflux condenser and refluxed at 100 °C for 7hrs. The dark yellow contents were cooled down
at room temperature and the particles were recovered by centrifugation followed by washing
with water. The particles were re-dispersed in ultra pure water to obtain a faint yellow

solution.

3.4.4.1 Results and discussion

The nanoparticles obtained from scheme _a‘ are spherical in shape whereas scheme b yielded
cubes. The samples have been named as S5 and C4 respectively. As is clear from the above
schemes used, the reactions have been carried out by varying the temperature of the reaction
mixture from room temperature to 100°C. It was observed that both the solutions turned
turbid with the gradual addition of NaOH solution however, the final colour of the crude
solution before centrifugation in scheme _a‘ and scheme _b* was faint yellow and dark yellow
respectively. The experimental pH of the final dispersions is + 7.3 and + 7.9 respectively. It
was observed that changing the temperature of the reaction mixture from room temperature to

100 °C had a significant impact on the shape of the NPs formed. The sample S5 is spherical
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in shape while C4 has cubic structure (TEM). The crystallinity of both the samples is evident
from the high resolution TEM micrographs (figure 3.15). The size obtained from TEM
micrographs are 3.3£1.3 nm for S5 and 2.4+0.6 nm for C4 respectively. Shape and size
quantification has been carried out using image J® software and is illustrated in figure 3.15.
The size, shape and morphology data as well as the stability data after 3 months of synthesis
is tabulated in table 3.4. According to the experimental data, both the samples are very stable
when dispersed in ultrapure water and stay stable up to three months when kept at 5 °C in the
refrigerator. The DLS data of the as synthesised samples as well as after 3 months post

synthesis has been illustrated in Figure 3.16 and table 3.4.
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Figure 3.15 Dark field high resolution TEM images along with histograms showing

shape and size distributions for nanospheres (S5) and nanocubes (C4)
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Table 3.4 Results from synthesis 4

DLS TEM

3 months
S5  Nanosphere 0.88+0.08  148+6 3.3t1.3 495+7
Pdl: 0.203 Pdl:0.304

C4 Nanocube  0.81+0.06 153+5 2.4+0.6 296+26

PdI:0.098 PdI:0.339

3.4.5 Synthesis 5: Co-precipitation

In a typical synthesis, 1 g of Ce (NO3)3.6H,0 was first taken a conical flask and dissolved in
10 ml of absolute ethanol. The solution was subjected to continuous magnetic stirring for
another fifteen minutes and then ammonia solution was added drop wise to the reaction
mixture with continuous stirring at room temperature until the pH of the solution turned + 6.
The dark brown contents were kept for ageing at room temperature overnight and were
recovered the following day by centrifugation at 5000 rpm for 20 minutes and washed with

water three times before dispersing them in ultrapure water.

3.4.5.1 Results and discussion

The original Ce (NOs3);3.6H,0O dissolved in absolute ethanol was clear in colour and it was
observed that it gradually turned to yellow with the addition of ammonia solution and finally
turning to dark brown by the end. The pH turned to + 6 with only 5 drops of ammonia
solution. The nature of the reaction was highly exothermic and so the addition was carried out

at a very low pace keeping the temperature down to room temperature. The NPs obtained are
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spherical in shape and the sample has been named as S6. The colour of the final ceria
dispersion in ultra pure water is yellow. The absolute ethanol used as a solvent is highly
inflammable in nature so due to concern of the risk involved, the experiment has not been
carried out at higher temperatures. The pH of the final dispersion was 7. The low and high
resolution TEM micrographs (Figure 3.18) clearly illustrate the sizing in ceria particles
formed. The size as observed from TEM is 8.2+2.5 nm and 12+6 nm by DLS. Shape and size
quantification has been carried out using image J® software and is illustrated in Figure 3.18.
The crystallinity of the NPs has been determined using high resolution transmission electron
microscopic (HRTEM) studies. Figure 3.17 illustrates the size distribution by intensity data
obtained by DLS. The results are summarised in table 3.5. The sample is quite stable when
dispersed in ultrapure water and stay stable up to three months when kept at 5 °C in the

refrigerator. The DLS data after 3 months of synthesis has been illustrated in Figure 3.17
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Figure 3.17 Size distributions by intensity obtained with DLS for nanospheres (S6), each
coloured line represents an average of minimum three measurements
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Figure 3.18 Bright field and dark field high resolution TEM images along with

histograms showing shape and size distributions for nanospheres (S6)

Table 3.5 Results from synthesis 5

DLS TEM

3 months
S6  Nanosphere 0.92+0.09 12+6 8.2+2.5 63+24
PdI:0.441 PdI:0.206

86



3.4.6 Synthesis 6: Precipitation method

This method of synthesis is a modified form of synthesis 2 (sonochemical method) and has
been used without the addition of any capping agent. Also in this method, magnetic stirring

has been used instead of sonication.

Scheme a- In a typical synthesis, 0.434 g Ce (NO3);.6H,O was first dissolved in 10ml of
ultra pure water and then sodium hydroxide solution (2g dissolved in 22 ml of water) was
added drop wise to it followed by 48 hrs magnetic stirring. The resulting white precipitate
was collected by centrifugation at 5000 rpm for 10 minutes and washed several times in
water. The particles were re-dispersed in ultra pure water to obtain a creamish yellow

solution.

Scheme b- The same experiment was repeated at 50 °C. In a typical synthesis, 0.434 g Ce
(NO3)3.6H,0 was first dissolved in 10ml of ultra pure water and then sodium hydoxide
solution (2g dissolved in 22 ml of water) was added drop wise to it with continuous stirring.
After the addition was complete, the reaction mixture was heated at a temperature of 50 °C
for 48 hours. The resulting cream precipitates were collected by centrifugation at 5000rpm
for 10 minutes and washed several times in water. The particles were re-dispersed in ultra

pure water to obtain a creamish yellow solution.

3.4.6.1 Results and discussion

It was observed that nanospheres were formed from scheme a whereas scheme b yielded a
mixture of rods and spheres in the ratio of 3 : 1. The samples have been named as S7 and R2.

It was observed that in both the schemes, the solutions started turning turbid with the gradual
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addition of NaOH and intermittently had an appearance of purplish tinge in them. The final
colour of the sample S7 is creamish yellow whereas R2 is yellow in colour. The size and
morphology of the synthesized NPs has been confirmed through TEM. An interesting thing
observed in TEM micrographs was the self assembly of the nanospheres to form rod like
structures. It was observed that the nanospheres formed had arranged themselves in the form
of rods though they all exist as spheres only. Further scheme b yielded nanorods with the
presence of few spherical structures. In order to understand how the shape formation takes
place, the experiments were carried out by changing the concentration of sodium hydroxide
used as well as the reaction temperatures. It was observed that changing the concentration of
NaOH (we used 1g (S7a), 2g (S7b), 3g (S7¢) and 4g (S7d) NaOH) as well as the temperature
did not have any major effect on the the shape and size of the NPs formed (DLS data in
figure 3.19). The reaction was also carried out for 24 hours instead of 48 hours, but the
particles formed are large aggregates with high PdI of 1.000 (size by DLS = 678+ 143 nm).
The DLS of contents obtained after 24 hours is illustrated in figure 3.19. The reaction was
repeated many times but sole rods could not be obtained by scheme b. We found that the
exclusive nanorods or nanospheres were hard to obtain by this method. The mechanism of
particle shape formation in the above method is very complex and is not very clear whether
small particles are clubbing together to form rods or the nanorods are splitting into smaller
beads. However, all the batches obtained seemed to be crystalline as is evident from high
resolution transmission electron microscope (HRTEM) images (Figure 3.20 and 3.21). The
low and high resolution TEM micrographs (Figure 3.20) as well as the DLS data (Figure
3.19) clearly illustrate that there has been very less or almost no change in the size of ceria
particles formed as a function of the change in the concentration of sodium hydroxide. All the
samples are very stable when dispersed in ultrapure water and stay stable up to six months

when kept at 5 °C in the refrigerator. The DLS data after six months of synthesis has been
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illustrated in Figure 3.19. The experimental sizes as calculated by DLS indicate that in all the
samples except S7a, the polydispersity index (PDI) stays low even after 6 months of
production confirming that the samples were not aggregating quickly. All the results are

summarised in table 3.6.
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Figure 3.19 Size distributions by intensity obtained with DLS for nanospheres (S7a-d),
each coloured line represents an average of minimum three measurements
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Figure 3.20 Bright field and dark field high resolution TEM images for nanospheres
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Figure 3.21 Bright field and dark field high resolution TEM images for nanorods (R2)

Table 3.6 Results from synthesis 6

DLS TEM

3 months
S7  Nanosphere  52+1 6+2 70£15
PdIL:0.176 PdIL:0.156

R2 Nanorod 147+19 30+15(Length) 20043
8+4(width)
PdI:0.389 PdI:0.249

3.5 Conclusions

Ceria nanoparticles have been synthesized using sonochemical, thermal hydrolysis and
precipitation methods. We have produced NPs coated with different capping agents, with
different strengths of interaction between core and capping agent/no capping agent and with

both steric and charge stabilization. The various shapes obtained are nanospheres (S1-7),
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nanocubes (C1-4) and nanorods (R1-2). The reactions have been monitored at different
concentrations of the precursors and temperature of the reaction mixtures and a batch of
samples have been obtained. Almost all the synthesised NPs are quite stable when dispersed

in ultra pure water and stay stable up to a minimum of three months.

In the experimental data, it has been commonly found that spheres are generally formed at
room temperatures whereas higher temperatures and longer reaction times favoured an
increase in particle size as well as formation of other shapes such as cubes and rods.
However, this may not be the case always. In particular, all the precipitation methodologies
performed at room temperatures lead to the formation of nanospheres irrespective of the type
of precipitant used. Another important point is that in all the above methodologies used to
synthesise ceria NPs, the change in concentration of the ceria precursor had very little or
almost no effect on the size and shape of the NPs formed. However, change in concentration
of the oxidant lead to different sizes with increase in the temperature. Temperature also had a
great impact on the aspect ratio of the ceria nanorods formed. Both the ceria samples (R1 and
R2) synthesised using precipitation methodologies at higher temperature yielded nanorods
but rods (R1) obtained at 100 °C temperature in synthesis 3 (scheme b) are larger in size and

width as compared to the nanorods (R2) obtained at 50 °C.

Non-thermodynamic variables also seemed to play an important role. For example synthesis
2 was carried out under ultrasonication conditions however, synthesis 6 was carried out using
common laboratory magnetic stirrer and we observed that synthesis 2 yielded spherical ceria
NPs quickly (4 hours) as compared to synthesis 6 (48 hours) when carried at room
temperature with similar concentration of the precursors. This could be attributed to the fact
that ultrasonication accelerates the release of OH™ groups, resulting in immediate reaction to
form a stable cerium oxide suspension. Hence, reaction with sonochemical method was faster
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than from conventional stirring. Also the addition of PEG during ultrasonification leads to
more stable nanospheres (S1 and S2) as compared to (S7). This is due to the fact that PEG
strongly adsorbs on the particle surface because of the strong agitation in the sonication and
the strong asymmetrical collision between the PEG adsorbed particles prevents the

aggregation between the suspension due to steric hinderance effect.

Another important process is the appearance of purple-violet colour during the synthesis
which ultimately changes to light yellow or dark yellow by the end of the synthesis. This
purple tinge could be a characteristic of the not so well defined poor redox change within the
reaction and during the synthesis because of the formation of intermediate species such as
hydroxides of cerium and finally gives a characteristic yellow colour to the ceria suspension
indicating the formation of cerium oxide. It is also known that Ce (III) oxidation state is less
stable in air or alkaline conditions as compared to the Ce (IV), so this intermediate could be
Ce (III) hydroxide finally converting to stable Ce (IV) (Zhang et al., 2007). However, the
exact mechanism is not very understood. It has also been found that the final suspensions
which were creamish yellow or light yellow in colour resulted in particles with smaller sizes

(after characterisation with DLS and TEM) as compared to the dark yellow suspensions.

It 1s quite evident now that reaction time, temperature and concentration of the precursors,
especially the concentration of oxidants, play an important role towards the shape and size of
the particles formed. Keeping this in view, all these parameters have been carefully recorded
during the experiments. The size, shape and morphology of all the as synthesized samples has
been determined using DLS and TEM. Zeta potential has also been measured for some
samples. DLS has been used to monitor the stability of the particles after 3/6 months post
synthesis and revealed that many samples stay stable up to a minimum of three months when
kept at colder temperatures of 5 °C. In the next chapter, the oxidation state studies have been

95



carried out on the synthesised samples using XPS and STEM-EELS and the surface

chemistry of these particles has been analysed. The oxidation states of the samples have been

quantified as well as the technique comparison has been made.

To summarise, the various experimental procedures performed along with their reaction

conditions and products obtained have been tabulated in table 3.7. In total, four different sizes

of nanocubes (C1-4), seven different sizes of spheres (S1-7) and two different sizes of rods

(R1-2) have been synthesized using different methodologies. The data is summarised below.

Table 3.7 Reaction Conditions of the experimental procedures and the products

obtained
Synthesis Reaction Stirring Product Colour of | Sample
type Precursors temperature | hours morpholo the final |code
°C) Tphology product
Homogenous | Ce(NO3)3-6H,O
precipitation + 7 Pale C1
HMTA 70 Nanocube yellow
Ratio 1: 10
Homogenous | Ce(NOs3)3;-6H,0
precipitation + 7 Yellow [C2
HMTA 70 Nanocube
Ratio 1: 20
Homogenous | Ce(NOs3)3;-6H,O
precipitation + 7 Yellow |C3
HMTA 70 Nanocube
Ratio 1: 40
Sonochemical | Ce(NO3);-6H,0
+ Room 4
PEG 1500 Temperature Nanosphere | Creamish |S1
+ (25) yellow
NaOH
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Sonochemical | Ce(NO3);-6H,0 4
+ Room
PEG 600 Temperature Nanosphere | Creamish |S2
+ (25) yellow
NaOH
Homogenous | Ce(NOs3)3;-6H,O Room
precipitation + Temperature 24 Nanosphere | Faint S3
Ethylenediamine (25) yellow
Co- Ce(NO3);-6H,0O
precipitation + 100 7 Nanosphere | Faint S4
Ethylenediamine yellow
Co- CG(NO3)3 ' 6H20
precipitation + R1
Ethylenediamine 100 7 Nanorod |Dark
+ yellow
Water
Hydrolysis Ammonium
Ce(IV) nitrate Room 24 Pale S5
Temperature Nanosphere
+ (25) Yellow
NaOH
Thermal Ammonium
hydrolysis Ce(IV) nitrate 100 7 Nanocube Dark C4
+ yellow
NaOH
Co- CG(NO3)3 ‘6H,0O Room
precipitation + Temperature 1 Nanosphere | Yellow S6
Ammonia (25)
precipitation | Ce(NOs);-6H,0 Room
+ Temperature 48 Nanosphere | Creamish | S7
NaOH (25) yellow
precipitation ' Mixture of
Ce(NO% 6H;0 50 48 nanosphere | Yellow R2
NaOH and
nanorods
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4 Oxidation state determination using STEM-EELS

and XPS

4.1 Chapter overview

This chapter is focussed on understanding the surface chemistry of synthesised ceria NPs as a
function of their size and shape. As discussed in chapter 1, there is some contradiction in
literature about the oxidant/antioxidant activity of nanoceria and the speculation is on the
redox behaviour of cerium oxide being responsible for these assessments but there are large
gaps in knowledge of the redox mechanism of these nanoparticles and whether Ce (III) or Ce
(IV) is responsible for such behaviours. There is a need to quantify and understand the
presence of Ce (III) and Ce (IV) ratios in synthesised samples and then use them in further
toxicological and eco-toxicological studies in order to verify whether it is Ce (III) or Ce (IV)
which is leading to toxicity. In this chapter, we have discussed the oxidation state
quantification of all the synthesised samples (explained in chapter 3) using two well
established techniques, EELS and XPS. Given the uncertainties and contradictions in
literature, use of two methods would allow us to be more accurate. Both the techniques are
surface profile techniques but are based on different principles. The detailed background has

been explained in chapter 2 (section 2.2.3 and 2.2.4 respectively).

There are few studies in literature on synthesised ceria NPs that have employed X-ray
photoelectron spectroscopy (XPS) and electron energy loss spectroscopy (EELS) for
oxidation state quantification of pristine samples (Deshpande et al., 2005, Paparazzo, 2011,
Zhang et al., 2011b, Wu et al., 2004, Merrifield et al., 2013, Han et al., 2005, Haigh et al.,
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2011, Gao et al., 2010, Baalousha et al., 2010) but in most of the cases, either of these
techniques has been used to identify the oxidation states except (Baalousha et al., 2010)
where both the methods have been employed to evaluate commercial samples of ceria. In this
study we use a combination of STEM+EELS along with XPS to quantify ceria oxidation

states of the as synthesised samples.

4.2 Ocxidation state quantification using EELS

4.2.1 Methodology

4.2.1.1 Ceria NPs used for the experiment

All the ceria nanoparticles used for EELS experiments have been synthesised by myself and

their synthetic schemes have been discussed in chapter 3.

4.2.1.2 Characterisation

All the samples used in this chapter have been characterised for their size and shape using

DLS and TEM (details in chapter 3)

4.2.1.3 Sample preparation for EELS

A good quality sample preparation is one of the most important step in EELS experiments.
Good quality means that the sample should be free from any contamination with no surface
artefacts and should have a large thin area with a good collection of nanoparticles to analyse.
Considering the sample requirements, the samples for EELS experiments were prepared by
ultracentrifugation (Mavrocordatos et al., 2007) (details of the technique and sample
preparation are explained in chapter 2, section 2.2.6). Another familiar contamination during
EELS experiments includes the carbon contamination. There are many sources responsible

for it such as dust from the air or vacuum pump as well as sample handing during preparation
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and while loading the sample into the sample holder before EELS experiment. In order to
avoid this, the sample grids were kept covered while drying and were stored in clean grid
boxes throughout. The sample was put into the microscope quickly after taking it out of the

grid box and the vacuum pump was cooled down by the liquid nitrogen.

4.2.1.4 EELS measurements

EELS measurements were performed by Dr Douglas Blom from the Electron Microscopy
Centre at University of South Carolina, USA with my assistance. My assistance involved
loading the sample grid on the sample holder and inserting it in the vacuum chamber and later
removing the sample grid off the sample holder, alignment of the electron beam by setting the
condensers and the gun, focussing the image and finding a large thin area with a good
collection of nanoparticles to analyse and then switching to the STEM mode for diffraction
imaging. All the EELS measurements were carried out under his directions. His wider
experience and in depth knowledge in STEM-EELS not only helped me in generating some
very good images and spectra but also taught me how to generate a quality data. All the raw
data collected have been analysed by myself using the Gatan Microscopy Suite at the
University of Birmingham. I took a four day training course at the Gatan suite at the
University of Birmingham and learnt how to analyse and interpret the signals from the raw

EELS data generated and further quantification steps under the guidance of Dr. Ian Jones.

The spectra have been generated using JEOL 2100F with CEOS GmbH hexapole STEM
probe corrector coupled with an X-EDS from Oxford Instruments and EELS from Gatan, Inc.
Further information on theory and details of the instrument used have been discussed earlier
in chapter 2, section 2.2.3). The samples were given a beam shower of five minutes in order

to reduce the chances of carbon contamination during the experiments. In this procedure, the
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sample and the grid was pre irradiated with a dose of defocussed beam and scanned at a
magnification of 50,000X, with the purpose to avoid contamination during subsequent STEM

imaging at high magnifications (Egerton et al., 2004).

Cerium oxidation states have been measured using Cerium Ms/M4 white line ratios obtained
from the EELS spectra, the two peaks at ~883 eV and ~901 eV indicated the cerium M5/M4
edge (double white line). CeNO; was used as a Ce (III) standard and bulk CeO, was used as a
Ce(IV) standard, These were high quality standards and have been previously used by our
group and data published (Merrifield et al., 2013). Ce (III) and Ce (IV) standards have been
effectively used giving Ms/My white line ratios of 1.23+0.05 and 0.82+0.03 respectively.
These values agree with those previously calculated by others (Fortner et al., 1997, Wu et al.,
2004, Merrifield et al., 2013). A number of methods have already been developed to measure
the Ms/My ratios (Manoubi et al., 1990, Yang et al., 2006) but in this work, the second
derivative method have been used since it is insensitive to thickness variations (Fortner et al.,
1997). Because of the noise in the spectra, the raw data of the spectra have been smoothed
and the Ms/M, ratios have been determined by extracting the integrated signal of the
smoothed second derivative. The percentage of Ce (III) and Ce (IV) were calculated using the

method used by Wu et al (Wu et al., 2004).

For almost all the samples, line scans have been collected across the diameter of the particle
from the centre towards the edge of the particle except for very small particles where a line
scan seemed to have been damaging the particle surface. So area scans have been carried out
on different sections of the same sample instead of line scans. They are illustrated in the

below sections.
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4.2.1.5 Quantification steps

Figure 4.1 (a) shows a cerium oxide spectrum over a few hundred electron volts with two
distinct edges, the oxygen K edge at around 532 eV and the cerium M, s-edge from 880 eV
upwards. We will be concentrating on the second edge which is characterised by the pair of
M;s and My signals. For quantification, the first step is to assign the characteristic peaks
(white lines) as signals and the rest as the background (figure 4.1 b) and then the signal is
extracted from the spectrum. Because of the noise in the spectra, the extracted signal was
band-pass filtered (using the smooth low band-pass filter function) and the second derivative
(figure 4.1 c) was calculated using the digital micrograph software. The Ms/M, ratio have
been determined by extracting the integrated signal of the smoothed second derivative (figure
4.1 d) and comparing these with the Ms/My ratios obtained from the cerium standards. The

steps are clearly explained in figure 4.1 (a-c).

4.2.1.6 Beam damage

Electron beam induced damage is an important aspect which needs to be to be considered and
recognised (if any), during EELS experiments. This damage can be studied either using
electron diffraction patterns or high-resolution images, or by changes in spectral features. In
case of cerium oxide, the beam damage can induce change in oxidation state from Ce (IV) to
Ce (III), hence leading to an overestimation of the Ce (III) within the sample. According to
literature, the beam damaged spectrum of cerium oxide can possibly show the following
changes (a) decreases in energies of the Ms andM,4 maxima; (b) changes in shape of the near-
edge structure; (c) inversion of the Ms/M, branching ratio; and (d) increase in the Ms/My area
ratio (Sauer et al., 1993, Garvie and Craven, 1994, Garvie and Buseck, 1999, Riedl et al.,

2006, Tan et al., 2012).
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(a) Signal as obtained

(b) Signal/Background assigned

(c) Smoothed second derivative

Figure 4.1 (a-c) Illustration of the various steps involved during EELS quantification

\V N N
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The extent of electron-beam damage depends on factors such as the probe current density,
accelerating voltage, chemistry and structure of the solid, and dimensions of the irradiated
volume, however, there are strategies to identify and minimise the beam damage (Egerton et
al., 2004). Beam damaged degradation of the crystalline structure can also be identified from
the high resolution images taken before and after the spectral imaging (SI) and conclusions
can be made on whether there is a beam damage or not. An example of a beam damaged
degradation of the crystalline perfection is explained below. Garvie et al followed the
reduction of Ce (IV) in cerium oxide by observing changes in the shape of the Ce My s edge
by EELS. They reported that the energy-loss near-edge structure of the beam-damaged
cerium oxide exhibits Ce My s edge shapes that are consistent with reduction to a Ce (III)
oxide. They also observed a decrease in the energy of Ms and My maxima as well as an
increase in Ms/My ratio. Ce Mys edges of Ce (IV) and Ce (III) bearing materials were
investigated for example monazite—CePQO,, loparite—(Ce, Na, Ca),(Ti, Nb),O¢, and
cerianite—CeO, as shown in figure 4.2 (a). They highlighted the effect of increasing electron
dose leading to the beam damaged reduction of Ce (IV) to Ce (III), shown in figure 4.2 (b).
Beam irradiation may also lead to the displacement of atoms thereby distorting the crystal
perfection, also known as displacement damage (Egerton et al., 2004). This effect can be
diagnosed by examining the diffraction pattern before and after the spectral imaging through
the high resolution images. Figure 4.3 represents an illustration of a visual inspection of a
typical example of beam damage to the crystal structure, however this can be minimised by
lowering the acquisition time during spectral imaging. It is also known that beam damage to a
larger extent is thickness dependent. So thinner specimen are more prone to structural and
spectral changes caused due to electron damage (Garvie and Craven, 1994). All these things
were carefully considered and much attention was paid while running the EELS

measurements. The chosen acquisition time of 2 seconds was monitored for any beam
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damage to the reference CeO, and consecutive reduction of Ce (IV) to Ce (III) and no beam

damage was observed.

(a) (b)

Figure 4.2 (a) Ce My s edges of Ce (IV) and Ce (III) bearing materials were investigated
for example monazite—CePQ,, loparite—(Ce, Na, Ca),(Ti, Nb),O¢, and cerianite—
CeO; and observed for their shape, energy positions and Ms/M, area ratio (b) Damage
sequence from fresh (A) to damaged (H) CeO, from a sample of thickness 0.17 x
inelastic mean free path. After H the edge showed no further changes with electron
dose. The estimated doses in /A are (a) 3 x 105; (b) 6 x 105; (c) 2 x 106; (d) 3 x 106; (e)
7x106; (f) 1 x107; (g) 2 x 107; and (h) 5 x 107, adapted from (Garvie and Buseck, 1999)

t=—2fs 1=2fs t=5fs t=10fs t==20fs t=501s

Figure 4.3 An illustration of the beam induced damage to the crystal structure with

longer acquisition times, adapted from (Neutze et al., 2000)
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4.3 Ocxidation state quantification experiments for sample C1, C2 and C3 using EELS

The ceria nanocubes C1, C2 and C3 were synthesised by myself and their synthetic scheme
has been discussed in chapter 3 (section 3.2.1, synthesis 1). The particles have been

characterised for their size and shape by DLS and TEM (chapter 3, section 3.2.1, Synthesis

).

4.3.1 EELS measurements on nanocubes C1, C2 and C3

The EELS scan for the nanocubes C1 (30.8+£7.3 nm), C2 (20.6+7.3 nm) and C3 (15.8+4.6
nm) have been collected at three points called A, B, C which have been assigned as shown in
the figure 4.4 (a) where A indicates the center of the particle, B is the point between the
center and edge of the particle and C is the outmost edge of the particle and the Ms/My ratio
extracted from this line scan across the particle indicates the variation of cerium oxidation

state across the particle as we go from centre towards the edge of the particle.

4.3.1.1 Results and discussion of EELS measurements on nanocubes C1

The Ms/My ratios extracted from the center of the nanocube with diameter (20 nm) from
sample C1 is close to that of Ce (IV), while that from the edge is close to Ce (III) (Table 4.1,
particlel). Figure 4.4 (a) clearly illustrates the different intensities of M5 and M4 white lines
for particle 1 as the line scan was carried out from center towards the edge of the nanocube

(C1).
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Table 4.1 Ms/M4 ratio at points A, B and C for sample C1

Sample C1 CeNOj as | Bulk CeO;,
standard as
standard
Depth Particle 1 Particle 2 | Particle 3 Particle 4 Ce (I1D) Ce (IV)
A (at 8nm) 0.949 0.876 1 0.973 1.23 0.82
B (at 4nm) 0.898 1.01 0.885 0.942
C (< 1nm) 1.1 1.01 1.24 1.19

A number of measurements have been carried out on different nanoparticles of the same

sample as well as around the perimeter of the particles (Figure 4.2 (b-d)). The results

obtained have been illustrated in table 4.1. It has been observed that the nanocubes in sample

C1 had Ce (III) present in the top 1nm layer of the particle. However, the core of the NPs

contained only Ce (IV). Figure 4.4 (a-d) illustrate different NPs from sample C1 with an

approximate size of about 18-20 nm. In all the cases, Ce (III) has been found only in the top

Inm layer (M) whereas the core (A= 9-10 nm deep) as well as the point between the center

and the edge (B= 4-5 nm deep) had only Ce (IV) present. This indicates that the oxidation

state of the ceria NPs is not uniform throughout the particle and the valence reduction process

is predominant at the surface as compared to the interior of the particle.
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Particle 1

Figure 4.4 (a) EELS spectra illustrating different intensities of Ms and My white lines for particle 1 as the line scan was carried out from
center towards the edge of the nanocube (C1)
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Particle 2

Figure 4.4 (b) EELS spectra illustrating different intensities of M5 and My white lines for particle 2 as the line scan was carried out from
center towards the edge of the nanocube (C1)
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Particle 3

Figure 4.4 (c) EELS spectra illustrating different intensities of Ms and My white lines for particle 3 as the line scan was carried out from
center towards the edge of the nanocube (C1)
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Spatial Drift"

Particle 4

Figure 4.4 (d) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out from
center towards the edge of the nanocube (C1)
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It is also known that the relative intensity of the white lines (M4 and Ms) of the cerium in the
EELS can be used to determine the valence of the ceria nanoparticles, a high intensity Ms
peak (peak height) corresponds to the presence of a significant Ce (III) oxidation state
whereas it is the vice versa in case of a low intensity My peak. This has been observed for all
the measurements (Figure 4.4 (a-d)). It was found that the M5 signal was more intense at the
edges only whereas the My signal was bigger when the probe was at points A and B (at center
of the particle and between the center and edge of the particle). The results obtained are in
good agreement with the second derivative methodology used here but since the intensity
method is dependent on the thickness of the sample, the results have not been compared and
discussed here. The Ms/My ratios obtained during various line scans (figure 4.4 (a-d)) are
summarised in tables 4.1. After the quantitative analysis of the Ms/M, ratios obtained from
the investigated particles at different depths of the particle, the data shows that there is 32 %

Ce (III) present in the core and 77 % Ce (III) present on the edges of the sample C1.

4.3.1.2 Results and discussion of EELS measurements on nanocubes C2

Nanocubes in sample C2 are comparatively smaller in size (20.6+7.3 nm by TEM) as
compared to C1 (30.8+7.3nm by TEM). Figure 4.5 (a-d) illustrate the survey scans carried
out on NPs from sample C2. It was observed that for sample C2 (Figure 4.5 (a)) the particles
with diameter of approx 14nm had Ce (III) present in the top 1 nm layer (C) as well as at a
depth of 4nm from the edge of the particle (B) whereas the core (A) of the particle
approximately at the depth of 7nm still had only Ce (IV) present (table 4.2), for example
particle 1 (table 4.2). However, the particles with larger sizes again had Ce (III) present in the
top Inm layer of the particle only while the core of the NPs contained only Ce (IV) for

example particle 3 and 4 with a core size of 16-18nm had Ce (III) present in the top 1 nm
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layer (at the surface of the particle, point C). However the core of the particles (point A) and

between the center and edge of the particles (point B) had Ce (IV).

Table 4.2 Ms/M4 ratios at points A, B and C for sample C2

Sample C2 CeNOj as | Bulk CeO,
standard as
standard
Depth Particle 1 Particle 2 | Particle3 | Particle 4 Ce (III) Ce (IV)
A (at 7nm) 0.944 1.04 1.01 0.99 1.23 0.82
B (at 4nm) 1.17 1.08 1.02 0.982
C (<1nm) 1.14 1.28 1.18 1.19

This indicates that the valence reduction process is predominant at the surface as compared to

the interior of the particle. As discussed earlier, the relative intensity of the white lines (M4

and Ms) of the cerium in the EELS can also be used to determine the oxidation state of the

ceria nanoparticles, a bigger Ms signal corresponds to the presence of a significant Ce (III)

oxidation state whereas it is the vice versa in case of a bigger My. This has been observed for

the measurements on particle 1 with diameter of 14nm (figure 4.5 a). The M5 peak is bigger

at points B and C whereas it is smaller at point A. Similarly for particle 3 and 4, Ms peak is

bigger only at the edge of these particles (C) whereas it is smaller and less intense at points A

and B (figure 4.5 ¢ and d). The results obtained are in good agreement with the second

derivative methodology (table 4.2). The results show that there is 43 % Ce (III) present in the

core and 93 % Ce (III) present on the edges of the sample C2.

113




Spectrum Imag =

10 nm

Particle 1

Figure 4.5 (a) EELS spectra illustrating different intensities of Ms and My white lines for particle 1 as the line scan was carried out from

center towards the edge of the nanocube (C2)
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Particle 2

Figure 4.5 (b) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 2 as the line scan was carried out from

center towards the edge of the nanocube (C2)
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Figure 4.5 (c) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 3 as the line scan was carried out from
center towards the edge of the nanocube (C2)
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Particle 4

Figure 4.5 (d) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out from

center towards the edge of the nanocube (C2)
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4.3.1.3 Results and discussion of EELS measurements on nanocubes C3

The nanocubes in C3 (15.8+4.6 nm) are smaller than nanocubes in C1 (30.8+7.3 nm) and C2
(20.6+7.3 nm) as obtained by TEM. Figure 4.6 (a-d) illustrate the survey scans carried out on
NPs from sample C3. Similar kind of results was observed as discussed earlier for sample C2.
The amount of Ce (III) increased as the particle size decreased. The Ms/M, ratios obtained

during various line scans (figure 4.6 (a-d)) are summarised in tables 4.3.

Table 4.3 Ms/M4 ratio at points A, B and C for sample C3

Sample C3 CeNOj as | Bulk CeO;,
standard as
standard
Depth Particle 1 | Particle2 | Particle3 | Particle 4 Ce (1II) Ce (IV)
A (at 5Snm) 0.997 0.973 1.03 1.02 1.23 0.82
B (at 3nm) 1.05 1.20 1.24 1.29
C (< 1nm) 1.29 1.45 1.29 1.31

All the NPs in C3 with approximate diameter of 10 nm or less (particle 2, 3 and 4) had Ce
(IIT) present till 3nm deep inside the particle however, the core (approx. Snm deep) had only
Ce (IV) as oxidation state. This could be attributed to the increased presence of oxygen
vacancies in smaller ceria nanoparticles than those in larger nanoparticles. Similar results
were obtained from the Ms/My ratios extracted out of different NPs from sample C3. The
results indicate that the oxidation state of the ceria NPs is not uniform throughout the particle.
Looking at the intensity of the Ms and M4 peaks in the EELS spectrum, all the NPs in C3

with diameter of 10nm or less showed bigger M5 peak till 3nm deep from the surface of the
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particle (at point B) however, it became shorter when the EELS was carried out at the center
of the particle at point A (figure 4.6 a-d). The results match with the second derivative
methodology used (table 4.3) and are evident from the figures 4.6 (a-d). After the quantitative
analysis of the Ms/My ratios obtained from the investigated particles at different depths of the
particle, the data shows that there is 45 % Ce (III) present in the core and 100 % Ce (III)

present on the edges of the sample C3.

4.3.2 Summary and conclusions of the EELS experiments carried out on nanocubes
C1,C2 and C3

In summary, we have carried out systematic EELS experiments on three different samples of
nanocubes, C1, C2 and C3, with different sizes. The M, s-edge spectra have been used to
evaluate the oxidation state of cerium using STEM-EELS. Line scans have been carried out
looking at local oxidation state variation across the particle as we go from the centre towards
the edge of the particle. The data has been collected at three points A, B and C where A
indicates the center of the particle, B is the point between the center and edge of the particle
and C is the outmost edge of the particle. The results clearly suggest that the oxidation state
of ceria NPs is not uniform throughout the particle and the amount of Ce (II) increases as the
particle size decreases. The results obtained for the three nanocube samples C1, C2 and C3
have been tabulated in table 4.4 and figure 4.7 clearly demonstrates the M5/M4 ratios
obtained across the diameter of the particles investigated. Ms/My ratios were plotted against
the particle depth illustrating the oxidation state pattern observed for C1, C2 and C3 as we go
from center of the particle towards the edge. STEM images have been collected both before
and after the EELS scan was carried out and no damage to the nanoparticle under
investigation has been observed. So the data shown is due to the amount of energy loss

collected during the experiment and not an over or under estimation of the sample.
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Particle 1

Figure 4.6 (a) EELS spectra illustrating different intensities of Ms and My white lines for particle 1 as the line scan was carried out from
center towards the edge of the nanocube (C3)
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Figure 4.6 (b) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 2 as the line scan was carried out from
center towards the edge of the nanocube (C3)
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Particle 3

Figure 4.6 (c) EELS spectra illustrating different intensities of Ms and My white lines for particle 3 as the line scan was carried out from
center towards the edge of the nanocube (C3)
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Particle 4

Figure 4.6 (d) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out from
center towards the edge of the nanocube (C3)
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Table 4.4 Oxidation state quantification data for the nanocubes C1, C2 and C3 as

obtained from EELS

Nanocube 93.7+0.8 30.8+7.3

Nanocube 132.8+3.2 15.84+4.6
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Figure 4.7 The Ms/My4 ratios obtained across the diameter of the particles investigated
are plotted against the particle depth illustrating the oxidation state pattern observed
for C1, C2 and C3.

4.4 Ocxidation state quantification of nanospheres sample S1 and S2 using EELS

The ceria nanospheres S1 and S2 have been synthesised by myself and their synthetic scheme
has been discussed in chapter 3. The particles have been characterised for their size and shape

by DLS and TEM. Details in chapter 3.

4.4.1 EELS measurements on nanospheres S1 and S2

The EELS scan for the nanospheres S1 (4.5£2.5 nm) and S2 (6.0£3.0 nm) with primary
particle size of as small as 2nm have also been collected at three points called A, B, C (as
discussed previously in section 4.3.1) where A indicates the center of the particle, B is the
point between the center and edge of the particle and C is the outermost edge of the particle
and the Ms/My ratio extracted from this line scan across the particle indicates the local
variation of cerium oxidation state across the particle as we go from centre towards the edge

of the particle.
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4.4.1.1 Results and discussion of EELS measurements on nanospheres S1

The Ms/My ratios extracted from the center of the nanosphere (at point A) with diameter (3
nm) from sample S1 (particle 1) is 1.1 which is closer to that of Ce (III), while that from the
edge (at point C) is 1.31, also close to Ce (III) (Table 4.8, particlel). Figure 4.6 (a) clearly
illustrates the different intensities of Ms and My white lines for particle 1 as the line scan was

carried out from center towards the edge of the nanosphere (S1).

Table 4.5 Ms/M4 ratio at points A, B and C for sample S1

Depth Sample S1
Particle | Particle | Particle | Particle | Particle | Particle | Particle | Particle
1 2 3 4 5 6 7 8

A

1.10 1.08 1.17 1.098 1.27 1.29 1.19 1.19
B

1.11 1.48 1.2 1.099 1.04 1.21 1.18 1.29
C

1.30 1.57 1.2 1.1 1.14 1.16 w/s w/s

* w/s= weak signal

A number of measurements have been carried out on different nanospheres of the same
sample (Figure 4.8 (b-h)). The results obtained have been illustrated in table 4.5. We found
that all the nanospheres in sample S1 between the size of 2-3 nm had Ce (III) present at
points A, B and C and no Ce (IV) was detected. Figure 4.8 (a-h) clearly illustrate different
NPs from sample S1 with an approximate size of about 2-7 nm. In all the cases, it was found
that with spherical particles < 3 nm, only Ce (III) was detected at the surface as well as at the
core of the particle. However, with larger sized particles, it was observed that the extracted
M;s/My ratios were closer to Ce (III) at the surface (point C) as well as between the center and

edge of the particle (point B) while the core (point A) had only Ce (IV) present. For example,
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the Ms/My ratios extracted from points A and B of a particle size Snm (particle 4 in table 4.5)
were closer to Ce (III) whereas those extracted from point C clearly suggest the presence of
Ce (III). This indicates that for larger particle (>3nm), the valence reduction process is
predominant at the surface as compared to the interior of the particle. The investigated
particles 1, 3, 6, 7 and 8 are in the range of 2-3nm in diameter and all showed the complete
presence of Ce (III) in them at points A, B and C. The results illustrate comparatively higher
amount of Ce (II) present in smaller nanoparticles with particles < 3nm to be completely Ce
(ITI). During the analysis, some regions showed very low intensity spectrum. This is generally
due to very thin areas under investigation and is commonly observed on the edges. Since, the
intensity of the signal obtained is very weak, it is difficult to extract the signal out of the
spectrum and hence no information could be obtained. These observations have been marked

as w/s in the table 4.5 and have not been used for the quantification process.
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Particle 1

Figure 4.8 (a) EELS spectra illustrating different intensities of Ms and My white lines for particle 1 as the line scan was carried out from
center towards the edge of the nanosphere (S1)
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Particle 2

Figure 4.8 (b) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 2 as the line scan was carried out from
center towards the edge of the nanosphere (S1)
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Particle 3

Figure 4.8 (c) EELS spectra illustrating different intensities of Ms and My white lines for particle 3 as the line scan was carried out from
center towards the edge of the nanosphere (S1)
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Particle 4

Figure 4.8 (d) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out from
center towards the edge of the nanosphere (S1)
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Particle 5

Figure 4.8 (e) EELS spectra illustrating different intensities of Ms and My white lines for particle S as the line scan was carried out from
center towards the edge of the nanosphere (S1)
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Particle 6

Figure 4.8 (f) EELS spectra illustrating different intensities of Ms and My white lines for particle 6 as the line scan was carried out from

center towards the edge of the nanosphere (S1)
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Particle 7

Figure 4.8 (g) EELS spectra illustrating different intensities of Ms and My white lines for particle 7 as the line scan was carried out from

center towards the edge of the nanosphere (S1)
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Particle 8

Figure 4.8 (h) EELS spectra illustrating different intensities of Ms and M, white lines for particle 8 as the line scan was carried out from
center towards the edge of the nanosphere (S1)
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Investigation of the peak intensities in the EELS spectrum also gave similar results (figure
4.8 a-h). In almost all the NPs with diameter of 3nm or less, the Ms signal was bigger at all
the points (A, B and C) of the nanoparticle. However, it became smaller when the EELS was
carried out at the center of the larger particles (for example particle 4). The Ms/My ratios
obtained during various line scans (figure 4.8 (a-h)) are summarised in tables 4.5. After the
quantitative analysis of the Ms/My ratios obtained from all the investigated particles at
different depths of the particle, the data shows that there is 86 % Ce (III) present in the core

and 100 % Ce (III) present at the edges of the sample S1.

4.4.1.2 Results and discussion of EELS measurements on nanospheres S2

The nanospheres in sample S2 (6.0+3.0 nm) are of similar size to that of S1 (4.5+2.5 nm), as
obtained by TEM. Figure 4.9 (a-g) illustrate the survey scans carried out on NPs from sample
S2. Similar kind of results has been observed as discussed earlier for sample S1. The amount
of Ce (III) increased as the particle size decreased. The Ms/My ratios obtained during various

line scans (figure 4.9 (a-g)) are summarised in tables 4.6.

Table 4.6 Ms/M4 ratio at points A, B and C for sample S2

Depth Sample S2
Particle 1 | Particle 2 | Particle 3 | Particle 4 | Particle 5 | Particle 6 | Particle 7

A

1.04 0.972 0.759 1.02 1.21 1.099 0.946
B

1.24 0.871 0.846 1.10 0.957 1.13 0.985
C

1.11 1.21 1.01 1.23 1.124 1.15 1.38
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Figure 4.9 (a-g) illustrate different NPs from sample S2 with an approximate size of about 3-
7 nm. In all the cases, it was found that with spherical particles < 3 nm, only Ce (III) was
detected at the edge (point C) between the edge and the center (point B) as well as at the core
of the particle (point A). However, with larger sized particles, it was observed that the
extracted Ms/My ratios were closer to Ce (III) at the edge (C) and sometimes between the
edge and center of the particle at point B (depending on particle size) while the core (A) had
only Ce (IV) present. For example, the Ms/My ratios extracted from points A and B of a
particle size 6nm (particle 3 in table 4.6) were closer to Ce (IV) whereas those extracted from
the edge (point C) clearly suggest the presence of Ce (III). Similar results were obtained for
particle 2 (d= 5nm) and particle 7 (d=6nm) however, particle 4 (d=3nm) showed the presence
of Ce (III) all over the surface as wells as the core of the particle i.e points A, B and C. This
again indicates that for larger particles (>3nm), the valence reduction process is predominant
at the surface as compared to the interior of the particle. The investigated particle 4 is in the
range of 2-3nm in diameter and showed complete presence of Ce (III) whereas the other
investigated particles are in the range of 4-7nm and contain a mixture of Ce (III) and Ce (IV)
with all the particles predominantly carrying Ce (III) at the surface. After the quantitative
analysis of the Ms/M, ratios obtained from all the investigated particles at different depths of
the particle, the data shows that there is 45 % Ce (III) present inthe core and 86 % Ce (I1I)

present at the edges of the sample S2.
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Particle 1

Figure 4.9 (a) EELS spectra illustrating different intensities of Ms and My white lines for particle 1 as the line scan was carried out from
center towards the edge of the nanosphere (S2)
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Figure 4.9 (b) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 2 as the line scan was carried out from
center towards the edge of the nanosphere (S2)
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Particle 3

Figure 4.9 (c) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 3 as the line scan was carried out from

center towards the edge of the nanosphere (S2)
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Figure 4.9 (d) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out from

center towards the edge of the nanosphere (S2)
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Figure 4.9 (e) EELS spectra illustrating different intensities of Ms and My white lines for particle S as the line scan was carried out from

center towards the edge of the nanosphere (S2)
142



o

Particle 6

Figure 4.9 (f) EELS spectra illustrating different intensities of Ms and My white lines for particle 6 as the line scan was carried out from

center towards the edge of the nanosphere (S2)
143



Particle 7

Figure 4.9 (g) EELS spectra illustrating different intensities of Ms and My white lines for particle 7 as the line scan was carried out from

center towards the edge of the nanosphere (S2)
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4.4.2 Summary and conclusions of the EELS experiments carried out on nanospheres

S1 and S2

In summary, we have carried out systematic EELS experiments on two different samples of
nanospheres, S1 and S2 with very similar sizes. The My s-edge spectra have been used to
evaluate the oxidation state of cerium using STEM-EELS. Line scans have been carried out
looking at local oxidation state variation across the particle as we go from the centre towards
the edge of the particle. STEM images have been collected before and after the EELS
experiments and no particle damage has been observed. The results suggest that oxidation
state is related to size. The amount of Ce (III) increases as the particle size decreases with
particles < 3nm to be completely Ce (III). The oxidation state for larger ceria NPs is not
uniform throughout. For larger particles, the valence reduction process is predominant at the
surface as compared to the interior of the particle. The results obtained for the spherical

samples S1 and S2 have been tabulated in table 4.7.

Table 4.7 Oxidation state quantification data for the nanospheres S1 and S2 as obtained

from EELS

DLS TEM Ce (IID) Ce (IIT)
Center Edge
S1  Nanosphere  85.5+0.4 4.5€2.5 0.86 1.00
S2 Nanosphere  89.0+0.3 6.0£3.0 0.45 0.86
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4.5 Ocxidation state quantification of nanosphere samples S3 and S4 using EELS

The ceria nanospheres S3 and S4 have been synthesised by myself and their synthetic scheme
has been discussed in chapter 3, synthesis 3, scheme a and b respectively. (section 3.2.1). The
particles have been characterised for their size and shape by DLS and TEM (details in chapter

3).

4.5.1 EELS measurements on nanospheres S3 and S4

The EELS measurements for the nanospheres S3 (3+1 nm) have also been collected using the
same methodology as discussed before. The only difference is that the line scan has been
collected at two points A and C where A indicates the center of the particle and C is the
outermost edge of the particle (figure 4.10 a). The Ms/M, ratio extracted from this line scan
across the particle indicate the local variation of cerium oxidation state across the particle as
we go from centre towards the edge of the particle (figure 4.10 a-d). Some survey scans were
showing very weak or almost no signal (figure 4.10 e), spectrum shown in Appendix B. So a
few area scans were carried out on six different regions of the sample. The EELS spectrum
generated and the areas under investigation have been illustrated in figures 4.11 (a-c). Area
scans have also been generated for nanospheres S4 (3=1 nm), The EELS spectrum generated

and the areas under investigation have been illustrated in figure 4.14 (a-c).

4.5.1.1 Results and discussion of EELS measurements on nanospheres S3

The Ms/My ratios collected from the survey scans indicate that there is complete Ce (III)
present at the center of the particle (point A) as well as at the edge of the particle (point C) for

particle sizes <2 nm (table 4.8). Whereas, for larger particles, the core is closer to Ce (IV)

146



while the edge still carries Ce (III). For example, the Ms/My ratios extracted from a particle
with d= 2nm (particle 6), both the core and the edges showed the presence of Ce (III) whereas
for larger particles, such as particle 1 with d= 4.5 nm, the core showed the presence of Ce
(IV) while the surface of the particle detected Ce (III). Similar results have been obtained for
the other particles under investigation (Figure 4.10 (a-d)). The results obtained have been

1llustrated in table 4.8.

Table 4.8 Ms/M4 ratio at points A and B for sample S3

Depth Sample S3
Particle 1 | Particle 2 | Particle 3 | Particle 4 | Particle 5 | Particle 6 | Particle 7
A
0.956 w/s 1.23 1.06 w/s 1.30 w/s
C
1.25 w/s 1.21 1.29 w/s 1.25 w/s

* w/s=weak signal

The STEM images in figures 4.10 (a-e) clearly depict the particle size and NPs under
investigation. Some survey scans were showing very weak or almost no signal. For example,
for particle 2, 5 and 7, the signal came out be very weak, so no conclusions could be drawn
based on these scans. The particles are shown in figure 4.10 (e). Considering, that some of the
NPs from sample S3 yielded very weak signals, area scans were performed on six different
regions of the sample. The EELS spectrum generated and the areas under investigation have
been illustrated in figures 4.11 (a-c). The Ms/M, ratios extracted by second derivative method

are tabulated in table 4.9.
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Particle 1

Figure 4.10 (a) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 1 as the line scan was carried out
from center towards the edge of the nanosphere (S3)
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Particle 3

Figure 4.10 (b) EELS spectra illustrating different intensities of Ms and My white lines for particle 3 as the line scan was carried out
from center towards the edge of the nanosphere (S3)
149



Figure 4.10 (c) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out
from center towards the edge of the nanosphere (S3)
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Figure 4.10 (d) EELS spectra illustrating different intensities of Ms and My white lines for particle 6 as the line scan was carried out

from center towards the edge of the nanosphere (S3)
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Figure 4.10 (e) The line scan carried out on particle 2, 5 and 7 of the sample S3 yielded very weak signal
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The EELS spectrum generated and the areas under investigation have been illustrated in
figures 4.11 (a-c). The Ms/My ratios extracted by second derivative method are tabulated in

table 4.9.

Table 4.9 Ms/M4 ratios obtained from area scans carried out on sample S3

Sample S3 - area scans CeNOj; as standard Bulk CeO; as
standard
M5/M4 Ce (III) Ce (IV)
Area 1 1.28 1.23 0.82
Area 2 1.34
Area 3 1.40
Area 4 1.33
Area 5 1.30
Area 6 1.28

The results obtained suggest that the sample mainly contains Ce (III). The Ms/M4 ratios
extracted are closer to that obtained from Ce (III) standard and no Ce (IV) was detected.
After the quantitative analysis of the Ms/M, ratios obtained from the investigated particles at
different depths of the particle, the line scan data shows that there is 77 % Ce (II) present in
the core and 100 % Ce (III) present at the edges of the sample S3 whereas the area scan
quantification shows that there is 100% Ce (III) present in the sample. The results have been
summarised in table 4.11. Figure 4.12 represents the average of Ms/My ratios obtained for

different areas from sample S3.
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Figure 4.11 (a) STEM image from sample S3 and EELS spectrum generated out of the area 1 and 2 of the sample
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Figure 4.11 (b) STEM images from sample S3 and EELS spectrum generated out of the area 3 and 4 of the sample
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Figure 4.11 (¢) STEM images from sample S3 and EELS spectrum generated out of the area 5 and 6 of the sample
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Figure 4.12 Average of Ms/M, ratios obtained from area scans carried out on sample S3

4.5.1.2 Results and discussion of EELS measurements on nanospheres S4

Area scans have been carried out on five different regions of the sample. The EELS spectrum

generated and the areas under investigation have been illustrated in figures 4.14 (a-c). The

M;s/My ratios extracted by second derivative method are tabulated in table 4.10.

Table 4.10 Ms/M4 ratios obtained from area scans carried out on sample S4

Sample S4 - area scans

CeNOj; as standard

Bulk CeO; as

standard
M5/M4 Ce (1IT) Ce (IV)
Area 1 1.042 1.23 0.82
Area 2 1.025
Area 3 1.453
Area 4 1.151
Area 5 1.181
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The results obtained suggest that the sample contains a mixture of Ce (III) and Ce (IV). Some
of the Ms/M, ratios extracted are closer to that obtained from Ce (III) standard while some
confirm the presence of Ce (IV). After the quantitative analysis of the Ms/My ratios obtained
from the investigated areas, the data shows that there is 86 % Ce (III) and 14 % Ce (IV)
present in the sample S4. Figure 4.13 represents the average Ms/My ratios obtained for

different areas from sample S4. The results have been summarised in table 4.11.
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Figure 4.13 Average Ms/M, ratios obtained from area scans carried out on sample S4

4.5.2 Summary and conclusion of the EELS experiments carried out on nanospheres

S3 and S4

In summary, we have carried out systematic EELS experiments on two different samples of
nanospheres, S3 and S4. The M4 s-edge spectra have been used to evaluate the oxidation state
of cerium using STEM-EELS. Line scans have been carried out for S3 looking at local
oxidation state variation across the particles as we go from the centre towards the edge of the
particles. The Ms/M, ratios collected from the survey scans indicate that the there is complete

Ce (III) present at the center of the particle (point A) as well as at the edge of the particle
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(point C) for particle sizes <2 nm (table 4.8). Whereas, for larger particles, the core is closer
to Ce (IV) while the edge still carries Ce (III). The data indicates that for particles >2nm, the
valence reduction process is mainly predominant only at the surface and not in the core of the
NPs. Some NPs gave very weak signal in the EELS spectrum. STEM images were collected
before and after the EELS experiments and some damage to the particles was observed.
Considering, that some of the NPs from sample S3 yielded very weak signals and also some
beam damage was detected during line scans, area scans were carried out. However, area
scans generate an overall picture about the sample and the signals come out of the sample as
a whole. So the data generated is an overall review of the sample oxidation state and not of
any individual particle. Area scans have also been carried out for S4. The results obtained for

the spherical samples S3 and S4 have been summarised in table 4.11.

Table 4.11 Oxidation state quantification data for the nanospheres S3 and S4 as

obtained from EELS

Ce (III) Ce (IV)

S3 Nanosphere 1752 3+1 91 7

S4 Nanosphere 17142 3+1 86 14
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Figure 4.14 (a) STEM images from sample S4 and EELS spectrum generated from area 1 and 2 of the sample
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Figure 4.14 (b) STEM images from sample S4 and EELS spectrum generated from area 3 and 4 of the sample
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Figure 4.14 (¢) STEM image from sample S4 and EELS spectrum generated from area S of the sample
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4.6 Oxidation state quantification of nanorods sample R1 using EELS

The ceria nanorods R1 were synthesised by myself and their synthetic scheme has been
discussed in chapter 3, synthesis 3, scheme c (section 3.2.1). The particles have been

characterised for their size and shape by DLS and TEM. The details are in chapter 3.

4.6.1 EELS measurements on nanorods R1

The EELS measurements for the nanorods R1 (83+56 nm long and 16+6 nm wide) have been
collected using the same methodology as discussed for previous samples. The survey scan
has been carried out at three points called A, B, C where A indicates the center of the rod, B
is the point between the center and edge of the rod and C is the outermost edge of the
nanorod. The Ms/M, ratio extracted from this line scan across the nanorod indicates the

variation of cerium oxidation state as we go from the centre towards the edge of the rod.

4.6.2 Results and discussion of EELS measurements on nanorods R1

The Ms/M, ratios extracted from the center point A as well as between the center and the
edge (point B) of a 70 nm long and 18 nm wide nanorod (particle 1 in figure 4.15 (a) is close
to that of Ce (IV), while that from the edge point M is close to Ce (III) (Table 4.12,
particlel). Figure 4.15 (a) clearly illustrates the different intensities of Ms and My white lines
for particle 1 as the line scan was carried out from center towards the edge of the nanorod

R1).
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Table 4.12 Ms/My ratios at points A, B and C for sample R1

Depth Sample R1
Particle 1 | Particle 2 | Particle 3 | Particle 4 | Particle 5 | Particle 6 | Particle 7

A
0.906 0.956 0.9 0.813 0.841 0916 0.937

B
0.964 0.89 0.948 0.858 0.906 0.92 0.894

C
1.04 1.144 1.215 1.181 1.164 1.147 1.218

A number of measurements have been carried out on different nanorods of the same sample
as well as around the perimeter of the rods (Figure 4.15 (b-g)). The Ms/My ratios extracted
after different line scans have been illustrated in table 4.12. Figure 4.15 (a-g) illustrate
different nanorods from sample R1 with quite a range of length and widths. All the
investigated nanorods had Ce (III) present in the top 3nm layer of the particle (point C),
however, the center of the NPs (Point A) and the point between the center and the edge (point
B) contained Ce (IV). Only transverse scans have been carried out. The data obtained is in
agreement with the EELS data obtained for larger nanocubes C1 (section 4.3.1.1, discussed
previously in this chapter). We also found that in all the line scans, the M5 signal was bigger
at the edges (point C) of the nanorods whereas the M4 signal was bigger when the probe was
at points A and B (Figure 4.15 (a-g)). After the quantitative analysis of the Ms/My ratios
obtained from all the investigated particles at different depths of the rods, the data shows that

R1 contains 19 % of Ce (III) present in the core and and 83 % of Ce (III) present at the edges.
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R1, Particle 1 (A)

= _ Spectrum Image

Particle 1

R1, Particle 1 (C) R1, Particle 1 (B)

Figure 4.15 (a) EELS spectra illustrating different intensities of Ms and M, white lines for particle 1 as the line scan was carried out

from center towards the edge of the nanorod (R1)
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Figure 4.15 (b) EELS spectra illustrating different intensities of Ms and M, white lines for particle 2 as the line scan was carried out
from center towards the edge of the nanorod (R1)
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Particle 3

Figure 4.15 (c¢) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 3 as the line scan was carried out
from center towards the edge of the nanorod (R1)
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R1, Particle 4 (A)

v

Particle®

R1, Particle 4 (C) R1, Particle 4 (B)

Figure 4.15 (d) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 4 as the line scan was carried out

from center towards the edge of the nanorod (R1)
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R1, Particle 5 (C) R1, Particle 5 (B)

/

R1, Particle 5 (A)

v

Particle 5

Figure 4.15 (e) EELS spectra illustrating different intensities of Ms and M, white lines for particle S as the line scan was carried out
from center towards the edge of the nanorod (R1)
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R1, Particle 6 (B) R1, Particle 6 (C)

R1, Particle 6 (A)

Particle 6

Figure 4.15 (f) EELS spectra illustrating different intensities of Ms and M, white lines for particle 6 as the line scan was carried out from
center towards the edge of the nanorod (R1)
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Particle 7

Figure 4.15 (g) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 7 as the line scan was carried out
from center towards the edge of the nanorod (R1)
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4.6.3 Summary and conclusion of the EELS experiments carried out on nanorods R1

In summary, we have carried out systematic EELS experiments on nanorods R1. The My s-
edge spectra have been used to evaluate the oxidation state of cerium using STEM-EELS.
Line scans have been carried out for R1 looking at local oxidation state variation across the
particle as we go from the centre towards the edge of the particle. The Ms/My ratios collected
from the survey scans indicate that Ce (III) present in the top 3nm layer of the particle (point
C), however, the center of the NPs (Point A) and the point between the center and the edge
(point B) contained Ce (IV). Only transverse scans have been carried out and similar pattern
has been observed. The data indicates that the valence reduction process is mainly
predominant only at the surface and not in the core of the nanorods. STEM images were
collected before and after the EELS experiments and no particle damage has been observed.
Figure 4.16 clearly demonstrates the pattern of cerium oxidation states, as calculated from the
average of Ms/My, from the center of the rod (A) towards the edge at points B and C. The

quantification data is summarised in table 4.13.
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Figure 4.16 The Ms/M4 ratios obtained across the diameter of the investigated nanorods
are plotted against the particle depth illustrating the oxidation state pattern for sample

R1.

Table 4.13 Oxidation state quantification data for the nanorods R1 as obtained from

EELS

Ce (II) Ce (IV)
Center Edge

R1 Nanorods  168+2 83+56(Length) 19 83
16£6(width)

4.7 Ocxidation state quantification of nanospheres S5 using EELS

The ceria nanospheres S5 were synthesised by myself and their synthetic scheme has been
discussed in chapter 3, synthesis 4, scheme a (section 3.2.1). The particles have been

characterised for their size and shape by DLS and TEM. The details are in chapter 3.
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4.7.1 EELS measurements on nanospheres S5

The nanospheres S5 are 3.3+1.3 nm in size as calculated by TEM. The line scans carried out
for EELS measurements seemed to be damaging the particle surface, so area scans have been
carried out. Area scans have been carried out on five different regions of the sample. The
EELS spectrum generated and the areas under investigation have been illustrated in figures
4.17 (a-c). The Ms/My ratios extracted by second derivative method are tabulated in table

4.14.

Table 4.14 Ms/M4 ratios obtained from area scans carried out on sample S5

Sample SS - area scans CeNOg as standard Bulk CeO; as
standard
Ms/My Ce (1II) Ce (IV)
Area 1 1.16 1.23 0.82
Area 2 1.07
Area 3 1.22
Area 4 1.01
Area 5 1.08

4.7.2 Results and discussion of EELS measurements on nanospheres S5

The results obtained suggest that the sample contains a mixture of Ce (III) and Ce (IV). Some
of the Ms/M, ratios extracted are closer to that obtained from Ce (III) standard, for example
area 2 and 4 while some confirm the presence of Ce (IV), for example area 1 and 3. After the
quantitative analysis of the Ms/My ratios obtained from all the investigated areas, the data

shows that there is 70 % Ce (III) and 30 % Ce (IV) present in the sample SS.
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Figure 4.17 (a) STEM images from sample S5 and EELS spectrum generated from area 1 and 2 of the sample
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Figure 4.17 (b) STEM images from sample S5 and EELS spectrum generated from area 3 and 4 of the sample
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Figure 4.17 (¢) STEM image from sample S5 and EELS spectrum generated from area 5 of the sample
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4.7.3 Summary and conclusion of the EELS experiments carried out on nanospheres

SS

EELS experiments have been performed on nanospheres from sample S5. The line scans
carried out during EELS measurements seemed to be damaging the particle surface. STEM
images taken before and after the experiment showed damage to the particles (Appendix D).
The sample deformation could be clearly seen indicating that the electron beam destroyed
some of the particle surface. Considering the damage, area scans were safely carried out on
five different regions of the sample S5, Appendix E shows STEM images after the scans.
This is a safer way of analysing the samples. However, area scans generate an overall picture
about the sample and the signals come out of the sample as a whole. So the data generated is
an overall review of the sample oxidation state and not of any individual particle. This
method is particularly very helpful for samples where no line scans can be carried out. The
EELS spectrum generated and the areas under investigation have been illustrated in figures
4.17 (a-c). The Ms/My ratios extracted by second derivative method are tabulated in table
4.15. Figure 4.18 represents the average Ms/My ratios obtained for different areas from

sample S5. The quantitative results have been summarised in table 4.15.
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Figure 4.18 Ms/M4 ratios obtained from area scans carried out on sample S5
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Table 4.15 Oxidation state quantification data for the nanospheres S5 as obtained from

EELS

Ce(Il)  Ce (IV)

S5 Nanosphere  147.7+6.2 3.3£1.3 70 30

4.8 Oxidation state quantification of nanocubes C4 using EELS

The ceria nanocubes C4 were synthesised by me and their synthetic scheme has been
discussed in chapter 3, synthesis 4, and scheme b. The particles have been characterised for

their size and shape by DLS and TEM. The details are in chapter 3.

4.8.1 EELS measurements on nanocubes C4

The EELS maesurements on the nanocubes C4 (2.4+0.6 nm by TEM) have been performed
using the same methodology as discussed for previous line scans. The survey scan has been
carried out at three points called A, B, C where A indicates the center of the cube, B is the
point between the center and edge of the cube and C is the outermost edge. The Ms/My ratio
extracted from this line scan across the nanocube indicates the variation of cerium oxidation

state as we go from the centre towards the edge of the cube.

4.8.2 Results and discussion of EELS measurements on nanocubes C4

The Ms/M4 ratios extracted from the center point A of particle 1 (d=3.5nm) is close to that of
Ce (IV) figure 4.19 (a), while that from the center B and edge of the particle C is close to Ce
(III) (Table 4.16, particlel). Figure 4.19 (a) clearly illustrates different intensities of Ms and
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M, white lines observed for particle 1 as the line scan was carried out from center towards the

edge of the nanoparticle.

Table 4.16 Ms/My ratios at points A, B and C for sample C4

Depth Sample C4
particle 1 particle 2 | particle3 | particle4 | particle5 | particle 6

A
0.966 1.33 w/s w/s 1.3 1.3

B
1.38 1.11 w/s w/s 1.12 1.12

C
1.33 1.26 w/s w/s 1.33 1.33

* w/s = weak signal

A number of measurements have been carried out on different NPs of the same sample. It
was found that for NPs < 2 nm, there was Ce (III) detected at each point i.e at points A, B as
well as C. For example, the Ms/M4 ratios detected for particle 2 (d=2nm) (Figure 4.19 b) are
1.33, 1.11 and 1.26 for points A, B and C respectively which match with the Ms/M, ratios of
the Ce (III) standard. The Ms/My ratios extracted after different line scans have been
illustrated in table 4.16 and the different particles investigated are illustrated in Figure 4.19
(a-d). Two other NPs investigated (particle 3 and 4) gave very weak signals, so their signals

could not be extracted and used for quantification purposes, spectrum shown in Appendix B.
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S Spatial Driff b

Particle 1

Figure 4.19 (a) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 1 as the line scan was carried out
from center towards the edge of the nanocube (C4)
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Particle 2

Figure 4.19 (b) EELS spectra illustrating different intensities of Ms and My white lines for particle 2 as the line scan was carried out
from center towards the edge of the nanocube (C4)
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Particle 5

Figure 4.19 (c¢) EELS spectra illustrating different intensities of Ms and M4 white lines for particle S as the line scan was carried out
from center towards the edge of the nanocube (C4)
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Particle 6

Figure 4.19 (d) EELS spectra illustrating different intensities of Ms and My white lines for particle 6 as the line scan was carried out
from center towards the edge of the nanocube (C4)
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Particle 3 Particle 4

Figure 4.19 (e) The line scan carried out on particle 3 and 4 of the sample C4 yielded very weak signal
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The results indicate that the sample contains mainly Ce (III) with very little amount of Ce
(IV). The Ms/My4 ratios extracted from the line scans for all the particles are closer to that
obtained from Ce (III) standard while few confirm the presence of Ce (IV). After the
quantitative analysis of the M5/M4 ratios obtained from all the investigated particles at
different depths of the particle, the data shows that there is 98 % Ce (III) in the core and 100

% Ce (III) present at the edges of sample C4..

4.8.3 Summary and conclusion of the EELS experiments carried out on nanocubes C4

In summary, we have carried out systematic EELS experiments on nanocubes C4. The My s-
edge spectra have been used to evaluate the oxidation state of cerium using STEM-EELS.
Line scans have been carried out looking at local oxidation state variation across the particle
as we go from the centre towards the edge of the particle. The results suggest that the amount
of Ce (III) increases as the particle size decreases with particles < 2nm to be completely Ce
(IIT). This could be ascribed to the more number of oxygen vacancies in particles with smaller
sizes. The results obtained are in good agreement with the previous samples (S1, S2) with
2nm sized particles. Some of the NPs investigated (particle 3 and 4) gave very weak signals,
so their signals couldn't be extracted during spectrum processing and hence were not used for
quantification purposes (Appendix B). Figure 4.20 clearly demonstrates the Ms/My ratios
obtained across the diameter of the particles investigated and are plotted against the particle
depth illustrating the oxidation state pattern observed for cubes C4 as we go from center
towards the edge of the particle. The oxidation state quantification data has been summarised

in table 4.17
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Figure 4.20 The Ms/M4 ratios obtained across the diameter of the particles investigated
are plotted against the particle depth illustrating the oxidation state pattern observed

for C4.

Table 4.17 Oxidation state quantification data for the sample C4 as obtained from

EELS

Ce (IIT) Ce (IIT)
Center Edge

C4 Nanocubes 152.844.6 2.4+0.6 98 100

4.9 Ocxidation state quantification of nanospheres S6 using EELS

The ceria nanospheres S6 were synthesised by me and their synthetic scheme has been
discussed in chapter 3, section 3.2.1, and synthesis 5. The particles have been characterised

for their size and shape by DLS and TEM. The details are in chapter 3.
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4.9.1 EELS measurements on nanospheres S6

The EELS measurements on the nanospheres S6 (8.2+2.5 nm by TEM) have been collected
using the same methodology as discussed for previous line scans. The survey scan has been
carried out at three points called A, B and C where A indicates the center of the particle, B is
the point between the center and edge of the sphere and C is the outermost edge and the
Ms/My ratio extracted from this line scan across the nanosphere indicates the variation of

cerium oxidation state as we go from the centre towards the edge of the particle.

4.9.2 Results and discussion of EELS measurements on nanospheres S6

The Ms/M4 ratios extracted from the center point A of particle 2 (d=7 nm) as well as between
the center and edge of the particle ( point B) are close to that of Ce (IV) figure 4.21 (b), while
that extracted from the edge of the particle (at point C) is close to Ce (III) (Table 4.18,
particle 2). Figure 4.21 (b) clearly illustrates different intensities of Ms and M4 white lines
observed for particle 2 as the line scan was carried out from center towards the edge of the
nanoparticle. A number of measurements have been carried out on different NPs of the same
sample. We found that for NPs < 2 nm, there was Ce (III) present at points A, B as well as C.
For example, the M5/M4 ratios detected for particle 3 (d=2nm) (Figure 4.21 c) are 1.31, 1.3
and 1.26 for points A, B and C respectively which match with the Ms/M4 ratios of the Ce (I1I)
standard. Similar results were obtained for other investigated particles of 2nm sizes. The
EELS measurements have been performed on a range of particle sizes and the Ms/My ratios
extracted after different line scans have been illustrated in table 4.18. The various particles
investigated are illustrated in Figure 4.21 (a-g). Two other NPs investigated (particle 1 and 7)
gave very weak signals at the edges so their signals couldn't be extracted and used for

quantification purposes. They have been marked with w/s (weak signal) in table 4.18, shown
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in Appendix B. After the quantitative analysis of the Ms/My ratios obtained from all the

investigated particles at different depths of the particle, the data shows that there is 55 % Ce

(III) present in the core and 100 % Ce (III) present at the edges of sample S6.

Table 4.18 Ms/M4 ratios at points A, B and C for sample S6

Depth Sample S6
particle 1 | particle 2 | particle 3 | particle 4 | particle 5 | particle 6 | particle 7

A

1.098 0.89 1.31 0.87 1.03 1.21 0.95
B

1.35 0.88 1.3 0.85 1.42 0.8 1.25
C

w/s 1.27 1.26 1.29 1.4 1.46 w/s

*w/s = weak signal
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Particle 1

Figure 4.21 (a) EELS spectra illustrating different intensities of M5 and My white lines for particle 1 as the line scan was carried out
from center towards the edge of the nanosphere (S6)
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Particle 2

Figure 4.21 (b) EELS spectra illustrating different intensities of Ms and My white lines for particle 2 as the line scan was carried out

from center towards the edge of the nanosphere (S6)
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Particle 3

Figure 4.21 (c) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 3 as the line scan was carried out

from center towards the edge of the nanosphere (S6)
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Particle 4

Figure 4.21 (d) EELS spectra illustrating different intensities of Ms and My white lines for particle 4 as the line scan was carried out

from center towards the edge of the nanosphere (S6)
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Particle 5

Figure 4.21 (e) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 5 as the line scan was carried out

from center towards the edge of the nanosphere (S6)
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Particle 6

Figure 4.21 (f) EELS spectra illustrating different intensities of M5 and M, white lines for particle 6 as the line scan was carried out
from center towards the edge of the nanosphere (S6)
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Particle 7

Figure 4.21 (g) EELS spectra illustrating different intensities of Ms and M4 white lines for particle 7 as the line scan was carried out

from center towards the edge of the nanosphere (S6)
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4.9.3 Summary and conclusions of the EELS experiments carried out on nanospheres

S6

In summary, we have carried out systematic EELS experiments on nanospheres S6. The My s-
edge spectra have been used to evaluate the oxidation state of cerium using STEM-EELS.
Line scans have been carried out looking at local oxidation state variation across the particle
as we go from the centre towards the edge of the particle. The results suggest that the amount
of Ce (III) increases as the particle size decreases with particles < 2nm to be completely Ce
(III). The EELS measurements have been performed on a range of particle sizes (figure 4.21
a-g) and the Ms/My ratios extracted after different line scans have been illustrated in table
4.18. The analysis suggests that for larger particles, the oxidation state is not uniform
throughout the particle and valence reduction mainly occurs at the surface. Some of the NPs
investigated (particle 1 and 7) gave very weak signals at the edges, so their signals couldn't be

extracted during spectrum processing and hence were not used for quantification purposes.
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Figure 4.22 The average Ms/My ratios obtained across the diameter of the particles
investigated are plotted against the particle depth illustrating the oxidation state pattern
observed for S6.
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Figure 4.22 clearly demonstrates the Ms/My ratios obtained across the diameter of the
particles investigated and are plotted against the particle depth illustrating the oxidation state
pattern observed for cubes C4 as we go from center towards the edge of the particle. The

oxidation state quantification data has been summarised in table 4.19

Table 4.19 Oxidation state quantification data for the sample Sé6 as obtained from EELS

Ce (IIT) Ce (III)
Center Edge

S6  Nanospheres  12.1£6.1 8.2+£2.5 55 100

4.10 Ocxidation state quantification of nanospheres S7 using EELS

The ceria nanospheres S7 were synthesised by myself and their synthetic scheme has been
discussed in chapter 3, synthesis 6, scheme a. The particles have been characterised for their

size and shape by DLS and TEM. The details are in chapter 3.

4.10.1 EELS measurements on nanospheres S7

The nanospheres S7 are 3-8 nm in size as calculated by TEM. The line scans carried out for
EELS measurements seemed to be damaging the particle surface, so area scans have been
carried out. Area scans have been carried out on six different regions of the sample. The
EELS spectrum generated and the areas under investigation have been illustrated in figures
4.24 (a-c). The Ms/My ratios extracted by second derivative method are tabulated in table

4.20.
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Table 4.20 Ms/M4 ratios obtained from area scans carried out on sample S7

Sample S7 - area scans CeNOj; as standard Bulk CeO; as
standard
M;s/My Ce (1I1) Ce (IV)
Area 1 1.04 1.23 0.82
Area 2 0.76
Area 3 0.9
Area 4 1.42
Area 5 1.38
Area 6 1.28

4.10.2 Results and discussion of EELS measurements on nanospheres S7

The results obtained suggest that the sample contains a mixture of Ce (III) and Ce (IV). Some
of the Ms/M, ratios extracted are closer to that obtained from Ce (III) standard while some
confirm the presence of Ce (IV). The Ms/M4 ratios extracted by second derivative method are
tabulated in table 4.20. For example the Ms/My4 ratios extracted from area 4, 5 and 6 are
closer to that of the Ce (III) standard while those obtained from area 1, 2 and 3 are closer to
that of Ce (IV) standard. After the quantitative analysis of the Ms/My ratios obtained from all
the investigated areas of the sample, the data shows that there is 70 % Ce (III) and 30 % Ce

(IV) present in the sample S7.
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4.10.3 Summary and conclusion of the EELS experiments carried out on nanospheres

S7

EELS experiments have been performed on nanospheres from sample S7. The line scans
carried out during EELS measurements seemed to be damaging the particle surface. STEM
images taken before and after the experiment showed damage to the particles. So area scans
were carried out on six different regions of the sample. The EELS spectrum generated and the
areas under investigation have been illustrated in figures 4.24 (a-c). The Ms/My ratios
extracted by second derivative method are tabulated in table 4.20. The results obtained
suggest that the sample contains a mixture of Ce (III) and Ce (IV). Figure 4.23 represents the
average Ms/My ratios obtained for different areas from sample S7. The quantitative results

have been summarised in table 4.21.
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Figure 4.23 The average Ms/M, ratios obtained for different area scans from sample S7.
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Table 4.21 Oxidation state quantification data for the sample S7 as obtained from EELS
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Figure 4.24 (a) STEM image from sample S7 and EELS spectrum generated from area 1 and 2 of the sample
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Figure 4.24 (b) STEM image from sample S7 and EELS spectrum generated from area 3 and 4 of the sample
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Figure 4.24 (¢) STEM image from sample S7 and EELS spectrum generated from area 5 and 6 of the sample
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4.11 Oxidation state quantification using XPS

4.11.1 Methodology

X-ray photoelectron spectroscopy (XPS) measurements of the dry nanoparticle samples
(powder) were performed using the high performance Kratos Axis Ultra DLD instrument
equipped with a monochromated Al K, x-ray source and hemispherical analyzer capable of
an energy resolution of 0.5 eV. The NP samples were placed on a standard sample stud using
double-sided adhesive tape, and the takeoff angle was fixed at 90°. Low resolution survey
spectra were obtained over a binding energy range of 0.0 to 1200 eV. High-resolution spectra
were obtained over a binding energy range of 870 to 925 eV using 0.1-eV increments. The

binding energy (BE) scale was calibrated with respect to the C 1s at 285 eV.

4.11.2 XPS measurements

XPS measurements were performed by Dr Shuguo Ma from the College of Engineering and
Computing at University of South Carolina, USA with my assistance. My assistance involved
loading the sample on the sample holder and coding the sample names in the computer
connected to the machine. The NP powders were uniformly placed on the sample holder with
careful patting with a clean spatula in order to avoid any sputtering during the experiments.
All the raw data collected have been processed and analysed by myself using the casaXPS
softeware version 2.3.16 PR 1.6 (licensed to us), at the University of Birmingham. For this, I
attended a two day training workshop on the XPS data processing and analysis organised by
the casaXPS software company in Newcastle, UK and learnt how to do sample processing in

casaXPS and analyse and quantify the data.
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4.11.3 Typical survey spectra and high resolution spectra of cerium oxide

The XPS spectrum from cerium is complex and split into Ce3d;, and Ce3ds, with multiple
shake up and shake down satellites (Mullins et al., 1998, Romeo et al., 1993). Figure 4.25
illustrates a typical survey scan. The survey scan is a low resolution spectra which gives a
general idea of the elements present in the sample but necessarily does not give a very clear
information about the chemical bonding or chemistry of the sample as they are taken at a
short time of scan. High resolution spectra are obtained over a binding energy range of 870 to
925 eV using 0.1-eV increments to obtain detailed information. Figure 4.26 illustrates a

typical high resolution Ce 3d spectrum of cerium oxide.

Figure 4.25 Illustration of typical survey spectra of Cerium Oxide
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Figure 4.26 Illustration of a typical Ce 3d spectrum of Cerium Oxide

4.11.4 Identification of peaks and curve fitting in casaXPS

The peaks between 880-890 eV belong to Ce3ds;, while peaks between 895-910 eV belong to
Ce3ds;., level. The Ce 3d features were collected from reference material (CeO, and CeNOs)
and the peaks were investigated in order to determine the positions of various components
and were deconvoluted using the peak fitting process in casaXPS softeware. The relative
amounts of Ce (III) and Ce (IV) have been calculated from XPS data by spectral curve fitting
the Ce 3d binding energy regions. Curve fittings have been done using shirley calculations (a
set of calculations within the software) in the casaXPS software using the procedure used by
others in previous XPS studies of cerium oxide and of nanoceria (Deshpande et al., 2005,
Paparazzo, 2011, Béche et al., 2008). Figure 4.27 shows a typical deconvoluted XPS Ce (3d)

spectrum. Similar peak fittings were done for all the samples. In particular, the peaks at 880
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eV (vo), 884 eV (v), 900 eV (up) and 903 eV (u‘) and are assigned to the Ce (III) oxidation
state whereas the peaks at 882 eV (v), 888 eV (v”), 898 eV (v”*), 901 eV (u), 907 eV (u”) and

917 eV (u”) are assigned to cerium in the Ce (IV) oxidation state (Figure 4.24).

Figure 4.27 Illustration of a typical deconvoluted Ce 3d spectrum of Cerium Oxide

4.11.5 Formula for oxidation state quantifcation

The Ce (III) percentage in the sample, Ce (III) %, is calculated using the relative areas under

the peaks according to the equation 4.1

% Ce (IIT) = Ce (III)/ Ce (IIT) + Ce (IV) x 100 4.1)
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where Ce (III) on the right hand side of the equation represents the total area under the v, v*,

(X3 (3

up and u‘ bands and Ce (IV) represents the total area under the u**‘, u*‘, u, v**‘, v** and v
bands. The errors are estimated to be of the order of 5 % by this method (Laachir et al., 1991,
Borchert et al., 2005). This concept of labelling the ten peaks obtained from the
photoemission spectra was first introduced by (Burroughs et al., 1976) and since then has

been extensively used in the analysis of cerium oxide and cerium containing compounds such

as semiconductors, catalysts and other novel materials.

XPS spectra are usually quantified in terms of peak intensities and positions. The peak
intensities correspond to the measure of the amount of material present at the surface whereas
the peak positions indicate the elemental and chemical composition. For example, peak
broadening or position shifts may indicate a change in the number of bonds contributing
towards the peak or the composition of the material. So the peak positions and the relative

areas under the peaks have been carefully recorded.

4.11.6 Spectrum processing and quantification steps in casaXPS

Spectrum processing was performed using the options on the spectrum processing dialog
window in the toolbar. Quantification regions are created using the Element Library dialog
window which helps in specifying the peaks and element markers. The quantification step
was performed using the quantification parameter dialog window where the regions and
components are created and fitted within the software and extracted quantification
information is generated in the form of a report which carries the peak positions, areas under
the peak and percentage concentration of the components. These values were used and put in

equation 4.1 to evaluate the cerium oxidation state in synthesised samples.
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4.11.7 Results

Figure 4.28 (a-j) represent the Ce 3dsnsn fitted XPS spectrum collected for various
synthesised samples. The peak positions obtained for all the samples are listed in table 4.22
and their relative areas under the peaks are summarised in table 4.23. The results obtained
show a mixture of Ce (III) and Ce (IV) in all the samples. More amount of Ce (III) has been
detected for smaller spherical samples (S1-7) as compared to the larger nanocubes (C1-3) and

rods (R1). The oxidation state data obtained is in table 4.24.

Figure 4.28 (a) Ce 3d3,5 fitted XPS spectrum collected for nanocubes C1

210



Figure 4.28 (b) Ce 3d3,5,; fitted XPS spectrum collected for nanocubes C2

Figure 4.28 (c) Ce 3d3/ 5,2 fitted XPS spectrum collected for nanocubes C3
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Figure 4.28 (d) Ce 3d3,5,; fitted XPS spectrum collected for nanospheres S1

Figure 4.28 (e) Ce 3d3/,5,2 fitted XPS spectrum collected for nanospheres S2
212



Figure 4.28 (f) Ce 3d3.5; fitted XPS spectrum collected for nanospheres S3

Figure 4.28 (g) Ce 3d3,5 fitted XPS spectrum collected for nanospheres S4
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Figure 4.28 (h) Ce 3d3,5,; fitted XPS spectrum collected for nanospheres SS

Figure 4.28 (i) Ce 3d3,5,; fitted XPS spectrum collected for nanospheres S7
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Figure 4.28 (j) Ce 3d3/,5,, fitted XPS spectrum collected for nanorods R1
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Table 4.22 XPS binding energies of individual peaks of the Ce (3d) spectrum for different ceria samples

Shape Ce (3ds2) Ce (3d35)

Vo v v’ v’ v Up u u’ u’’ u'’
Nanocube | 880.10 | 881.87 | 883.7 | 888.79 | 897.91 | 900.45 | 901.00 | 902.18 | 906.95 | 916.26
Nan((j)clzube 880.25 | 882.16 | 884.3 | 888.81 | 898.16 | 900.00 | 901.00 | 902.12 | 907.19 | 916.51
Nan((j)iube 880.0 | 882.08 | 884.0 | 888.6 | 898.13 | 900.6 | 901.1 | 902.29 | 907.20 | 916.49

Nan(?sf)here 879.98 | 881.93 | 884.10 | 888.55 | 897.98 | 900.46 | 901.14 | 902.17 | 907.1 | 916.3
Nanossi)here 880.16 | 882.11 | 884.12 | 888.77 | 898.13 | 900.65 | 901.2 | 902.35 | 907.17 | 916..47
Nar?jrod 880.6 | 882.63 | 885.39 | 888.85 | 898.47 | 900.0 | 901.00 | 903.0 | 907.41 | 916.84
NanOI:phere 879.75 | 881.81 | 884.15 | 888.46 | 897.84 | 900.38 | 901.12 | 902.47 | 906.63 | 916.18
Nanossi’)here 880.98 | 881.59 | 884.19 | 888.31 | 897.59 | 900.10 | 901.72 | 902.31 | 906.41 | 916.00
Nanossi)here 880.10 | 881.66 | 884.04 | 888.41 | 897.22 | 900.20 | 901.20 | 902.13 | 906.78 | 916.07
Nanoscibe 880.80 | 882.61 | 884.92 | 889.19 | 898.61 | 901.14 | 901.91 | 902.45 | 907.61 | 916.97
Nan(i?)here 880.21 | 882.10 | 884.12 | 888.39 | 897.65 | 900.17 | 901.00 | 902.10 | 906.75 | 916.01

S7
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Table 4.23 Integrated areas of individual peaks of the Ce (3d) spectrum for different ceria samples

Shape Area of Peak
Avy Av Av’ Av”’ Av’”’ Auy Au’ Au’”’ Au’”’

Nanocube | 0.00 5199.28 | 9356.63 | 3779.13 | 9309 3931.81 | 2205.36 | 3884.35 | 6297.46
I(\:Iellnocube 75.92 2859.3 | 5467.03 | 2566.5 | 5077.65 | 2088.9 | 1901.52 | 2353.69 | 3648.76
I(\:Iezlnocube 158.94 | 2498.6 | 4766.67 | 2879.69 | 4707.41 | 1815.38 | 1853.32 | 2339.11 | 3309.2
I(\:Iznosphere 282.28 |3165.93 | 7165.87 | 2831.45 | 5729.99 | 2290.91 | 2682.46 | 2036.26 | 4017.58
Iilanosphere 269.7 3140.14 | 5998.18 | 2284.95 | 5267.66 | 2095.95 | 2178.92 | 2066.17 | 3592.08
Iizanorod 455.87 | 5852.36 | 3128.07 | 3322.52 | 5401.99 | 1730.03 | 2847.42 | 2803.87 | 3857.39
Iljlalmosphere 162.15 | 2085.60 | 3187.57 | 1174.18 | 2821.04 | 1676.40 | 832.31 1345.82 | 2074.95
Ii’inosphere 3748.79 | 1956.11 | 5945.21 | 2426.95 | 6101.72 | 2534.09 | 2470.90 | 3046.03 | 4183.79
Ii‘:lnosphere 0.00 3972.34 | 6381.39 | 1987.16 | 4997.51 | 2048.66 | 3019.31 | 1836.05 | 3662.19
Iisanocube 3337.97 | 2304.10 | 5144.13 | 3409.93 | 6429.38 | 2385.74 | 2618.21 | 3087.74 | 4347.12
I(\:I:nosphere 3119.27 | 1183.06 | 4285.09 | 2441.72 | 4932.36 | 1900.49 | 2063.07 | 2190.71 | 3393.53
S7
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Table 4.24 Illustrating the Shape, size (by TEM) and quantitative measurements of

oxidation states for the synthesised samples using XPS

Nanocube 30.8+7.3

4.12 Conclusions

In the present study, we synthesised ceria nanoparticles of various shapes and sizes using a
set of methodologies (details in chapter 3). A combination of existing techniques has been
used to characterise the samples. The size, shape and morphology of the samples synthesised
has been determined using DLS and TEM (explained in chapter 3) while STEM+EELS along

with XPS have been used to quantify ceria oxidation states.
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We have carried out systematic EELS and XPS measurements on different samples of
nanocubes (C1-3), nanospheres (S1-7) and nanorods (R1) with different sizes. The My s-edge
spectra have been used to evaluate the oxidation state of cerium using STEM-EELS whereas
binding energies of individual peaks of the Ce (3d) spectrum from XPS have been employed

to quantify the oxidation states in different samples.

During EELS experiments, line scans were used to understand the local oxidation state
variation across the particle by selectively acquiring the spectra at different points on the
particle surface. Area scans were carried out where line scans seemed to be damaging the
particles. Both EELS and XPS techniques, despite being surface profiling techniques, are
based on different principles with limitations to both. While EELS has an advantage that the
scan can be performed on individual particles, it gets easier to look at oxidation state
variations locally at any point of the particle whereas XPS provides quantitative

compositional information from the top atomic layers of a sample.

One of the objectives of this study was to ascertain if Ce (III) and Ce (IV) oxidation states of
different sized and shaped cerium oxide can be consistently determined by these techniques
and also to subset the important information that can be obtained about the oxidation state of
nanoceria using these techniques and to examine the issues and challenges faced when
performing such analysis. We found through EELS analysis that the oxidation state of ceria
NPs is not uniform throughout the particle and the amount of Ce (III) increases as the particle
size decreases. The results showed higher amount of Ce (III) present in smaller nanoparticles
with particles < 2nm to be completely Ce (III). Similar results were obtained from XPS
experiments. More amount of Ce (III) has been detected for smaller spherical samples (S1-7)
as compared to the larger nanocubes (C1-3) and rods (R1). However, the results obtained

from both the techniques are not directly comparable. For example, here we compare the
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oxidation state data obtained for the three different sized nanocube samples C1 (30.8+£7.3
nm), C2 (20.6+£7.3 nm), C3 (15.8+4.6 nm) using both the techniques. Both EELS and XPS
showed that the amount of Ce (III) increased with decrease in particle size and the order of
Ce (III) concentration in the samples is of the order of C3>C2>C1 (table 4.25). However,
EELS provided localised information about the oxidation state at different points of the
nanoparticle like center or at the edges, whereas, XPS provides a quantitative composition of
the whole sample. Both the techniques are complimentary to each other and provide
important information about the sample. We also observed that the Ce (III) and Ce (IV) ratios
obtained were very similar for different shaped ceria samples with similar core sizes. For
example, C3 nanocubes of d=15.844.6 nm showed similar amount of Ce (III) present in the
sample when compared to nanospheres S2 (6.0+3.0 nm) and S7 (5.9+2.2 nm) of the similar
core sizes by TEM. Similarly, 20 nm nanocubes from sample C1 showed similar Ce (III)
concentrations when compared to the 21 nm (by width) core sized nanorods R1. The results
indicate that oxidation state is mainly size dependent and is independent of the shape of the

particles, though we intend to explore this more in our future work.

An advantage of EELS over XPS is the spatial resolution to analyse individual nanoparticles.
It is a great tool permitting analysis on a 'per particle' basis. Individual or a collection of
nanoparticles can be visualised and data can be collected based on the needs of the study.
However, beam damage could inaccuracies and can lead to an overestimation of Ce (III)
within the sample. In case of XPS, the particles cannot be seen during experiment. The
measurements are carried on the collection of the nanoparticles and hence chemical
speciation cannot be identified on a particle basis. Even for nanoparticles, the sampling depth

can be considerably smaller than the particle diameter (Zhang et al., 2011a).
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There are some other general issues associated with nanoparticles which are useful to
consider when analyzing. Though both EELS and XPS are operated under vacuum, XPS
requires sample dehydration prior to the study. This may alter some of the important physico-
chemical properties of the NPS. It is also believed that the above method (XPS) used for the
quantification of oxidation states has an estimated error expectancy of the order of 5 %
(Laachir et al., 1991, Borchert et al., 2005). So the amount of Ce (III) and Ce (IV)
concentrations observed after the XPS analysis could be an underestimate or overestimate of
the original concentrations. Similarly, poor signal to noise ratio in case of EELS can also
challenge the accuracy of signal extraction from the background. According to literature,
when the noise level in the experimental data is low, signal extraction from the spectra is
straightforward and sufficient accuracy can be achieved. However, when the noise level
increases, the signal extraction error also increases and is estimated to range from 10-15 %
(Riedl et al., 2006, Yakovlev et al., 2012). It is clear that both EELS as well as XPS are
complimentary techniques and useful information about the oxidation states of cerium can be
obtained from both the techniques. Here we report the Ce (III) data obtained for the analysed

samples and tabulated in table 4.25.
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Table 4.25 Illustrating the size (by TEM) and quantitative measurements of oxidation

states for the synthesised samples using EELS and XPS

Nanocube 30.8+7.3
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S Dispersion and aggregation behaviour of ceria
nanoparticles in cell culture media and their
uptake and internalisation by human lung

epithelial cells (A549 cells)

5.1 Chapter overview

The widespread use of cerium oxide nanoparticles in commercial products has potentially
increased the probability of exposure to human and the environment. In particular, the use of
cerium oxide as fuel additive, in catalytic convertors and polishing agents (Trovarelli, 1996,
Deluga et al., 2004, Park et al., 2000, Campbell and Peden, 2005), their production at an
industrial scale and hence their potential direct discharge into the environment has led to an
increased amount of research in their biological effects (Ju-Nam and Lead, 2008). As
discussed in chapter 1, toxicity of ceria NPs has been recognised and various efforts have led
to seemingly different assessments (Lin et al., 2006, Xue et al., 2011), Hirst et al. (2013),
(Gaiser et al., 2011, Schubert et al., 2006, Karakoti et al., 2010a, Park et al., 2008, Heckert et

al., 2008b, Pirmohamed et al., 2010, Dowding et al., 2013).

As discussed in Chapter 1, the oxidant/antioxidant behaviour of ceria could be ascribed to
many factors such as the origin of the materials used for their synthesis (Karakoti et al.,
2012), the presence of stabilizing or capping agents (Baer, 2011), the chemical and physical

properties of the ceria nanoparticles, the Ce (III)/Ce (IV) ratio in a particular sample, the

223



behaviour of the synthesised particles in the cell culture media as well as the procedures

employed to evaluate toxicity.

In chapter 3 and 4, we reported that ceria nanoparticles of various shapes and sizes have been
synthesized using biocompatible raw materials and simple wet lab synthetic routes. We have
produced NPs coated with different capping agents, with different strengths of interaction
between core and capping agent/no capping agent and with both steric and charge
stabilization. The various shapes obtained are nanospheres, nanocubes and nanorods. The
size, shape and morphology of the as synthesized samples were determined using DLS and

TEM and the oxidation states have been quantified using STEM-EELS and XPS.

As discussed in Chapterl, inhalation and ingestion of nanoceria is likely to promote their
entry into the human body, allowing them to reach the bloodstream and other body fluids. In
this chapter, we report and discuss the dispersion behaviour of some of the synthesised
nanoceria (with known physico-chemical properties) in cell culture media and their uptake
and internalisation in lung-derived A549 cell lines (Adenocarcinomic human alveolar basal

epithelial cells, A549 cells). More details are in section 5.3.3.

An important requirement is to first understand the behaviour of these NPs in the cell culture
media. So here in this chapter, we have used six of our well characterised ceria nanoparticle
samples with known size, shape, and oxidation state. The aggregation behaviour of these NPs
has been assessed in serum containing media (cell growth medium with foetal bovine serum)
and serum free media (cell growth medium without foetal bovine serum) and then later on in
the second part of the chapter, their cellular interaction and uptake by human lung epithelial
cells has been studied. DLS was used to measure the hydrodynamic diameter, polydispersity

index (PDI) and zeta potential of the NPs in the water as well in the culture media whereas
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reflectance confocal microscopy (RCM) was used in this work to detect the aggregation
behaviour and visualise the uptake and internalsation of ceria nanoparticles by the human
lung epithelial cells (also known as HeLa A549 cells). This chapter fulfils the aim 4 and 5 of

the project as outlined in chapter 3.

5.2 Physico-chemical properties of NPs and their fate after organismal exposure

Characterization of pristine NPs is an essential step before uptake and toxicity assessment as
properties of NPs vary significantly with shape and size (Hussain et al., 2009, Powers et al.,
2006, Baalousha et al., 2012a, Powers et al., 2007). The most relevant physicochemical
characteristics of NPs are size, shape, surface chemistry, crystallinity, solubility, aggregation
tendency and homogeneity of dispersions (Hussain et al., 2009). These properties may also
influence their interaction with the biological systems (Kumar et al., 2014) as various
biological media contain different buffer ions, biomolecules including proteins, amino acids
etc (Chaudhury et al.) and due to the high surface energy, NPs tend to agglomerate or react
with ions or absorb proteins present in the media. So it is important to investigate and

understand the nanoparticle chemistry in relevant biological media (Patil et al., 2007).

5.2.1 Size dependent interactions

In the recent past, a number of biological studies have demonstrated the size-dependent
cellular interaction of various nanoparticles. Although, there are very few on ceria NPs
(Arnold et al., 2013), a lot of them have been carried out on gold (Pan et al., 2007), silver
(Carlson et al., 2008) and titanium dioxide nanoparticles (Gurr et al., 2005). Arnold et al.

investigated that cerium oxide NPs are more toxic than equimolar bulk cerium oxide and
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tested it in Caenorhabditis elegans ( a nematode) with particle size of 53.34 + 3.12 nm (by
DLS). Another study by Patil et. al demonstrated the size selective uptake by human alveolar
basal epithelial cells (A549 cells). They revealed that the A549 cells efficiently took up
smaller nanoceria (3-5nm) prepared using a microemulsion method as compared to bigger
nanopceria prepared using hydrothermal method (8-10 nm). However, no details of synthesis
dependent uptake was provided. There is also literature investigating the effect of
agglomeration on uptake. Schrand et al. demonstrated that size dependent uptake does not
necessarily apply to agglomerated particles i.e some particles behave as larger particles when
in agglomerated state and so the uptake will depend on the size of the agglomerate and not
the original particle size itself (Carlson et al., 2008). So it is essential to characterize the size
and agglomeration/aggregation tendency of synthesised NPs in the culture media for accurate

biological behaviour.

5.2.2 Shape dependent interactions

Few researchers have investigated the effect of particle shape and aspect ratio on the uptake
and internalisation by the cells. They have demonstrated that the threshold radius varies with
particle shape (cylindrical and spherical) and that there is an optimal particle size for cells to
wrap a membrane around the particles during endocytosis or cell internalization (Gao et al.,
2005, Chithrani et al., 2006, Decuzzi and Ferrari, 2007, Decuzzi and Ferrari, 2008). They
further concluded that the particle intake would depend on the orientation of the particle near
the cell membrane. For example, the intake of nanorods or cylindical particles would depend
on the basis that whether the rods were perpendicular or parallel to the cell surface when in
contact. In the former case, it is believed to favour the endocytosis process. Particles with

high aspect ratio undergo longer wrapping times than spherical nanoparticles due to greater
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energy required for their engulfment, and therefore take longer time to internalize (Chithrani
and Chan, 2007, Kumar et al.,, 2014). A study by Das et al. explored various cellular
responses with different size and shape of nanoceria. They analysed cell proliferation of
human umbilical vein endothelial cells (HUVECs) using ceria nanospheres, nanocubes, stars
and rods and observed that with the exception of ceria nanorods, other size and shaped
nanoparticles did not reveal any overt toxicity towards HUVEC cells whereas exposure to
ceria nanorods led to a slight reduction in cell proliferation. Proliferation of endothelial cells
is the critical first step involved in angiogenesis (angiogenesis is the formation of new blood
vessels from existing blood vessels and is critical for many physiological and patho-
physiological processes) (Das et al., 2012). In another in vitro study using ceria nanorods, the
aspect ratio of nanorods played a major role towards toxicity. Nanorods (both synthesised
using hydrothermal methodology with cerium chloride as cerium source) with an aspect ratio
1-16 did not induce any cellular response. However, nanorods with an aspect ratio 22 and 31
induced pro-inflammatory (IL-1B) production and cytotoxicity. Higher aspect ratio nanorods
>22 (at lengths >200 nm) damaged lysosomes and therefore induced inflammatory response

to the cells. Hence, shape of the NPs could also influence the cellular response.

5.2.3 Surface charge and surface modification dependent interactions

There are studies which looked at the surface chemistry of particles in relation to their
interactions with biological systems. Patil et al. observed variations in bovine serum albumin
(BSA) protein adsorption with different positive and negative surface charged ceria samples
(Patil et al., 2007) (Albumin protein is an important component of the bovine serum used in
cell culture media). Protein adsorption on the surface of the nanoparticles mainly depends on

electrostatic interaction, hydrophobic interaction and specific chemical interactions between
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protein and the nanoparticle surface (Kumar et al., 2014). They observed that positively
surface charged nanoceria (prepared using hydrothermal method) adsorbed more proteins,
whereas negatively surface charged nanoceria (prepared using micremulsion method) did not
significantly adsorb proteins and further during cell internalization studies (A549 cell line;
human alveolar basal epithelial cells), negative surface charged nanoparticles showed higher
cellular uptake as compared to positive surface charged nanoceria. This could be attributed to
the fact that like protein adsorption, NP uptake by cells also depends upon the electrostatic
interaction of nanoceria with the cell membrane. In another study by Dowding et al., three
differently sized nanoceria were synthesised using simple wet lab methodologies. The surface
charge of these samples were HMT-nanoceria (~34 mV) > nanoceria2 (~30 mV) >
nanocerial (18 mV), however in cell culture media, they showed a very similar distribution
of charge (8—10 mV). Moreover, during cellular uptake studies in human umbilical vein
endothelial cells line (HUVECs), HMT-nanoceria were found to show higher uptake,
followed by nanoceria2 and minimum amount were observed in case of nanocerial (analyzed
using ICP-MS). Another interesting point is that though HMT-nanoceria were found to have
higher cell internalization, the size of HMT-nanoceria were bigger that nanocerial and

nanoceria2.

There are some other studies who have looked at the effect of surface modifications on
cellular response. Although nothing specific to ceria could be found, Wagner et al. (Wagner
et al., 2007) examined cellular interaction of aluminium oxide and aluminium nanoparticles,
including their effect on cell viability and cell phagocytosis, with reference to particle size
and composition on alveolar macrphages. Gratton et al. (Gratton et al., 2008) suggested that

high aspect ratio pegylated hydrogel particles undergo internalization rapidly. From these
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results, it can be concluded that size, shape, surface modification and surface charge play an

important role in cell-nanoparticle interaction.

5.2.4 Interaction between NPs and serum proteins

It is known that when the nanoparticles enter a biological fluid, they interact with proteins of
the biological fluid along with other constituents such as nucleic acids or lipids. This
nanoparticle-protein interaction leads to the adsorption of proteins on the nanoparticle surface
forming a protein-nanoparticle complex. The formation of such nanoparticle—protein
complexes has been studied by many workers and the complex is often referred to as a
—protein corona” (Cedervall et al., 2007a, Cedervall et al., 2007b, Lynch et al., 2007, Sahoo et
al., 2007, Lynch and Dawson, 2008). The concept of protein corona is important in shaping
the surface properties, charges, resistance to aggregation and hydrodynamic size of
nanoparticles (Nel et al., 2009). For example, the coated proteins may undergo
conformational changes leading to a new bioentity, hence altering the nanoparticle surface
completely and hence biological behaviour (Lynch et al., 2007, Cedervall et al., 2007b,
Lundqvist et al., 2008). The adsorbed protein may provide extra stability to the particle
thereby increasing its life span within the biological fluids. The corona formation may lead to
an increase in hydrodynamic size of the NPs as well as a complete change in surface charge
(Wiogo et al., 2012). A survey of the literature on nanoparticle-protein binding also shows
that the proteins associated with a particle possess a wide range of affinities for the particle
surface, resulting in a range of different residence times for proteins at a nanoparticle surface.
The residence time and the exchange of proteins processes may redistribute from one
compartment to another, such as upon uptake into cells from the cell culture media, or upon
transport from the cytosol to the nucleus (Lynch and Dawson, 2008), however, these may

also be size or shape dependent. Other factors such as electrostatic interaction, hydrophobic
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interaction and specific chemical interactions between protein and the adsorbent also play an
important role in protein adsorption (Arai and Norde, 1990, Zhang et al., 2006, Xu and
Siedlecki, 2007). There are studies in literature which looked at the interactions and protein
binding kinetics of serum proteins with a number of engineered NPs as a function of their
physicochemical properties. Albumin protein is one of the most abundant protein present in
serum. Many studies have used bovine serum albumin (BSA) as a model to determine the
binding affinity of proteins (Patil et al., 2007, Tantra et al., 2010, Kreyling et al., 2014). The
studies suggest that that BSA offers steric stabilisation of nanoparticles (Schulze et al., 2008,
Jiang et al., 2009). Tantra et al demonstrated material dependent affinity of serum albumin,
they also demonstrated that adsorption of BSA led to subsequent de-agglomeration of the
sub-micron ZnO clusters into smaller fragments, even breaking them up into individual
isolated nanoparticles (Tantra et al., 2010). Another study looked at the protein absorption on
bare and functionalised MNPs and found more protein absorption on the bare surfaces as
compared to the functionalised particles (Wiogo et al., 2012). According to literature, by and
large, the amount and identity of the protein adsorbed on the NP surface seems to determine
the uptake of the NP (Saptarshi et al., 2013). The nature of the proteins in the corona may be
determined by the local chemical property of the nanomaterial. However, even for a fixed
material type, the size of the particle, and its surface modification are able to entirely change
the nature of the biologically active proteins in the corona, and thereby possibly also the

biological impacts (Lundqvist et al., 2008).

5.2.5 Internalisation pathways of nanoparticles

Several pathways are known to be associated with the cellular entry of nanoparticles
depending upon the particular cell line used, age, cellular environment and/or the

physiochemical characteristics of the specific particles being tested eg, size, shape,
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composition and surface characteristics (Dausend et al., 2008, Xia et al., 2008b, Nel et al.,
2009, Johnston et al., 2010, Iversen et al., 2011, Kuhn et al., 2014). The term endocytosis
describes two different cellular uptake mechanisms: pinocytosis, which involves the uptake
of fluids and molecules within vesicles and phagocytosis, which is responsible for engulfing
large particles (e.g., microorganisms, particles, apoptotic bodies). Pinocytosis covers
macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis and
clathrin- and caveolin-independent endocytosis (Figure 5.1). Macropinocytosis involves the
internalisation of large areas of the plasma membrane together with significant amounts of
fluid, since uncoated vesicles can be bigger than coated ones, thus allowing endocytosis of
larger objects (>150 nm) (Swanson and Watts, 1995, Mercer and Helenius, 2012). Clathrin-
mediated endocytosis (CME), is the process involving specific receptors that recognize and
internalize cargo into —eoated pits”, formed by the assembly of a cytosolic coat protein,
clathrin, which constitutes the main assembly unit. These coated pits invaginate and pinch off
to form vesicles that later fuse with endoplasmic compartments such as early endosomes,
endosomes or with lysosomes (Huang et al., 2004, Granseth et al., 2006, Granseth et al.,
2007). Caveolae-mediated endocytosis involves clustering of lipid raft components on the
plasma membrane into so called caveolae, which are flask-shaped invaginations, formed as a
result of the interactions of different proteins, mainly caveolin, with the cellular membrane.
Caveolae are extremely abundant at the surface of endothelial cells, and internalisation via
this pathway is induced by specific ligands such as cholera toxin and simian virus-40, and
this is considered to be the predominant pathway of entry for particles above 200 nm (Orlandi
and Fishman, 1998, Nabi and Le, 2003, Rejman et al., 2004). Other uptake pathways include
clathrin- and caveolae-independent endocytosis, in which other types of cholesterol-rich
microdomains on the plasma membrane are involved, rather than caveolae. These domains

are generally referred to as lipid rafts, small structures of 40—50 nm in diameter, that diffuse
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on the cell surface and then these small rafts can be captured by, and internalized within an
endocytic vesicle (Schnitzer et al., 1995, Romer et al., 2007, Lundmark et al., 2008, Doherty

and Lundmark, 2009).

1 macropinocylosis 2 lipid raft-dependent 3 clathrin-dependent
a dynamin-indepandent
b dynamin-dependent
¢ caveolin-dependent

Figure 5.1 Mechanisms of endocytosis. The three main pathways are macropinocytosis,
lipid raft-dependent mechanisms, and the clathrin-dependent pathway, adapted from

(Dausend et al., 2008)

Many pharmacological inhibitors (eg amiloride blocks macropinocytosos, chlorpromazine
known to block CME, genistein inhibits caveolae pinching etc) and markers (eg transferrin
to identify clatherin-coated pits and caveolin to detect caveolae etc) are often used to
investigate which endocytic mechanism is responsible for cellular uptake of nanoparticles
(Jackson et al., 1996). This approach is far too often based on the assumption that these
inhibitors have specific effects on a given endocytic mechanism, for more details refer to
(Iversen et al., 2011). As far as the A549 cell line in particular is concerned, a lot of
nanoparticle uptake and internalisation studies have been carried out using this cell line with
different nanoparticles (shape and size) with some explaining the mechanism and some not.
In particular clathrin mediated endocytosis has been found to be a predominant internalisation

pathway for A549 cell line, however, some studies showing caveolaec-mediated endocytosis
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were also found (Smith et al., 2012, Kuhn et al., 2014). Experimental studies in literature
have demonstrated different modes of intracellular trafficking and, possibly, entering
mechanisms depending on the particle size and material including the possibility of a cell
type to use multiple pathways simultaneously to internalise the same NPs (Rothen-

Rutishauser et al., 2007, dos Santos et al., 2011).

In the present study, an attempt has been made to (1) Assess the behaviour of synthesised
ceria NPs in human lung epithelial cell culture medium and (2) Look into the effect of shape,
size and surface chemistry of ceria NPs on the uptake and internalization by A549 cells. DLS
was used to measure the hydrodynamic diameter, polydispersity index (Pdl) and
electrophoretic mobility of the NPs in the water as well in the culture media whereas
reflectance confocal microscopy (RCM) was used in this work to detect the aggregation
behaviour and visualise the uptake and internalsation of ceria nanoparticles by the human

lung epithelial cells (also known as HeLa A549 cells).

5.3 Material and methodology

The serum containing media (SCM) and serum free media (SFM) used in these experiments
were provided by Dr Julie Mazzolini from school of biosciences, University of Birmingham.

The composition of SCM and SFM are as below

5.3.1 Serum Containing Media (SCM)

5.3.1.1 DMEM 4.5g/L. Glucose w/ L-Glutamine 500ml (Lonza) - Dulbecco's modified
eagle's medium (DMEM) formulation is a modification of basal medium eagle (BME) that
contains four-times the concentrations of the amino acids and vitamins. Table 5.1 illustrates

the composition of DMEM as obtained from Lonza.
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5.3.1.2 0.5% Penicillin-Streptomycin (Invitrogen) - The antibiotics penicillin and
streptomycin are used to prevent bacterial contamination of cell cultures due to their effective
combined action against gram-positive and gram-negative bacteria. This product is
formulated to contain 10,000 units penicillin and 10 mg streptomycin/mL solubilized in a

proprietary citrate buffer.

5.3.1.3 10% Foetal Bovine Serum (Biosera)- Fetal bovine serum (FBS) is a cocktail of most
of the factors required for cell attachment, growth and proliferation and is thus used as an
almost universal growth supplement effective for most types of human and animal (including
insect) cells. Animal serum is an extremely complex mixture of a large number of
constituents, low and high molecular weight biomolecules, with different, physiologically
balanced growth-promoting and growth-inhibiting activities. The sera most widely used are
bovine sera of adult or newborn animals, or of foetal origin (FBS) (Brunner et al., 2010). The
major functions of serum in culture media are to provide (i) hormonal factors stimulating cell
growth and proliferation and promoting differentiated functions, (ii) transport proteins
carrying hormones (e.g. transcortin), minerals and trace elements (e.g. transferrin) and lipids

(e.g. lipoproteins), (ii1) attachment and spreading factors, acting as germination points for cell
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attachment and (iv) stabilising and detoxifying factors needed to maintain pH or to inhibit
proteases either directly, such as a-antitrypsin or a2-macroglobulin, or indirectly, by acting as

an unspecific sink for proteases and other (toxic) molecules

5.3.2 Serum Free Media (SFM)

5.3.2.1 DMEM 4.5g/L Glucose w/ L-Glutamine 500ml (L.onza)

5.3.2.2 0.5% Penicillin-Streptomycin (Invitrogen)
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Table 5.1 Composition of DMEM, adapted from
http://bio.lonza.com/uploads/tx_mwaxmarketingmaterial/Lonza ProductDataSheets F

ormulation_-_Dulbeccos_Modified_Eagles Medium_DMEM_12-604.pdf

5.3.3 Adenocarcinomic human alveolar basal epithelial cells (A459)

Cells were purchased from the Health Protection Agency Culture Collection, Salisbury, UK.
Adenocarcinomic human alveolar basal epithelial cells (A459) were grown in a complete
Dulbecco‘s modified eagles medium (DMEM, Lonza) supplemented with 10% fetal bovine
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serum (FBS, Biosera) and 1% of penicillin streptomycin (Gibco). This work was carried out

with the help of Dr Julie Mazzolini from School of Biosciences, University of Birmingham.

5.3.4 Laboratory techniques and sterilisation

All media were prepared under the clean laminar hood with disposable sterile plastic ware
and filtered using a filter system (500 ml, 0.22 um pore size) from Corning and kept at 4°C
throughout. The floor of the laminar flow cabinet was treated with an aqueous 70% ethanol

solution to prevent any bacterial contamination.

All the glassware and plastic required for the experiments was washed before and after use
with 10% nitric acid (HNO3) for a minimum of 24 hrs and then rinsed thoroughly with
ultrapure water ensuring no traces of acid remained. The glassware was then air dried and
kept in sterile boxes until next use. Cerium oxide suspensions were made in sterile water and
apart from that no extensive sterilisation techniques such as higher temperature treatments
has been carried out on any of the ceria samples. This is in order to avoid any further changes

to the physicochemical properties of the characterised samples.

5.3.5 Ceria NPs used

Six of our samples of cerium oxide nanoparticles were used for dispersion and stability
studies in the cell culture media and cellular uptake by A549 cells. Three nanocube samples
C1, C2 and C3, two nanospheres S1 and S2 and a nanorod sample R1 has been used. The
synthesis and characterisation of these particles has had been previously discussed in chapter
3. Their size obtained by TEM and hydrodynamic diameter obtained from DLS are

summarised in Table 5.2
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5.3.6 Characterisation

DLS was used to measure the hydrodynamic diameter and polydispersity index (PdI) of the
NPs in the water as well in the culture media. The electrophoretic mobility of the particles
was measured using Zetasizer nano from Malvern instruments. The zeta potential
measurements have been carried out for both pristine as well as particles treated with SCM
and SFM. At least three measurements were made in each case and the data were averaged.
Reflectance confocal microscopy (RCM) was used in this work to detect the aggregation
behaviour and visualise the uptake and internalsation of ceria nanoparticles by the human

lung epithelial cells (also known as HeLa A549 cells).

Table 5.2 Ceria NPs used for aggregation studies and cellular uptake by A549 cells

DLS TEM

Cl Nanocube 93.7+0.8 30.8+£7.3

C2 Nanocube 113.4+0.5 20.6+7.3

C3 Nanocube 132.843.2 15.844.6

S1 Nanosphere 85.5+0.4 4.5€2.5

S2 Nanosphere 89.0+0.3 6.0£3.0

R1 Nanorod 338.7£6.2  83.0+£56.0(Length)

16.0+6.0(width)

5.4 Stability studies of ceria NPs in cell culture media

Dispersion and aggregation behaviour of ceria NPs in cell culture media which is serum
containing media (SCM) and serum-free media (SFM) was studied at 37 °C by DLS for 1
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hour. This temperature and time period were chosen to mimic the conditions during uptake
assays. The ceria nanoparticles were suspended in sterile distilled water at concentrations of
10 mg ml™. Stock solutions of ceria nanoparticles (10 mg ml™") prepared in sterile distilled
water were sonicated for 1 min using Branson 1510 ultrasonic bath (details in chapter 2
section) and suitable amount of ceria NPs was added into SCM or SFM to form a final
concentration of 500 ug ml"'. The mixtures were immediately moved to DLS system for in
situ monitoring of the variation of hydrodynamic diameter of ceria NPs and understand their
stability with time. Six independent samples were measured using the same procedure. The
particles used in cell culture studies remain submerged in cell culture media for 1 hour at 37
C. These culture medium contain salts, various small molecules, serum proteins as well as
other macromolecules. So the time-course of the stability experiments was designed to
investigate the kinetics of aggregation and the influence of medium components on the
particle size as a function of time. The data has been collected at 20, 40 and 60 minutes after

the addition and the temperature was set at 37 °C.

5.4.1 Results and discussion of stability tests of ceria NPs in SCM and SFM

DLS was used to measure the hydrodynamic diameter and polydispersity index (PdI) of the
NPs in the water as well as in the culture media. DLS was also run for pure SCM and SFM.
Figure 5.2 shows the size distribution by intensity data observed for pure SCM and SFM.
SCM shows a distinct double peak and a mean diameter of around 161.9 nm. This could be
due to the scattering from the bovine serum albumin (BSA) in the serum solution. The
electrophoretic mobility of the pure SCM and SFM was measured using Zetasizer nano from
Malvern instruments. The zeta potential measurements came out to be -0.846+0.405 mV at

pH +7.4 and -1.62+0.96 mV at pH +7.3 for SCM and SFM respectively.
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Figure 5.2 Size distribution by intensity obtained with DLS for SCM and SFM, each
coloured line represents an average of minimum three measurements

The stability tests for the nanocubes (C1, C2, and C3), nanospheres (S1 and S2), and
nanorods (R1) in SCM and SFM showed that the hydrodynamic diameter increases quickly in
the first 20 minutes for both SCM as well as SFM (table 5.3 and 5.4). However, the

aggregation rate is faster in the latter. The detailed study on sample basis is discussed below.

5.4.1.1 Stability results for nanocubes C1: The hydrodynamic diameter for pristine
nanocubes (C1) in ultrapure water is 98 nm. When dispersed in SCM, there is an abrupt rise

in particle size (1894 nm) in the first 20 minutes and then particle size slightly dropped down
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to 1653 nm after 40 minutes and then increased to 1717 nm after 60 minutes in the SCM at
37°C. The polydispersity index for these measurements is higher (0.550). However when
dispersed in SFM for same duration and at same temperature, the aggregation rate is faster
than in SCM. The particle size quickly reached to 5033 nm in the first 20 minutes and then
further increased to 5743 nm after 40 minutes and 6815 nm after 60 minutes of the study,
when dispersed in SFM. The PDI observed is smaller (0.199) indicating that the sample is
less polydisperse. The change and trend in particle diameter as obtained by DLS, when
dispersed in SCM and SFM is tabulated in tables 5.3 and 5.4 respectively. Figure 5.3 (a)
shows size distribution by intensity data obtained for C1 in ultra pure water, SCM and SFM.
The electrophoretic mobility of the particles in ultra pure water as well as the particles treated
with SCM and SFM was measured using Zetasizer nano from Malvern instruments. The zeta
potential for pristine nanocubes (Cl) dispersed in water is 5.71+0.16 mV at pH+6.9.
However it turned to almost neutral when dispersed in SCM (-1.34+0.13mV) at pH+7.2 and

SFM (-0.28+0.05mV) at pH+7.2.
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Figure 5.3 (a) Size distribution by intensity data obtained with DLS for nanocubes C1 in
sterile water, SCM and SFM, each coloured line represents an average of minimum
three measurements

Table 5.3 Trend and change in hydrodynamic diameter and polydispersity index (PdI)
for the nanocubes (C1, C2, and C3), nanospheres (S1 and S2), and nanorods (R1) in

SCM over a period of 60 minutes, as obtained by DLS

Time in Size in serum containing media (SCM) (nm)
minutes
C1 C2 C3 S1 S2 R1
20 1894+114 | 1776+122 959+12 92+23 450+12 1207+£19

PdL:0.567 | PdL:0.402 | PdI:0.271 | PdL:0.680 | PdI:0.348 | PdI:0.397

40 1653+145 1996491 937+14 106+61 453+10 1160+13

Pdl:0.587 | PdL:0.411 | PdL:0.250 | PdI:0.733 | PdI:0.317 | PdI:0.389

60 1717+£86 | 2105+101 958+9 122441 453+16 1164+11

PdL:0.533 | PdL:0.372 | PdI:0.233 | PdL:0.635 | PdL:0.362 | PdI:0.369
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Table 5.4 Trend and change in hydrodynamic diameter and polydispersity index (PdI)

for the nanocubes (C1, C2, and C3), nanospheres (S1 and S2), and nanorods (R1) in

SFM over a period of 60 minutes, as obtained by DLS

Time in Size in serum free media (SFM) (nm)
minutes
C1 C2 C3 S1 S2 R1
20 5033+1478 | 296+41 2858+£826 | 1491+120 | 4646+828 | 21414423
Pdl:0.199 | PdI:1.000 | PdI:0.714 | PdI:0.233 | PdI:0.146 | PdI:0.373
40 57434907 276423 31124310 66+13 23084720 | 1310+266
Pdl:0.207 | PdI:1.000 | PdI:0.223 | PdI:0.240 | PdI:0.408 | PdI:0.373
60 6815+758 255482 35404288 | 1578+422 | 27424470 | 825+521
PdI:0.188 | PdL:1.000 | PdI:0.157 | PdI:1.000 | PdI:0.267 | PdI:0.375

5.4.1.2 Stability results for C2: The hydrodynamic diameter for pristine nanocubes (C2) in
ultrapure water is 114 nm. When dispersed in SCM, there is rise in particle size (1776 nm) in
the first 20 minutes and then particle size further increased to 1996 nm after 40 minutes and
then increased to 2015 nm after 60 minutes in the SCM at 37°C. However when dispersed in
SFM for same duration and at same temperature, the aggregation rate is much quicker than in
SCM. This is indicated by the high PdI, also the Z-average obtained did not match with the
intensity distributions obtained indicating very strong and quick aggregation. As discussed in
the methodology chapter (Chapter 2), intensity distributions need to cited in such conditions.
The particle size reached to 296 nm in the first 20 minutes and then dropped to 276 nm after
40 minutes and then again dropped to 255 nm after 60 minutes of the study, when dispersed
in SFM. However, it was found that nanocubes C2 are less stable than C1 in both SCM and

SFM. The change and trend in particle diameter as obtained by DLS, when dispersed in SCM
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and SFM is tabulated in tables 5.3 and 5.4 respectively. Figure 5.3 (b) shows size distribution
by intensity data obtained for C2 in ultra pure water, SCM and SFM. The zeta potential for
pristine nanocubes (C2) dispersed in water is 26.9+1.72 mV at pH+7.1. However it turned to

neutral when dispersed in SCM (-1.38+0.11 mV) at pH+7.2 and SFM (-0.33+0.03 mV) at

pH+7.2.
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Figure 5.3 (b) Size distribution by intensity data obtained with DLS for nanocubes C2 in
sterile water, SCM and SFM, each coloured line represents an average of minimum

three measurements
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5.4.1.3 Stability results for C3: The hydrodynamic diameter for pristine nanocubes (C3) in
ultrapure water is 133 nm. When dispersed in SCM, there is a rise in particle size (959 nm) in
the first 20 minutes and then particle size slightly decreased to 937 nm after 40 minutes and
then again increased to 958 nm after 60 minutes in the SCM at 37°C. The results indicate that
the particle in sample C3 were not aggregating after first 20 minutes in the SCM as the
particle size remains almost consistent after 40 minutes and 60 minutes in the SCM. However
when dispersed in SFM for same duration and at same temperature, the aggregation rate is
much quicker than in SCM. The particle size reached to 2858 nm in the first 20 minutes and
then further increased to 3112 nm after 40 minutes and then again increased to 3540 nm after
60 minutes of the study, when dispersed in SFM. However, it was found that nanocube
sample C3 was comparatively more stable than nanocube samples C1 and C2 in SFM (see
table 5.5) i.e in terms of stability order, C3>C1>C2 when dispersed in SFM. C3 is also more
stable than C1 and C2 in SCM and the order of stability is very similar to SCM, C3>C1>C2.
The change and trend in particle diameter as obtained by DLS, when dispersed in SCM and
SFM is tabulated in tables 5.3 and 5.4 respectively. Figure 5.3 (¢) shows size distribution by

intensity data obtained for C3 in ultra pure water, SCM and SFM.

The zeta potential measurements of C3 showed that these nanocubes are negatively charged
as compared to C1 and C2 (both positively charges). The zeta potential for pristine nanocubes
(C3) dispersed in water is -2.20+£0.041 mV at pH+7.2. However it turned to almost neutral

when dispersed in SCM (-1.43+0.14 mV) at pH+7.3 and SFM (-0.51+£0.03 mV) at pH+7.2.
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Figure 5.3 (¢) Size distribution by intensity data obtained with DLS for nanocubes C3 in
sterile water, SCM and SFM, each coloured line represents an average of minimum

three measurements

5.4.1.4 Stability results for nanospheres S1: The hydrodynamic diameter for pristine
nanospheres (S1) in ultrapure water is 86 nm. When dispersed in SCM, there is a sudden rise
in aggregation, as indicated by the high Pdl values obtained for the suspensions after 20, 40
and 60 minutes in SCM (Table 5.3). The high Z-average values obtained (8989nm) in the
first 20 minutes of treatment with SCM are not in agreement with the intensity distributed

values (93 nm) obtained by DLS indicating very quick and strong aggregation. This is also
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evident from the high PdI values obtained (0.733). As per recommendations in literature,
intensity distributed sizes with high PdI obtained have been quoted in table 5.3. The results
indicate that the particles in sample S1 quickly aggregated to larger sizes. When dispersed in
SFM for same duration and at same temperature, the aggregation rate for S1 in SFM appeared
to be very much similar to that in SCM. The particle size quickly reached to 1491 nm in the
first 20 minutes and then dropped to 66 nm after 40 minutes and then increased to 1578 nm
after 60 minutes of the study, when dispersed in SFM. The pattern indicated sample
instability in SFM and is also confirmed with high PdI values obtained after 60 minutes in
SFM. The data indicates that that S1 is unstable when dispersed in SCM and SFM. The
change and trend in particle diameter as obtained by DLS, when dispersed in SCM and SFM
is tabulated in tables 5.3 and 5.4 respectively. Figure 5.3 (d) shows size distribution by

intensity data obtained for S1 in ultra pure water, SCM and SFM.
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Figure 5.3 (d) Size distribution by intensity data obtained with DLS for nanosheres S1
in sterile water, SCM and SFM, each coloured line represents an average of minimum
three measurements

5.4.1.5 Stability results for nanospheres S2: The hydrodynamic diameter for pristine
nanospheres (S2) in ultrapure water is 89 nm. When dispersed in SCM, there is a rise in
hydrodynamic diameter (450 nm) in the first 20 minutes and then particle size slightly
increased to 453 nm after 40 minutes and then stayed static at 453 nm after 60 minutes in the
SCM at 37°C. The results indicate that the particles in sample S2 are stable when dispersed in
SCM. The results indicate that the particle in sample S2 were not aggregating after first 20
minutes in the SCM as the particle size remains almost consistent after 40 minutes and 60
minutes in the SCM. However when dispersed in SFM for same duration and at same
temperature, the aggregation rate is quicker than in SCM. The particle size reached to 4646
nm in the first 20 minutes and then decreased to 2308 nm after 40 minutes and then again
increased to 2742 nm after 60 minutes into the study, when dispersed in SFM. Figure 5.3 (e)

indicates the presence of multiple peaks in size distribution by intensity data obtained after 40
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and 60 minutes of treatment with SFM. The indicates that S2 is more stable in SCM as

compared to SFM.

Both nanosphere samples S1 and S2 are PEG capped but with different molecular weights of
PEG. S1 is capped with PEG 1500 (MW) and S2 is capped with PEG 600 (MW). Both the
samples have been synthesised by sonochemical method using the same cerium precursor but
have showed different stability regime when dispersed in SCM and SFM. Stability data
shows that S2 is more stable than S1 in both SCM and SFM. The change and trend in particle
diameter for S1, as obtained by DLS, when dispersed in SCM and SFM is tabulated in tables
5.3 and 5.4 respectively. Figure 5.3 (e) shows size distribution by intensity data obtained for

S2 in ultra pure water, SCM and SFM.
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Figure 5.3 (e) Size distribution by intensity data obtained with DLS for nanosheres S2 in
sterile water, SCM and SFM, each coloured line represents an average of minimum
three measurements

5.4.1.6 Stability results for nanorods R1: The hydrodynamic diameter for pristine nanorods
(R1) in ultrapure water is 339 nm. When dispersed in SCM, there is a rise in hydrodynamic
diameter (1207 nm) in the first 20 minutes and then particle size slightly decreased to 1160
nm after 40 minutes and then stayed static at 1164 nm after 60 minutes in the SCM at 37°C.
The results indicate that the particle in sample R1 were not aggregating after first 20 minutes
in the SCM as the particle size remains almost consistent after 40 minutes and 60 minutes in
the SCM. However when dispersed in SFM for same duration and at same temperature, the
aggregation rate is quicker than in SCM. The particle size reached to 2141 nm in the first 20
minutes and then decreased to 1310 nm after 40 minutes and then again decreased to 825 nm
after 60 minutes into the study, when dispersed in SFM. The Z-average values obtained are
not in agreement with the size distributions by intensity data, the pattern indicates sample
instability in SFM. The results indicate that R1 is more stable in SCM as compared to SFM.

The change and trend in particle diameter for R1, as obtained by DLS, when dispersed in
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SCM and SFM is tabulated in tables 5.3 and 5.4 respectively. Figure 5.3 (f) shows size

distribution by intensity data obtained for R1 in ultra pure water, SCM and SFM.

The zeta potential for pristine nanorods (R1) dispersed in water is -3.00+0.072 mV at
pH+7.0. However it turned to (-1.27+0.08 mV) at pH+7.3 when dispersed in SCM and (-

0.42+0.07 mV) at pH+7.2 when dispersed in SFM.
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Figure 5.3 (f) Size distribution by intensity data obtained with DLS for nanorods R1 in
sterile water, SCM and SFM, each coloured line represents an average of minimum
three measurements
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Figure 5.4 and 5.5 illustrate the change and trend in particle diameter for the nanocubes (C1,
C2, and C3), nanospheres (S1 and S2), and nanorods (R1) when dispersed in SCM and SFM

respectively, over a period of 60 minutes. The zeta potential mesurements are summarised in

table 5.5.
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Figure 5.4 Illustration of the change and trend in particle diameter for nanocubes (C1,
C2, and C3), nanospheres (S1 and S2), and nanorods (R1) in SCM over a period of 60

minutes (by DLS). The stability order is S2>C3>R1>C1>C2>S1
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Figure 5.5 Illustration of the change and trend in particle diameter for nanocubes (C1,
C2, and C3), nanospheres (S1 and S2), and nanorods (R1) in SFM over a period of 60
minutes (by DLS). The stability order is C3>C2>C1>S2>R1>S1
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Table 5.5 Change in the zeta-potential of the investigated ceria samples pre and post treatment with SCM and SFM

Sample Zeta Potential (mV)
Pure SCM -0.846+0.405 (pH+7.4)
Pure SFM -1.62+0.96 (pH+7.3)

Morphology Pristine NPs pH In SCM pH In SFM pH
Nanocube Cl +5.71+0.16 +6.9 -1.3440.13 +7.2 -0.28+0.05 +7.2
Nanocube C2 +26.9+1.72 +7.1 -1.38+0.11 +7.2 -0.33+0.03 +7.2
Nanocube C3 -2.20+0.041 +7.2 -1.43+0.14 +7.3 -0.51+0.03 +7.2

Nanosphere S1 +0.024+0.012 +7.9 -1.46+0.07 +7.4 -0.69+0.09 +7.3

Nanosphere S2 +0.09440.023 +7.3 -1.40+0.03 +7.3 -0.39+0.01 +7.2

Nanorod R1 -3.00+0.072 +7.0 -1.27+0.08 +7.3 -0.42+0.07 +7.2
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5.5 Agglomeration detection and visualisation by reflectance confocal microscopy
(RCM)

Aggregation behaviour of all the six samples (nanocubes C1, C2, and C3, nanospheres S1
and S2, and nanorods R1) has also been observed and visualised using reflectance confocal
microscopy (RCM). Unlike other studies, TEM could not be used here as the SCM and SFM
formed a concentrated thick layer on the grid surface leading to the depletion of the carbon
coating and due to limitations of the experiment, samples could not be diluted. TEM grids
were prepared using drop method. A drop of the NP sample dispersed in cell culture media
was put on the holey carbon grid and left for air drying while kept covered to prevent
contamination. We found that both SCM and SFM lead to the depletion of carbon coating on
the grid. We also tried tweaking the grid preparation method by leaving the sample on the
grid for only few minutes but this also didn't solve the problem. However, RCM proved to be

an effective technique to visualise the aggregation behaviour.

Figure 5.6 (a) Con-focal reflectance microscopy images and corresponding bright field

images of sterile water only.
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The nanoparticle sample was mounted on the clean slide by putting a drop of the pristine
particles suspended in water and then later covering it with a coverslip. A similar procedure
was used for particles treated with SCM and SFM. Before the sample imaging, a blank slide
was imaged with a drop of ultra pure water to eliminate any chances of false reflectance by
dust or any unwanted particles and was saved as a background image. The blank image is
illustrated in figure 5.6 (a) and reveals no signal or reflectance. The confocal microscopy

images for the investigated samples are illustrated in figures 5.6 (b-g).

Reflectance confocal image acquisitions were obtained using the laser 488 and the reflectance
option from confocal microscope (Zeiss LSM 710 Confocor 3) equipped with an oil

immersion objective (PLAPO 63x/1.40 oil DIC M27). Z-series of images were taken at 0.2

um increment (more details about the technique have been discussed in chapter 2).

5.5.1 Results and discussion: This method potentially allows us to image the true dispersion
of ceria NPs in water or culture media and identify any agglomerates. There are, however,
several disadvantages with this technique. Transmission electron microscopy can easily
provide individual measurements of the particles and one can quantify the aggregates size, so
a quantitative comparison can be easily made between individual particles and aggregates but
in this case, the resolution is not very high and so the quantification of size and shape is not
straightforward. However, the images obtained can provide some visual information about
the particle behaviour in complex media. Figure 5.6 (b-g) illustrate the reflectance confocal
microscopy images for all the six ceria samples illustrated in table 5.1. The images clearly
depict the aggregation behaviour of synthesised particles in SCM and SFM. It is evident from
all the images that the particles in sample C1, C2, C3, S2 and S1 are more stable in SCM as
compared to when treated with SFM except sample S1 which does not show much difference
in reflectance images when dispersed in both SCM and SFM. In the images, the individual
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particles from the pristine sample as well as the stable particles in SCM can be easily
identified and distinguished between the comparatively larger particles obtained on treatment
with SFM (A large number of white dots can be seen on a dark background). The inset
images also provide a better picture of the particle distribution in the sample. In figures 5.6
(b-g), the first column represents the reflectance image of pristine particles dispersed in
sterile water along with the corresponding brightfield image, the second and third columns
represent the reflectance by the sample treated with SFM and SCM along with their bright
field images respectively. The results obtained cannot be directly compared with those

obtained by DLS because the data obtained by RCM cannot be quantified.
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Figure 5.6 (b) Con-focal reflectance microscopy images and corresponding bright field images of C1 in sterile water, SFM and SCM
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Figure 5.6 (¢) Con-focal reflectance microscopy images and corresponding bright field images of C2 in sterile water, SFM and SCM
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Figure 5.6 (d) Con-focal reflectance microscopy images and corresponding bright field images of C3 in sterile water, SFM and SCM
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Figure 5.6 (¢) Con-focal reflectance microscopy images and corresponding bright field images of S1 in sterile water, SFM and SCM
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Figure 5.6 (f) Con-focal reflectance microscopy images and corresponding bright field images of S2 in sterile water, SFM and SCM
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Figure 5.6 (g) Con-focal reflectance microscopy images and corresponding bright field images of R1 in sterile water, SFM and SCM
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5.6 Uptake and internalisation of ceria NPs by HelLa A549 cells

5.6.1 Cerium oxide uptake assay

Stock solutions of ceria nanoparticles (10 mg ml™) prepared in sterile distilled water were
sonicated for 1 min using an ultrasonic bath and diluted to the required concentration using
serum-containing media (SCM). HeLa cells were incubated in SCM in the presence or
absence of ceria NPs at a final concentration of 500 pg ml™ at 37 °C for 60 min in a 5% CO2
incubator. Cells were washed with SCM then left for 1h at 37 °C in SCM. Exposure was
conducted for 30 min at 37 °C, 5% CO,, and then cells were washed twice with phosphate-
buffered saline 1X, PBS (Lonza), to remove any ceria particles outside the cells. The cells
were then fixed in 4% parafornaldehyde (PFA) for 10 min at room temperature and then
washed with Ammonium chloride (NH4Cl) then with PBS and mounted on microscope slides
in Vectashield Mounting Media with DAPI (VECTOR Laboratories). The samples were
examined under a confocal microscope (Zeiss LSM 710 Confocor 3) equipped with Ar and

He/Ne lasers.

5.6.1.1 Concentration of ceria nanoparticles

In the larger FABLE study, when ceria uptake experiments were started, we performed
experiments based on incubation of A549 cells with increasing nanoparticle concentrations to
determine a nanoparticle concentration that does not induce cytotoxicity and allows
visualising ceria NPs by reflectance microscopy. We found out that 500 pg ml"' was the
lowest concentration that we could use to clearly visualise the internalised ceria nanoparticles

by reflectance microscopy without inducing any cytotoxicity.
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5.6.2 Results and discussion of uptake studies

Figure 5.7 shows the brightfield, reflectance and corresponding merged images in the same
scale and position of HeLa cells incubated in SCM for 60 min at 37 °C. This is a

representative image of how the A549 cells look using the confocal reflectance microscopy.

Figure 5.7 Confocal reflectance microscopy images along with the corresponding bright

field and merged images of A549 cells in the absence of ceria NPs.

Result of in vitro cellular uptake of ceria NPs are shown in Figure 5.8 (a-f). The CRM images
indicate that particles with sizes (<10nm) have shown internalisation and uptake by the A549
cells. Sample S1 (PEG 1500 capped nanospheres) showed complete uptake as is evident from
figure 5.8 (d) whereas sample S2 (PEG 600 capped nanospheres) and C3 (nanocubes) were
partially uptaken by the A549 cells, figures 5.8 (e and c) respectively. The results can be
compared to the stability data obtained by DLS (table 5.3). Sample S1 showed least stability
in SCM with very high polydispersity index by DLS. Whereas, S2 and C3 showed,

comparatively more stability with particle sizes of 450 nm and 947 nm respectively and
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hence partial uptake. Based on stability results, we expected that serum stabilised particles
would remain suspended in the cell culture plate in the supernatant SCM and may or may not
interact with the cell surface, however this is not the case here. Further, it was found that
after internalisation in S1, S2 and C3, the nanoparticles are localised only in cytoplasm. None
of the particles were seen in the nucleus. The bright white spots from the ceria NPs are
clearly visible in the reflectance images. The red dots in the merged images correspond to the
ceria NPs and indicate the entry of ceria NPs in A549 cells for sample S1 and partial uptake
for S2 and C3. Partial uptake refers to that some of the particles were uptaken by the cells and
some particles can be seen outside the cell membrane. No internalisation was observed for
samples C1, C2 and R1. The images reveal that the samples C1, C2 and R1, aggregated
during incubation and the big aggregates are present either outside the cell or attached to the
cell membrane and there was no uptake. These differences in cellular uptake could be
ascribed to so many factors such as the size, shape, surface composition and surface charge of
the particles and even cell response during uptake assays and have been discussed in the

conclusion section. The results are summarised in table 5.6

265



Table 5.6 Illustration of cell response (A549) towards particles of different shapes and

sizes

Nanocube 3148

94+1

1754+125 No uptake

Nanocube 16+5 133+4 952+13 Partial uptake
S1 Nanosphere 543 861 10715 Uptake
S2 Nanosphere 6+3 89+1 451+£5 Partial uptake
R1 Nanorod 83+56 (Length) 339+7 1177+27 No uptake
16+6 (width)
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Figure 5.8 (a) Representative HRTEM images of C1 (top row) and confocal reflectance microscopy images along with the corresponding
bright field and merged images of NPs in cells in cellular uptake tests. The white dots in reflectance image and the red dots in the

merged image represent the ceria NPs.
267



Figure 5.8 (b) Representative HRTEM images of C2 (top row) and confocal reflectance microscopy images along with the corresponding
bright field and merged images of NPs in cells in cellular uptake tests. The white dots in reflectance image and the red dots in the

merged image represent the ceria NPs.
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Figure 5.8 (c) Representative HRTEM images of C3 (top row) and confocal reflectance microscopy images along with the corresponding
bright field and merged images of NPs in cells in cellular uptake tests. The white dots in reflectance image and the red dots in the

merged image represent the ceria NPs.
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Figure 5.8 d) Representative HRTEM images of S1 (top row) and confocal reflectance microscopy images along with the corresponding
bright field and merged images of NPs in cells in cellular uptake tests. The white dots in reflectance image and the red dots in the

merged image represent the ceria NPs.
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Figure 5.8 e¢) Representative HRTEM images of S2 (top row) and confocal reflectance microscopy images along with the corresponding
bright field and merged images of NPs in cells in cellular uptake tests. The white dots in reflectance image and the red dots in the

merged image represent the ceria NPs.
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Figure 5.8 f) Representative HRTEM images of R1 (top row) and confocal reflectance microscopy images along with the corresponding
bright field and merged images of NPs in cells in cellular uptake tests. The white dots in reflectance image and the red dots in the

merged image represent the ceria NPs.
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5.7 Conclusions

As discussed above, the characterization of NPs in pristine conditions as well as in complex
media is essential for the toxicity assessments. Studies have shown that the size, shape,
surface reactivity, solubility, and degree of aggregation impart for their differential response
in biological systems. In this study, NPs have been dispersed and characterised in cell culture
media to mimic the realistic conditions during uptake assays in order to better understand the
behaviour of NPs when treated with the biological media. We have assessed the ceria
nanoparticle agglomeration in the serum containing media and serum free media and their
cellular interaction and uptake by human lung epithelial cells using six different types of ceria
NPs with different shapes and sizes, three nanocube samples (Cl1, C2 and C3), two
nanosphere samples (S1 and S2) and a nanorod sample (R1). DLS was used to measure the
hydrodynamic diameter and polydispersity index (PdI) of the NPs in the water as well in the
culture media. The electrophoretic mobility of the particles was measured using Zetasizer
nano from Malvern instruments. The zeta potential measurements have been carried out for
both pristine as well as particles treated with SCM and SFM whereas reflectance confocal
microscopy (RCM) was used in this work to detect the aggregation behaviour and visualise
the uptake and internalsation of ceria nanoparticles by the human lung epithelial cells (also

known as HeLa A549 cells).

In-situ DLS study reveals that most of the particles form a comparatively stable suspension in
SCM whereas their treatment with SFM leads to large aggregates except sample Sl
(nanospheres) which showed instability in both SCM and SFM (table 5.3 and 5.4). This
stability by serum could be attributed to the presence of albumin protein in the serum which

is previously known to stabilise the particles (Lynch and Dawson, 2008, Patil et al., 2007). A
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dynamic layer of protein or a corona is known to adsorb on the particle surface leading to

stability. This was discussed in detail in section 5.2.4 above.

All the three nanocube samples, C1, C2 and C3, have been synthesised by homogenous
precipitation method using the same precursors but in different concentrations (details in
chapter 3) leading to three different sized nanocubes. However their stability behaviour was
different in SCM and SFM (table 5.3 and 5.4). It was found that nanocube sample C3 was
comparatively more stable than C1 and C2 in both SCM as well as SFM and the order of
stability is C3>C1>C2. This could be attributed to the surface charge modification of these
particles when in contact with SCM and SFM. Both C1 and C2 were positively charged pre
treatment with the cell culture media whereas C3 was negatively charged. However SCM and
SFM has great impact on the surface charge of these particles post treatment. The results are

in table 5.5.

Both nanosphere samples S1 and S2, are PEG capped, but with different molecular weights
of PEG. S1 is capped with PEG 1500 (MW) and S2 is capped with PEG 600 (MW). Both the
samples have been synthesised by sonochemical method using the same cerium precursor but
have showed different stability regime when dispersed in SCM and SFM. Stability data
shows that S2 is more stable than S1 in both SCM and SFM (table 5.5). The results
demonstrate that increase in chain length of the stabiliser due to an increase in molecular
weight also plays an important role towards the stability of the particles. Also the zeta
potential measurement show that both S1 and S2 acquired the charge of SCM and SFM post

treatmemt.
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The order of stability for all the six samples in SCM is S2>C3>R1>C2>C1>S1 whereas in
SFM is C1>S2>R1>C3>C2>S1 (as obtained by DLS). Zeta potential was measured in order
to gain some insight into the mechanism of nanoparticle size stabilisation. The
electrophoretic mobility measurement for pristine particles varied from positive to slightly
negative. After treatment with SCM the zeta potential for all the samples turned to almost
zero at pH 7.3+0.1. The difference between the zeta potential observed for SCM and SFM is
very less. so it is very hard to tell the difference in the presence and absence of serum. The
hydrodynamic diameter, polydispersity index (PdI) and zeta potential of the NPs obtained pre
and post-treatment with SCM and SFM is detailed in table 5.5. Similar kind of results were
obtained on visualising the aggregation behaviour of particles in SCM and SFM using
reflectance confocal microscopy. Due to lack of quantification data by RCM, the results
cannot be compared with DLS. The experimental data obtained from RCM is illustrated in

figures 5.6 (b-g).

The results from in vitro ceria uptake experiments conclude that particles with sizes (<10nm)
are completely internalised and uptaken by the A549 cells. Sample S1 (PEG 1500 capped
nanospheres) showed complete uptake, figure 5.8 (d), whereas sample S2 (PEG 600 capped
nanospheres) and C3 (nanocubes) were partially uptaken by the A549 cells, figures 5.8 (e and
c) respectively. The results can be compared to the stability data obtained by DLS (table 5.5).
Sample S1 showed least stability in SCM with very high polydispersity index by DLS.
Whereas, S2 and C3 showed, comparatively more stability with particle sizes of 446 nm and
971 nm respectively and hence partial uptake. The uptake process involves attachment of the
particles on the cell surface followed by internalisation. No internalisation was observed for
samples C1, C2 and R1. The images reveal that the samples C1, C2 and R1 aggregated

during incubation and the big aggregates are present either outside the cell or attached to the
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cell membrane and there was no uptake. This indicate that shape of the particles can have
profound effect on uptake by the cells, the particles got attached to the cell membrane but
were not internalised. The shape dependent uptake was ranked as spheres>cubes>rods. This
could be attributed to the high aspect ratio of cubes and rods. The idea is consistent with
some other findings in the literature which concluded that particles with high aspect ratio
exhibit reduced or no endocytosis. The intake of nanorods or cylindical particles would also
depend on the basis that whether the rods were perpendicular or parallel to the cell surface
when in contact. In the former case, it is believed to favour the endocytosis process. Particles
with high aspect ratio undergo longer wrapping times than spherical nanoparticles due to
greater energy required for their engulfment, and therefore take longer time to internalize.
Surface modifications may also enhance or inhibit the uptake process as proteins present in
the serum exhibit selective binding affinities to different surface modifications. Protein
adsorption on the surface of the nanoparticles mainly depends on electrostatic interaction,
hydrophobic interaction and specific chemical interactions between protein and the
nanoparticle surface ehich are surface dependent. Both nanosphere samples S1 and S2 are
PEG capped but with different molecular weights. However, S1 (capped with PEG1500)
showed a great amount of internalisation whereas S2 (capped with PEG 600) was partially
uptaken. The results demonstrate that increase in chain length of the stabiliser due to an
increase in molecular weight affects the uptake process. Similarly, nanocube samples C1, C2
and C3, were synthesised by same method (homogenous precipitation) using the same
precursors but in different concentrations (details in chapter 3) leading to three different sized
nanocubes. However their stability behaviour was different in SCM and hence difference in
uptake. Sample S1 has shown a great amount of internalisation, sample S2 and C3 showed
partial uptake whereas samples C1, C2 and R1 showed the presence of large aggregates and

are present either outside the cell or are attached to the cell membrane and do not get
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internalised. The uptake images clearly depict that the internalised particles are localised in
the cytoplasm and do not seem to enter the nucleus of A549 cells. The data further concludes
that the internalisation seems to be more size dependent and to some extent shape and
capping dependent. The order of ceria uptake by AS549 in all the NP samples is

S1>S2>C3>R1>C2>Cl.

The above results clearly demonstrate that size, shape, aggregation behaviour, surface
composition and surface charge of the particles play an important role towards cell-

nanoparticle interaction or cellular responses.
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6 Conclusions and future work

6.1 Overview

Nanotechnology and the use of nanoparticles (NPs) has remarkably increased in the past few
years and is attracting a lot of public interest. As a result, NPs are increasingly being released
into the environment. Ceria NPs, due to their widespread applications, have also attracted a
lot of concern about their toxic effects on both human health and environment. Cerium is a a
rare earth inner transition metal that is being used in its oxide form to create novel
nanomaterials. Cerium occurs in two oxidation states, Ce (III) and Ce (IV), and has the
unique ability to readily switch between these two states in the absence and presence of
oxygen. It is commonly referred as CeO,.x. Though most of the cerium is present as Ce (IV),
the reactive sites are presumed to be redox active and present in the Ce (III) state in the
absence of oxidants. There is some contradiction in literature about the oxidant /antioxidant
behaviour of nanoceria and the toxicity and protective role of ceria NPs have both been
related to the oxidation state of the surface atoms (Ce (III)/Ce (IV)). It is speculated that the
reactivity of the surface associated Ce (III) sites is the most likely source of reactive oxygen
species, leading to toxicity/protective role but the exact mechanism is not known. So, there
are large gaps in knowledge of whether Ce (III) or Ce (IV) is responsible for such toxic

behaviours, their toxicological mechanism and safety assessment.

6.2 Conclusions

The work done in this thesis aimed to investigate some of the above issues that are important

in better understanding of the environmental and health effects of nanoceria. A systematic
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study was carried out and the conclusions drawn at different steps of the study are outlined

below:

6.2.1 Aim 1: To synthesise shape and size selected ceria nanoparticles, both with and

without capping agents.

In light of the fact that nanoceria is capable of oxygen storage, which is size and shape
dependent (Mai et al., 2005) and that nanoceria can reveal different biological response
depending on its physico-chemical characteristics, we produced different sized and shaped
ceria NPs coated with capping agents, with different strengths of interaction between core
and capping agent/no capping agent and with both steric and charge stabilization using

sonochemical, thermal hydrolysis and precipitation methods.

The concentration of the precursors, specially the oxidising agent or reducing agent, reaction
time, temperature and even some non-thermodynamic variables such as stirring speed and
rate of addition of the oxidant to the reaction mixture showed to play an important role
towards the shape and size of the particles formed. All these parameters were carefully

recorded for future studies.

6.2.2 Aim 2: Physico-chemical characterization of the manufactured ceria NPs for

their size, shape, aggregation, surface charge, composition and oxidation state.

Given the dynamics that are well known to occur within ceria suspensions, it is really
important to perform accurate measurements on the size, shape, morphology, aggregation/
agglomeration, surface charge and dissolution (and related parameters) behaviour of these
NPs in their pristine form. We found that particles with similar shape but different sizes,
synthesised using the same set of precursors and reaction conditions but at different

concentration of the precursors lead to different surface charge of the suspension and it varied
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from being highly positive charged ( large particles) to negative charged (small particle). We
found that oxidation state is related to size. The oxidation state of ceria NPs is not uniform
throughout the particle and the amount of Ce (III) increases as the particle size decreases,
with particles < 2nm to be completely Ce (III). Therefore, oxidation state of ceria could be
engineered by synthesising monodispersed NPs with desired sizes which can be further used
in specific studies to better understand the toxic behaviour and toxicological mechanism of

these NPs.

6.2.3 Aim 3: Quantification of the Ce (III) and Ce (IV) ratios in as-synthesised samples

using STEM-EELS and XPS and the technique comparison.

One of the objectives of this study was to ascertain if Ce (III) and Ce (IV) oxidation states of
different sized and shaped cerium oxide can be consistently determined using both EELS and
XPS. Also, given the uncertainties and contradictions in literature, use of two complimentary
methods for the determination and quantification of oxidation state, would allow us to be

more accurate.

Both the techniques provided useful information about the Ce (III) and Ce (IV) ratios in the
samples. EELS, because of its spatial resolution to analyse individual particles on a 'per
particle' basis, was found to be a suitable technique for oxidation state quantification in a
localised way whereas XPS was effectively used to quantify ceria oxidation states from the
bulk samples. Other general issues associated with nanoparticle analysis such as sample
dehydration prior to the study for XPS measurements and beam damage during EELS

experiments were also highlighted. We now have a batch of ceria NPs with known size,
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shape, morphology, surface charge and oxidation state data. These NPs can be sent to other

groups for various toxicological studies.

6.2.4 Aim 4: Dispersion and aggregation studies of ceria nanoparticles in cell culture

media (serum containg media (SCM) and serum free media (SFM))

We reported and discussed the dispersion behaviour of some of the synthesised nanoceria
(with known physico-chemical properties) in serum containing media (SCM) and serum free
media (SFM). In situ DLS studies and reflectance confocal microscopy images revealed that
most of the particles formed a comparatively stable suspension in SCM whereas their
treatment with SFM leads to large aggregates. The surface charge of the ceria suspensions
was greatly influenced after their treatment with SCM and SFM and converted from highly
positive charged (for example, for nanocube C2, 26.9+1.72 mV) to slightly negative charge
post treatment with both SCM (C2= -1.38+0.11 mV) and SFM (C2= -0.3340.03 mV). The
stability behaviour was also found to be different for NPs of same shape and size capped with
PEG of different molecular weights (PEG 1500 and PEG 600). Our study has shown that the
size, surface charge and presence of capping agent in the suspension impart for their stability
in cell culture media. The characterization of NPs in pristine conditions as well as in cell

culture media is essential for the toxicity assessments.

6.2.5 Aim S: Uptake and internalisation studies of ceria NPs in human lung epithelial

cells (Adenocarcinomic human alveolar basal epithelial cells, A549)

The results from in vitro ceria uptake experiments concluded that particles with sizes
(<10nm) are internalised and uptaken by the A549 cells. The results when compared to the

stability data revealed that the NPs which were completely uptaken were the ones which
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showed least stability in SCM during in situ DLS experiments. However, the NPs which
showed stability in SCM were partially uptaken by the cells. We believe that the stable NPs
remain suspended in the supernatant SCM present in the cell plate and do not reach the
bottom and hence are not readily available for cellular interactions. The uptake images
depicted that the internalised particles were localised in the cytoplasm and did not enter the
nucleus of A549 cells. The results concluded that the internalisation seemed to be more size
dependent and to some extent shape and capping dependent. The study clearly demonstrated
that size, shape, aggregation behaviour, surface composition and surface charge of the

particles play an important role towards cell-nanoparticle interaction or cellular responses.

6.3 Future work

Some X-ray absorption studies (XAS) studies have been performed on selected ceria samples
for oxidation state determination, with the help of United States Environmental Protection
Agency (USEPA). The results are awaiting. They would also add to the current pool of
techniques used for oxidation state quantification. Future work may involve looking at the
effect of aging in the synthesised ceria suspensions, specially oxidation state and also the
change in oxidation state in complex media. Further work may involve assessing the
behaviour and stability of the synthesised NPs at environmentally relevant concentrations,
chronic and acute toxicity tests of the studied NPs in A549 cells and other cell lines. We now
have a batch of ceria NPs with known size, shape, morphology, surface charge and oxidation
state data. These NPs can be sent to other groups for various toxicological studies. A

summary of the all the data generated and discussed in this thesis is outlined in table 6.1.
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Table 0.1 A summary of the all the data generated and discussed in this thesis

Sampl Synthesis Stirrin D| T Size/ STEM-| X | Dispersion | Uptake and
e code type g L{ E shape EELS | P |and stability | internalisatio
Reaction hours S | M | quantificatio | Images | S | studiesin | n studies in
Product
Precursors |temperature morpholo n and cell culture | A549 cells
°C) TPRology spectra media using
DLS and
RCM
SCM | SFM
Cl | Homogenous |Ce(NO3);-6H, Vv v v vViIiv |V v
precipitation O+ 7 Particle
70 Nanocube
HMTA scans
Ratio 1: 10
C2 | Homogenous |Ce(NO3);-6H, Vv v v viIiv |V v
precipitation O+ 7 Particle
70 Nanocube
HMTA scans
Ratio 1: 20
C3 | Homogenous | Ce(NO;);-6H, v]v v v VI v |V v
precipitation O+ 70 7 N Particle
anocube
HMTA scans
Ratio 1: 40
S1 | Sonochemical | Ce(NO3);-6H, v]v v v VI v |V v
O + ROOl’n 4 Particle
PEG 1500 | Temperatur Nanosphere scans
+ e (25)
NaOH
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S2 | Sonochemical | Ce(NO3);-6H, 4 v
O+ Room Particle
PEG 600 Temperatur Nanosphere scans
+ e (25)
NaOH
S3 Homogenous Ce(NO)--6H v
precipitation o 033_3 2|l Room 24 Particle
Ethylenediami Temperatur Nanosphere and
e (25) area
ne
scans
S4 Co- Ce(NOs);-6H, v
precipitation O+ 7 Area
Ethylenediami 100 Nanosphere scans
ne
R1 Co- Ce(NO;s);-6H, 4
precipitation O+ Particle
Ethylerllleedlaml 100 7 Nanorod scans
+
Water
S5 Hydrolysis Ammonium 4
Ce(IV) nitrate Room 24 A
Temperatur Nanosphere rea
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APPENDIX A: XPS survey spectra of different nanoceria
samples: Nanocubes (C1-C3), Nanosphere (S1-S5 and S7)
and Nanorod (R1)
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APPENDIX B: EELS spectrum with weak signals
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APPENDIX C: Shape and size quantification by imagelJ
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The diameters, areas, circularity, roundness values are then automatically calculated by

imageJ
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APPENDIX D: Beam damage during line scans in S5
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APPENDIX E: No beam damage observed during area scans
in S5
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