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Abstract

This thesis is focused on the detailed physicochemical characterisation of zinc
oxide (ZnQO) nanoparticles (NPs) intended for use in toxicological investigations. A
characterisation protocol has been developed in order to determine detailed
physicochemical characteristics of 5 ZnO NP samples, selected to investigate in in
vitro toxicity assays. The characterisation protocol aims to establish the samples’
distribution of particle sizes, morphology, crystallinity, phase content, purity, surface
composition, dispersion and solubility and as such includes the following techniques:
inductively coupled plasma mass spectrometry (ICP-MS), X-ray diffraction (XRD),
BET gas adsorption, thermogravimetric analysis with evolved gas analysis by
Fourier transform infra-red spectroscopy (TGA-EGA with FTIR), FTIR, X-ray
photoelectron spectroscopy (XPS), nuclear magnetic resonance spectroscopy (NMR),
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
dynamic light scattering (DLS), plunge freezing transmission electron microscopy
(PF-TEM) and Zeta potential measurement. Initially 12 commercial samples were
sourced and screened using TEM to obtain information on the average particle size. 3
of the commercial samples were then selected to carry forward to toxicity studies:
EN-Z-1, EN-Z-2 and EN-Z-3. Synthesis of ZnO NPs was investigated in house by a
flame spray pyrolysis and a polyol route; 2 synthesized samples were carried forward
to the toxicity studies: EN-Z-4 and EN-Z-6. A coating was detected on the surface of
EN-Z-1 (a colloidal suspension in water), identified as an aliphatic polyether (TGA-
EGA, FTIR, XPS and NMR). Physically and chemically adsorbed H,O and CO, was
detected at the surface of the other 4 samples, which were all dry powders. A small
amount hydrozincite was present in EN-Z-2 and EN-Z-3, identified by XRD, TGA-
EGA, FTIR, XPS and NMR. Additionally, a small amount of diethylene glycol was
identified on the surface of EN-Z-6, left over from synthesis.

The dispersion and solubility of the samples in water, Dulbecco’s modified
Eagle Medium (DMEM) and bovine serum albumin (BSA) was investigated by DLS,
PF-TEM and ICP-MS the results of which are presented in Chapter 6. Most samples
showed similar dissolution kinetics and equilibrium solubility with the exception of

EN-Z-1 which showed slower dissolution, presumably due to the coating present on



the NPs. Due to the equilibrium solubility of ZnO in DMEM, for concentrations of
ZnO below 10 pg/ml, a significant amount is dissolved or re-precipitated as zinc
carbonate. The agglomeration and solubility of ZnO NPs was found to increase when
suspended in DMEM as compared to in water. The solubility of ZnO was found to
increase with decreasing solution temperature (37 and 25 °C). The addition of BSA
was found to have a dispersing effect on ZnO NP suspensions. PF-TEM was
investigated as an alternative technique to DLS for measuring size distributions of
ZnO NPs in suspensions. It was determined that PF-TEM measurements give an
accurate representation of the range of agglomerates in the suspension, however the
sampling size is very low and data processing is time consuming and therefore the
technique should be used as a complementary technique to DLS.

The cytotoxicity and genotoxicity of ZnO NPs was assessed using the MTT
(thiazolyl blue tetrazolium bromide) and comet assay respectively. A lower toxicity
was measured for ZnO NP powder samples as compared to the coated colloidal
dispersion. The polymer coating enhances NP interaction with lipid membranes
which may increase toxicity through increased cellular uptake followed by
intracellular dissolution. Coated and uncoated ZnO NPs are taken up by A549 cells
and were located in both the cytoplasm and the nucleus. In cells exposed to 100
pug/ml EN-Z-4 and EN-Z-6, smaller than primary particle size NPs were located in
the cells, suspected to be zinc carbonate particles formed from dissolved zinc

precipitating from solution in the extracellular or intracellular environment.
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1 Introduction

It is widely recognised that nanoparticles (NPs) exhibit significantly different
physicochemical properties to their bulk counterparts. For this reason, the manufacture and
implementation of NPs in commercial products and applications has increased significantly
in recent years. The majority of interest in NPs has been focused on synthesis and
development for commercial applications. However, as a result of the unique behaviour of
NPs, there is concern with regard to the potential toxicity they may pose to both human
beings and the natural environment. An understanding of the behaviour and fate of NPs in
organisms and the environment is still in its infancy, with only approximately 1 % of peer
reviewed scientific publications on NPs specifically addressing a determination of their
biological impact (Barcelo and Farre, 2012).

Numerous investigations into the toxicity of NPs to mammals (e.g. Yong et al. 2013;
Yah et al. 2012; Elsaesser & Howard, 2012) and to the environment (e.g. Kahru &
Dubourguier, 2010; Maurer-Jones et al., 2013) have been conducted. However, the
response to NPs that have been transported inside organisms and released into the
environment, is complex and diverse and depends on a variety of parameters. Currently,
there is inadequate understanding in the scientific community with regard to NP toxicity,
which is in part due to a lack of detailed physicochemical characterisation of NPs in

biologically relevant environments.

The research carried out for this thesis forms part of a much larger project entitled
Engineered Nanoparticles Impact on Aquatic Environments: Structure, Activity and
Toxicology (ENNSATOX; Grant number: 229224; 01/07/2009 - 30/06/2012;
www.ennsatox.eu). ENNSATOX was a European NMP FP7 small collaborative project
that aimed to conduct a comprehensive investigation of the relationship between the
structure and functionality of well characterized engineered NPs and their biological
activity in aquatic systems (the final report for the ENNSATOX project can be found on
the website: www.ennsatox.eu). Three types of NP were investigated in ENNSATOX:
silica, titanium dioxide (TiO;) and zinc oxide (ZnO). The focus of this thesis is ZnO NPs.

ZnO NPs are already used in a range of commercial products including cosmetic
preparations (especially sunscreens), coatings and paints, on account of the large UV
absorbance and increasing transparency to light with decreasing particle size (Borm et al.

2006a). Analysis of the health risks associated with ZnO NPs is clearly required, as use of



sunscreens and cosmetics containing the material results in direct exposure to human skin.
Production of large quantities of ZnO NPs is required for commercial applications and
therefore, there is also the potential for human exposure at the manufacturing stage.
Further fears exist regarding the potential environmental toxicity of ZnO NPs. ZnO

NPs may be released into the environment by humans directly, by running off the skin into
natural waters, or indirectly through waste and sewage water. Therefore toxicity of NPs to
the aquatic environment is of great concern and was a particular focus of ENNSATOX.

Despite a wide range of scientific publications on ZnO NP toxicity already available in
the literature, the fundamental mechanisms governing an induced toxic response are not
yet fully understood. The size, morphology, crystallinity, surface composition,
agglomeration state and solubility are all thought to impact on ZnO NP toxicity. However
at present, there is inadequate basic physicochemical characterisation of ZnO NPs used in
toxicological investigations and it is for this reason that specific knowledge with regard to
ZnO NP toxicity is lacking.

1.1.1 Thesis Overview

This thesis aims to address the current deficit in ZnO NP characterisation by the
development of a characterisation protocol. ZnO NPs have been sourced commercially and
synthesized in house and their physicochemical characteristics thoroughly investigated, in
both dry powder form and in cell culture media. In vitro cell viability assays were carried
out with the acquired sets of ZnO NPs and the results have been interpreted with cross
reference to the results of the detailed characterisation performed on the NP samples. The
thesis consists of 7 main chapters; an introduction, a specific literature review concerning
ZnO and an experimental section are presented in chapters 1, 2 and 3 respectively. The
results are divided into four chapters: Chapter 4 describes the specific physiochemical
characterisation required for toxicity studies; furthermore, a detailed characterisation of
commercially sourced ZnO NPs is also presented. Chapter 5 describes the laboratory
synthesis of ZnO NPs and characterisation of these synthesized samples. Chapter 6
provides results of the dispersion and solubility investigations of ZnO NP samples in water
and cell culture media used in toxicity assays. Finally, chapter 7 summarises the results of

in vitro toxicity assays and identifies relationships between toxicity and NP characteristics.



1.2 Nanoparticles — Properties and Applications
This section introduces the concept of a nanoparticle and nanomaterial. As well as
this, the unique properties of NPs are discussed; which make them both desirable for

commercial applications, but also raise concerns with regard to their potential toxicity.

1.2.1 What are Nanoparticles?

The requirement for nanomaterial regulation has driven the proposal of numerous
definitions of the term ‘‘nanomaterial’’. The ISO TS 27687 definition proposed by the
International Organization for Standardization (ISO) defines a nano-object as a material
with one, two or three dimensions in the nanoscale, where the nanoscale encompasses the
size regime between 1 and 100 nm. Whereas, the American Standards for Testing
Materials (ASTM) stipulates that a NP must have two or three dimensions between 1 and
100 nm. However, many people in the scientific community postulate that nanomaterials
should not solely be classified by the size range but that the functional properties should
also be taken into consideration.

A common definition of engineered NPs which combines both size and property
characteristics is as particles with dimensions of between 1 and 100 nm which have been
purposefully manufactured to exhibit specific properties (Auffan et al., 2009; Kreyling et
al., 2010). Nanoparticles possess properties that are both quantitatively and qualitatively
different from their other forms such as larger bulk particles and ionic forms (i.e. in
solution). Although the factors driving the changing properties are varied and often
complex, the underlying cause is generally related to the rapidly increasing surface area to
volume ratio as one descends down through this size range. An increase in the number of
surface atoms relative to those in the bulk core, which have comparatively greater binding
energy than atoms in the bulk of a material, gives rise to variations in properties exhibited
by nanomaterials such as increased chemical reactivity. The unique properties exhibited by
nanomaterials is what leads to their exceptional potential commercial value, but is also of
major concern when anticipating the threat they may pose to human health and the

environment.

1.2.2 Applications of Nanoparticles
NPs are desirable for applications in a wide range of industries including cosmetics
and pharmaceuticals, healthcare, electronics and textiles. As of March 2011, NPs were

present in 1,397 commercial products and applications (Project on Emerging Technologies,
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2011). Some examples of types of NPs and current applications are reported in Table 1-1.
The continued manufacture of engineered NPs for implementation into commercial
products and applications will inevitably lead to increased exposure to humans and the
environment. Although a significant amount of research into NP toxicity is being carried

out, at present, the consequences of NP exposure are not fully understood.

Table 1-1 Examples of NPs currently used in industry and commercial applications

Nanoparticle Applications Property Publication
Zinc Oxide Sunscreens and cosmetics Transparent to visible light, absorb UV Daughton & Ternes, 1999
Dve sensitized solar cells Improved energv conversion efficiency Zhang et al. 2008
Silver Wound dressings Antibacterial properties Tiwari, 2008

Titanium Dioxide

Cerium Dioxide

Quantum Dots

Gold

Platinum

Carbon nanotubes

Iron Oxide

Cadmium Selenide

Odour prevention in textiles

Sunscreens and cosmetics

Self cleaning glass

Water decontamination

Catalvsts in fuel cells

Traceable drug delivery

Medical imaging and diagnostics

Biosensors

Drug delivery

Catalyst in fuel cells
Electronics
Photovoltaics
Antifouling paints
Drug delivery
Cancer hvperthermia

Photovoltaics

Antimicrobial properties
Transparent to visible light, absorb TV
Transparency to visible light,
photocatalvtic, superhvdophyillic
Photocatalyst, optical and visible light
absorption
Improves combustion efficiency
Elucidate pharmacokinetics and
pharmacodvnamics

Size tuneable light emission,
stmultaneous excitation of multiple
fluorescent colours

Interacting particle surface plasmons
and aggregate scattering properties

Non-toxic, monodisperse nanoparticles
are easily produced easilv, surface is
readily functionalized

Improves combustion efficiency

Low electron scattering

Reduced carrier recombination and
photo-oxidation

Surface is easv to functionalise
Functionalization of the surface

Superparamagnetism

Enhanced luminescence quantum
efficiency

Benn and Westerhoff, 2008

Daughton & Ternes, 1999

Zhang et al,, 2003

Chen et al., 2011

Cassee et al. 2011

Qi & Gao, 2008

Tan & Zhang, 2005

Rosi & Mirkin, 2003

Song et al. 2013

Coutanceau et al. 2012
De Volder et al. 2013
De Volder et al. 2013
De Volder et al. 2013
Pastorin et al, 2006
Zhao, 2012

Mahmoud & El-Mallah, 2009




1.3 Nanotoxicity

The term ‘nanotoxicity’ refers to the potential toxic impacts of NPs on biological and
ecological systems (Love et al., 2012). Many biological processes take place at the nano-
level, hence there is the potential that engineered nanomaterials may interact with
biomolecules and interfere with cellular processes that are critical to life (George et al.,
2010).

1.3.1 Toxicity of Nanoparticles to Mammals

Humans may be exposed to nanomaterials directly via inhalation, ingestion,
injection or transdermal delivery. Exposure to NPs may be deliberate; for example
applying ZnO and TiO, NPs in personal care products directly to the skin (Daughton &
Ternes, 1999) or injection of quantum dots (Tan & Zhang, 2005) and Fe30O4 (Zhao &
Wang, 2009) NPs in medical applications. However, exposure may also be accidental, for
example through inhalation of NPs released into the air (Nemnar et al. 2002).

Studies carried out on mammals in vivo, indicate that NPs can deposit in the
respiratory tract after inhalation and for a number of NPs, oxidative stress-related
inflammatory reactions have been observed (Borm et al., 2006). Carbon nanotubes can
cause significant lung damage to mammals when instilled in intratracheal doses. For
example, mice exposed to a dose of 0.5 mg CNT via intratracheal instillation showed 56 %
mortality within 7 days of exposure (Lam et al., 2004). Rats instilled intratracheally with
cadmium oxide NPs for 6 hours showed increased inflammation in multiple locations of
the alveoli (Takenaka et al. 2004). However, the relevance of lung exposure studies
involving administration of NPs by installation are questionable due to the potential for
mortaility occurring as a result of blockage. Pulmonary toxicity studies with carbon black,
nickel, as well as titanium dioxide particles in rats have demonstrated enhanced lung
inflammatory potency of NPs as compared to bulk particles of similar composition (Ferin
et al., 1992; Oberddrster et al., 1994; Li et al., 1996). Some studies indicate uptake of NPs
into the brain after inhalation, via the olfactory epithelium (De Jong & Borm, 2008).
Nanoparticle translocation into the systemic circulation may occur after inhalation but
conflicting evidence is present on the extent of translocation (Borm et al., 2006). There is
evidence from skin penetration studies that dermal applications of metal oxide NPs used in
sunscreens lead to very little systemic exposure (Gasparro et al., 1998; Nohynek et al.,
2007).



1.3.2 Toxicity of Nanoparticles to the Environment

Naturally occurring NPs have existed in the environment for millions of years;
some examples include volcanic dusts in the atmosphere, colloids in fresh water and NPs
from soil erosion. It could be argued that organisms in the environment have adapted to
living with nanomaterials over the years, and therefore the introduction of new engineered
nanomaterials should not be an issue. However, it must be taken into consideration that
these manufactured nanomaterials have been designed to have specific surface properties
and chemistries that are less likely to be found in natural particles and which may result in
them behaving differently. They may therefore present enhanced and novel
physicochemical and toxicological properties in comparison to natural NPs (Kahru &
Dubourguier, 2010).

The mammalian reports discussed above raise a number of concerns from the
perspective of ecotoxicology. Primarily, the lung is representative of typical mucous
epithelial tissue and it is possible that similar epithelia in aquatic organisms, such as the
gills and gut tissue of fish and invertebrates, could show similar toxic effects. Additionally,
the inflammation reactions in rat lung following respiratory exposure raise concern about
the long term health of organisms even after short exposures to nanomaterials. However, it
could be argued that the milligram doses used in rodent studies are not likely to occur in
the environment unless there is an accidental spillage of a batch of nanomaterials.

Although the number of commercial products containing nanomaterials is growing
and the novel applications of NPs are continually being developed, there are currently only
a few materials that are used in a large number of products and are therefore produced in
high volume. Therefore, the environmental exposure to nanomaterials in the next few
decades is limited to a small subset of materials. Amongst these NP materials are zinc
oxide, titanium dioxide, silver, silica and single- and multi-wall carbon nanotubes (Project
on Emerging Technologies, 2011), the applications of which have previously been reported
(Table 1-1). The literature with regard to ecotoxicity of nanomaterials is therefore focused
primarily on this group of materials. There are various entry points for engineered
nanomaterials into the environment, including wastewater treatment plant effluent and
sludge (Mueller & Nowack, 2008; Gottschalk et al., 2010).

The toxicity posed by these nanomaterials will undoubtedly vary with exposure
dose, yet it is difficult to estimate the relevant concentrations of NPs that will be released

at any given time. This is due in part to limited information regarding the prevalence of
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NPs in commercial products (Batley et al., 2012). Additionally, the behaviour and state of
the NPs will alter once released into the environment, as compared to their behaviour in the
original applications. The effect of the changing environment on the dissolution,
agglomeration, sedimentation and surface moieties of the NPs could in turn, greatly affect
the pathway and extent of environmental release and the toxicity of the NPs (Maurer-Jones
et al., 2013). Therefore in order to interpret the toxicity of NPs to organisms, the behaviour

of the NPs in the biological and ecological environments must be fully understood.

1.3.3 Characteristics Affecting Toxicity

Oberddrster et al. (2005) proposed a list of physicochemical characteristics that
might be important to understand the biological activity and toxicity of NPs. Particle size
and size distribution, agglomeration state, morphology, crystal structure, chemical
composition, surface area, surface chemistry, surface charge and surface porosity were
suggested as key characteristics.

Once within the physiological or aquatic environment, NPs can readily transform
due to the high chemical reactivity. Effects such as agglomeration, redox reactions,
dissolution and changes in surface composition will be experienced by the NPs which will
in turn affect the transport, fate and toxicity of the NPs in the environment (Maurer-Jones
et al 2013). When NPs are exposed to biological fluid, the proteins within can bind to the
surface of the NPs to form a protein corona, which affects how they are dispersed and
internalized by cells (Tenzer et al., 2011; Monopoli et al., 2012). Similarly, in the aquatic
environment, dissolved natural organic matter (NOM) may adsorb to the surface of the
NPs, thus affecting the physicochemical behaviour.

In vitro assays commonly employ cell culture media such as Dulbecco’s modified
eagle medium (DMEM), in which the behaviour of NPs has been shown to differ as
compared to the dry form or when suspended in water. This may significantly impact on
their potential toxicity. The ways in which the physiochemical characteristics of NPs can

affect toxicity are briefly discussed below.

1.3.3.1 Size

Surface reactivity as a result of an increase in the ratio of surface to bulk atoms in
nanomaterials compared to bulk materials is attributed to some variations in induced
toxicity. A growing number of studies show that NPs cause more toxicity than larger

particles of the same composition (Carlson et al. 2008; Park et al. 2011; Midander et al.,



2009). However, conflicting and inconclusive data are also reported which often remains
unexplained (Rabolli et al., 2010; Warheit et al., 2007); in these cases, | postulate that a
more detailed physicochemical characterisation of the sets of NPs used in the study are

likely to help uncover explanations for the results observed.

1.3.3.2 Agglomeration of Nanoparticles

In a review article by Luyts et al. (2013), it was reported that for most experimental
studies, nanomaterials are present in an agglomerated form. This may have significant
effects on the transport and bioavailability of the material. Due to the increased size,
agglomerated NPs may sediment quickly and may not be taken up by suspended cells, thus
reducing bioavailability for these cell types; however for adherent cell types, sedimentation
of NPs may increase uptake and hence bioavailability. Furthermore in some cases,
agglomerates of NPs may initiate frustrated phagocytosis by cells that typically scavenge
particles (Luyts et al. 2013), leading to the release of toxic reactive oxygen species (ROS)
(Brown el al., 2007). Agglomeration is significant when dealing with complex solutions
which are invariably used in toxicity assays. Our group showed decreased interaction of
agglomerated ZnO NPs as compared to dispersed NPs, with a model cellular membrane
(Vakurov et al., 2013). Furthermore, many studies have demonstrated altered stability of
NPs when suspended in cell culture media compared to water, which could affect toxicity
(Allouni et al., 2009; Ji et al., 2010; Tantra et al., 2010; Li et al., 2011; Bian et al. 2011;
Lankoff et al., 2012).

1.3.3.3 Morphology

As well as particle size, the morphology of the particle has also been reported to
affect toxicity. One concern is that needle-like particles may induce direct physical damage
to cells and small organisms by piercing cell membranes. Rigid carbon nanotubes are of
major concern owing to their morphological resemblance to asbestos fibres (Donaldson et
al., 2010); i.e. when a particle is significantly long and stiff and insoluble, clearance cells
are unable to dispose of the particle and toxicity can arise as a result of the particles
biopersistence. The bio-availability, measured by uptake of NPs into cells has been shown
to differ according to aspect ratio. Numerous investigations found uptake to increase when
using NPs of exactly the same material and volume but higher aspect ratio (Gratton et al.,
2008; Meng et al., 2011). Conversely, other investigations found uptake was reduced for
NPs with higher aspect ratio (Hutter et al., 2010; Chithrani et al., 2006; Zhang et al., 2008).
Investigations by Yu et al. (2011) and Herd et al. (2011) reported that no clear relationship
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was observed between NP aspect ratio and cellular uptake. Inconsistencies in these results
may be explained by modifications on the NPs surface or by dispersion and therefore a

greater understanding may be gained by more detailed characterisation of the NPs used.

1.3.3.4 Surface Composition

In many NP applications, such as medical or cosmetic, the surface is generally
modified with a coating, so that a specific property is demonstrated. The presence of
coatings have been known to interfere with the transport, cellular uptake and cytotoxicity
of NPs. For example, a number of in vitro investigations reported that NPs functionalized
with a positively charged coating induce cytotoxicity to a greater extent than their
negatively charged counter parts (Liu et al., 2011; EI Badawy et al., 2011; Bhattacharjee et
al., 2010; Goodman et al., 2004). This is hypothesized to be a result of increased uptake
into lysosomes where the environment is acidic activating the oxidase activity of NPs.
Furthermore, the formation of a protein corona around NPs in solutions supplemented with
for example serum proteins can affect surface composition and stability which in turn may

affect the toxicity.

1.3.3.5 Solubility of Nanoparticles

When considering metal-containing NPs, the dissolution of metal ions from the
particles’ structure needs to be considered as additional toxicity can be caused by the metal
ions or due to the dissolution involving redox processes. This is especially significant for
NPs compared to the bulk form because the saturation solubility increases with decreasing
particle size, according to the Ostwald—Freundlich equation (Equation 1-1).

s, “Plrrr

S lZyVl Equation 1-1
So
Where S is the solubility in the NP dispersion, Sy is the bulk solubility, y is the surface
energy, V is the molar volume, R is the gas constant, T is the temperature, and r is the
primary radius of the NP.

A number of NPs have been investigated in vitro to determine whether a toxic
response is induced specifically by the particle or released ions, however for many NPs, at
present the findings are inconclusive (Christensen et al., 2010; Vandebriel & De Jong,

2012). Assessing NP solubility and the relationship with toxicity is complex as the



solubility of NPs will be affected by parameters such as composition, temperature and pH
of the suspending media.

The complex properties exhibited by NPs, and the tendency for their characteristics
to change with the environment in which they are placed, means that thorough
physicochemical characterisation is fundamental to understanding toxicity results. At
present, understanding of the relationship between specific NP physicochemical
characteristics and NP toxicity is often inconclusive as a result of inadequate NP
characterisation. In order to overcome this issue, a characterisation protocol has been
developed here which is discussed in detail in Chapter 4. The protocol aims to ascertain
information regarding the NP size, morphology, solubility, dispersion, crystallinity,
composition, purity and surface characteristics, so that toxicity results can be interpreted

from an informed perspective.

1.3.4 Nanotoxicity Assessment

When investigating the toxicity of NPs, the key elements of NP screening strategies
have been outlined by Oberdorster et al. (2005). The ENNSATOX project is concerned
with the potential toxicity of nanomaterials to the aquatic environment and as such relevant
tests were chosen as part of the research programme. The interaction of NPs with
phospholipid model membranes and additionally in vivo investigations using a variety of
aquatic organisms were conducted. However, this thesis focuses on the in vitro toxicity
assessment carried out on ZnO NP samples, measuring the cyto- and geno-toxic responses
of cells. In vitro studies are important for investigating the aquatic toxicity of NPs even if
mammalian cells are employed. Such tests allow us to obtain important information,
especially in terms of toxicity mechanisms. The toxicity of NPs to cells can be assessed by
a number of assays which fall into one of two categories: functional assays monitor the
effects of NPs on various cellular processes, whereas viability assays are concerned with
whether or not a particular particle induces significant death in a cell system. Functional
assays include assessment of DNA damage and monitoring of levels of ROS production.
The most common viability assay monitors metabolic activity, namely the MTT assay.
Additionally the uptake of NPs into cells can be monitored.

It is clear from the literature that although numerous investigations into NP toxicity

have been carried out, there is a distinct lack of characterisation of NP physicochemical
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properties, leading to uncertainties with regard to the specific properties associated with
toxicity. In this thesis, a characterisation protocol is to be developed that will be used to
obtain a detailed overview of the physiochemical characteristics of ZnO NPs used in
toxicity studies. The work aims to develop a more informed understanding of the

relationship between ZnO NP properties and any toxicity they elicit.
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2 Zinc Oxide

This chapter discusses the properties of ZnO NPs which make them desirable for a
wide range of commercial applications. Additionally, it summarises the existing literature
on ZnO NP toxicity.

2.1  Structure, Properties and Applications

ZnO is a widely used metal oxide with unique optoelectronic properties. ZnO
crystallises into 3 structures: cubic zinc blende, cubic rock salt and hexagonal wurtzite,
however at ambient conditions, ZnO exists in its most thermodynamically stable form, the
hexagonal close packed structure — wurtzite. Wurtzite ZnO has lattice parameters a =
0.3249 and ¢ = 0.5207 nm and belongs to the space group P6smc. The structure of wurtzite
ZnO can be described simply as a number of alternating planes consisting of tetrahedrally
bonded Zn** and O% ions stacked along the ¢ -axis which can be seen in Figure 2-1. The
tetrahedral coordination (of both Zn and O) in wurtzite ZnO results in a lack of a centre of
symmetry which, when combined with large electromechanical coupling, gives rise to
piezoelectric and pyroelectric properties. As a consequence ZnO is particularly attractive
for mechanical actuators and piezoelectric sensors.

ZnO is a semiconductor material with a wide band-gap of 3.37 eV, capable of
absorbing ultra violet (UV) light in the UVA (A = 315-400 nm) and UVB (A = 280-315
nm) range. As such ZnO is suitable for use as a UV-screening agent in a wide range of
applications including personal care products such as sunscreens and cosmetics and
additionally as protective coatings for materials such as wood (Dodd et al., 2006). If the
ZnO in these agents is in the form of dispersed nano-sized ZnO particles, the intensity of
scattered light is reduced without reducing the UV blocking efficiency, and hence
transparent films can be achieved if spread thinly. As a result of the increased
photocatalytic activity of nano-ZnO as compared to bulk ZnO, ZnO NPs are being
increasingly used as photocatalysts to inactivate bacteria and viruses and for the
degradation of environmental pollutants such as dyes, pesticides, and volatile organic

compounds under appropriate light irradiation (Dodd et al., 2006; Sapkota et al., 2011).
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Oxygen atom Zn atom

C=5207A

Figure 2-1 The wurtzite structure of ZnO with the tetrahedral coordination of Zn - O
shown with solid line connections (Vaseem et al., 2010)

ZnO NPs are currently used in commercially available products including cosmetic
preparations, plastics, ceramics, glass, cement, rubber, lubricants, paints, pigments, foods,
batteries and fire retardants. The minimum worldwide tonnage of ZnO NPs produced in
2011 was 33,400 tons. At present, Nanophase and Umicore each produce over 500 tons per
year of nanoparticulate ZnO for the cosmetics industry alone (Future Markets Inc., 2012).
Such widespread and expanding production and use of ZnO NPs increases the potential for
exposure to human beings and release into the environment; therefore it is essential to

investigate and understand the toxic potential of ZnO NPs.

2.2 Synthesis of ZnO Nanoparticles

In order to assess the toxicity of ZnO NPs, samples containing sets of well-defined
NPs are required, so that any toxicity observed can be attributed to specific
physicochemical characteristics of the particles. As a result of the polydisperse nature of
many commercially available ZnO NP samples, methods of ZnO NP synthesis were also
investigated. Desirable characteristics of NP samples for use in products and to assess the
effect of size alone in toxicity assays, includes a narrow distribution of size and
morphology (samples with standard deviations of < 5% in diameter are classed as

monodispersed; Murray et al., 2000); high purity with the composition of any compounds
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present on the surface or doping the NPs known and additionally, a good stability in liquid
dispersions.

NPs of ZnO have previously been prepared by physical methods, such as milling and
grinding (Shen et al., 2006), by thermal evaporation of ZnO (Wang & Muhammed 1999)
or evaporation and oxidation of zinc (Wu et al., 2000). Furthermore, ZnO has also been
prepared by chemical solution synthesis routes such as hydrothermal synthesis (Suchanek
et al., 2009; Baruah & Dutta, 2009), sol-gel (Meulenkamp et al., 1998; Mondelaers et al.,
2002) and precipitation from solution in both aqueous (Hsieh, 2007) and non-aqueous
(Jézéquel et al., 1995) mediums. Despite the wide variety of wet chemical methods, the
majority of ZnO is produced in industry by gas phase synthesis through oxidation of Zn
vapour (Auer et al., 2009). Gas phase synthesis is suitable for preparing ZnO NPs with
high crystallinity as the reaction occurs at very high temperatures over a short time span.

Two methods of ZnO NP synthesis are reported in this thesis. The polyol route
which involves precipitation of ZnO NPs in a liquid medium; NPs prepared by this
technique have previously been reported to produce stable suspensions in liquids and have
been used in toxicity assays (Brayner et al., 2006). The ZnO NPs were found to be toxic to
bacteria cells (Escherichia coli strain MG1655) at concentrations above 140 pg/ml.
Nanoparticle internalization within the cells was also reported, however a coating of tri-n-
octylphosphine oxide (TOPQO) was present on the surface of the NPs in the study, which
may affect interaction with the cell membrane and hence affect the uptake.

ZnO NPs have also been synthesized by flame spray pyrolysis (FSP). This method of
NP preparation was chosen due to the monodispersed nature of the NPs produced using
this technique Tani et al. (2002). Xia et al. (2008) and George et al. (2010) have previously
investigated the toxicity of ZnO NPs produced by flame spray pyrolysis. ZnO NPs were
found to be toxic to mouse leukaemic monocyte macrophage (RAW 264.7) and human
bronchial epithelial (BEAS-2B) cell lines at concentrations as low as 25 pg/ml; the
response observed was attributed to the dissolution of ZnO in both the cell culture medium
and also within endosomes, leading to the release of toxic Zn®*. A review of the literature
on both polyol mediated and flame spray pyrolysis methods of ZnO NP synthesis is
provided in sections 2.2.2 and 2.2.3 respectively.
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2.2.1 Precipitation of Nanoparticles from Solution

Chemical synthesis methods offer good control over particle size, morphology and
chemical composition. One such technique is the precipitation from solution of insoluble
compounds generated by controlled chemical reactions.
The basic model used to describe formation of nanocrystals in a solution was described by
La Mer and Dinegar in 1950 (Figure 2-2). The process involves at least two separate
stages: nucleation and growth. Initially a new phase must nucleate from a supersaturated
solution; nucleation may occur homogenously within the solution or heterogeneously on a
suitable substrate such as inert particulate or surface seeds, reactor walls or impurity
particles. Growth of the nuclei will then occur by heterogeneous precipitation of solute

molecules on the surface.

Cerit™  Critical limiting supersaturation

Cimaa™ e
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"

Growth by diffusion or reaction

Solubility

Generation
of atoms
Self-
nucleation

Reaction Time

Figure 2-2 Plot of La Mer model for the generation of atoms, nucleation, and
subsequent growth of NPs (Nguyen & Do, 2011, adapted from La Mer and Dinegar,
1950)

La Mer and Dinegar proposed that in order for a monodispersed system to be
produced, homogenous nucleation must be achieved. The synthesis of the colloid should be
designed so that the precursor ions are generated at a steady rate, giving a corresponding
increase in concentration. In a typical synthesis of inorganic NPs, the precursor compound
is decomposed in bulk solution to generate ionic species which then serve as building
blocks for nuclei. Increasing the concentration of precursor ions in solution can be
achieved by enhancing dissolution of a precursor material by increasing the temperature.

The formation of a solid phase in a homogenous liquid environment requires energy and
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hence, even at the saturation concentration (C;) nuclei do not yet form. However, once a
critical concentration (C.t™) is reached, the supersaturated solution is thermodynamically
unstable, which results in the precipitation of a large number of nuclei in a short space of
time. Once nucleation occurs, the behaviour is determined by the relative rates of
precipitation and generation of the precipitating species. If the precipitation rate (involving
both nucleation and growth steps) is much higher than the rate of generation, the
concentration will decrease sharply to below C.i"™, resulting in the termination of nuclei
formation. As long as the concentration of ions in solution is in excess of Cs, growth of the
nuclei will proceed to produce NPs, until an equilibrium state is reached between the atoms
on the surface of the NPs and the solute ions in solution. In order to produce a
monodispersed sample of NPs, homogenous nucleation must occur, i.e. the nuclei must all
form at the same time, so that the resultant NPs experience the same period of growth. The
size of the particles produced will be determined by the overall quantity of the precipitating
species, and by the number of nuclei formed during the nucleation burst (Collins & Taylor,
1992). Due to the high surface energy of NPs, aggregation can often occur during the
growth process which leads to polydisperse NPs. This can be prevented by the addition of

a surfactant to the solution to coat and stabilize the NPs.

2.2.2 Polyol Mediated Synthesis

In order to prepare inorganic compounds via precipitation from a liquid phase,
solvents such as polyols (alcohols containing multiple hydroxyl groups) offer two
interesting properties. Firstly, they act as solvents that can dissolve inorganic compounds
as a result of their high dielectric constant. Secondly, owing to their relatively high boiling
points they offer a wide operating temperature range for preparing inorganic compounds at
low temperature. The general procedure for the polyol mediated synthesis of NPs involves
the addition of a precursor salt to a given volume of polyol. The mixture is then heated in
order to dissolve the precursor material and once the solution reaches the critical
supersaturation concentration, nucleation and growth of NPs proceeds.

The earliest report of ZnO NPs by polyol mediated synthesis was by Collins &
Taylor (1992), who also produced zirconia and ceria NPs by this general procedure. In
order to produce spherical ZnO NPs with a diameter of 250 nm, a solution of zinc acetate
and decanol (C10H2,0) was heated to reflux. Precipitation of ZnO NPs was observed at
200°C, characterized by the solution transforming into a milky white suspension. ZnO was

also formed from refluxed solutions of zinc acetate in ethylene glycol (C,HgO) and
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undecanol (C11H240) and additionally, from solutions of zinc nitrate (Zn(NOs3),) in decanol
and ethylene glycol. However, the solid formed in the latter experiments was often brown
(rather than white) indicating some degree of nitrogen contamination.

In agreement with the findings of Collins & Taylor, Jézéquel et al. (1995) reported
that it is not possible to produce pure ZnO from zinc acetate and ethylene glycol.
Alternative polyols were also investigated by Jézéquel et al.; ZnO precipitated when
solutions of zinc acetate dihydrate mixed with diethylene glycol (DEG) (C4H1003),
tetraethylene glycol (CgH1505) and polyethylene glycol (PEG) (C2Han+20n+1) Were heated,
however an unknown phase precipitated when using glycerol (CsHgO3). The authors
observed that hydrolysis must play an important role in the formation of ZnO NPs since no
oxide can be formed by heating a solution of dehydrated zinc acetate and DEG.
Additionally, when using ethylene glycol, the water belonging to the zinc acetate dihydrate
is not sufficient to obtain ZnO. Hydrolysis occurs at low temperature however the reaction
is accelerated at higher temperatures (near the polyol boiling point). This is termed forced
hydrolysis.

The mechanism by which ZnO NPs form in the presence of water is as follows: Zn**
ions are obtained by complete dissociation of zinc acetate into Zn?* and OAc. The
hydroxyl ions for the reaction are obtained from the dissociation of water. ldeally, ZnO
NPs are assumed to comprise tetrahedrally coordinated Zn and O atoms and only surface
Zn atoms are terminated with an OH™ ion instead of the oxygen ion. Once ZnO nuclei form,
the growth of the clusters occurs by the dehydration of the terminating OH" ion using the
freely available dissociated OH™ ion in the solution. The Zn** ions available in the solution
brought near the surface of the cluster by the process of diffusion are captured. The growth
of the nanocrystal is continued by the Zn®* ion capturing the OH™ ion. The availability of
OH  ions is dictated by the dissociation of water. When the temperature is increased, the
dissociation constant of water increases by a couple of orders of magnitude, providing a
larger number of OH ions and thus significantly increasing the rate of the reaction
(Viswanatha, 2007). The reaction mechanism for the formation of ZnO can be written as

follows:
H,0O < OH + H"

Zn** + 20H" < Zn(OH), < ZnO + H,0

17



A number of zinc salts were investigated by Jézéquel et al. (1995). No precipitation
of ZnO was observed using zinc sulphate heptahydrate and zinc chloride with added water.
Zinc nitrate hexahydrate gave rise to a brown ZnO (consistent with Collins & Taylor)
indicating contamination arising from reduction of nitrate anions. The effect of the heating
rate on the resultant ZnO NPs was also investigated. Particle size was found to be strongly
dependant on this parameter; increasing the rate from 6 to 14 °C min™ leads to finer, more
monodisperse particles, with average particle sizes measured as 350 £ 30 nm and 200 + 20
nm respectively. This may be due to the more rapidly increasing concentration of precursor
ions in solution leading to a greater number of nuclei forming over a shorter period of
nucleation, thus leading to smaller resultant particles. The heating temperature when
investigated in the range 100 to 220°C, did not have any significant effect on particle shape
and size, however the yield was found to be highest using a temperature of 180°C. TEM
analysis of the ZnO NPs revealed that the spherical particles obtained were in fact made up
from the agglomeration of much smaller crystallites. XRD revealed the isotropic nature of
the single crystal particles whose size was approximately 10 nm. Much larger and more
polydisperse spherical particles were observed using tetraethylene glycol with an average
size of 1500 nm, compared to DEG where the particles ranged between 200 and 400 nm in
diameter. In PEG, the average size of the particles produced was 200 nm, however the
shape of the particles was irregular. The concentration of precursor, as predicted by the La
Mer model affected the size of the NPs produced. Spherical agglomerates of small
crystallites of ZnO were produced when using ZnAc at a concentration below 0.18 mol
dm™ in DEG. At concentrations between 0.18 and 0.27 mol dm™, the particles formed
irregular shapes and agglomerated. Above a ZnAc concentration of 0.27 mol dm™ the
spherical agglomerates of very small crystallites did not form. Instead, individual
crystallites of hexagonal ZnO were observed, with sizes of approximately 60 x 20 nm
revealing an increase in the anisotropic nature of the crystallites produced at higher
concentration compared to the isotropic nature of the crystallites prepared at low ZnAc
concentration.

Using the polyol method, Feldmann & Merikhi (2000) produced a stable suspension
of individual crystallites of ZnO with an average size of 80 nm. A solution of ZnAc at a
concentration of 0.9 mol dm™ in DEG, with 1 ml of H,O added was stirred vigorously and
heated to 140°C within 30 minutes. The temperature was maintained for 1 hour. The

mixture was then heated to 180 °C for 2 hours and then cooled to room temperature.
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Brayner et al. (2010) synthesized ZnO NPs using ZnAc, DEG and water at a heating
temperature of 180 °C, ageing the reaction for 1 hour. They altered the hydrolysis ratio (H
= Nuo / Nzn2") between 10 and 80 and investigated the effect on the ZnO NPs produced.
The authors also investigated the addition of capping agents: tri-n-octylphosphine oxide
(TOPO) and polyoxyethylene stearyl ether (Brij-76). For ZnO NPs prepared with a
hydrolysis ratio (H), of 2, spherical agglomerates of very small crystallites were produced,
similar in size to those produced by Jézéquel et al. (1995) for concentrations of ZnAc
lower than 0.18 mol dm™. As the solvent ratio of water to DEG was increased, and hence,
H increased, individual crystallites were produced; similar to those particles produced by
Jézéquel et al. (1995) at concentrations of ZnAc in excess of 0.27 mol dm™. The length of
the elongated crystallites produced was found to increase with increasing H. The addition
of capping agents during synthesis significantly affected the size and morphology of the
ZnO NPs produced. In the presence of TOPO at H=2, very small NPs of ZnO which were
agglomerated and approximately 10 nm in size were produced. When the hydrolysis ratio
was increased to 10, a very well dispersed and homogenous sample of spherical ZnO NPs
with an average size of 15 nm was produced. Increasing H was found to increase the
degree of particle elongation. The particles produced in the presence of TOPO were far
more monodispersed than in just water and DEG. When Brij-76 was added during
synthesis for H = 2, 30 and 70, spherical particles of ZnO were formed which were heavily
agglomerated. However, at H = 10, nanocubes and nanorods forming nanobelts were
produced.

Although DEG acts as a chelating agent during this particular type of synthesis and
limits the growth of ZnO NPs as well as reducing agglomeration, the study by Brayner et
al. (2010) highlights how the additional use of alternative capping agents can affect the
size and morphology of the ZnO NPs produced. The superior purity of ZnO NPs produced
using ZnAc, as compared to other zinc salts indicates it to be the most suitable zinc
precursor for synthesis using this technique. DEG was found to be the most suitable polyol
to use. The heating temperature used by most studies was 180 °C as this was the
temperature at which the highest yield of ZnO was recorded. The ZnO NP size and
morphology can be controlled by altering a few different reaction parameters; e.g. the
heating rate, the ZnAc concentration, the hydrolysis ratio and the use of capping agents.
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2.2.3 Flame Spray Pyrolysis

Flame aerosol synthesis is a promising, scalable gas-phase production method for
ZnO NPs. Here, a gaseous (vapour-fed aerosol flame synthesis), liquid (flame-assisted
spray pyrolysis and flame spray pyrolysis, FSP) or solid precursor is introduced into a
flame and converted to NPs (Teoh et al., 2010). For instance, Jensen et al. (2000) produced
ZnO NPs of 25-40 nm in diameter by subliming zinc acetylacetonate into a nitrogen carrier
gas and feeding the vapor to a premixed methane-air flame. Matsoukas and Friedlander
(1991) introduced an aerosol of solid zinc nitrate particles into a diffusion flame and
studied the evolution of the size distribution of the resulting ZnO NPs. However, delivery
of a liquid precursor into the flame may be the most effective route, since a broad range of
less volatile raw materials is available that can be dissolved in organic solvents or even
water, allowing relatively simple liquid precursor handling and dosing. In particular, flame
spray pyrolysis (Bouwmeester et al., 2009; Madler et al., 2002) that benefits from self-
sustaining high temperature flames has been shown to be a versatile and scalable method
for the production of single- and multi-component oxide and even metal NPs, as is
apparent from recent reviews (Teoh et al., 2010; Strobel et al., 2006; Athanassiou et al.,
2010).

ZnO NP synthesis with liquid-fed flame reactors has been studied by Marshall et al.
(1971), spraying an aqueous solution of zinc acetate into a town gas-air burner. Carroz et
al. (1980) produced ZnO NPs of 200 nm diameter by FSP of zinc nitrate solutions in
ethanol and methanol. Tani et al. (2002) used FSP to synthesise ZnO NPs employing zinc
acrylate as the precursor and methanol as the solvent. Product particle diameters obtained
from nitrogen adsorption studies ranged from 10 to 18 nm; size increased as the rate of
supply of the precursor solution to the flame increased from 1 ml/min to 4 ml/min. NPs
made at higher precursor flow rates were slightly elongated, in agreement with Strobel and
Pratsinis (2011) who observed formation of ZnO NPs with ~ 1.5 aspect ratio by FSP
employing a zinc-nitrate hexahydrate / ethanol solution. Liewhiran and Phanichphant
(2007) reported mainly spheroidal ZnO NPs with occasional hexagonal and rod-like
structures in FSP synthesis from zinc-naphthenate/toluene/acetonitrile precursors for
application in gas sensors. Height et al. (2006) made pure as well as doped ZnO NPs and
rods by FSP conversion of a zinc-naphthenate/toluene precursor solution. The undoped

ZnO particles were predominantly spherical with some individual elongated structures.
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For FSP, the NP size can be controlled by the feed rate of the precursor solution to
the flame. The temperature and height of the flame can also affect the size of the NPs
produced and can be controlled by selection of the solvent used.

From a study of the literature, it would appear that two suitable methods for the
synthesis of ZnO NPs are polyol mediated synthesis and flame spray pyrolysis. The
literature reports that for polyol mediated synthesis, zinc acetate precursor produces
monophasic wurtzite ZnO NPs and as such, it will be employed as the zinc precursor here.
Diethylene glycol and water will be used as the solvents as previous experiments have
reported the synthesis of pure ZnO NPs using this mixture. A temperature of 180 °C was
reported to produce the highest yield of ZnO NPs and therefore this temperature will be
used for the synthesis experiments. The concentration of ZnAc will be varied in order to
investigate the effect on ZnO NP size and morphology. For flame spray pyrolysis, two
zinc precursors (zinc acrylate and zinc naphthenate) will be studied in order to investigate
the effect on the size of the ZnO NPs produced. The feed rate of the precursor solution to
the flame will be varied in order to investigate the effect on the ZnO NPs produced. A
detailed overview of the materials and methods employed for the synthesis of ZnO NPs in

this investigation is provided in Chapter 3.

2.3 Zinc Oxide Nanoparticle Toxicology
This section reviews the current understanding in the literature with regard to ZnO

NP toxicity to humans, other mammals (section 2.3.1) and the environment (section 2.3.2).

2.3.1 Mammalian Toxicity

Analysis of the human health risks associated with ZnO NPs is essential, as use of
sunscreens and cosmetics containing ZnO NPs results in direct exposure to human skin.
Nonetheless, it is now widely accepted in the scientific community that ZnO NPs do not
penetrate through the outermost skin layer — the stratum corneum (Lansdown & Taylor,
1997; Dussert & Gooris, 1997; Gontier et al., 2004; Smijs & Pavel, 2011). Furthermore,
ZnO NPs have been present in consumer products for a number of years without any
adverse effects being reported thus far. There is agreement amongst scientists, that for ZnO
NPs used in sunscreens and cosmetics, the potential risks to human health are outweighed
by the benefits provided as a protective barrier from harmful UV radiation (Gasparro et al.,
1998; Nohynek et al., 2007).
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However, the vast production of ZnO NPs for commercial products, gives rise to the
potential for human exposure during manufacturing processes, as well as potential for
accumulation in the environment. Therefore probable hazardous routes of exposure are
primarily through inhalation and ingestion. The literature involving in vitro and in vivo
studies indicates that acute exposure to ZnO NPs induces a variety of toxic effects. It is
difficult to correlate in vitro investigations to in vivo investigations as in vitro studies are
more dependent on the type of assay used (Vandebriel & De Jong, 2012).

Cho et al. (2011) reported that the main cause of ZnO NP induced lung injury in rats
is a result of rapid pH-dependent dissolution of ZnO NPs inside of phagosomes. The
installation of dissolved Zn** into rat lungs showed similar pathologies as were elicited by
10 nm ZnO NPs. Inhalation of 20 nm ZnO NPs (2.5 mg/kg bw) by rats, twice daily for 3
days, resulted in an increased zinc content in the liver after 12 hours and in the kidneys
after 36 hours. Histopathological examination showed severe damage to both liver and
lung tissues (Wang et al., 2010). Sharma et al. (2012) detected an accumulation of Zn?*in
the liver of mice fed 300 mg/kg ZnO NPs for 14 consecutive days. This was associated
with severe oxidative stress inducing DNA damage. Xia et al. (2011) reported a reduced
solubility of 20 nm ZnO NPs when doped with iron (1-10 wt %) and a reduced toxicity
was observed in the lungs of mice when exposed to the doped ZnO NPs.

At present, there are contradictory findings reported in the literature for in vitro
investigations assessing ZnO NP toxicity and the effect of NP size and morphology (Song
et al., 2010; Reddy et al., 2007; Pujalté et al., 2011; Bernsten et al., 2010; Deng et al.,
2009; Hsiao & Huang, 2011). Clarification of the inconsistencies encountered in these
studies may be provided by a more detailed compositional analysis of the NP surface
chemistry and agglomeration behaviour. In addition to size and morphology, significant
dissolution of ZnO has been reported in a number of in vitro investigations, similarly to
that reported in vivo. Although it is widely considered that dissolved zinc (Zn*) is the
mediator of toxic responses to ZnO NPs, there are investigations reporting that direct NP
contact with cells is required. It has been suggested that increased levels of Zn?* as a result
of ZnO NP dissolution gives rise to toxicity via the generation of ROS leading to DNA
damage (Song et al., 2010; Xia et al., 2008). Other reports however suggest that toxicity is
observed as a result of ROS generation at the NP surface (Lin et al., 2008).

The dissolution of ZnO NPs is most commonly reported as occurring in the
extracellular environment (Song et al. (2010)). However studies also report NP dissolution

after entering cells, increasing the intracellular Zn** concentration more significantly than
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achieved by exposure to similar concentrations of soluble zinc salts (Mdller et al., 2010;
Gilbert et al., 2012). Moos et al. (2010) reported cytotoxicity in RKO human carcinoma
cells to be dependent on ZnO particle contact with the cell and independent of Zn*
concentration. A more informed understanding of the dissolution behaviour of ZnO NPs is
required and the first step towards this is through detailed characterisation of size,
morphology and surface chemistry. For example, the presence of carbonates on the surface
of ZnO NPs (Pan et al., 2010) may significantly impact the solubility of the particle and

hence affect the degree and/or mechanism of toxicity.

2.3.2 Environmental Toxicity
The potential toxicity of ZnO NPs is not just of concern to humans and mammals, but
also the environment. Particularly in the case of sunscreens there is the potential for ZnO
NPs to reach the aquatic environment. There is therefore a clear need for investigation into
the environmental fate and potential toxicity of ZnO NPs to aquatic biota. In a study by
Gottschalk et al. (2009), the predicted environmental concentrations of ZnO NPs were
calculated based on probabilistic materials flow analysis from a life cycle perspective of
ZnO NP containing products. It was estimated that in Europe in 2008, the concentration in
natural surface water was 10 ng/l and treated wastewater was 430 ng/l. Given the
widespread application of these ZnO NPs, environmental levels are expected to increase
continually (Daughton and Ternes, 1999). However, investigations concerning the
ecotoxicological effects of ZnO NPs have been very limited, especially when compared to
nanosized TiO: - the most extensively studied NPs amongst metal oxides, which are used
in many of the same commercial applications as ZnO NPs (Kahru and Dubourguier, 2010).
An article by Ma et al. (2013) reviewing the ecotoxicity of ZnO NPs identified toxic
effects of ZnO NPs in both aquatic and terrestrial species, with toxicity measured in some
species at 1 pg/ml. The findings demonstrated that if ZnO NPs reach sufficient levels
within the natural environment, they could cause significant chronic risk to the
environmental biota. However, the review highlighted a lack of characterisation of the ZnO
NPs used in the toxicity investigations (Ma et al., 2013; Tables 2, 3 and 4). In the majority
of investigations, no TEM or SEM measured particle size was reported, only the
manufacturers advertised particle size was given. In many cases, commercially supplied
NPs are inhomogenous in size and morphology and the reported size can often be very
different from the actual size; evidence for the variability of commercially supplied ZnO

NP samples is provided in Chapter 4.
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There is one key message that has been consistently repeated throughout my review
of the literature: there is a lack of characterisation of ZnO NPs provided in the toxicity
investigations to date. The physicochemical characteristics of the ZnO NPs are required
prior to testing. However, as ZnO NPs may elicit toxicity by different modes of action
which are highly dependent on exposure conditions, a thorough characterisation of the NPs
under the relevant exposure conditions is essential for proper interpretation of toxicity data

as well as for valid comparison between different studies.

2.3.3 Factors Effecting ZnO Nanoparticle Characteristics in Solution
The dispersion and solubility of ZnO NPs in biologically relevant solutions, such as

cell culture media, must be carefully analysed for toxicity assessment.

2.3.3.1 Solubility

Solubility of NPs is dependent on a variety of conditions, an overview of which are
represented schematically in Figure 2-3. For instance, NP size, the adsorption of proteins to
the NP surface and the ionic strength and pH of the solution have been shown to influence
the dissolution of ZnO to Zn** ions (Bian et al., 2011).
As discussed in the introduction, the radius of curvature of the NPs and hence the size is
predicted to effect dissolution. Franklin et al. (2007) measured a stable equilibrium
solubility level for bulk ZnO in water at pH 7.6 and 24 °C, equivalent to the complete
dissolution of 20 pug/ml ZnO (16 pg/ml Zn). The equilibrium solubility is expected to be
higher for smaller particles according to the Ostwald-Freundlich equation (Equation 1-1).
This has been confirmed by a number of investigations for very small ZnO NPs. David et
al. (2012) found that for NPs with primary particle diameter 20 nm and 70 nm, the
solubility was comparable with that of bulk ZnO. However, for NPs with a diameter of 6
nm, the solubility was found to be significantly higher. Furthermore, in an investigation by
Bian et al. (2011), size dependent dissolution of ZnO NPs in water was also observed.
Equilibrium Zn concentrations of 57, 22 and 10 pg/ml were obtained for NPs with
diameters of 4, 15 and 241 nm respectively. Numerous investigations reported that there
was no difference between the solubility of nano and bulk ZnO, however in many of these
investigations the NPs used had diameters of larger than 20 nm. For example, Mortimer et
al. (2010) used NPs with diameters between 50 and 70 nm and found that around 80 % of

the mass of ZnO was dissolved for both bulk and nanoparticulate ZnO. Franklin et al.
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(2007) reported no difference in dissolution rate and equilibrium concentration for both
bulk and nano ZnO (30 nm). Miller et al., (2010) reported dissolution of 70 % of the mass
of ZnO for NPs with average diameter of 20-30 nm, for concentrations in the range 0.1 — 1

pg/ml and dissolution of 32 % of the mass of ZnO for an initial ZnO concentration of 10

pg/ml.
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Figure 2-3 Factors effecting the dissolution of nanomaterials (Misra et al. 2012)

The morphology of the ZnO NPs can influence the solubility and hence, may affect
toxicity. For example, 1D structures, such as nanowires, exhibit very different dissolution
behaviour to spherical NPs. ZnO nanowires tend to have a high aspect ratio along their
polar (0001) direction. This surface is much more unstable than the other faces of the
crystal and as a consequence, the dissolution of ZnO nanowires is extremely anisotropic,
with the material dissolving primarily down its polar surface. (Vayssieres et al., 2001;
Muiller et al., 2010).

The complex biological solutions used in in vitro toxicity assays have also been
found to affect ZnO NP solution characteristics. The literature reports that both solubility
and dispersion alter when dispersed in cell culture media such as Dulbecco’s modified
Eagle medium (DMEM) as compared to in water. The dissolution of ZnO has been

reported to increase when in DMEM as compared to ultra-pure water (Xia et al, 2008;
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Reed et al., 2012). Chemical equilibrium modelling (Visual Minteq) predicts that for ZnO
at 100 pg/ml, less-soluble zinc hydrocarbonate (hydrozincite) and zinc phosphate hydrate
(hopeite) will re-precipitate in moderately hard water and Roswell Park Memorial Institute
(RPMI) cell culture medium respectively. This was verified experimentally by Reed et al.
(2012) for solutions of ZnO NPs and by Turney et al. (2012) for soluble zinc salts in
RPMI. The age of the sample has also been shown to effect solubility. Reed et al. (2012)
investigated the long term dissolution of ZnO NPs in DMEM and found that it increases
steadily over time. However, for a 100 pg/ml concentration of ZnO, an instantaneous
release of Zn** up to a concentration of approximately 10 pug/ml was observed indicating
that lower concentrations of ZnO in DMEM may completely dissolve to Zn?*. David et al.
(2012) found that there was a non — equilibrium regime in the dissolution process, limited
by the kinetics of ZnO dissolution, which was in the order of 1 hour. Hence, freshly
prepared ZnO NP suspensions can exhibit a free Zn®* concentration far from equilibrium.
Perhaps the most critical factor influencing ZnO dissolution is the pH of the solution. The
equilibrium solubility of ZnO in water is highly pH dependent and is reported to range
from >1000 pg/ml at pH 6 to 1 pg/ml at pH 8 (Stumm & Morgan 1995). For bulk and
nanoparticulate ZnO (71, 20 and 6 nm), David et al. (2012) measured a change of 1 order
of magnitude in the free zinc concentration, and consequently in the solubility, when the
pH was altered by only half a unit between 7.5 and 9. This is significant in the case of
toxicity assays which will mostly be carried out around pH 7.4.

The temperature at which cell viability assays are generally conducted is 37°C. This
Is significant as the solubility of ZnO varies with changing temperature. Reed et al. (2012)
reported that the solubility of ZnO was greater at 20°C as compared to 37 °C. This is
significant as normally one would expect solubility to increase with increasing temperature

as a result of the increase in kinetic energy of both solvent and solute molecules.

2.3.3.2 Agglomeration State

The dispersion of ZnO NPs has been shown to vary in biological media compared
to in water. For example, the agglomeration of ZnO NPs has been reported to increase
when suspended in DMEM as compared to in water (Hsiao & Huang, 2011). This can be
explained by Derjaguin, Landau, Verwey and Overbeek (DLVO) theory. The stability of
NPs in a suspension, according to DLVO is based on the net balance of two forces: the
electrostatic repulsion which prevents agglomeration and a universal attractive Van der

Waals force which acts to bind particles together (Derjaguin & Landau, 1993). This theory
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assumes the two opposing forces are additive and can be represented in the form of a
potential energy diagram (Figure 2-4).
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Figure 2-4 Representation of DLVO theory showing the change in potential energy
with increasing particle separation.

In solutions of low ionic strength, the counter-ion clouds that compensate the
charged NP surface extend far from the particle surface, which prevents agglomeration and
Van der Waals attractive forces from binding the particles together. When the ionic
strength of the solution increases, the charge exhibited by the counter-ions at the surface of
the NP is screened by the ions in solution and therefore the repulsive force between NPs
diminishes and agglomeration increases. Hence, a reduction in ZnO NP stability is
observed in DMEM compared to in water due to the high ionic strength of DMEM.
Furthermore, supplementary serum proteins present in DMEM, which are often added to
toxicity assays in order to maintain cell viability, have been shown to reduce ZnO NP

agglomeration (Bian et al., 2011).

This is due to adsorption of bovine serum albumin (BSA) onto the surface of the NPs
enhancing stability by promoting the electrosteric repulsion between particles. Additionally
the size and surface charge of the NPs will also affect the stability of NPs in suspension.

The pH of the solution will determine the concentration of OH™ or H* ions adsorbed to the

27



NP surface and hence alter the surface charge which will in turn affect the degree of

agglomeration.

It is clear from the literature that there is a need for thorough physicochemical
characterisation of ZnO NPs in the cell culture media used in toxicological assays. This
includes characterisation of the size and size distribution, morphology, surface area,
crystallinity, chemical composition, surface composition, solubility and degree of
agglomeration. A systematic approach must be adopted when characterizing NPs for
toxicological investigations so that results from a variety of studies can be compared. For
this reason, a characterisation protocol has been developed which may be applied in future
toxicity experiments. The experimental techniques employed in this protocol are described
in Chapter 3 with a table (Table 3-1) summarising the advantages and disadvantages
associated with each of the characterisation techniques. A more detailed description of the

characterisation protocol is provided in Chapter 4.
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3 Experimental Methods

In order to investigate the potential toxicity of ZnO NPs, it was necessary to source
relevant samples from commercial suppliers. Samples were also obtained from the Swiss
Federal Institute of Technology (ETH) in Zurich, synthesized by Dr. Karsten Wegner using
flame spray pyrolysis. In addition, the synthesis of NPs in house was investigated, with the
aim to control particle size and morphology. ZnO NPs produced in-house were synthesized
by the polyol route. Section 3.1 describes the materials and methods used in the present
work, for the synthesis of ZnO NPs.

At present, there is a lack of detailed characterisation of ZnO NP samples used in
toxicity studies. In this study a characterisation protocol has been developed which may be
employed to carry out systematic and adequate physicochemical characterisation of NPs
used in toxicity assays. Information regarding the size, morphology, composition, phase
content, purity, surface chemistry, surface area, solubility and dispersion of the ZnO NP
samples is required and as such, a characterisation protocol should include the following
techniques: Inductively coupled plasma mass spectrometry (ICP-MS), X-ray diffraction
(XRD), BET gas adsorption, thermogravimetric analysis with evolved gas analysis by
Fourier transform infra-red spectroscopy (TGA-EGA with FTIR), FTIR, X-ray
photoelectron spectroscopy (XPS), nuclear magnetic resonance spectroscopy (NMR),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic
light scattering (DLS), plunge freezing transmission electron microscopy (PF-TEM) and
Zeta potential measurement. The techniques are described in detail in section 3.2.

In this study, the in vitro toxicity of ZnO NPs was investigated using adenocarcinomic
human alveolar epithelial (A549) cells. The cytotoxicity and genotoxicity of ZnO NPs was
assessed using the thiazolyl blue tetrazolium bromide (MTT) assay and single cell gel

electrophoresis (comet assay) respectively which are described in detail in section 3.4.

3.1 Synthesis of ZnO Nanoparticles
The materials and methods employed for the synthesis of ZnO NPs by polyol route
and flame spray pyrolysis are outlined in sections 3.1.1 and 3.1.2 respectively.

3.1.1 Polyol Synthesis of ZnO Nanoparticles
Zinc oxide NPs were synthesized by polyol mediated synthesis (Feldmann and
Merikhi, 2000). Zinc Acetate dihydrate (ZnC4H100s: ZnAc: Sigma Aldrich Reagent >
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99%) was added to 50 ml of diethylene glycol (DEG) (Sigma Aldrich ACS Reagent 99%)
in @ 100 ml round bottom flask along with 1 ml of MilliQ water (Wallace et al., 2012).
Three different precursor solutions were prepared by adding 1.68, 5.03 and 10.06 g of
ZnAc to obtain concentrations of 0.15, 0.45 and 0.9 mol dm™ respectively. The solutions
were stirred continuously with a stir bar at a speed of 7000 rpm, from the beginning until
the end of the reaction. The round bottom flask was lowered into an oil bath ensuring the
precursor solution was fully submerged. The solution was heated to 140°C under reflux
conditions, using an air condenser, for 1 hour by which time the zinc acetate was
completely dissolved and the solution was clear. The temperature of the solution was then
increased to 180°C and remained there for a further 2 hours after which a milky white
suspension was observed, confirming the presence of precipitated ZnO NPs. The
suspensions were then centrifuged at 6000 rpm and the supernatant was removed using a
pipette. The NPs in the residue were then re-suspended in MilliQ water by placing in an
ultrasonic bath for 15 minutes. The suspension was then centrifuged and the procedure was
repeated a further 5 times. The washed suspension was poured into an evaporation dish and
then placed into a low temperature oven at 30°C for 72 hours, after which a white residue
remained. A pestle and mortar was then used to grind the residue into a fine white powder.
Experiments were repeated in order to investigate consistency between samples produced.
The nomenclature used for the samples is:

Degsyn-ZnAc Concentration-Round bottom flask volume-Experiment number.

For example, the second batch of ZnO NPs produced using 0.15 mol dm™ and a 100 ml
round bottom flask will be identified as Degsyn-0.15-100-2.

3.1.2 Flame Spray Pyrolysis Synthesis of ZnO Nanoparticles

Synthesis of ZnO NPs was carried out using a flame spray reactor (Madler et al.,
2002) by Dr. Karsten Wegner at ETH, Zurich. A schematic of the set - up is shown in
Figure 3-1 (Tani et al., 2002). Two precursor solutions were investigated: (1) Zinc acrylate
(ZnCgHeO4: ZAcr: Fluka, 98%) was used as zinc precursor. A mixture of 94 % v/v
methanol (J.T. Baker) and 6 % v/v acetic acid (Scharlau, reagent grade) was used as
solvent; (2) Zinc naphthenate (ZnC,,H1404: ZnNp: Strem Chemicals, Inc.; 65% in mineral
spirits, 10 wt % zinc) was used as the zinc precursor and toluene (Sigma Aldrich) was
selected as the solvent (Wallace et al., 2013). Ultrasonication of the precursor mixtures

resulted in transparent 0.5 mol/I solutions.
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Figure 3-1 Schematic of the FSP process for ZnO NP synthesis (Tani et al., 2002)

Two samples of ZnO were synthesized using ZnAcr precursor solution by varying
the rate of flow of the precursor solution to the flame. The ZnAcr precursor solution was
supplied to the oxygen-assisted atomizer nozzle at 1 and 4 ml/min with the aid of a syringe
pump (Lambda, VIT-FIT). The precursor solution was dispersed into droplets by a 3.85
I/min oxygen co-flow. The atomizer was surrounded by a ring of eighteen premixed
(methane+oxygen) supporting flames placed at 6-mm radius from the centre of the nozzle.
The total flow rates of methane and oxygen were 1.58 and 1.52 I/min, respectively (Tani et
al., 2002). The ZnNp precursor solution was delivered to oxygen-assisted atomizer nozzle
at a rate of 5 ml/min with the help of a syringe pump and atomized with co-flowing 5 I/min
of oxygen dispersion gas at 3 bar pressure drop. The oxygen and methane supporting flame
feed rates were 2.5 I/min and 1.25 I/min respectively. The flow rates of all gases (PanGas,
> 99.5%) were adjusted with calibrated mass flow controllers (Bronkhorst EL-FLOW) and
are reported at 25°C and 1 atm. Product NPs were collected on glass-fibre filters
(Whatman GF 6, 254 mm diameter) with the help of a vacuum pump (Busch Seco
SV1040). Samples were assigned names based on the average particle size of the ZnO NPs
produced as determined by BET gas adsorption and assuming spherical non-contacting
particles. ZnO NPs synthesized using ZnAcr with precursor flow rates of 1 ml/min and 4
ml/min were named FSP 11 and FSP 14 respectively. The sample prepared using ZnNp

was assigned the name FSP 18.
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3.2 Characterisation of ZnO Nanoparticles

As has been outlined in Chapter 2, it is crucial that ZnO NP samples are thoroughly
characterised. In order to employ a systematic approach to the investigations, a
characterisation protocol has been developed. All of the techniques described in Section
3.2 are included in the characterisation protocol, which is discussed in greater detail in
Section 4.2. A summary of the advantages and disadvantages associated with each of the

characterisation techniques is presented at end of this section in Table 3-1.

3.2.1 Bulk Sample Characteristics

Information regarding the purity, crystallinity and phase content of the ZnO NP
samples was acquired by ICP-MS, XRD, BET and TGA-EGA,; particle size and
morphology can also be inferred from XRD and BET. Descriptions of these techniques are
provided in this section (3.2.1).

3.2.1.1 Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS) is a technique employed
for the elemental characterisation of a sample. It can simultaneously measure most of the
elements in the periodic table, at concentrations as low as parts per trillion (ppt). The
sample, usually in the form of a solution, is pumped to a nebulizer where it is converted
into a fine aerosol. A high-voltage spark creates a source of electrons which forms a
plasma discharge (~10,000 K) which results in the atomization and subsequent ionization
of the analyte elements. lons are separated according to their mass-to-charge ratio by a
quadrupole. An ion detector identifies the element by the mass-to-charge ratio of the ions it
interacts with and converts the ions into an electrical signal which is then processed and
converted into a concentration in ppb (Taylor, 2001).

Quantification of all elements was obtained for the samples in order to determine
the concentration of impurities present. Investigations were carried out using a
PerkinElmer SCIEX ELAN DRC-e ICP-MS with a PerkinEImer S10 Autosampler. Results
for ICP-MS are presented in a bar chart with the relative concentration plotted as a

function of the mass to charge ratio, an example of which can be found in Figure 4-1.
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Sample Preparation

Suspensions of ZnO NPs were prepared at a concentration of 1000 pg/ml and
placed in to an ultrasonic bath for 25 minutes. A 10 ul aliquot of the suspension was taken
and acid digested using 6 pl of 70 % nitric acid (HNO3) in order to dissolve the ZnO. This
was then diluted with 9.984 mls of MilliQ water to obtain a nominal ZnO concentration of
1 pg/ml (1ppm). This was to ensure that the concentration of zinc was within the detection
limits of the ICP-MS instrument. The samples were then placed into the autosampler for
analysis. The instrument was calibrated using solutions of known zinc concentration

ranging from 1 to 1000 ppb.

3.2.1.2 X-ray Diffraction

X-ray powder diffraction (XRD) is a non-destructive technique that enables the
determination of the crystalline phase or phases present in a specimen and estimation of the
average crystallite size and strain. An X-ray beam of known wavelength is targeted at a
sample through a range of incident angles between the X-ray source and detector. When
the incident X-rays of known wavelength, 4, reach the sample, the lattice planes within the
crystalline structure of the sample material cause the X-rays to diffract. At specific angles
of incidence the distance between a parallel set of atomic planes, d, will cause the reflected
X-rays to interfere constructively. The angle of incidence relative to the normal, 6, must
satisfy Bragg’s Law (Equation 3-1) in order for the reflected X-rays to interfere

constructively.

n) = 2dsin@  Equation 3-1

Where; n is an integer number (the diffraction order). Peaks occur on an X-ray
pattern at 26 positions where Bragg’s Law is satisfied. The peak positions and relative
intensities can be used to determine a material’s crystal structure. Identification of phases
present in the XRD pattern, is carried out by comparison to known reference patterns using
powder diffraction files (PDF), held by the International Centre for Diffraction Data
(ICDD), formerly JCPDS (Joint Committee for Powder Diffraction Standards). The d-
spacing’s of lattice planes (hkl) and unit cell parameters (abc) can be obtained and for
samples containing sub-micrometer crystalline particles, the mean crystallite size, t, (of a
specific crystal plane, hkl) can also be determined by measurement of the peak broadening

(assuming no strain) and application of the Scherrer equation (Equation 3-2).
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T=Kk\ / pcoso Equation 3-2

Where, k is the shape factor (typically 0.9 for equiaxed crystals), A is the X-ray
wavelength, B is the line broadening at half the maximum intensity (FWHM) in radians,
and 0 is the Bragg angle (Cullity, 2001).

Characterisation by XRD was carried out using a Philips PANalytical X Pert X-ray
diffractometer with a Cu Kay X-ray source (A = 1.545 A) scanning over a range of 5-80°
20. Approximately 0.5 g of the powder was packed into a shallow open sample holder
ensuring the surface was flat. Phase identification and crystallographic information were
obtained using the PANalytical HighScore software. Examples of XRD patterns for ZnO

are presented in Figure 4-2.

3.2.1.3 Gas Adsorption (BET)

Brunauer-Emmett-Teller (BET) analysis provides precise specific surface area
(SSA) evaluation of materials by nitrogen multilayer adsorption measured as a function of
relative pressure using a fully automated analyser. In gas adsorption analysis, the BET
adsorption-desorption isotherms of N, gas onto the surface of the samples are measured.
The surface of the sample is cooled with liquid N, in order to increase adsorption to a
detectable level. The data collected is displayed in the form of a BET isotherm, which plots
the amount of gas adsorbed as a function of the relative pressure (CERAM, 2012) (see
Figure 4-3). BET theory provides a mathematical model for the process of gas sorption and
is used to determine the SSA (m?/g) of the specimen from the isotherms. From the SSA
measurement, the BET-equivalent average diameter of the particles, dger, was calculated
assuming monodisperse spheres and a zinc oxide density, p, of 5.606 g/cm3 using Equation
3-3:

dger = 6000 / (SSA x p) Equation 3-3

Sample Preparation

Samples were weighed into a specimen tube and the exact mass of the powder
added was recorded. To eliminate unwanted vapours and gases adsorbed on the surface of
the samples, all were degassed in N for 1 hour at 250°C, in a Micromeritics Flow Prep 060

Sample Degas System. Nitrogen adsorption-desorption isotherms were measured with a
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Micromeritics Tristar 3000 automated gas adsorption analyser at 77 K. The BET method
was utilized to calculate the specific surface area of the samples.

3.2.1.4 Thermogravimetric Analysis and Evolved Gas Analysis by Fourier transform
infrared spectroscopy

In order to further investigate the purity and composition of the ZnO samples,
thermogravimetric analysis (TGA) was performed with evolved gas analysis (EGA) by
Fourier transform infrared spectroscopy. In TGA the change in mass of a sample is
monitored with varying temperature. In order to determine the composition of the gas or
vapors produced that give rise to the reduction in mass, the evolved gases can be analysed
by FTIR. An FTIR spectrum of the evolved gases can be taken at chosen time intervals
over the entire range of temperatures.

A Shimadzu TGA 50 thermogravimetric analyser performed TGA and evolved
gases were analysed by a Thermo Scientific I1IS10 FTIR spectrometer with a Thermo
Scientific FTIR/TGA interface attached. The sample was heated from 10°C to 800°C, at a
rate of 10°C/min in a N environment. An FTIR spectrum was acquired every minute in

order to identify the gases evolved.

Sample Preparation

Approximately 100 mg of ZnO powder was weighed into the sample holder and
placed into the TGA instrument where any subsequent mass loss was accurately
determined. A Gram-Schmidt chart is obtained showing the total intensity of absorbance
over the entire range of wavenumbers and whole range of temperatures (see Figure 4-6
(b)). It is also possible to plot the absorbance intensity for a specific wavenumber range
(Figure 4-6 (c)).

3.2.2 Surface Characterisation
Details of the techniques employed to characterize the NP surface, i.e. FTIR, XPS

and NMR, are provided in this section.

3.2.2.1 Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) enables the identification of
chemical groups and compounds through the interaction of infrared energy with a
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specimen (Ferraro and Krishnan, 1990). Specific chemical bonds in a sample absorb at
characteristic frequencies related to the vibrational energy of the chemical bond, and the
remaining infrared signal is transmitted through the sample. For FTIR, the frequency of

infra-red radiation, v, is converted to wave number, , 7, through the relation:

V=C.V Equation 3-4

Where c is the speed of light (3 x 10'° cm.s™). The signal is then processed and a spectrum
is formed displaying the absorbance/transmittance over the range of wavenumbers.
Examples of FTIR spectra acquired for samples of ZnO are presented in Figure 4-9.
Fourier transform infra-red spectroscopy has been carried out using a Thermo Scientific
Nicolet iS10 FTIR spectrometer running OMNIC processing software, fitted with an
attenuated total reflection (ATR) accessory. The ATR contains a diamond crystal that

internally reflects the IR beam allowing for improved transmission into the sample (0.5-5
pum).

3.2.2.2 X-ray Photoelectron Spectroscopy

X-ray photo-electron spectroscopy (XPS) is an analytical technique that can
identify elements present in the top few nanometres of a sample. It can also provide
information regarding the chemical state of the elements detected and the stoichiometry of
the elements in the samples. The basic components of an X-ray Photoelectron
Spectrometer consist of the sample under investigation, an X-ray source, an electron
energy analyser and an electron detector and processing unit, existing entirely under ultra-
high vacuum (UHV) conditions. In XPS, the specimen is irradiated with X-ray photons of
energy, hv, which are absorbed by atoms in the material leading to photoemission - the
ejection of photoelectrons from the inner orbitals. The process of photoemission is shown
schematically in Figure 3-2 where an electron from the K shell is ejected from the atom (a
1s photoelectron). The binding energy of the photoelectron can be calculated from the
Kinetic energy which is measured by the instrument. The binding energy identifies
specifically the element and atomic energy level from which the electron has been ejected.

The XPS spectrum produced, displays the binding energy (eV) on the x-axis and intensity
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(a.u.) on the y-axis. An example of a spectrum acquired for ZnO is presented in Figure
4-10.

Ejected K electron
{1s electron)

Vacuum \
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Figure 3-2 Schematic diagram of the XPS process showing photoionization of an atom
by the ejection of a 1s electron (Watts and Wolstenholme, 2003)

The chemical environment of an element can be determined by measuring the
deviation of a peak relative to the known elemental energy. The area under each peak is
proportional to the amount of each element present in the analysed volume of the sample
surface. (Watts and Wolstenholme, 2003). XPS measurements were performed using a VG
Escalab 250 XPS with monochromated aluminium K-o X-ray source (Spot size diameter =
500 um; Power = 150 W). The binding energy scale was calibrated by setting the carbon 1s
peak to 285 eV. Spectra were analysed using mixed Gaussian-Lorentzian peak fitting

within the processing software CasaXPS.

Sample Preparation
Approximately 50mm x 50 mm squares of indium were pressed onto a metal slide.
Around 10 pg of each ZnO powder was pressed down into the indium substrate and the

excess powder was dusted off. The slide was then placed into the sample chamber.

3.2.2.3 Carbon 13 Nuclear Magnetic Resonance Spectroscopy
Carbon 13 Nuclear Magnetic Resonance spectroscopy (°C NMR) relies on the
phenomena of nuclear magnetic resonance to determine information about the chemical

properties of *3C atoms in a specimen. Approximately 1.1% of naturally occurring carbon
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is 1*C, and compared with the most abundant form of carbon, *2C, its’ nuclei are spin %
nuclei. This nuclear spin means that **C nuclei act as magnets. When the nuclei are in a
magnetic field, they are in one of two states, a relaxed state at a lower energy where the
magnetic moment is pointing in the same direction as the field, or an excited state at a
higher energy, where the magnetic moment is oriented in the opposite direction to the field.
These two states are separated by a difference in energy (AE) which depends on the size of
the nuclear magnetic moment and the strength of the magnetic field. The difference in
energy between the two states can be measured by applying electromagnetic radiation.
When the energy supplied equals the difference between the two energy levels, nuclear
spin transitions are observed (Hore, 1995). Absorption of the energy by the nuclear spins
causes transitions from low to high energies, as well as high to low energies, a
phenomenon termed resonance. The energy required to make the transition is usually in the
range of energies found in radio waves and is typically applied as a short pulse
(microseconds). The energy absorbed by the nuclear spin induces a voltage that can be
detected by a coil or wire and amplified. The chemical environment in which carbon is
present, alters the energy required for the nuclear spin transition to occur. When
surrounded by bonding electrons, the effect of the magnetic field experienced by the **C
nuclei is not as great, as the electron act as a shield, therefore the magnetic field must be
increased in order to induce the transition. The more electronegative the element that the
carbon atom is bonded to, the less effective the shielding from the electrons is and
therefore the magnetic field would need to be reduced. The spectra produced has the
chemical shift (8) displayed in parts per million (ppm), examples of which are presented in
Figure 4-14. The zero point is at the right end of the scale and is where a peak for the **C
atoms in tetramethylsilane ((CH3)4Si) occur.

Measurements were carried out externally at the EPSRC National Solid-state NMR
service at Durham. Solid-state **C spectra were recorded at 100.56 MHz using a Varian
VNMRS spectrometer and a 4 mm (rotor 0.d.) magic-angle spinning probe in order to
remove the effect of sample orientation relative to the magnetic field. They were obtained
using cross-polarisation with a 2 s recycle delay, 1 ms contact time, at ambient probe
temperature (~25 °C) and at a sample spin-rate of 6.8 kHz. Dependent on the sample,
between 20,000 and 120,000 repetitions were accumulated. Spectral referencing was with

respect to an external sample of neat tetramethylsilane, Si(CHs)4 (6 = 0.000 ppm).
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3.2.3 Nanoparticle Characterisation
In order to investigate the size, size distribution and morphology of the NPs in
greater detail, SEM and TEM were employed. TEM also enabled compositional analysis of

the samples.

3.2.3.1 Scanning Electron Microscopy

In SEM, a focused, high energy beam of electrons (typical energy = 3-30kV)
rasters over the surface of a specimen and provides morphological and structural
information down to a resolution of approximately 10 nm. The electrons interact with the
atoms at the surface of the specimen, ionizing them and releasing secondary electrons (SE)
from the top few nanometers. These electrons are counted by a detector and an image is
formed of the topography of the sample, pixel by pixel.

Secondary electron images were taken using a LEO 1530 Gemini FEG-SEM
operated at 3 keV, 3.0 mm working distance and employing an in-lens electron detector.
Sample analysis and image acquisition was performed using Zeiss SmartSEM™ software.
SEM was performed on the samples in order to obtain information regarding the range of
sizes and morphologies of the primary particles present. However, size distributions were
not obtained for the samples due to poor image quality, examples of which are provided in
Figure 4-15.

Sample Preparation

A suspension of the powders was prepared in MilliQ water at a concentration of
1000 pg/ml. A few drops of the suspension are cast directly onto an aluminium support
stub. The water is evaporated by blowing hot air across the surface of the stub. The sample
was then coated using an Agar High Resolution Pt/Pd Sputter Coater (thickness =5 nm) to

provide a conductive surface and to prevent charging.

3.2.3.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) allows for comprehensive analysis of an
ultrathin sample (ideally < 100 nm thick) at the NP level. Bright field imaging, high
resolution imaging, selected area electron diffraction (SAED) and energy dispersive X-ray
spectroscopy (EDX), can provide information regarding the particle sizes, size distribution
and morphology of the particles present in the sample, as well as revealing information
regarding the composition and crystalline phase of the sample. In TEM, a high energy
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electron beam is produced using a tungsten filament (electron gun) and accelerated at 50-
200kV through a series of electromagnetic lenses. The electron beam is transmitted
through the sample and the diffracted beam is magnified to form an image of the specimen
on a fluorescent viewing screen (Williams and Carter, 1996; Fultz and Howe, 2002).

Energy dispersive X-ray spectroscopy (EDX) was performed on the sample to
obtain compositional information and identify any potential impurities. High energy
electrons are focused onto the sample which can knock out electrons from within the inner
shells of atoms in the sample. An electron from a higher energy orbital will drop down to
fill the electron hole, and the loss of energy is emitted in the form of an X-ray photon, the
energy of which is characteristic of the element. The data output is presented in an EDX
spectrum of relative X-ray intensity as a function of energy (eV) (Williams and Carter,
1996).

Selected area electron diffraction (SAED) was also performed on the samples in the
TEM in order to determine the crystalline phase. In SAED, the electron beam is focused on
to the sample through a selective aperture. As the wavelength of the electron beam is the
same order of magnitude as the distance between atoms in the sample material, the atoms
act as a diffraction grating. In the case of a polycrystalline materials, a series of rings of
dots will be observed. The SAED pattern can be used to determine d-spacings of the
atomic planes and hence identify the crystalline material.

TEM analysis was performed on a Phillips FEI Tecnai TF20 field emission gun
TEM operating at an accelerating voltage of 200 kV, fitted with an Oxford Instruments
INCA 350 energy dispersive X-ray (EDX) system/80mm X-Max silicon drift detector
(SDD) and Gatan Orius SC600A charge-coupled device (CCD) camera. Examples of TEM
images, an EDX spectrum and SAED pattern obtained for ZnO are presented in Figure
4-16.

Sample preparation

A suspension of ZnO was prepared at a concentration of 1000 pg/ml in MilliQ
water. In order to break up agglomerates the sample was placed in an ultrasonic bath for 15
minutes. A few drops of the sample were then drop cast onto a TEM grid (Holey carbon
400 mesh Cu, Agar Scientific Ltd.).
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3.2.4 Solution Characteristics

As the assays employed to investigate ZnO NP toxicity take place in liquid media
i.e. Dulbecco’s Modified Eagle Medium (DMEM), information must be obtained regarding
the NP behaviour when suspended in suspension. The solubility and stability of the ZnO
NPs must be investigated in order to gain a comprehensive understanding of the complex
solutions delivered to the cells in the toxicity assays. Investigation of dispersion
characteristics was achieved through use of dynamic light scattering (DLS), inductively
coupled plasma-mass spectrometry (ICP-MS) and plunge freezing — transmission electron
microscopy (PF-TEM) techniques. The conventional drop casting preparation route for
TEM grids is not suitable for characterising dispersions as the NPs tend to agglomerate as
the sample dries. Liquid cell TEM and an atmospheric SEM (ASEM) were also employed
to investigate ZnO NP suspensions. The benefit of these two techniques is that they enable
in situ observation of NP suspensions. Liquid cell TEM and ASEM are not included in the

characterisation protocol.

3.2.4.1 Inductively Coupled Plasma Mass Spectrometry

The analytical technique, inductively coupled plasma-mass spectrometry (ICP-MS)
is described in section 3.2.1.1. The concentration of only one element, Zn, is under
investigation in this adaptation of the technique. In order to determine the solubility of
ZnO NPs when in a liquid medium, dispersions of the NPs are prepared and allowed to age
accordingly. The particles are then removed via ultracentrifugation (14,500 rpm) and the
supernatant withdrawn and analysed in the ICP-MS instrument. The use of ICP-MS as a
technique to determine Zn®* ion concentration in dispersions of zinc oxide NPs has
previously been reported (Xia et al., 2008; George et al., 2010). Limitations to this
technique include failure to remove entirely, the solid fraction of NPs, however
characterisation of the supernatant using SEM or TEM can confirm whether or not there
are NPs still present.

Investigations were carried out using a PerkinElmer SCIEX ELAN DRC-e ICP-MS
with a PerkinElmer S10 Autosampler. A VWR Zinc Nitrate (Solspen) standard salt
solution over a range of concentrations was used in order to calibrate the ICP-MS
instrument. After each sample run, the sample holder was washed with 2 % nitric acid and
the tubes were flushed. The ICP-MS instrument has an upper concentration limit of around

1 part per million to which it is capable of detecting an element in the sample. Therefore
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samples were diluted appropriately to ensure the concentration of zinc in the sample could
be detected by the instrument.
Sample Preparation

Sample preparation was designed to produce suspensions of ZnO that would mimic
the conditions of the toxicity assays. Experiments investigating NP exposure to cells are
carried out at 37°C in Dulbecco’s Modified Eagle Medium (DMEM). The solubility of the
ZnO samples was investigated as a function of ZnO NP concentration, time, temperature
and medium composition. The solubility of ZnO NPs in DMEM, DMEM with
supplementary BSA and water was investigated. The different temperatures investigated
were 25 and 37 °C and the ZnO concentrations studied were 100, 30, 10, 3 and 1 pg/ml. In
order to separate the ZnO NPs from the solution, samples were centrifuged at 14,500 rpm
for 36 minutes. The supernatant was then withdrawn and analysed by ICP-MS. In order to
determine dissolution kinetics for ZnO NPs, solubility was determined over time. As the
time for centrifugation is 0.6 hours (36 minutes), the shortest age of a sample was 0.6
hours. Therefore the time intervals investigated were t = 0.6, 1.6, 4, 10, 24 and 48 hours.
The solubility data acquired is presented as the amount of dissolved ZnO (as a percentage
of the total concentration of ZnO in the suspension) plotted as a function of the variable
investigated.

3.2.4.2 Zeta Potential

Zeta potential is a physical property exhibited by particles in a suspension and is an
indication of the stability of a suspension. Most particles dispersed in a system will have a
surface charge resulting from either adsorption of charged species or ionisation of surface
groups. This charge will change the distribution of the surrounding ions in the solvent,
forming an electrical double layer. The liquid layer surrounding the particle exists as two
parts; an inner region called the Stern layer, where the ions are tightly adsorbed to the
surface of the particles and an outer region called the diffuse layer, where they are less
strongly associated (Taroco et al. 2011). Within the diffuse layer there is a boundary called
the slipping plane which marks the point where the surrounding ions cease to exist as a
stable entity with the particle. The potential at this boundary is the zeta potential. The
magnitude of the zeta potential gives an indication of the stability of the suspension as
particles with a relatively high zeta potential (+30 or — 30 mV) will tend to repel each other

and hence remain in suspension (Malvern Instruments, Zeta Potential).
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There are a number of factors that will affect the zeta potential of a sample, such as
pH and ionic strength. For example, increasing the pH will make the value of the zeta
potential more negative, as the number of OH- ions adsorbed to the NP surface will
increase. Solutions with high ionic strength reduce NP stability as the charge of the NPs is
screened by the ions in solution.

The zeta potential of a suspension of particles can be determined by measuring the
electrophoresis of the particles when an electric field is applied across the suspension.
Electrophoresis is the movement of a charged particle relative to the liquid in which it is
suspended under the influence of an applied electric field. When an electric field is passed
across the sample, the charged particles will migrate towards the electrode which is
oppositely charged. The velocity at which they move towards the electrode is proportional
to the magnitude of the zeta potential. The velocity of the particles is measured by a laser.

Zeta potential measurements were carried out using a Malvern Zetasizer Nano ZS
instrument. A chart is produced counts plotted as a function of charge (mV). A chart is
produced presenting the counts measured as a function of charge (mV); the zeta potential is
determined as the charge with maximum counts. Examples of zeta potential charts are
presented in Figure 6-5. Zeta potential sample preparation was synonymous with that of
DLS which is described in the following section (see Section 3.2.4.3).

3.2.4.3 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is the technique most commonly employed for
investigating in situ the sizes and size distribution of particles and/or agglomerates in
liquids. In DLS, the velocity at which particles are diffusing due to Brownian motion is
measured by the scattering of a laser light. The velocity of Brownian motion of a particle is
defined by a property known as the translational diffusion coefficient, D. This can be used
to derive the hydrodynamic diameter (based on a sphere) by the Stokes-Einstein equation
(Equation 3-5):

d(H) =kT /3mmD Equation 3-5

Where d(H) is the hydrodynamic diameter, D is the translational diffusion coefficient, K is
Boltzmann’s constant, T is the absolute temperature and 7 is the viscosity. Although DLS

provides rapid measurement of particle size distributions in a suspension, there are intrinsic
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limitations associated with the technique. DLS works on the assumption that all of the
particles suspended in the liquid are spherical. Additionally, the technique is not capable of
distinguishing between particles of different compositions, and relies on knowledge of the
refractive index of the suspended particle as well as the viscosity and concentration of the
liquid medium (Berne and Pecora, 1990). DLS is more sensitive to the larger size fraction
of a polydispersed suspension due to the intensity of scattered light being proportional to d°
(where d is the diameter of the scattering particle). There are both upper and lower NP
concentrations at which the instrument can accurately measure the particle sizes present.
Finally, if the dispersing media contains a solid fraction of un-dissolved macromolecules,
there is a chance that the DLS will measure these as suspended particles if they are
significantly more concentrated than the particles of interest.

Dynamic light scattering (DLS) measurements were carried out using a Malvern
Zetasizer Nano ZS instrument. Data manipulation was performed by the DTS Nano
software to determine the particle size distribution. The dispersion of the ZnO NP samples
in deionised MilliQ water (with a resistivity of 15 MQcm), Dulbecco’s modified eagle
medium (DMEM) and DMEM with 10 % w/w bovine serum albumin (DMEM-BSA) was
investigated. All samples were prepared at 3 different concentrations of ZnO, 1000, 100,
and 10 pg/ml. The suspensions were ultrasonically agitated for 20 minutes prior to DLS
analysis. Examples of hydrodynamic size distributions for ZnO NP suspensions measured
by DLS size, plotted as a function of intensity, volume and number are presented in Figure
4-19.

3.2.4.4 Plunge Freezing - Transmission Electron Microscopy

A technique often employed to complement DLS is TEM. The primary particle size
obtained from measurements from TEM images of a sample is often in excellent
agreement with DLS measurements in a simple monodispersed system (Zheng et al.,
2002). However, quantitative comparison of size distributions of agglomerates obtained by
DLS and TEM cannot be performed due to the drop casting sample preparation technique
used in TEM. This method involves dropping and drying a solution on a grid. However,
the drying effects that occur during this process cause the particles to agglomerate, which
means that the agglomerates observed in TEM images are not representative of the state of
the particles when in suspension (Dutta et al., 2007). Furthermore as discussed in section
3.2.4.3, there are inherent limitations with DLS.
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An alternative method of TEM sample preparation involves plunge freezing (PF) a
solution onto a TEM grid at a speed quick enough to vitrify the aqueous phase and ensure
that there is no significant movement of suspended material. This can be achieved by
placing a small volume of the sample onto a carbon support film which has undergone
oxygen plasma treatment in order to increase the hydrophilicity. The support film is then
blotted in order to create a thin layer of the dispersion and plunged into liquid ethane which
preserves its features and vitrifies the sample (Dobro et al., 2010, White et al., 1998). The
vitrified sample can then be analysed in its vitrified state in a cryogenic-TEM (i.e. a TEM
with a cooled sample holder and cyroshielding). However, there are limitations associated
with cryogenic TEM as the electron beam interacts with the sample and can cause it to
melt. Images must be taken at low magnification making features difficult to identify. The
layer of vitrified ice can also decrease the resolution of features in the sample. In a study
by Hondow et al. (2012), it is reported that if the prepared TEM grid is allowed to warm up
to room temperature in a rotary pumped vacuum desiccator, the position of the particles do
not move. The sample can then be imaged in a conventional TEM and the size of the
agglomerates measured will be representative of the dispersion and can therefore be
compared with DLS.

Sample Preparation

In order to prepare plunge frozen TEM specimens, TEM grids purchased from
Agar Scientific (Carbon film on copper mesh) were glow discharge treated using a
Cressington 208C Carbon Coater at 5kV for 30 seconds. The vitrification instrument used
was an FEI Vitrobot Mark 1VV. Temperature was maintained at 20 C and humidity at 100
%. A 30 second delay was implemented prior to blotting, followed by a 3.5 s blotting time
and a blot force of 6. After the specimen was plunged into liquid ethane, it was
immediately transferred to a liquid nitrogen cooled container which was then immersed in
liquid nitrogen. The grid was then warmed to room temperature in a rotary pumped
vacuum desiccator. The examples of TEM images of CdTe/ZnS quantum dots prepared by
PF technique, presented in Figure 3-3, show that the particles do not significantly move

around on the carbon support film when warmed up under vacuum conditions.
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Figure 3-3 PF-TEM images of 10nM QTracker 705 CdTe/ZnS quantum dots; (a)
sample kept frozen and imaged in a cryo-TEM; (b) TEM image of the same cluster of

particles warmed up in the microscope. (Hondow et al., 2012)

Table 3-1: Summary of the advantages and disadvantages of each of the techniques

included in the characterisation protocol.

Technique

Advantages

Disadvantages

X-ray Diffraction (XRD)

Gas adsorption (BET)

Thermogravimetric Analysis
(TGA) with Evolved Gas
Analysis (EGA) by Fourier
Transform Infra-red
Spectroscopy (FTIR)

Fourier Transform Infra-red

Spectroscopy (FTIR)

Bulk analysis of sample. Sample can be

used again after analysis.

Bulk analysis of sample. Sample can be
used again after analysis if stable up to
250°C.

The temperature at which a species is

evolved is known. This information can

help to identify the compound from
which it came.

Very small amount of sample required.

Lengthy analysis required for low

sample masses.

Relatively large amount of powder
required. Agglomerated particles
and coatings on particles may

confound results.

Destructive technique — sintering of
the ZnO NPs is observed during the
heat treatment (below 900°C).

Difficult to identify exact
composition of unknown materials.
Ambiguity arises through overlap of

bands for different functional

groups.
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Technique

Advantages

Disadvantages

X-ray Photoelectron
Spectroscopy
(XPS)

Carbon 13 Nuclear Magnetic

Resonance Spectroscopy (NMR)

Transmission Electron
Microscopy (TEM) Imaging,
Energy Dispersive X-ray
Spectroscopy, Electron Energy
Loss Spectroscopy, Selected

Area Electron Diffraction

Scanning Electron Microscopy
(SEM) Imaging and Energy
Dispersive

X-ray Spectroscopy (EDX)

Dynamic Light Scattering
(DLS)

Zeta Potential (ZP)

Very small amount of sample required.

Non-destructive technique.

Images of primary particle size. Can be
done on a single particle or group of

particles.

Larger selection of sample can be

investigated than in TEM.

Fast measurement. Works very well for

monodisperse, stable NP suspensions.

Fast measurement.

Only probes the surface few
nanometres of the sample. Not a
stand alone technique for
identification of chemical bonds.

Information is obtained only about

bonds containing carbon.

Potentially too small a specimen
size to be representative of the
sample. Drying can change

dispersion state. Time consuming.

Limited magnification resulting in
poorer resolution of nano sized
particles than TEM. Drying can

change dispersion state.

Technique struggles with too
low/high concentration of NPs,
complex dispersing media,

polydisperse, unstable samples.

Technique struggles if suspension is
unstable. Complex suspending
media can interfere with zeta

potential measurements.
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Technique Advantages Disadvantages

Possibility that NPs remain in the

Inductively coupled plasma - ) supernatant, therefore additional
Many samples (100s) can be carried out ) ) )
mass spectrometry o analysis must be carried out in order
at once as technique is automated. ] o
(ICP-MYS) to confirm this is not the case.

) . |A minimum of 250 agglomerates are
Direct measurement of agglomerates is

Plunge freezing-Transmission . . ) ] measured so the process is time
. achieved unlike DLS which relies on . .

Electron Microscopy . L | consuming. Very small sample size
mathematical approximations to obtain .

(PF-TEM) therefore could be argued that it is

size distributions. )
not representative.
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3.3 Alternative Techniques for Characterizing Nanoparticles in Solutions

The techniques detailed in this section enable direct imaging of NPs in
solutions in the SEM and TEM. Liquid cell transmission electron microscopy (LC-
TEM and atmospheric scanning electron microscopy (ASEM) were carried out at the

University of York.

3.3.1.1 Atmospheric Scanning Electron Microscope

An atmospheric scanning electron microscope (ASEM) (JEOL ClairScope JASM-
6200) (Nishiyama et al., 2010) is capable of observe dynamic phenomena in liquid or
gas under atmospheric pressure in real time (Nishiyama et al., 2010; Suga et al., 2011).
In this instrument, the SEM has an inverted structure, with the electron gun at the bottom as

can be seen in Figure 3-4.

Optical microscope

Dish with SiN | AIr
membrane
(window)

Detector

/
Magnetic
lens

Electron
beam

Gun

Figure 3-4 ASEM with inverted SEM structure. An optical microscope is
arranged above the SEM with the specimen dish in between. The removable

dish features a SiN window (Nishiyama et al., 2010)

An optical microscope is situated above the SEM with the specimen dish in between.
An electron-permeable window made of atmospheric pressure-resistant 100 nm-thick
silicon nitride (SiN) film, set into the bottom of the open ASEM sample dish, allows
an electron beam to be projected from underneath the sample. A detector positioned

below captures backscattered electrons.
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3.3.1.2 Liquid Cell Transmission Electron Microscope

Liquid cell transmission electron microscope (TEM) enables the imaging of
materials in liquids, directly in a TEM. In order to achieve this, a thin yet stable layer
of liquid must be formed. This is achieved by means of a hermetically sealed
enclosure, or ‘liquid cell’, that constrains the liquid into a layer less than a few
micrometres thick (De Jonge & Ross, 2011) as is presented schematically in Figure
3-5.

Yacuum Electron beam
K
Silicon TEM
Nitride
Membrane
'ﬂ\ ‘HK"H\
N Silicon
Chips
""l. Support

Manoparticles

1 Transrmitted electrons

Figure 3-5 TEM imaging of NPs in a liquid fully enclosed between two electron

transparent silicon nitride membranes (adapted from de Jonge & Ross, 2011).

In order to carry out imaging of the sample, a double aberration corrected
JEOL 2200 FS TEM operating at 200 keV in STEM mode was employed. A
Protochips Poseiden Liquid Flow TEM holder was used, and the liquid cell was
formed by two Poseiden silicon E-chips placed on top of one another with an
electron transparent viewing pane in the centre of the chips made from silicon
nitride. The viewing window is 50 x 400 um and the space between the silicon chips
is 150 nm. The 10 pg/ml ZnO NP suspension flow into the chamber was maintained

at 150 pl/hour using a Harvard Apparatus Syringe Pump.
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3.4 Toxicological Assays

The cytotoxicity and genotoxicity of the ZnO NPs was investigated using the
MTT and Comet assay respectively. For both the MTT and comet assay, the toxicity
of ZnO NPs samples to A549 lung epithelial cells was investigated for an exposure
time of 24 hours. A549 lung epithelial cells were cultured in DMEM with 10% foetal
calf serum (DMEM-FCS).

3.41 MTT Assay

Cytotoxicity was measured by determining cell viability using the MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) colorimetric assay.
The MTT solution reduces from a yellow tetrazole to purple formazan in the
mitochondria of living cells (where reductase enzymes are active). Cell viability is
measured by the percentage of light absorbance at a certain wavelength (typically
between 500 and 600 nm) using a spectrometer.

Cells were seeded at a density of 20,000 cells/well. The DMEM-FCS was
removed using a Vacuboy suction device and the cells were then washed with
Dulbecco’s phosphate buffer solution (DPBS).

100 pl of varying concentrations of ZnO suspensions in MilliQ water was
added to each well and diluted with 900 pul of DMEM (no FCS). The resultant
concentrations of ZnO in DMEM were 1000, 100, 10, 1 and 0.1 pg/ml. The wells
were then placed in the incubator (37°C / 10% CO,) for 24 hours after which time,
10 pl MTT1 dye was added to each well and then replaced in the incubator for 4 hrs.
100 pl MTT2 was added and the wells were placed back in to the incubator
overnight. Optical absorbance was then measured using a reference wavelength of
540 nm. The results, expressed as percentage viability are calibrated against
untreated control wells (without ZnO particles), thus determining the effectiveness of
the particles in causing cell death. The charts produced show the percentage cell
viability plotted as a function of ZnO NP concentration, examples of which are
presented in Figure 7-1. For each concentration of ZnO, the experiment was repeated
3 times. The cell viability was taken as an average of the 3 measurements and the

standard deviation was calculated.
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3.4.2 Comet Assay

Single-cell gel electrophoresis (comet assay) is a technique for measuring the
damage induced to the deoxyribonucleic acid (DNA) in cells (genotoxicity). After
cells have been exposed to a material of which the genotoxicity is to be determined,
they are embedded in agarose on a microscope slides and lysed with detergent and
high salt to form nucleoids containing supercoiled loops of DNA linked to the
nuclear matrix. When a current is passed across them in an electrophoresis tank,
loops containing breaks will uncoil and due to the negative charge of DNA, will
migrate towards the anode resulting in structures resembling comets. The treated
nucleoids are then stained and can be observed by fluorescence microscopy,
examples of which are presented in Figure 3-6 showing (a) an undamaged cell and
(b) a damaged cell. The intensity of the comet tail relative to the head reflects the

number of DNA breaks. The average percentage of DNA in the comet tail is

expressed as a measure of the genotoxicity.

Figure 3-6 Fluorescence microscope images of A549 cells after exposure to 10
pug/ml ZnO; (a) undamaged cell with DNA intact and (b) damaged cell with
DNA in the tail.

Sample Preparation

Description of solutions used in the comet assay:

Lysis buffer: 2.5M NaCl — 146.1g/L, 100mM Na;EDTA — 37.2g/L, 1% N-lauroyl
sarcosine — 10g/L, 10mM TRIS [pH 10] — 1.2g/L, 1% Triton (added immediately
before lysis), 10% DMSO (added immediately before lysis).
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Running buffer: 2ml/L of ImM EDTA -18.69/100ml (add NaOH to dissolve then
bring to pH 8 with HCI), 1.5L of 300mM NaOH — 12g/L

Neutralising buffer: 400mM TRIS pH 7.5 — 48.6¢/L (pH to 7.5 with HCI)
Ethidium bromide: 500ug/ml stock soln - 20ul/ml

All solutions made in de-ionized water.

A work station (hood with extraction) was sterilized using ethanol and Virkon
and prior to any containers entering the sterile atmosphere, they too were cleaned
using the same solutions. The cells were divided equally into 6 well plates where
they attached to the floor of the well. The DMEM-FCS was removed using a
Vacuboy suction system, being careful not to damage the cells in the process. 2mls
of DPBS was added to each well in order to wash the cells and subsequently
removed. 1.8 mls of DMEM (no FCS) was then added to each well, followed by 200
pl of ZnO suspensions of varying concentrations. Cell suspensions are then stored in
a cell culture incubator (37°C / 10% CO2) for 24 hours. Microscope slides used as a
substrate for the cells during electrophoresis, were coated in 1% normal agarose in
DPBS solution at 37°C. 100ul agarose is spread evenly onto warm slides using a
clean slide. These were left to dry completely and stored for up to 1 week at room
temperature in an air tight box.

After exposure, 60ul of the cell suspension was added to 200ul of 1% low
melting point agarose in PBS (kept at 37°C). Duplicates of 100l cells suspended in
agarose were placed onto one prepared slide side by side then covered with
coverslips in order to spread the agarose evenly. The prepared slide was immediately
placed on an ice block for a maximum of 30 seconds to set the agarose but avoid
disruption of the cells. The coverslips were removed and placed in a black box and
immersed in lysis buffer at 4 °C for a minimum of 1 hour. In a dark room, the slides
were then immersed in freshly prepared cold running buffer in the electrophoresis
tank. The nucleoids were then left to unwind for 40 minutes.

A voltage of 23 V was then applied for 20 minutes — again this was carried out in
a dark room. After electrophoresis, the slides were carefully removed from the tank
and covered with cold neutralising buffer for 5 minutes. They were then stained with
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25l ethidium bromide solution and a coverslip added. The slides were then stored
in an airtight box at 4°C for a maximum of 2 days.

The slides were then scored using a fluorescence microscope. The percentage
head and tail DNA of 125 cells per treatment were analysed, using the Komet 5.5
software. Control cells were treated with 1.8 ml DMEM and 200 pl MilliQ water.
Experiments were carried out in triplicate. The average percentage of DNA damage
and standard deviation was calculated and the results are plotted as bar charts with
percentage DNA damage plotted as a function of ZnO NP concentration, examples of

which are shown in Figure 7-2.

3.4.3 Statistical Analysis of Toxicity Data

The statistical difference between control and treated cells was statistically
analysed by paired Student’s t-test. The difference between two sample means
measured in terms of the standard error of those means (t) was calculated using the

following equation:

t=(X1-X,) / (s:%/ny + s5%/ny)Y? Equation 3-6

Where X; is the mean of sample 1, X, is the mean of sample 2, n; is the number of
samples from which the average was obtained for sample 1, n, is the number of
samples from which the average was obtained for sample 2, s; is the standard
deviation of sample 1 and s, is the standard deviation of sample 2. The outcome of
the t-test is called the t-value. The t-value was then converted into a p-value using a
t-table (T Distribution Critical Value Table, 2013). The p-value is always between 0
and 1 and gives the probability of the difference in the data being due to sampling
error or chance. Any measurement with p < 0.05 is taken to be statistically,

significantly different to the control experiment.
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3.4.4 Uptake Studies

The toxicological effect of ZnO NPs to cells was also investigated by monitoring
NP uptake in vitro. After incubation with ZnO NPs at 37°C and 10 % CO, in
DMEM, cells were prepared for TEM analysis. This was achieved by harvesting the
cells and then placing in fixative (2% glutaraldehyde and 2% formaldehyde in 100
mM PIPES buffer). The cells were then washed in a buffer, then spun into pellets and
fixed in 2% osmium tetroxide. Following dehydration by a series of ascending
strength alcohols and washing with dry acetone, the specimens were infiltrated with
Spurr’s resin which was polymerised at 60 °C for 24 h. From the polymerised block,
sections were cut with a nominal thickness of 100 nm using an ultra-microtome
(Leica Ultra-cut E) and placed on a copper grid (Agar Scientific). Sections were

stained with urinyl acetate and then analysed using TEM and STEM.
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4 Characterisation of Commercially Sourced ZnO
Nanoparticle samples

In order to obtain a set of ZnO NPs suitable for use in toxicity assays, a variety of
samples were sourced from commercial suppliers. In total, 12 samples were sourced
comprising 3 colloidal dispersions of ZnO NPs in water (some with coatings added
to the particles to aid in the dispersion) and 9 dry powder samples. In order to
correlate toxicity assay results to a specific well defined set of NP characteristics, it
is essential to thoroughly characterise each ZnO sample. Required characteristics of
the NPs are the size, morphology, composition, purity, phase content, agglomeration
and dissolution at appropriate solution concentrations. This chapter screens all 12
samples (section 4.1) and then concentrates on more detailed characterisation of just
three commercial samples (section 4.2) selected to go forward for dispersion and
solubility characterisation (Chapter 6) and toxicity studies (Chapter 7), on the basis
of their differing physicochemical characteristics. The characterisation techniques
discussed in chapter 3 are employed in order to acquire all of the desired

physicochemical characteristics of the ZnO NP samples.

4.1 Review of Commercial ZnO Nanoparticle samples

Initially all 12 samples were screened by TEM in order to determine the NP
size distribution and morphology. The results of these investigations are presented in
Table 4-1 where a great deal of variation between samples is evident. The Feret
lengths (the greatest distance between two parallel lines that just do not intersect in
an image of the particle) and Feret widths (the smallest distance between two parallel
lines that just do not intersect in an image of the particle) (Xu and Di Guida, 2003) of
250 particles from each sample were measured from TEM images. For each particle
measured, the Feret ratio (Feret ratio = Feret Length /Feret Width) was obtained. The
average particle Feret length, Feret width and Feret ratio for each sample was
calculated from the 250 particle measurements and are reported along with the
standard deviation in Table 4-1. Results indicate that the majority of samples have
large size distributions and contain particles of varying morphology. This indicates

that in order to obtain samples with narrow size distributions, either a method of
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particle separation by size must be developed, or more controlled methods of
synthesis need to be developed. The synthesis of ZnO NPs by a number of
techniques is discussed in Chapter 5 however, it was thought to be important to
continue investigations with commercial samples, as these particles are a more
accurate representation of the particles being used in commercial applications such as
sunscreens and cosmetics. Hence, the need to determine their toxicity is of direct

environmental relevance.

Three commercial ZnO NPs were chosen to investigate in the toxicity studies
and assigned sample codes: Alfa Aesar Nanotek 40 % wt colloidal dispersion in
water (EN-Z-1), Alfa Aesar Metals Basis dry powder (EN-Z-2) and Micronisers Pty
Limited Nanosun dry powder (EN-Z-3) (Table 4-1 Summary of commercial samples
purchased including a TEM image and particle sizes measured from 250
particles.Table 4-1). EN-Z-1 was selected in order to investigate a sample received as
a colloidal dispersion in water, which may most closely mimic the state in which the
NPs will be delivered to the environment if in the form of a suncream or cosmetic
etc. Of the commercial colloidal dispersions available, EN-Z-1 has the narrowest size
distribution (Length: 30 = 20 nm; Width: 16 £ 10 nm; Feret Ratio: 1.9 + 0.8).
Information obtained from the vendor revealed that these particles are made by
Physical Vapor Synthesis; a solid metal is fed into an electric arc to generate a high
temperature vapor, a reactant gas is added to the vapor, and the result is then cooled
and condensed to form NPs (TechServices, 2012). EN-Z-2 ZnO nanopowder was
selected for its relatively narrow size distribution (Length: 40 + 20 nm; Width: 30 £
12 nm; Feret Ratio: 1.45 + 0.3). The vendor would not disclose any information
regarding the synthesis procedure for these NPs. EN-Z-3 was chosen because it is
used in a commercially available sunscreen and has a relatively narrow size
distribution (Length: 38 £ 10 nm; Width: 30 £ 7 nm; Feret Ratio: 1.34 + 0.25). EN-
Z-3 is produced by mechanical milling of bulk ZnO (www.micronisers.com).

As the ENNSATOX project was going to be investigating a number of
different ZnO NP samples as well as other NP materials, it became clear that the
development and implementation of a characterisation protocol was necessary to

ensure a systematic approach was adopted.
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Table 4-1 Summary of commercial samples purchased including a TEM image and particle sizes measured from 250 particles.

Nominal Size Suopli Average Particle Size (nm)
) upplier
Sample Name Supplier Quoted by Purity (%) Form L = Feret Length; W = Morphology
uri 0
Supplier (nm) Y Width; FR = Feret Ratio
Ranging from
) L =105+67; W=45+28; spherical to
Zn0O lo-Li-Tec 10-200 99.9 Dry powder
FR=29+22 elongated, faceted
and equiaxial
Ranging from
) ) L =113 +51; W =26+ 38; spherical to
Zn0O <50 nm |[Sigma Aldrich 10-100 96.1 Dry powder
FR=3.61+2.26 elongated, faceted
and equiaxial
Ranging from
) . L=80+30;W=37+26, spherical to
ZnO < 100 nm |Sigma Aldrich 10-200 99.5 Dry powder

FR=274+1.15

elongated, faceted

and equiaxial.

TEM image
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Nominal Size Suppli Average Particle Size (nm)
upplier
Sample Name Supplier Quoted by b ip %) Form L = Feret Length; W = Morphology TEM image
uri 0
Supplier (nm) Y Width; FR = Feret Ratio
Ranging from
L=140+50; W=67+30; spherical to
NanoGard Alfa Aesar 10-200 99 Dry powder
FR=245+%1.23 elongated, faceted
and equiaxial
Ranging from
NanoGard Low L=150+130; W=44+35 spherical to
Alfa Aesar 10-200 99 Dry powder
Lead FR=44+49 elongated, faceted
and equiaxial.
Metals Basis ZnO L=40+20; W=30%12; | Mostly spherical,
Alfa Aesar 20-30 99 Dry powder

EN-Z-2

FR=1.45%0.3

faceted, equiaxial.
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Nominal Size Suppli Average Particle Size (nm)
upplier
Sample Name Supplier Quoted by b ip %) Form L = Feret Length; W = Morphology TEM image
uri 0
Supplier (nm) Y Width; FR = Feret Ratio
Dry; organosilane Ranging from
ZnO Nanotek® ¥ o J -g
) coated, L=100+35 W=40+35; spherical to
Organosilane | Alfa Aesar 40-100 99% .
hydrophobic, FR=356%21 elongated, faceted
Coated o
polar. and equiaxial.
Ranging from
L=102+52; W=48+37; spherical to
Zn0O, Nanotek® | Alfa Aesar 40-100 99 Dry powder
FR=3.35%£3.20 elongated, faceted
and equiaxial
Zn0O, Nanotek®, ) i
] 40 % 40% colloidal | L=30%20; W=16+10; | Mostly elongated
40% in H20 Alfa Aesar 40 ) ) o
ENZ.1 concentration |dispersion in H,O FR=19+0.8 and faceted.
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TEM image

Nominal Size Suppli Average Particle Size (nm)
upplier
Sample Name Supplier Quoted by b ip %) Form L = Feret Length; W = Morphology
uri ()
Supplier (nm) Y Width; FR = Feret Ratio
50% colloidal
Zn0O dispersion in H,O Spherical,
] 50 % ) o L=114+47,W=30%15;
NanoShield®, | Alfa Aesar 70 ) with cationic elongated, faceted,
concentration FR=45%+25 o
50% IN H20 surfactant equiaxial.
(unknown)
40% colloidal
dispersion in H,O Spherical,
Zn0O, NanoArc®, 40 % ) o L=90+78,W=30+22;
) Alfa Aesar 30 ) with non-ionic elongated, faceted,
40% in H20 concentration FR=3.7+27 o
surfactant equiaxial.
(unknown)
Nanosun Micronisers L=38+10;W=30x7; |Spherical, faceted, -“"
o n/a n/a Dry powder o
EN-Z-3 Pty Limited FR=1.34+0.25 equiaxial.
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4.2 Characterisation Protocol

In order to obtain information regarding a NP sample’s distribution of particle
sizes and morphologies, crystallinity, composition and purity, agglomeration
behaviour and solubility, a variety of techniques were required (Chapter 3). The
characterisation techniques were divided into four categories: bulk powder
characterisation (ICP-MS, TGA-EGA, XRD, BET and Helium pycnometry), surface
or surfactant characterisation (FTIR, XPS and NMR), NP characterisation (SEM,
TEM, and DLS) and NP solution characterisation (DLS, Zeta potential, ICP-MS, PF-
TEM) The characterisation protocol (Wallace et al., 2013) was applied to each of the
samples chosen to be investigated in the ENNSATOX project.

Results for bulk sample characterisation, surface characterisation and particle
characterisation techniques for in house synthesized samples of ZnO are reported in
Chapter 5. Characterisation of NP solutions revealing information regarding
solubility and dispersion is reported in Chapter 6. Results for bulk sample
characterisation, surface characterisation and particle characterisation techniques for
commercial samples of ZnO are reported in this chapter (Chapter 4).

N.B. For the techniques requiring dry powder samples, EN-Z-1 was dried in an oven

for 72 hours at 30°C in order to remove the water content of the sample.

4.2.1 Bulk Sample Characterisation
ICP-MS, XRD, BET, Helium pycnometry and TGA-EGA using FTIR were
employed in order to determine information regarding the composition, phase, purity

and particle size of the bulk powder.

4.2.1.1 Inductively Coupled Plasma-Mass Spectrometry

Aqueous suspensions of each of the samples of ZnO were prepared as
described in section 3.2.1.1 and were then analysed using ICP-MS in order to obtain
an overview of the concentrations of any impurities present in the samples. The
MilliQ water used was also analysed as well as a blank of water with HNO3. The
detected concentration of each element in EN-Z-1, EN-Z-2 and EN-Z-3 is presented
in Figure 4-1. The data presented has the concentrations of each element measured

for the HNO3 blank subtracted. The main peak is that of zinc which is expected,
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although the actual concentration measured for each sample varies considerably from
the nominal concentration expected, especially in the case of EN-Z-1. ICP-MS does
not detect gases and therefore there is no peak for oxygen. Small amounts of sodium,
silicon and calcium are detected can be seen to derive from the water. Although triple
distilled MilliQ water was used, the amount of impurities present in the water would
depend on the age/use of the filter in the system.

299 . EN-7-1
| EN-Z-2
B EN-Z-3 7n

1500 | I MilliQ Water

1000

Concentration (ug/ml)

500 -

B Na AlSi KCa Fe

JQUWOZOoL 282X BpLNTXZFF>55L82388
Element

Figure 4-1 Results of ICP-MS total quant analysis reporting the concentration

of each element present in the sample.

4.2.1.2 X-ray Diffraction

The XRD patterns collected from the commercial powders are shown in
Figure 4-2 with the Miller indices of the diffracting planes indicated above each peak
in Figure 4-2 (a).
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Figure 4-2 XRD pattern for (a) EN-Z-1 (b) EN-Z-2 and (c) EN-Z-3 commercial
ZnO NP samples, with the Miller indices for the reflecting plane labelled. Peaks

corresponding to a secondary phase, thought to be hydrozincite, are labelled

with an asterix

64



The peaks in the patterns for EN-Z-1 in Figure 4-2 (a) are consistent with that
of the JCPDS reference file for the hexagonal-close-packed Waurtzite structure of
zincite (ref: 01-079-0206); Reference pattern and ZnO samples peak positions, with
relative intensities and corresponding d-spacings are presented in Table 4-2.

The EN-Z-2 powder pattern in Figure 4-2 (b) and the EN-Z-3 powder pattern
in Figure 4-2 (c) also contain all of the peaks consistent with the zincite reference
pattern. However, additional peaks are also observed, that have been labelled with an
asterix, which indicate there is a secondary phase in the sample. The peaks are
relatively clear in the EN-Z-2 sample, however for the EN-Z-3 sample, the pattern
must be closely inspected to identify them, indicating that the impurity is not as
prevalent in EN-Z-3. The peak positions observed are consistent with the most
intense peaks of the JCPDS reference file for hydrozincite (Zns.(CO3),.OHg) (ref: 00-
014-0256); See Table 4-3. The largest intensity peak in the reference pattern for the
311 plane of hydrozincite, which occurs at 30.591° 26 is present in both the EN-Z-2
and EN-Z-3 samples. The synthesis of Waurtzite zinc oxide containing varying
amounts of hydrozincite phase has previously been reported (Music et al. 2002;
Bitenc et al., 2012). The average crystallite size was estimated from each of the
peaks, using the Scherrer equation and assuming no contribution to the broadening
from residual strain (Cullity, 2001). Using all of the values obtained, an average
crystallite size was calculated for each sample; EN-Z-1 =52 + 15 nm; EN-Z-2 = 29
+5nm EN-Z-3=33+8 nm.

4.2.1.3 Gas Adsorption (BET)

The specific surface area (SSA) of each sample was determined by gas
adsorption technique (BET). Adsorption-desorption isotherms for EN-Z-1, EN-Z-2
and EN-Z-3 are presented in Figure 4-3, Figure 4-4 and Figure 4-5 respectively. It is
clear that the adsorption-desorption isotherm for EN-Z-1 is considerably different to
the isotherms for EN-Z-2 and EN-Z-3, indicating there may be significant
differences between the samples in relation to particle morphology or porosity. The
SSA values measured are reported in Table 4-4 along with the corresponding

calculated average particle sizes.
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Table 4-2 XRD peak positions, corresponding d-spacings, and relative intensities for EN-Z-1, EN-Z-2, and EN-Z-3 samples. Also
listed are the referenced values for zincite extracted from the JCPDS file ref: 01-079-0206

7n0 20(%) d-spacing (A) Relative Intensity (%o)
n
Number hkil JCPDS | Experimental XRD Pattern | JCPDS | Experimental XRID Pattern | JCPDS | Experimental XRI Pattern
Ref: | EN-Z-1 | EN-Z-2 | EN-Z-3| Ref: | EN-Z1| EN-Z2 | EN-Z3| Ref: | EN-Z 1| EN-Z-2 | EN-Z-3 |
1 1010 | 31.77 31.77 31.75 31.75 | 2815 2815 2816 2816 57.6 50.7 53.8 552

[ )

ooz | 3442 3442 34.40 3439 | 2.603 2.604 2.605 2.606 414 59.6 46.0 46.0
3 1011 | 3625 36.26 36.24 36.23 | 2476 2476 2477 2477 100 100.0 100.0 100.0

4 1012 | 4754 | 47.54 4754 | 47.52 1.911 1.911 1.911 1.912 214 282 23.6 213
5 1120 56.6 56.61 56.59 56.60 1.625 1.625 1.625 1.625 30.7 49.6 46.1 501
6 1013 | 62.86 62.86 62.84 62.83 1477 1477 1.478 1478 264 51.6 38.6 393
7 2020 | 66.37 66.36 66.40 66.40 1.407 1.408 1.407 1.407 4 7.0 6.4 6.4
g 1122 | 6795 67.96 67.93 67.95 1.378 1.378 1.379 1.379 21.7 424 35.8 38.6

9 2021 | 69.09 69.08 69.10 69.07 1.359 1.359 1.358 1.359 10.5 204 17.1 182
10 ooo4 | 72.57 72.57 72.92 72.53 1.302 1.302 1.296 1.302 1.6 52 3.0 3.0
11 2022 | 76.96 76.95 T6.85 76.99 1.238 1.238 1.239 1.238 33 6.6 4.6 48
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Table 4-3 Peak list extracted from JCPDS reference file for hydrozincite (ref:
00-014-0256). Also listed are the corresponding peaks present in the EN-Z-2 and
EN-Z-3 XRD spectra.

Zns{COs)2{OH)4 20(°) d-spacing (&) Relative Intensity (%)

Mo. hkl ICPDS |Experimental XRD| JCPDS |Experimental XRD| JCPDS | Experimental XRD
Reference| EN-Z-2 | EN-Z-3 |Reference| EN-Z-2 | EN-Z-3 |Reference| EN-Z-2 | EN-Z-3

1 200 13.283 13.251 6.60 0.08 - 32.0 4.7

2 001 16.454 - 5.37 - - 6.0

3 201 19.930 - 4,45 - - 6.0

4 201 22.206 22.301 4 3.98 - 13.0 1.6

5 111 23.267 - 3.82 - - 3.0

6 310 24,367 24,335 3.65 3.65 - 13.0 1.3

7 311 28.401 28.368 3.14 3.14 - 16.0 2.1

) 401 29.858 - 2.99 - - 3.0

9 311 30,591 30,601 | 30.596 2.92 2.92 2.92 100.0 2 2.7

10 021 32.902 32.854 2.72 2.72 - 23.0 3.4

11 510 36.343 - 2.47 - - 13.0

12 a1l 38.61 38.602 | 38.511 2.33 2.33 2.34 6.0 1.5 2.7

13 420 39.312 - 39.320 2.29 - 2.29 6.0 2

14 312 40.041 - 2.25 - - 3.0

15 402 40,798 - 2.21 - - 6.0

16 511 41.584 - 2.17 - - 3.0

17 022 a44.6 - 2.03 - - 6.0

18 330 47.569 - 47.439 1.91 - 1.91 6.0 1.1

19 710 49.29 - 1.847 - - 3.0

20 331 50.315 - 1.812 - - 6.0

21 331 51.533 - 1.772 - - 6.0

22 621 54,337 24,204 | 54.309 1.687 1.69 1.69 16.0 1.1 1.9

23 132 55.55 - 1.653 - - 3.0

24 712 58.519 58.552 1.576 1.58 - 13.0 1.7

23 023 59.43 59.495 1.554 1.55 - 10.0 1.9

26 332 60.722 60.622 | 60.712 1.524 1.53 1.52 6.0 2.2 0.9

27 223 62.028 - 1.455 - - 3.0

28 603 63.445 - 1.465 - - 16.0

29 910 64.179 - 1.45 - - 3.0

30 821 66.71 - 1.401 - - 3.0

31 911 68.482 - 1.369 - - 10.0

32 242 1.346 - 13 - - 13.0

33 640 72.935 - 1.256 - - 3.0

34 442 73.997 - 1.28 - - 3.0

35 150 75.586 - 1.257 - - 2.0

36 024 774 - 1.232 - - 13.0

37 604 80.191 - 1.156 - - 6.0

38 243 83.928 - 1.152 - - 6.0

67



The average particle size approximated from BET for EN-Z-2 and EN-Z-3 are 37
and 25 nm respectively. These values are in relatively good agreement with XRD
crystallite size determinations of 29 + 5 nm for EN-Z-2 and 33 £ 8 nm for EN-Z-3;
falling within the standard deviation, indicating that the particles are predominantly
single crystals. However, the average particle size obtained by BET for EN-Z-1, 387
nm, is significantly larger than the value determined by XRD, 52 = 15 nm. The
discrepancy between measurements may indicate that the particles are
polycrystalline, or heavily agglomerated. During the de-gassing process prior to BET
measurements, the samples are heated to 250°C. If a coating is present on the surface
of the particles, (EN-Z-1 is received as a colloidal dispersion therefore this may be a
possibility), the thermal treatment may cause the structure of the coating to alter or
be partially decomposed. It is possible that a decomposed layer of the coating may
encapsulate or aggregate a group of particles, which would result in a reduction in
the effective surface area. Additional analysis of the samples by DLS and PF-TEM is

required in order to clarify the results.
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Table 4-4 Specific surface area measurements for commercial ZnO samples
determined by gas adsorption technique (BET)

Sample Name|Specific Surface Area (m’fg}l Standard Deviation (m?*/'g) | Particle Size (nm)

EN-Z-1 277 0.013 386.60
EN-Z-2 43.61 0.317 24.52
EN-Z-3 2817 0.060 37.18

4.2.1.4 Thermogravimetric Analysis with Evolved Gas Analysis by Fourier
Transform Infrared Spectroscopy

Figure 4-6, Figure 4-7 and Figure 4-8 (a) present the results of TGA experiments
heating to 950 'C, performed on the samples with the mass loss expressed as a
percentage of the total initial starting mass. Evolved gas analysis was performed on
the sample in order to confirm the composition of the gases emanating from the
sample during TGA. The reduction in mass observed in Figure 4-6, Figure 4-7 and
Figure 4-8 (a) can be explained by the increase in overall absorbance observed in the
Gram-Schmidt plots presented in Figure 4-6, Figure 4-7 and Figure 4-8 (b). Figure
4-6, Figure 4-7 and Figure 4-8 (c) show how the absorbance intensity changes for
specific wavenumber ranges as the temperature rises, with the wavenumber range
labelled on the graph.

The TGA curve for EN-Z-1 displays a very small mass drop between 50°C
and 150°C in which the sample loses approximately 0.5% of the total mass. This can
be explained by evaporation of water weakly adsorbed to the NP surface (Li et al.,
2010). Evidence for this is observed in Figure 4-6 (c) which shows the absorbance
detected in the range 1350-1450 cm™, indicative of O-H bending, increasing in
intensity over the same temperature range, 50°C to 150°C. There is then a steeper
reduction in weight between 150 and 250°C where the sample loses around 1.5% of
its total mass. Figure 4-6 (c) shows two peaks of absorbance in the range 2250-2400

cm™, indicative of carbon dioxide evolving between 150 and 250°C. Two more
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stages of CO, evolution are observed between 300 and 500°C and then again
between 500 and 800°C. The evolution of CO, between 30 and 500 °C is consistent
with the thermal decomposition of ZnCOj3; (Dollimore et al. 1979) which may
indicate that after drying the EN-Z-1 colloidal dispersion to obtain a powder,
atmospheric CO; has adsorbed to the surface to form ZnCOs. However, the other two
phases of CO, evolution are at temperatures that are not consistent with ZnCOj3
thermal decomposition. Therefore it is postulated that additional impurities are
present in the sample. It is possible that these evolutions may be attributed to a
coating, the unconfirmed presence of which has previously been discussed in light of
the unusual BET results. The sample loses more than 2% of its mass between 300
and 400°C. Although this is partially accounted for by CO, gas evolution, there is
also carbon monoxide gas being evolved. Evidence for this is observed in Figure 4-6
which shows a peak of absorbance in the range 1650-1700 cm™, indicative of CO
evolving from the sample. Again, this may be a result of decomposition of the
compound which may be present on the surface of the NPs. If the evolution of CO
and CO; gas has been correctly assigned to the coating, it would suggest that it is an
organic compound. Above 800°C the mass of the sample stabilises.

The TGA for the EN-Z-2 sample in Figure 4-7 shows a small loss of mass
between 50 and 150 °C. This is due to water evaporation, evidence for which is
observed in Figure 4-7 (c) which shows a peak of absorbance in the range 1350-1450
cm™ over the same temperature range. There is a steep drop in the curve between 220
and 260 °C which reflects a 3% loss of mass of the sample. This may be attributed to
the evolution of CO, evident in Figure 4-7 by the increase in absorption over the
range 2300-2400 cm™. There is also an increase in absorption over the range 1350-
1450 cm™ which indicates evaporation of water from the sample. The loss in mass
between 220 and 260 °C may be attributed to the thermal decomposition of
hydrozincite to form H,O and CO, gas which is reported to occur around 220 °C and
is in very good agreement with the results presented in this study (Ray et al., 2008;
Li et al., 2005). The EN-Z-3 sample follows the same trend as the EN-Z-2 sample,
however the mass losses and intensities of the absorption for CO, and H,O are not as
high. This may suggest that there is a smaller amount of hydrozincite present in this

sample which is in agreement with the qualitative results reported by XRD.

71



100 f———.
\-\ P
>~ 98}
§ 5 % total
=
96 |- —
--‘__\
94 i 1 1 A 1 i 1 A J
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
0.06 -
N
/|
I
— I
5004 - ||
i N [
> / I| | |' /"
‘v |I | | \ ‘," ‘II
qC) I l| ." .'. /-' \
I' 'i \ 1
Zoo2f [\ N / \ B
/ \ k,/" \ il / \—
//\A k// e
,/
0.00 = i I 1 I Il J
) 100 200 300 400 500 600 700 800 900 1000
P Temperature (°C)
20 - 1350-1450 cm 2300-2400 cm”’ 05
(H,0) f 1650-1750cm™”  CO,
— I l \{ I; e SR
5 ‘l.'. [ | | (CO) ! 0.4
a | .
> \ '
B 0.3
c
2
=
~ 0.2
(o]
o
0.1
0.0 - T . T — T T 1
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

('n'e) Ausuaiu) OzZH

(a)

(b)

(c)

o o o
4 Le)] ™
IsuBlu| 0D

('n'e) A

o
(%}

0.0

Figure 4-6 (a) TGA curve for EN-Z-1 showing loss of sample mass with

increasing temperature; (b) associated Gram-Schmidt plot showing increase in
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72



(@)
100
__w\\
2 981 | 4 % total
© ll
= '.
96 | gy . T
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
0.04 - (b)
0.03 4 |
= l
K l
20.02+ [l
b7} ‘ |
c
2 | '
£0.014 A
.“ll III'.
- R
0 100 200 300 400 500 600 700 800 900 1000
0,
Temperature ("C) ()
20 - -4
| \ - 2300-2400 cm’’
1350-1450 cm’! Lr 0 -
—— 15 = H O i "3~
. R O
3 2 | =
@ 2
E | )
) B g v
7 10 I’\‘ 28
b 1 I 0
£ I |'. ........... ~ £
o S5F / e e i Sl 1=
o : =2 N e =
= |
"/" I“'\_; 33 _— e o o
0 | ———————— . T . 0
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 4-7 (a) TGA curve for EN-Z-2 showing loss of sample mass with

increasing temperature; (b) Gram-Schmidt plot showing increase in FTIR

absorbance with increasing temperature and (c) Chemigrams showing FTIR

absorbance for specified ranges of wavenumber as temperature rises.

73



: (a)

X | X | A | X | M J
0 100 200 300 400 500 600 700 800 900 1000

0.02 — Temperature (°C) (b)
3
&
>001 |
D
c
o
E S
000 1 l 1 l L l L l 1 l
100 200 300 400 500 600 700 800 900 1000
Temperature (°C) (c)

3 2300-2440 cm’ - 08 .
s CcO : ]
- 2 & |\ o— 1350-1450 cm” 4 040
o > L H,0 ' 5
= - 03 @
2 ] 2
.g - 02
—N 1 -~ a
o g
(&) 4 01 E

0 1 | 1 | 1 l 1 | 1 00

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 4-8 (a) TGA curve for EN-Z-3 showing loss of sample mass with
increasing temperature; (b) Gram-Schmidt plot showing increase in FTIR
absorbance with increasing temperature and (c) Chemigrams showing FTIR

absorbance for specified ranges of wavenumber as temperature rises.

74



4.2.2 Surface Characterisation

Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS) and solid state carbon 13 nuclear magnetic resonance
spectroscopy (*C NMR) techniques were employed to investigate the surface

composition of the samples.

4.2.2.1 Fourier Transform Infrared Spectroscopy

The FTIR spectra for the commercial ZnO NP samples are presented in
Figure 4-9.

The EN-Z-1 FTIR spectrum presented in Figure 4-9 (a) suggests the presence
of an organic compound (in agreement with the TGA-EGA results), identified by the
strong band at 2860 cm™ which is characteristic of the C-H sp® stretch of alkanes.
The weaker bands at 1450 and 1375 cm™ are characteristic of C-H bending of methyl
groups. The weak band at 1700 cm™ may be explained by the C-O stretch of a
carbonyl group (Socrates, 2001). The broad band at 3400 cm™ is characteristic of the
O-H stretch which may be due to the presence of alcohol or carboxylic acid groups
present in the organic compound, and/or may be attributed to the presence of water
molecules (Socrates, 2001). This may be a result of incomplete evaporation of the
water from the sample during the drying procedure or may be due to adsorbed
moisture from the atmosphere. The strongest band in the spectrum, present at 1100
cm is difficult to assign to a particular functional group. The C-O stretch present in
both alcohols and ethers absorbs over this range. The compound detected here is
likely to be acting as a dispersing agent to aid the stability of the ZnO NP suspension.
For this reason, it is likely that the strong band at 1100 cm™ may be attributed to the
C-O-C bend of a compound similar to polyethylene glycol (PEG), as this type of
compound is commonly employed to disperse NPs in suspensions (Manson et al.,
2011). Furthermore, all other band assignments are consistent with those for the
FTIR spectrum for PEG with the exception of the carbonyl group. Therefore, the
coating composition may be an aliphatic polyether with a carbonyl group.

Figure 4-9 (b) shows the FTIR spectrum for EN-Z-2. The bands present in the
spectrum indicate that there are carbonates present in the sample. The free ion,

(CO3), exhibits four normal vibration modes: the symmetric C-O stretching mode
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(v1); the out-of-plane CO3; deformation mode (v2); a doubly degenerate asymmetric
C-O stretching mode (v3) and a doubly degenerate in plane OCO bending mode (v4).
(Andersen, 1991; Nakamoto, 1997). The broad band from 1570-1280 cm™ can be
assigned to the C-O stretch v3, which has split into two components with band
maxima at 1500 and 1380 cm™. The splitting of the band indicates that the carbonate
being detected is coordinated to zinc ions, as this reduces the symmetry of the
carbonate molecule causing degenerate vibrations to split (Nakamoto, 1997). The
bands at 1040, 833 and 700 cm™ occur as a result of the symmetric C-O stretching
mode (v1), the out-of-plane CO3 deformation mode (v2) and the OCO bending mode
(v4) respectively. The broad band between 3600 and 3000 cm™ with a maximum at
3300 cm™ is likely to be the due to O-H stretch of the hydroxyl vibration as a result
of the sample absorbing moisture from the surroundings (Xiong et al., 2007). As well
as the carbonate bands, bands at around 3300 cm™ corresponding to structural O-H
groups, would also be expected for hydrozincite, the compound detected by XRD
(Figure 4-2) (Music et al., 2002). However it cannot be determined whether or not
these sharp bands are present due to the broad band observed for the vibration of non
structural H,O molecules.

The EN-Z-3 FTIR spectrum is shown in Figure 4-9 (c) and also contains
evidence of carbonate molecules. The split band between 1680 - 1300 cm™ with
component band maxima at 1535 and 1390 cm™ can be assigned to the split v3
stretching mode. The bands at 1040, 860 and 700 cm™ can be assigned to the v1, v2
and v3 vibrations respectively and the broad band between 3700 and 3000 cm™ with
a band maximum of 3300 cm™ is most likely a result of O-H stretching of the
hydroxyl vibration from absorbed moisture. The intensity of the bands is much less
than in the EN-Z-2 sample indicating that it is not as carbonated or hydrated. The
FTIR spectra obtained for the ZnO samples indicate that zinc carbonate [Zn(CO)3] is
present in all of the samples. There is also evidence for the hydrozincite compound
detected in EN-Z-2 and EN-Z-3 samples by XRD (Figure 4-2).
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Figure 4-9 FTIR spectra obtained for (a) EN-Z-1 (b) EN-Z-2 and (c) EN-Z-3

4.2.2.2 X-ray Photoelectron Spectroscopy

In order to further investigate the surface composition of the ZnO NP
samples, XPS was performed. The survey scans for EN-Z-1, EN-Z-2 and EN-Z-3 are
presented in Figure 4-10 (a), (b) and (c) respectively. Higher magnification spectra
for the Zn2p35,, O1s and C1s edges are presented in Figure 4-11, Figure 4-12, and
Figure 4-13 respectively. The percentage concentrations of each element were
determined by photoelectron peak area integration, and are reported in

Table 4-5.
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Figure 4-10 XPS survey scans for (a) EN-Z-1, (b) EN-Z-2 and (c) EN-Z-3

commercial ZnO samples.

The Zn2ps/; binding energies for EN-Z-1, EN-Z-2 and EN-Z-3 samples were
found at 1021.5, 1020.8 and 1021.3 eV respectively. The Zn2py, binding energy for
EN-Z-1, EN-Z-2 and EN-Z-3 samples were found at 1044.6, 1043.9 and 1044.4 eV
respectively. The binding energies are in good agreement with those reported in the
literature indicating that the species of zinc detected is that belonging to ZnO (Mar et
al., 1993; Chen et al., 2011).
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Figure 4-11 XPS spectrum of Zn2p for (a) ) EN-Z-1, (b) EN-Z-2 and (c) EN-Z-3

commercial ZnO samples.

Three mixed Gaussian-Lorentzian peaks were fitted to the Ols spectra
revealing three types of oxygen species to be present in the three samples. The
largest oxygen peak for each sample at 530.1 eV in EN-Z-1, 529.7 eV in EN-Z-2 and
530.0 eV in EN-Z-3 correspond to the oxygen in the crystal lattice of ZnO, in good
agreement with values reported in the literature (Mar et al., 1993; Zhang et al. 2005;
Chen et al., 2011). The middle peak of the O1s spectra at 531.7, 531.3 and 531.4 eV
for EN-Z-1, EN-Z-2 and EN-Z-3 respectively is due to hydrated oxide species
(Zhang et al., 2005) and/or O=C oxygen species (Liquiang et al., 2004). Hydrated
oxide species may occur as a result of H,O that has chemically adsorbed at the

surface of the NPs. This species was previously identified by FTIR (Figure 4-6). This
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peak is larger for the EN-Z-2 sample, which may be explained by the presence of
hydrozincite, as identified by XRD (Figure 4-2). The O=C oxygen species may be
present as a result of zinc carbonate. In the case of the EN-Z-1 sample, there may be
carbonyl group present in the organic coating that has previously been detected by
FTIR (Figure 4-6). The highest binding energy oxygen species is at 532.9, 532.5 and
532.4 eV for EN-Z-1, EN-Z-2 and EN-Z-3 respectively and may be attributed to
loosely bound oxygen on the surface of the ZnO NPs belonging to a specific species
such as physically adsorbed H,O or CO, (Mar et al, 1993; Islam et al., 1996; Au et
al., 1988; Zhang et al. 2005). The slightly higher binding energy in the EN-Z-1
sample at 532.9 eV may be attributed to alcohol or ether oxygen that may be present
in the organic coating (Lopez et al., 1991). The C1s edges of the XPS spectra for the
ZnO samples are presented in Figure 4-13 and identify three different carbon species.
The peak at 285 eV in the EN-Z-1 spectrum in Figure 4-13 (a) corresponds to
aliphatic carbon. This may be due to carbonaceous surface contamination however
this peak is relatively large which suggests a contribution from the aliphatic carbon
present in the organic compound identified by FTIR (Figure 4-6). The peak at 286.5
eV may be attributable to C-O carbon present in carbonate species (Stoch et al.,
1991), however it is more likely due to carbon in a carbonyl group (Sharma et.,
2004), present in the organic compound previously detected by FTIR (Figure 4-6).
The peak at 288.9 eV may be attributed to the carbon species present in physically
adsorbed carbon dioxide molecules, however it is at a slightly higher binding energy
than the corresponding peaks for the EN-Z-2 and EN-Z-3 and therefore could be
indicative of a species of carbon in a carboxylate group (O-C=0) (Jiang et al., 2013).
This is likely to be part of the organic compound coating EN-Z-1.

The EN-Z-2 and EN-Z-3 Cls peaks at 284.6 and 284.9 eV respectively
correspond to C-H carbon that is present as a result of hydrocarbon contamination
from the atmosphere at the extreme surface of the sample (Swiatowska-Mrowiecka et
al, 2008). The peaks at 286.3 eV for EN-Z-2 and 286.5 eV for EN-Z-3 are
characteristic of C-O oxygen species and therefore correspond to the chemically
adsorbed carbonate molecules detected previously by FTIR (Figure 4-9) and also by
the O1s spectra (Figure 4-12) (Stoch et al., 1991). The peaks at binding energies of
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288.9 and 289.1 eV can be attributed to the carbon species present in physically
adsorbed CO, molecules (Au et al., 1988).
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Figure 4-12 The O1s XPS spectrum of (a) EN-Z-1, (b) EN-Z-2 and (c) EN-Z-3

commercial ZnO samples, fitted to three kinds of oxygen species

Table 4-5 reports the percentage concentrations of zinc, oxygen and carbon at
the surface of the sample. Theoretically, the ratio of Zn:O should be 1:1 however this
is not the case in any of the samples with measured ratios of 1:3 for EN-Z-1, 1:2.1
for EN-Z-2 and 1:1.67 for EN-Z-3. The excess oxygen is a result of the physically
and chemically adsorbed CO, and H,O and for the EN-Z-1 sample there is also
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oxygen present in the coating. The concentration of carbon in the EN-Z-1 samples is
more than triple the value for the other samples. This is as a result of the organic
coating compound that has been detected by both TGA-EGA (Figure 4-6) and FTIR
(Figure 4-9), and as XPS only measures the top few nanometres of the sample, this
supports the theory that the compound is at the surface of the NPs. The excess carbon
in EN-Z-2 and EN-Z-3 is most likely due to the detected carbonate species, as well

as physically adsorbed CO, and carbonaceous contamination.
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Figure 4-13 The C1s XPS spectrum of (a) EN-Z-1, (b) EN-Z-2 and (c) EN-Z-3
commercial ZnO samples, fitted to three kinds of carbon species.
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Table 4-5 Table displaying the percentage concentrations of Zn, O and C in
XPS spectra of the ZnO commercial samples.

Sample Concentration (%0)

Zn2p O1s Cls
EN-Z-1 12 37 51
EN-Z-2 27 57 16
EN-Z-3 33 55 12

4.2.2.3 Nuclear Magnetic Resonance Spectroscopy

The samples were analysed by solid state **C NMR and the spectra obtained
are displayed in Figure 4-14. The EN-Z-1 spectrum in Figure 4-14 (a) indicates that
the sample contains a considerable variety of carbon species. There are a number of
broad lines (40.9, 128, 142, 171 and 181 ppm) from a disordered, but relatively rigid
component. The line at 171 ppm is characteristic of a C=0 group that has shifted to a
lower ppm as a result of electron acceptance from Zn atoms due to interaction with a
ZnO surface (Tang et al. 2006). The group of narrower lines at 17.6, 20.1 and 23.8
ppm are characteristic of methyl groups. The group of lines between 61.8 and 75.5
ppm may be due to alcohol or ether (consistent with FTIR (Figure 4-9) and XPS
(Figure 4-13)).

The NMR spectrum for EN-Z-2 is presented in Figure 4-14 (b). The lines at
164 and 168 ppm are indicative of the presence of carbonate in more than one type of
environment. This is in agreement with the XRD (Figure 4-2), FTIR (Figure 4-9) and
XPS (Figure 4-13) results previously reported in which more than one type of
carbonate have been identified; i.e. ZnCO3 and Zns.(CO3),.0Hg). The signal around
30 ppm is most probably due to experimental background, caused by contaminants
such as grease on the rotor (Solid State NMR Service, 2012).

The EN-Z-3 spectrum presented in Figure 4-14 (c) had very weak signal and
is the result of overnight accumulation. There is a baseline/background roll which in

particular accounts for the bump around 130 ppm. There is a small signal at 166 ppm
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which is characteristic of carbonate that has a source of hydrogen, i.e. hydrozincite.
Again, there is some signal at around 30 ppm.
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Figure 4-14 The *C NMR sprectra for (a) EN-Z-1, (b) EN-Z-2 and (c) EN-Z-3

4.2.3 Nanoparticle Characterisation
Scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and dynamic light scattering (DLS) were employed to investigate the samples

at the individual particle level.

4.2.3.1 Scanning Electron Microscopy

Scanning electron microscope (SEM) images of EN-Z-1, EN-Z-2 and EN-Z-3
are presented in Figure 4-15 (a), (b) and (c) respectively. The primary particles are
visible in all of the images however the samples appear to be heavily agglomerated

to sizes in the region of a few hundred nanometres, and it is difficult to obtain an
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accurate distribution of primary particle sizes. It was therefore necessary to
investigate the samples under the TEM.

Figure 4-15 SEM images of (a) EN-Z-1, (b) EN-Z-2 and (c) EN-Z-3 commercial

ZnO samples.

4.2.3.2 Transmission Electron Microscopy

Transmission electron microscope (TEM) images of clusters of particles in
EN-Z-1, EN-Z-2 and EN-Z-3 ZnO samples are presented in Figure 4-16, Figure
4-17, and Figure 4-18 (a) respectively. The widths and lengths of 250 particles from
each sample were measured and the Feret ratio for each particle calculated. The data
are presented in histograms in Figure 4-16, Figure 4-17, and Figure 4-18 (b) for EN-
Z-1, EN-Z-2 and EN-Z-3 respectively. EN-Z-1 has an average particle length of 30 +
20 nm; width of 16 £ 10 nm; and aspect ratio of 1.9 + 0.8 indicating that the particles
are predominately elongated and have a relatively wide size distribution. EN-Z-2 has
an average particle length of 40 £ 20 nm; width of 30 £ 12 nm; and aspect ratio of
1.45 + 0.3 indicating that the particles are predominately elongated but not as much
as in the case of the EN-Z-1 sample. Additionally, the size distribution is narrower
than EN-Z-1. EN-Z-3 has an average particle length of 38 £ 10 nm; width of 30 + 7
nm; and aspect ratio of 1.34 + 0.25. EN-Z-3 has the narrowest particle size
distribution and the most homogenous distribution of particles with regard to
morphology. High resolution images of a single particle of EN-Z-1, EN-Z-2 and EN-
Z-3 samples are presented in Figure 4-16, Figure 4-17, and Figure 4-18 (c) where the
atomic lattice planes are clearly discernible and are indexed to a single crystal of
hexagonal ZnO. The particles imaged are marked in Figure 4-16, Figure 4-17, and
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Figure 4-16 EN-Z-1 (a) TEM image of a typical cluster of NPs (b) histograms to

show the variation in particle length, width and Feret ratio. (c) Higher

resolution image of a single particle showing crystal planes. (d) SAED pattern

and (e) EDX spectrum obtained from the cluster of particles in (a).
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Figure 4-17 EN-Z-2 (a) TEM image of a typical cluster of NPs (b) histograms to
show the variation in particle length, width and Feret ratio. (c) Higher
resolution image of a single particle showing crystal planes. (d) SAED pattern

and (e) EDX spectrum obtained from the cluster of particles in (a).
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Figure 4-18 EN-Z-3 (a) TEM image of a typical cluster of NPs (b) histograms to

show the variation in particle length, width and Feret ratio. (c) Higher

resolution image of a single particle showing crystal planes. (d) SAED pattern

and (e) EDX spectrum obtained from the cluster of particles in (a).
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Table 4-6 Table displaying the ring diameters, and corresponding calculated d-
spacings measured from SAED diffraction patterns of EN-Z-1, EN-Z-2 and EN-

Z-3. Also displayed are the d-spacings for zincite extracted from the JCPDS
reference file: 01-079-0206

JCPDS Ref: - - -
N-Z- N-Z-2 N-Z-
01-079-0206 EN-Z-1 EN-Z EN-Z-3
In0O R - -
. . ng . ng . ng .
Fekil d- d- d- d-
Spaciie Diameter Spactig Diameter Spacig Diameter Spactig
(A) (1/nm) (A) (1/nm) (A) (1/nm) (A)
1010 2.82 7.12 2.8 7.10 2.82 7.07 2.83
0002 2.60 7.69 2.60 7.66 2.61 7.66 2.61
10711 248 8.18 245 816 245 8.16 2.48
1012 1.91 10.64 1.88 10.71 1.87 10.71 1.93
1120 1.63 12.27 1.63 1226 1.63 12.26 1.62
1013 1.48 13.52 1.48 13.41 1.49 13.41 1.46
2020 1.41 14.32 1.40 1434 1.40 14.34 1.41
1122 1.38 14.60 1.37 14.51 1.38 14.51 1.39
20721 1.36 14.63 1.36 14.69 1.36 14.69 1.37
0004 1.30 15.39 1.30 15.59 1.28 15.59 1.30
2022 1.24 16.39 1.22 1620 1.23 16.21 1.23

Figure 4-18 (a) with a box drawn around them. The images confirm that the primary

particles are predominantly single crystals in nature. The measured d-spacing in
Figure 4-16 (c) for EN-Z-1, is 2.61 A which corresponds to the 0002 plane of
Zincite, thus confirming the presence of ZnO. In Figure 4-18 and Figure 4-19 (c)

displaying EN-Z-2 and EN-Z-3 particles, the measured d-spacings are 2.82 A and
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2.819 A respectively which correspond to the d-spacing of the 1010 plane of zincite.

This confirms the presence of Wurtzite ZnO in all three samples.

Taking into account the average particle lengths and widths, the size values
are in good agreement with both XRD (Figure 4-2) and BET (Table 4-4) crystallite
size determinations for EN-Z-2 and EN-Z-3. Although the TEM (Figure 4-16) and
XRD (Figure 4-2) particle size estimates for EN-Z-1 are in good agreement, the BET
(Table 4-4) result is not. The SAED patterns for EN-Z-1, EN-Z-2 and EN-Z-3 are
presented in Figure 4-16, Figure 4-17, and Figure 4-18 (d) respectively. The d-
spacings corresponding to the ring diameters in the patterns are reported in Table 4-6
and are in good agreement with the d-spacings reported for the JCPDS Zincite
reference XRD pattern (ref: 01-079-0206). The EDX spectra obtained from the EN-
Z-1, EN-Z-2 and EN-Z-3 respectively are presented in Figure 4-16, Figure 4-17, and
Figure 4-18 (e) and confirm the presence of only zinc and oxygen in the samples.
The copper peaks present in all 3 samples’ EDX spectra are from the copper grid
bars on the TEM grid and also possibly from the sample holder. The carbon peak is
primarily from the carbon support film on the TEM grid.

4.2.3.3 Dynamic Light scattering

Particle size distribution data obtained by DLS for NP samples suspended in
MilliQ deionised water at a final solution pH of 7.4, are shown in Figure 4-19. The
ZnO NP concentration is 1000 pg/ml and the samples were placed into an ultra sonic
bath for 30 minutes prior to the measurement being carried out. DLS was carried out
to investigate the particle size distribution and dispersion behaviour of the sample
when in a liquid medium. This will improve our understanding of what is actually
being presented to cells in a toxicity assay that is carried out in biological media, be
it primary particles or agglomerates of NPs. By simply looking at the three
suspensions of ZnO NPs, it was apparent that the stability varied from sample to
sample; EN-Z-1 is stable, EN-Z-2 sediments rapidly within minutes, and EN-Z-3

sediments after a few hours.
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The light scattering profile of the suspensions is converted into plots of
intensity, volume and number using the instrumental software. The Rayleigh
approximation states that the intensity of light scattered by a particle is proportional
to the diameter of the particle (I a d°). The intensity profile for EN-Z-1 in Figure
4-19 (a) displays a peak at 142 nm. The intensity plot shows the relative intensity of
light scattered by each of the size groups. The volume plot has a peak at 106 nm. The
volume plot is formed by conversion of the intensity profile using Mie theory which
takes into account the greater relative scattering of the larger particles compared to
the small (Malvern, 2000). This explains why the peak is at a smaller diameter. The
number profile for EN-Z-1 is derived from the volume plot and displays the relative
percentage of particles in each size class. The number plot displays the narrowest
particle size distribution at the smallest particle diameter, however as it is derived
using a mathematical approximation, it is not necessarily the most accurate.
However, the number plot is perhaps the best profile to take into consideration when
trying to determine the distribution of particle sizes in the sample when in
suspension. The decrease in particle size moving from intensity to volume to number
is an indication that the sample is polydisperse and that the particles are
agglomerated. This is confirmed by comparison with size distributions obtained from
TEM particle size measurements where the average primary particle length is 30 +
20 nm (Figure 4-16). The number plot ranges from 30 — 250 nm and therefore
indicates that there are primary particles present. DLS assumes spherical particles
and does therefore not account for the elongated particles that are present in the
sample. These factors will reduce the accuracy with which DLS measures the
distribution of particle sizes in the sample.

The average particle length determined by TEM for EN-Z-2 is 40 = 20 nm
(Figure 4-17), however the intensity profile presented in Figure 4-19 (b) indicates
that the sample has a bimodal size distribution with a primary peak at 531 nm and a
secondary peak at 164 nm. When converted to the volume profile, the primary peak
shifts to 142 nm and the secondary peak is around 459 nm. When the plot is
converted to number, there is a primary peak between 70 and 300 nm with a
maximum at 122 nm. The secondary peak at 459 nm has a much lower intensity than

in the volume and intensity profile as the greater scattering intensity of the larger
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agglomerates has been accounted for. The results indicate that the sample is
agglomerated into clusters of particles over a wide range of distributions in sizes, and
that there are no, or very few isolated primary particles in the dispersion. However,
the intensity of the signal from the large agglomerates may actually be swamping
much of the signal from the smaller fraction of the sample and so it is not a certainty
that there are no isolated primary particles present.

The light scattering profiles for EN-Z-3 are presented in Figure 4-19 (c). The
intensity profile has a peak maximum at 164 nm which reduces to 142 nm in the
volume profile. The number profile indicates that the diameters of the particles in the
sample range between 50 and 200 nm in diameter with the majority of the particles
around 106 nm in diameter. Comparing this to the average particle size obtained by
TEM measurements of 38 + 10 nm (Figure 4-18), it can be concluded that all of the
particles are agglomerated into small clusters of particles. These results prove crucial
to the investigations as they reveal that the behaviour of the NPs in a liquid medium,
indicating as to how they will behave in the toxicity assays and therefore giving a

more accurate representation of what the cells are actually exposed to.

It must be noted that the DLS measurements of the samples are taken
immediately after 30 minutes agitation in the ultrasonic bath. Acute exposure
experiments can last up to 48 hours and therefore it is essential to investigate the
dispersion properties of the NPs over this full time period. Toxicity assays are
invariably conducted in biological media such as Dulbecco’s modified eagle medium
(DMEM) and Roswell Park Memorial Institute (RPMI) medium so it is important to
investigate the dispersion characteristics in the appropriate biological media. As well
as the particle and agglomerate size distribution, other dispersion characteristics such
as the solubility of the sample need to be investigated. The dispersion and stability
characteristics of ZnO NP samples are reported in detail in Chapter 6.

92



w - &

@5 [~ Number o g EN-Z-1 (a)

o b+ Volume Vo

29 - Intensity I

%15 = ® ‘Ax.'

S10 F NS

C i ;, A"

8 5 b— .A. ° Ag

| . L. '. Al

&J 0 eassssaansnssssnssnsnsnnnnde” Coclsnnnnsnsnnnnnsnnssbonns

1 il lllllll il 1 lllllll I A lllllll ' 1 lllllll

- Number &

%25 [+ Volume ! = é S (b)

b - oo 3

O20F . Intensity 3| g

.5 15 - : ) V

(@)} [ A r D

E 10 — A ‘ d /g

% 5 -— ‘...-‘ A.A ;A//

o | W B2\

D O |esssssssssssssssssssnsssnnsssd® 200° “tanssssssnsnssnsas

& o Il 1 lllllll 1 1 lllllll 1 1 Illllll 1 Il lllllll
- Number 3

ST §

©2F . Intensity I

%15 I ¢ R

_.(E 10 Au® an

% 5 I .A ’ .. N

8 B oA 2 ) :.I

()] O ssssssnsnssnsnnssnsnssnnnnantn” *ecttiilussnnnnnnsstiiona,

& C 1 1 IIIIlll 1 1 Illllll L 1 IIIIIII 1 1 lllllll

1 10

Figure 4-19 Light scattering profile for 1000 pg/ml suspension of (a) EN-Z-1, (b)
EN-Z-2 and (¢) EN-Z-3 ZnO NPs dispersed in MilliQ water taken after 20

minutes of ultrasonication.
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4.3 Summary

The ZnO NP samples that have been investigated in this chapter reveal that
commercial ZnO samples are relatively variable in size, size distribution, surface
composition and purity. The EN-Z-1 sample has a wide distribution of sizes and
morphologies, but due to the presence of a coating, the particles have excellent
stability in aqueous dispersion remaining in suspension for weeks after preparation.
Although it is known that the coating is organic and contains C-O and C=0 groups, it
cannot be specifically identified. The lack of knowledge with regard to the exact
chemical composition of the organic coating will make it difficult to determine
whether any toxicity to cells observed from exposure to the EN-Z-1 sample is a
result of the particles, the coating present on the surface or a combination of the two.

The EN-Z-2 sample has a narrower size distribution however there is an
additional phase of Zns(COs3),(H20)s present in the sample. The powder does not
disperse into primary particles when suspended in water, and even immediately after
sonication relatively large agglomerates still exist.

The EN-Z-3 sample has a relatively narrow size distribution and only a few
varieties of particle morphology. Results from XRD and TGA indicate there is a very
low concentration of a secondary phase present, possibly hydrozincite. The particles
disperse well in water initially however the primary particle size is not achieved and
sedimentation of the particles occurs within hours of preparing the dispersion.

The impurities detected in the samples, i.e. the carbonate/hydroxide layer, the
hydrozincite phase and the organic coating, could contribute to a significant effect on
the particle toxicity. The presence of the impurities will alter the weight of the
samples thus samples made up for toxicity assays will contain an underestimated
dose of ZnO. The impurities detected at the surface of the particles could
significantly affect their chemical and physical properties such as their solubility
which has been shown to effect ZnO toxicity (Reed et al., 2012; Xia et al., 2008).
ZnO solubility is also investigated in this project and the detailed results are
presented in Chapter 6.

Due to the variable nature of the commercial ZnO samples, presence of
impurities and poor dispersion characteristics, more homogenous samples of ZnO

were synthesized in house and these results are reported in Chapter 5.
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5 Synthesis and Characterisation of ZnO Nanoparticles

The commercially sourced samples of nanoparticulate ZnO characterised in
Chapter 4, presented a wide variety of particle sizes and morphologies. Without the
aid of an organic coating to promote the stabilisation of the particles, the dispersion
of the commercial ZnO NP samples was found to be poor, with sedimentation
occurring within hours of a suspension being prepared.

In order to obtain samples with a narrow size distribution, high purity and good
dispersion characteristics, the synthesis of samples of ZnO NPs was investigated.
Particles produced by a flame spray pyrolysis (FSP) technique as outlined in Chapter
3, were prepared at ETH Zirich, Switzerland (Swiss Federal Institute of Technology,
Zurich) by Dr. Karsten Wegner. The in-house synthesis of ZnO NPs was also
investigated using the polyol route discussed in Chapter 3.

In order to determine particle size, morphology and phase content,
characterisation of synthesized samples were screened using X-ray diffraction (XRD)
and transmission electron microscopy (TEM). Two samples were selected for
toxicological investigations, on the basis of their physicochemical characteristics
(EN-Z-4 and EN-Z-6). The full characterisation protocol, described in Section 4.2
was employed to obtain a detailed overview of the physiochemical characteristics of

the two samples selected for the toxicity assays.

5.1 ZnO Nanoparticles prepared by the Polyol Route

For all ZnO NP samples synthesized by the polyol route in this investigation,
the primary crystallite sizes were measured by XRD and TEM and are reported in
Table 5-3. The average crystallite size and standard deviation for a sample was
determined from TEM by measurement of the Feret lengths and Feret widths of 250
NPs in TEM images. The average crystallite sizes determined by XRD are in good
agreement with the average crystallite sizes measured by TEM for all samples
prepared by this technique.

The XRD patterns for Degsyn-0.15-100-1, Degsyn-0.45-100-1 and Degsyn-
0.90-100-1 are presented in Figure 5-1 (a), (b) and (c) respectively with the Miller

indices of the reflecting planes labeled above the peaks in (a). The peaks in the

95



patterns are consistent with that of

the JCPDS reference file for the hexagonal

wurtzite structure of zincite (ref: 01-079-0206). The average crystallite size was

determined by measurement of the full width at half the maximum intensity
(FWHM) and using the Scherrer equation (Cullity, 2001) (Equation 3.2). The
average crystallite sizes obtained by measurement of the FWHM were consistent for

all peaks in a given spectrum with the exception of the 0002 peak (see Table 5-1).
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Figure 5-1 XRD patterns for (a) DEGSYN-0.15-100-1, (b) DEGSYN-0.45-100-1
and (c) DEGSYN-0.90-100-1 ZnO samples with the Miller indicies for the

reflecting planes labeled above each peak
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Table 5-1 Table showing the average crystallite sizes obtained from
measurement of the FWHM of each peak for Degsyn-0.15-100-1, Degsyn-0.45-
100-1 and Degsyn-0.90-100-1. Miller indices for the measured peaks to which

the crystallite sizes refer are listed in the left-hand column.

700 kil Average Particle Size from XRD (nm)
Degsyn-0.15-100-]Degsyn-0.45-100-]Degsyn-0.920-100-]
1010 T 15 25 T »
0002 16 27 45
1011 15 25 23
1012 14 25 24
1120 15 24 20
1013 14 24 24

c =0001

a=1010

Figure 5-2 Schematic illustration of the atomic structure of wurtzite ZnO

showing the directions of the 0001 (c axis) and 1010 (a axis) atomic planes.

The average crystallite sizes determined from measurement of the FWHM of
the 0002 peak for Degsyn-0.15-100-1, Degsyn-0.45-100-1 and Degsyn-0.90-100-1
are 16, 27 and 48 nm respectively. The average crystallite sizes determined from
measurement of the FWHM of the 1010 peak (the planes perpendicular to the 0002

as can be seen in Figure 5-2) give average crystallite sizes of 15, 25 and 22 nm for
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Degsyn-0.15-100-1, Degsyn-0.45-100-1 and Degsyn-0.90-100-1 respectively. XRD
results indicate that with increasing ZnAc concentration, an increase in ZnO
crystallite size is observed. The growth of the ZnO crystallites is preferential along
the c-axis, demonstrated by the increase in the average crystallite size obtained from
the 0002 peak of the XRD spectra. The average crystallite size in the 1010 direction
(along the a-axis) increases when the concentration of ZnAc is increased from 0.15
to 0.45 mol dm™, however when the concentration is increased to 0.90 mol dm™ no
further increase is observed (Table 5-1). In order to obtain more detailed information
with regard to the size distribution and morphology of the NPs produced, TEM was
also employed to characterize the samples.

Images obtained from TEM analysis of Degsyn-0.15-100-1, Degsyn-0.45-
100-1 and Degsyn-0.90-100-1 are presented in Figure 5-3. Images of Degsyn-0.15-
100-1 reveal that the sample consists of spherical clusters with an average size of 380
+ 150 nm (Figure 5-3 (a)). Upon inspection of the spherical clusters, it is observed
that they are formed from aggregated crystallites with an average length of 14 £ 5 nm
and an average width of 11 + 3 nm (Figure 5-3 (b)). The spherical clusters observed
are consistent with those prepared by Jézéquel et al. (1995), following a similar
synthesis procedure. In the study by Jezequel et al. (1995), the temperature was
raised to 180°C and aged for 15 minutes. In the present study, the temperature is
maintained at 140°C for 1 hour, and then raised to 180 °C for a further 2 hours. The
heating method in the present study was followed from the synthesis procedure
outlined by Feldmann and Merikhi, (2000), where ZnO NPs were synthesized in
DEG using a ZnAc concentration of 0.90 mol dm™,

TEM images of Degsyn-0.45-100-1 are presented in Figure 5-3 (c) and (d). In
contrast to Degsyn-0.15-100-1, there are no spherical clusters observed in this
sample, only individual primary crystallites with an average length of 27 + 5 nm and
an average width of 23 £ 6 nm. The particle size distribution for this sample,
indicated by the standard deviations of the average lengths and widths, is very
narrow and the majority of particles are equi-axial. The disappearance of the
spherical clusters of crystallites on increasing the ZnAc concentration has previously

been reported (Jézéquel et al. 1995), however the primary crystallites observed by
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Jézéquel et al. (1995) appear elongated and polydisperse, unlike the ZnO NPs
produced here.

TEM images of Degsyn-0.90-100-1, presented in Figure 5-3 (e) and (f) reveal
that the sample consists of crystallites with an average length of 50 £ 25 nm and an
average width of 24 + 8 nm. Although the standard deviation for the particle widths
is small, the standard deviation for the particle lengths is relatively large, indicating a
wide distribution of elongated particles with relatively similar widths.

The TEM results indicate an increase in the average size of the ZnO crystallites
with increasing ZnAc concentration, which is in agreement with findings by XRD.
The increase in crystallite size occurs because the growth of NPs will proceed until
the concentration of growth species has decreased to equilibrium solubility
concentration (Cao, 2004). This will be reached more rapidly in the sample using a
ZnAc concentration of 0.15 mol dm™ than in the sample using a concentration of
0.90 mol dm™ as the concentration is lower to begin with and therefore closer to the
equilibrium concentration. The final size of the NPs is also dependant on the number
of nuclei formed in the nucleation step of the growth process, which is also a
function of the precursor concentration. Growth of the rod-like particles is
preferential along the c-axis (see Figure 5-4).

It is proposed that the crystallites cease to aggregate into spherical clusters
when the concentration of ZnAc is increased, due to the increase in the sizes of
primary crystallites. When the initial crystallites are very small, around 14 nm in
Degsyn-0.15-100-1, they have a high surface energy and it is energetically
favourable for them to aggregate into spheres. As the size of the crystallites increases
in Degsyn-0.45-100-1 and Degsyn-0.90-100-1, and the surface free energy reduces,
the driving force for aggregation decreases.

Due to the near-monodisperse nature of the ZnO NPs produced in Degsyn-
0.45-100-1, it was decided to use this sample for the toxicity studies. In addition
Degsyn-0.15-100-1 was also selected. This would provide a direct comparison
between two sets of NPs with the only variable being the size of the NPs or
aggregates of NPs in the case of Degsyn-0.15-100-1. However, the mass of ZnO
produced in the synthesis procedures was insufficient to provide all members of the

ENNSATOX consortium with an appropriate quantity. The particles sent out to the
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various recipients were required to be produced in the same synthesis batch;
therefore it was necessary to scale the reaction up. To achieve this, the volumes of
the precursors were doubled i.e. to obtain concentrations of 0.15 and 0.45 mol dm,
3.34 g and 10.05 g of ZnAc was added to 100 ml of DEG and 2 ml of H,0. A 250 ml
round bottom flask was used as the reaction vessel as opposed to the 100 ml round
bottom flask used for the aforementioned samples.

Figure 5-3 TEM images of ZnO NPs produced by precipitation under reflux

conditions using varying concentrations of ZnAc precursor (a) (b) Degsyn-0.15-
100-1, (c) (d) Degsyn-0.45-100-1 and (e) (f) Degsyn-0.90-100-1
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Figure 5-4 Graph showing the effect of precursor (ZnAc) concentration on the
average size of the synthesized ZnO NPs. Error bars for TEM data based on

standard deviation from 250 NP measurements.

In order to investigate the reproducibility of the synthesized ZnO NPs,
experiments using the same precursor concentration were carried out in duplicate.
The synthesized samples, Degsyn-0.15-250-1, Degsyn-0.15-250-2, Degsyn-0.45-
250-1 and Degsyn-0.45-250-2 were characterized by XRD and the resulting patterns
are presented in Figure 5-5 (a), (b), (c) and (d) respectively. The peaks present in the
XRD patterns for all samples are consistent with that of the JCPDS reference file for
zincite (ref: 01-079-0206) indicating that the composition of the samples is wurtzite
ZnO. Furthermore, TEM images of Degsyn-0.15-250-1, Degsyn-0.15-250-2,
Degsyn-0.45-250-1 and Degsyn-0.45-250-2 are presented in Figure 5-6 (a), (b), (c)
and (d) respectively. The crystallite sizes determined by XRD and TEM for the four

samples synthesized using a 250 ml round bottom flask are presented in Table 5-2.
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Figure 5-5 XRD patterns obtained for (a) Degsyn-0.15-250-1, (b) Degsyn-0.15-
250-2, (c) Degsyn-0.45-250-1 and (d) Degsyn-0.45-250-2.
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Figure 5-6 TEM images of (a) Degsyn-0.15-250-1 with an average crystallite
length of 30 £ 24 nm and width of 19 + 15 nm and an average spherical cluster
diameter of 670 + 340 nm, (b) Degsyn-0.15-250-2 with an average crystallite
length of 35 £ 23 nm and width of 23 + 14 nm and an average spherical cluster
diameter of 790 = 220 nm, (c) Degsyn-0.45-250-1 with an average crystallite
length of 45 £ 28 nm and width of 25 + 10 nm and (d) Degsyn-0.45-250-2 with an

average crystallite length of 47 + 26 nm and width of 26 £ 8 nm.

Comparing the sizes of the crystallites in samples prepared using a 250 mi
round bottom flask with those prepared using a 100 ml round bottom flask, it is
apparent that the width of the primary crystallites measured by TEM and XRD is
approximately constant for all of the samples. However, the lengths of the primary
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crystallites produced for the samples using a 250 ml round bottom flask are
significantly larger and the distribution of lengths is wider than in the previously
synthesized samples at corresponding concentration, using a 100 ml round bottom
flask (Table 5-2).

In contrast to Degsyn-0.15-100-1, the crystallites in Degsyn-0.15-250-1 and
Degsyn-0.15-250-2 are both isolated and aggregated into spherical clusters, as can be
seen in Figure 5-6 (a) and (b) respectively. This may be a result of the increase in the
crystallite size observed (Table 5-2), which would reduce the tendency of the NPs to
aggregate. There is a small increase in the average sizes of the spherical clusters
observed in Degsyn-0.15-250-1 and Degsyn-0.15-250-2 as compared to Degsyn-
0.15-100-1 (Table 5-2).

The standard deviations measured for the average spherical cluster sizes
indicate that the distribution of sizes is wider for the 250 ml round bottom flask
samples. Moreover the morphology of the clusters observed do not appear as
spherical for the 250 ml round bottom flask samples, as for the 200 ml round bottom
flask samples.

There are a number of factors that may cause the crystallite sizes and
distribution of sizes to increase as a result of the scaling up of the process. The speed
and size of the magnetic stirrer was not increased for the scaled up process, which
may have resulted in inhomogenous mixing of the precursor solution (Chen et al.
2000). A non-uniform distribution of precursor concentration will lead to a
prolonged nucleation phase, leading to varying growth times for the crystallites
produced and hence a distribution of sizes (La Mer & Dinegar, 1950).

The water used for both the 100 ml RBF synthesis experiments and the 250
ml RBF synthesis experiments was MilliQ triple distilled water. However, there was
a significant amount of time (approximately 2 months) between the two sets of
experiments and therefore the quality of the water may have been compromised if the
filter had not been changed. Evidence for impurities detected by ICP-MS in the
MilliQ water used is presented in Figure 5-11. Impurities in the water can result in
the inhomogenous nucleation of ZnO nuclei and hence inhomogenous growth of

crystallites.
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Table 5-2 Summary of average sizes of primary crystallites measured by TEM
and XRD for Degsyn-0.15-100-1, Degsyn-0.45-100-1, Degsyn-0.90-100-1,
Degsyn-0.15-250-1, Degsyn-0.15-250-2, Degsyn-0.45-250-1 and Degsyn-0.45-250-
2.

InAc RBF | Spherical Crystallite size (nm)
Sample Concentration | Volume |Cluster Size| TENM | TEM | xXRD | XRD
(mol/dm’) {ml) (nm) (length) | (width) | (0002) | (1010
Degsyn-0.15-100-1 0.15 100 380150 | 145 )] 11£3 16 14
Degsyn-0.45-100-1 0.45 100 - 275 | 23£6 27 24
Degsyn-0.90-100-1 0.50 100 - 50£25] 24£8 43 22
Degsyn-0.15-250-1 0.15 250 670 =340 | 3024 | 19£15 33 20
Degsvn-0.13-230-2 0.13 250 790220 | 3523|2314 34 21
Degsyn-0.45-250-1 0.45 250 - 45£28 | 25210 47 26
Degsvn-0.45-250-2 0.43 250 - 47£26 | 26£8 43 25

A new hotplate with temperature regulator was purchased between the two
sets of experiments. The thermistor was programmed to maintain the temperature at
140°C for 1 hour and then 180°C for a further 2 hours. However, the new system was
often observed to fluctuate in temperature significantly. Additionally, the
temperature throughout the reaction vessel may have varied significantly for the
larger volume due to heat transfer problems.

In order to determine whether the scaling up of the process was responsible
for the increase in ZnO NP size, experiments were repeated in duplicate using a 100
ml RBF and ZnAc concentrations of 0.15 and 0.45 mol dm™. Samples produced were
named accordingly as Degsyn-0.15-100-2, Degsyn-0.15-100-3, Degsyn-0.45-100-2
and Degsyn-0.45-100-3. The XRD spectra for Degsyn-0.15-100-2, Degsyn-0.15-
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100-3, Degsyn-0.45-100-2 and Degsyn-0.45-100-3, presented in Figure 5-7 (a), (b),
(c) and (d) respectively indicate that all four samples are monophasic wurtzite ZnO.

B Degsyn-0.15-100-2 (a)

el

- Degsyn-0.15-100-3 (b)

| T

- Degsyn-0.45-100-2 (c)

:" MkﬂﬁUu

Intensity (a.u.)

B Degsyn-0.45-100-3 (d)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (°)
Figure 5-7 XRD patterns for (a) Degsyn-0.15-100-2, (b) Degsyn-0.15-100-3, (c)
Degsyn-0.45-100-2 and (d) Degsyn-0.45-100-3
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TEM images of Degsyn-0.15-100-2 and Degsyn-0.15-100-3 are presented in
Figure 5-8 (a) and (b) respectively and reveal that the samples consist of a bimodal
size distribution, similar to that observed in Degsyn-0.15-250-1 and Degsyn-0.15-
250-2 (Figure 5-6 (a) and (b)). This is in contrast to Degsyn-0.15-100-1 (Figure 5-3
(@) and (b)) where all primary crystallites are observed in spherical clusters. The
average crystallite sizes and spherical cluster sizes measured by XRD and TEM are
reported in Table 5-3. The average crystallite sizes measured for the three samples
prepared using a ZnAc concentration of 0.15 mol dm™ and a round bottom flask
volume of 100 ml were compared; the average length of the crystallites produced in
Degsyn-0.15-100-2 and Degsyn-0.15-100-3 (Table 5-3) is approximately double
compared to the previously synthesized sample under the same experimental
conditions — Degsyn-0.15-100-1 (Table 5-3). Additionally the average width of the
crystallites is significantly greater than that obtained for Degsyn-0.15-100-1. The
increase in the average crystallite sizes measured for Degsyn 0.15-100-2 and Degsyn
0.15-100-3 as compared to Degsyn 0.15-100-1 explains why a bimodal distribution is
observed for the samples. The decrease in the surface free energy as a result of
increasing crystallite size, reduces the driving force for agglomeration.

A summary of the crystallite and particle sizes measured by XRD and TEM
for all samples synthesized by the polyol route, is presented in Table 5-3. Comparing
the average crystallite sizes for samples prepared using a ZnAc concentration of 0.45
mol dm™ and a round bottom flask volume of 100 ml indicates that there is a lack of
consistency between the previously prepared samples and the newly prepared
samples. The average crystallite widths measured for Degsyn-0.45-100-2 and
Degsyn-0.45-100-3 are reasonably similar to those measured for Degsyn-0.45-100-1
(Table 5-3). However, the average crystallite lengths measured for the newly
synthesized samples are significantly larger than the value measured for Degsyn-
0.45-100-1 (Table 5-3). An observation that is consistent between the samples
prepared with a concentration of 0.15 mol dm™ and 0.45 mol dm™ ZnAc, is that there
Is an increase in the average length of the crystallites obtained, between the first time
the experiment was carried out compared to the second and third repeats.
Additionally, for samples prepared using a concentration of 0.15 mol dm™ ZnAc, the

width of the crystallites Degsyn-0.15-100-1 is much smaller than for any of the other
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samples. This indicates that the scaling up of the synthesis procedure was not the
cause for the observed increase in particle sizes for the ZnO NPs samples, and that it
is due to inconsistencies in the experimental parameters. The most likely explanation
for the batch to batch variation is due to the newly purchased heating apparatus used

for the second and third synthesis experiments.

Figure 5-8 TEM images of ZnO NPs prepared by polyol route: (a) Degsyn-0.15-
100-2 with an average crystallite length of 32 + 18 and width of 20 + 8 nm and
an average spherical cluster size of 620 + 250 nm, (b) Degsyn-0.15-100-3 with an
average crystallite length of 29 + 12 and width of 21 + 9 nm and an average
spherical cluster size of 800 + 310 nm, (c) Degsyn-0.45-100-2 with an average
crystallite length of 42 £ 13 and width of 22 + 7 nm, (d) Degsyn-0.45-100-3 with
an average crystallite length of 37 + 11 and width of 21 £ 5 nm
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Table 5-3 Table summarizing the average sizes of the particles present in the samples synthesized by the polyol route.

ol ZnAc Concentration| RBF Volume Agglso I::::;i:l Size Siryialine ke (am)
(mol/dm’) (ml) (am) TEM (length) | TEM (width) |XRD (0002)| XRD (1010)
Degsyn-0.15-100-1 0.15 100 380 =150 14=5 11+3 16 14
Degsyn-0.15-100-2 0.15 100 620 = 250 3218 208 31 22
Degsyn-0.15-100-3 0.15 100 800 = 310 29=12 2119 30 20
Degsyn-0.15-250-1 0.15 250 670 = 340 30=24 19=15 33 20
Degsyn-0.15-250-2 0.15 250 790 =220 35£23 23=z14 34 21
Degsyn-0.45-100-1 0.45 100 - 27£5 23=z6 27 24
Degsyn-0.45-100-2 0.45 100 - 42=13 2+7 42 23
Degsyn-0.45-100-3 0.45 100 - 3711 215 39 23
Degsyn-0.45-250-1 0.45 250 - 4528 2510 47 26
Degsyn-0.45-250-2 0.45 250 - 4726 26=8 45 25
Degsyn-0.90-100-1 0.90 100 - 50=25 248 48 22
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As was mentioned previously, it was extremely difficult to maintain a fixed
temperature with the new apparatus, resulting in inhomogeneous heating of the
sample, which would in turn lead to a prolonged nucleation step and hence a wider
distribution of ZnO NP sizes.

In our future work, we hope to be able to confirm that the change in the hot
plate used, is the cause for the decrease in ZnO NP homogeneity. This will be
achieved by monitoring the temperature of the precursor solution throughout the
synthesis experiment over 5 minute intervals.

Although the particles produced in Degsyn-0.45-100-1 had a narrower size
distribution, it was required that the particles sent out for toxicity testing were
produced in the same batch. Therefore, Degsyn-0.45-250-2 where a larger sample
volume was produced, was selected to be sent out to the ENNSATOX consortium
members. The characterisation protocol results for this sample are presented in
section 5.3. Due to the bimodal distribution of the samples prepared using a ZnAc
concentration of 0.15 mol dm™ and a RBF volume of 250 ml, it was decided not to
carry any of these samples forward to the toxicity testing stage.

Diethylene glycol (DEG) is a known toxin (Winek et al., 1978), making it
necessary to separate the ZnO NPs from the prepared suspensions, prior to
toxicological investigation being carried out. In order to achieve this, the suspension
was centrifuged for 15 minutes at 6000 rpm and the DEG supernatant was removed.
The sedimented particles were then re-dispersed in MilliQ water by placing in an
ultrasonic bath for a further 15 minutes. The centrifugation and re-dispersion in
MilliQ water procedure was repeated 6 times. Subsequently, the sample was dried
overnight in an oven at 60°C to evaporate off the water and a dry white powder was
obtained. The effect of the washing process on the surface composition of the NPs
was investigated by FTIR and was found to drastically reduce the amount of DEG on
the NP surface. The results are presented in section 5.3.2.1 (Figure 5-18), where they

are discussed in greater detail.
5.2 ZnO Nanoparticles Prepared by Flame Spray Pyrolysis Technique

Two samples of ZnO were prepared by Dr. Karsten Wegner at ETH Zurich,

using zinc acrylate (ZnAcr) and methanol as precursor materials. The precursor
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solution feed rate was increased from 1 ml/min to 3 ml/min to investigate the effect
on the resultant NPs. Additionally a sample was prepared using zinc naphthenate
(ZnNap) and toluene as precursor materials and a solution feed rate of 5 ml/min was
employed.

The surface area of the synthesized powders were analyzed by the BET gas
adsorption technique, the results of which are reported in Table 5-4 along with the
corresponding average particle size, deduced from BET. The average particle size for
the samples prepared using a precursor solution feed rate of 1, 3 and 5 ml/min was
11.4, 14.6 and 18.1 nm respectively. Powders were named according to the average
particle size obtained from BET measurements.

Table 5-4 Specific surface area measurements determined by BET gas

adsorption and corresponding calculated average particle size (dger)

Sample Name Specific Surface Area Particle Size
(m’/g) (dger) (nm)
FSP 11 9383 11.4
FSP 14 7331 14.6
FSP 18 5946 18.1

In order to investigate the phase and composition of the powders produced,
XRD analysis was performed, the results of which are displayed in Figure 5-9. The
XRD patterns obtained are consistent with that from the JCPDS reference file for the
hexagonal wurtzite structure of zincite (ref: 01-079-0206), see Table 5-5, that has
also been observed in other flame-synthesized ZnO powders (Tani et al., 2002;
Liewhiran & Phanichphant, 2007). The average crystallite sizes were estimated from
6 peaks for each sample and the results are presented in Table 5-6. For all of the
samples, the 0002 peak was slightly narrower than the other peaks indicating a
slightly larger crystallite size along these planes, as was the case for the ZnO NPs
prepared by the polyol route. This is confirmed by TEM (Figure 5-10) where a
number of elongated particles are observed. The other XRD peaks all gave values to

within approximately 1 nm of each other. The crystallite sizes, and increase in
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Figure 5-9 XRD pattern for (a) FSP 11 (b) FSP 14 and (c) FSP 18 synthesized

ZnO NP samples with the Miller indicies for the reflecting plances
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Table 5-5 XRD peak positions, corresponding d-spacings and relative intensites for FSP 11, FSP 14 and FSP 18. Also listed are the
referenced values for zincite extracted from the JCPDS file ref: 01-079-0206

26(%) d-spacing (A) Relative Intensity (%)
Number i:g JCPDS Experimental XRD Pattern JCPDS Experimental XRD Pattern JCPDS Experimental XRD Pattern
Ref: | psp11|Fsp14|Fsp1s| ReF | rsp11| rsp14 | Fspis| R°F | Fsp11|Fspi14| Fspis
1 1010 3177 3177 31.83 3172 2815 2815 2.809 2819 58 37 52 33
2 0002 3442 3444 34.40 3442 2.603 2602 2.605 2.604 11 63 58 40
3 10711 3625 3625 3624 3623 2476 2476 2477 2477 100 100 100 100
4 1012 47.54 47.53 47.59 47.53 1911 1.911 1.909 1.911 21 24 25 29
5 1110 56.6 56.59 56.66 56.59 1.625 1.625 1.623 1.625 31 50 54 50
6 1013 621.86 62.86 62.93 6282 1.477 1.477 1.476 1478 26 43 42 46
7 2010 66.37 66.63 66.48 66.36 1.407 1.403 1.405 1.407 4 10 8 g
8 1112 6795 67.92 67.97 67.95 1.378 1.379 1.378 1.378 22 46 43 40
9 2011 69.09 68 98 69.13 69.06 1.359 1.360 1.358 1.359 11 24 20 21
10 0004 7257 7241 7257 7256 1302 | 247991 1.302 1.302 2 4 3 4
11 2012 76.96 77.16 77.08 76.95 1.238 1.235 1.236 1.238 3 4 5 7
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crystallite size with increasing solution feed rate, for FSP 11 and FSP 14 are
consistent with Tani et al. (2002) using the same precursor solution and feed rates,
indicating that higher precursor concentration and temperature resulted in larger
particles. The crystallite sizes for FSP 18 are consistent with Height et al. (2006)
using the same precursor solution and reactant flow rates but an additional 5 I/min of
oxygen sheath gas. For undoped ZnO nanopowder they obtained a specific surface
area of 53 m?/g, while the average crystallite sizes determined from the (0002) and
(1010) peaks were 27 and 18 nm, respectively. The additional oxygen sheath gas in
the experiments of Height et al. (2006) might have resulted in a hotter flame and
slightly larger particles by increased particle residence times in the flame.

Liewhiran and Phanichphant (2007) obtained somewhat smaller average
crystallite sizes of dget, 16.8 nm and dxrp, 18 nm, but used a toluene /acetonitrile
(AHc=-1256 kJ/mol) solvent mixture with lower enthalpy of combustion compared
to pure toluene (AHc=-3910 kJ/mol) and otherwise similar synthesis conditions.
Thus, smaller particles are expected when grown in shorter and colder flames.

Interestingly, Tani et al. (2002) produced similar-sized particles with dger
18.4 nm, from a methanol-based solution fed at 4 ml/min and dispersed with 3.85
I/min oxygen (pilot flame: 1.58 I/min CH, and 1.52 I/min O;). Given the low
combustion enthalpy of methanol (AHc= -726.1 kJ/mol) and shorter high
temperature residence times, smaller product primary particles than from the toluene-

based flame here would have been expected.

TEM images of the ZnO samples showing the interparticle variation in sizes
and morphologies to have only a small distribution are presented in Figure 5-10. The
average particle lengths, widths and Feret ratios measured for the samples from TEM
images are presented in Table 5-7. Results indicate an increase in particle size and
Feret ratio with increasing precursor feed rate. Taking into account the average
particle lengths and widths, the size values are in reasonably good agreement with
both BET (Table 5-4) and XRD (Table 5-6) crystallite size determinations. The
particle morphologies present in FSP 11 and FSP 14 are qualitatively consistent with
those produced by Tani et al. (2002) at precursor feed rates of 1 and 3 ml/min,

although no quantitative analysis of TEM images is reported in the study. The ZnO
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NPs obtained by Tani et al. (2002) at their highest precursor feed rate of 4 ml/min are
also elongated, but no Feret ratio was reported. Due to only small differences in size
distribution between the three samples prepared by flame spray pyrolysis, only one

sample, FSP 18, was chosen to move forward to toxicity screening experiments.

Table 5-6 Average crystallite sizes measured by XRD corresponding to atomic
planes with listed Miller indices for FSP 11, FSP 14 and FSP 18.

7n0 Average crystallite size (nm)
hkil FSP 11 FSP 14 FSP 18
1010 10.8 13.8 18.1
0002 14.6 16.7 233
1011 10.3 14.6 19.8
1012 10.1 13 .4 223
1110 10.5 133 21.4
1013 10.3 13.8 20.5

Figure 5-10 TEM images of (a) FSP 11 (b) FSP 14 and (c) FSP 18. Size
distributions determined by measurement of 250 particles are (a) Feret length =
14 + 6 nm, Feret width = 10 £ 5 nm, and Feret ratio = 1.4 £ 0.15, (b) Feret length
=18 £ 12 nm, Feret width = 12 £ 5 nm and Feret ratio = 1.50 + 0.3 and (c) Feret
length = 23 £ 8 nm, Feret width = 14 + 4 nm and Feret ratio = 1.64 + 0.4.
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Table 5-7 Average crystallite sizes for FSP 11, FSP 14 and FSP 18 measured
from TEM

Avwerage Particle Size (nm)

Sample
Length | Width | Feret Ratio

FSP11| 14+£6 | 10£5 |14+0.15
FSP14 | 18x12)] 12£5 | 1503
FSPI8| 238 | 144 | 16404

5.3 Characterisation Protocol

Once samples had been selected for toxicological investigations, the
characterisation protocol discussed previously in section 4-2 was employed in order
to obtain a more detailed analysis of the synthesized samples’ physiochemical
properties. Like all ZnO NP samples tested in the ENNSATOX project, the two
synthesized samples were assigned identification codes. For the remainder of the
thesis, the samples will be referred to with the associated ENNSATOX code: i.e. FSP
18 as EN-Z-4 and Degsyn-0.45-250-2 as EN-Z-6. Characterisation of the bulk
powder, the sample surface and NP characterisation results are reported in this
section. Much of the characetrisation data acquired for EN-Z-4 is presented in the

investigation by Wallace et al. (2013).

5.3.1 Bulk Sample Characteristics

5.3.1.1 Inductively coupled plasma-mass spectroscopy

Digested ZnO suspensions, prepared by the method outlined in section
3.2.1.1 were analyzed by ICP-MS in order to obtain an overview of the total
concentrations of all of the elements present in the samples, thus highlighting any
potential impurities. A blank sample of 6 pl HNO3 and 9.994 ml MilliQ water was

also analyzed. The concentrations obtained for the HNOjz and water blank were
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subtracted from the measurements obtained for ZnO NP suspensions and the
resultant concentrations are presented in Figure 5-11 (the concentrations have been
multiplied by 1000 in order to account for the dilution). A sample of MilliQ water
was also analyzed by ICP-MS in order to investigate the purity. The calcium and
sodium impurities present in the ZnO NP suspensions can be seen to occur as a result
of the water used. The main peak for the EN-Z-4 and EN-Z-6 samples was that of
zinc which is expected however the concentration is slightly lower than the nominal
concentration of zinc in the prepared suspensions. This may be attributed to errors
arising during sample preparation, i.e. inaccurate weighing of the powders or
inhomogenous sampling in the dilution stages. The NPs in the suspensions are
agglomerated and polydisperse (Figure 5-28), which means that when a volume is
removed, the amount of solid in the aliquot will vary each time. There is no oxygen

peak as the instrument does not detect gases.
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Figure 5-11 Results of ICP-MS analysis reporting the concentrations of each
element present in EN-Z-4 and EN-Z-6, with elemental concentrations in nitric

acid blank subtracted.
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5.3.1.2 X-ray Diffraction

X-ray diffraction patterns were presented earlier in Figure 5-5 (d) and Figure
5-9 (c) for EN-Z-6 and EN-Z-4 respectively. A list of the peak positions and relative
intensities from the XRD patterns for EN-Z-6 is presented in Table 5-8. The peak
positions and relative intensities are in excellent agreement with the JCPDS file for
zincite (ref: 01-079-0206), indicating the sample is wurtzite ZnO. A list of the peak

positions and relative intensities for EN-Z-4 has already been reported in Table 5-5.

Table 5-8 XRD peak positions, corresponding d-spacings and relative intensites
for EN-Z-6. Also listed are the referenced values for zincite extracted from the

JCPDS file ref: 01-079-0206

700 28(%) d-spacing (A) Relative Intensity (%o)

rmher] WL ICPDS \p 7 6f ICPDS e 7 6] achDs Rer: |[EN-Z-6
1 10170 7 31.78 2815 2.814 57.6 504
2 Qoo2 3442 4.4 2.603 2.601 414 51.8
or 36.25 36.27 2476 2.475 100 100.1
4 1012 47.54 47 1.911 1.810 214 289
3 1170 56.61 6.63 1625 1.624 30.7 457
6 013 62.86 62.8 1.477 1.476 264 46.5
7 w010 | 6637 | 6640 | 1407 | 1.3%9 4 6.5
8 11z 67.93 67.98 1.378 1.376 21.7 368
9 20171 69.09 | 65.10 1359 | 1339 10.5 17.8
10 0004 1257 12 1.302 1.302 1.6 3.9
11 20172 76.96 76.99 1.238 1.236 33 5.8

5.3.1.3 Gas Adsorption (BET)

The BET adsorption-desorption isotherms for EN-Z-4 and EN-Z-6 are
presented in Figure 5-12 and Figure 5-13 respectively and are consistent with those
obtained for EN-Z-2 and EN-Z-3. The specific surface area (SSA) determined by gas
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adsorption technique for EN-Z-4 is 59.5 m?/g, corresponding to an average particle
size of 18 nm (Table 5-4). which is in good agreement with crystallite size
estimations from both XRD (Figure 5-9) where the average particle length and width
were measured as 23 and 18 nm respectively; and TEM (Figure 5-10), where the
average particle length and width were measured as 23 £+ 8 and 14 £ 4 nm
respectively.

The SSA measured for EN-Z-6 is 25.3 m?/g which corresponds to an average
particle diameter of 42 nm. This is in reasonable agreement with the crystallite size
estimations from both XRD (Figure 5-5), where the average particle length and width
were measured as 45 and 25 nm respectively; and TEM (Figure 5-6), where the
average particle length and width were measured as 47 £ 26 and 26 £ 8 nm
respectively. The average particle diameter for BET is calculated from the specific
surface area assuming a monodisperse sample consisting of spherical particles, which
may account for the minor discrepancy between the average particle size estimated
from BET and those estimated from XRD and TEM. EN-Z-6 consists of mostly rod-
like particles. A rod with a length of 45 nm has a significantly different surface area
to a sphere with 45 nm diameter and therefore this creates a discrepancy when

converting from SSA to average particle size.
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Figure 5-12 BET adsorption — desorption isotherm for EN-Z-4

119



120

o

——G—

100

Desorptio

'

—a
— —0—4_¢__4:‘+

T
0y
|

S——

Quantity Adsorbed (cm3g STP)

I
T
o1

I

®
[
|

40

/1
la

1+

20

o

t—i—4

o——4

Lo

dsoprtio

0.9

1
0.0 0.1

0.2

0.3

04 05

R

. 0.6
elative Pressure (P/Po)

0.7

[0}

Figure 5-13 BET adsorption — desorption isotherm for EN-Z-6

5.3.1.4 Thermogravimetric Analysis with Evolved Gas Analysis by Fourier

Transform Infrared Spectroscopy

Figure 5-14(a) and Figure 5-15 (a) display the results of TGA experiments
performed on the samples by heating to 950°C, with the mass loss expressed as a
percentage of the total initial starting mass. Evolved gas analysis was performed in
order to confirm the composition of the gases evaporating from the sample during
TGA. The reduction in mass observed in Figure 5-14(a) and Figure 5-15 (a) can be
explained by the increase in the overall absorbance observed in the Gram-Schmidt
plots presented in Figure 5-14 (b) and Figure 5-15 (b). The change in the intensity of
absorbance over specific ranges of wavenumber (labeled on the graph), as the

temperature rises, are presented in Figure 5-14 (c) and Figure 5-15 (c).
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Figure 5-14(a) TGA curve for EN-Z-4 showing loss of mass of sample with
increasing temperature, (b) associated Gram-Schmidt plot showing increase in
total FTIR absorbance with increasing temperature and (c) chemigrams
showing FTIR absorbance over specified ranges of wavenumber (indicated on

the graph) as temperature rises for EN-Z-4.
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122



The steep drop observed in the TGA for EN-Z-4 (Figure 5-14 (a)) between
50°C and 150°C in which the sample loses around 1.5% of its total mass may be
explained by adsorbed water vapour evaporating from the sample. Evidence for this
is observed in Figure 5-14 (c) which shows the absorbance detected in the range
1350-1450 cm-1, indicative of O-H bending, increasing in intensity over the same
temperature range, 50°C to 150°C. There is then a more gradual reduction in weight
between 150 and 650°C where the sample loses around 1.5 % of its total mass. This
is associated with a number of peaks with absorbance in the range 2300 to 2400 cm™
which is typical of CO; evolution. This may be attributed to the decomposition of
zinc carbonate present at the surface of the NPs decomposing to form carbon dioxide
(see Figure 5-16). Evidence for this is observed in Figure 5-14 (c) which shows an
increase in absorbance in the range 2250-2400 cm-1, indicative of carbon dioxide
evolving between 200 and 500°C with a maximum peak at 370°C. Dollimore et al.
(1979) investigating the thermal decomposition of zinc carbonate, reported a
continuous weight loss between 370 and 560°C with a maximum rate of weight loss
at 450°C. The rate of heating was consistent with our studies however the experiment
by Dollimore et al. (1979) was carried out in air, as opposed to in nitrogen which
may account for the discrepancy of around 80 °C. However, there is a possibility that
CO, may also be formed by decomposition of residual organic precursors present on
the surface of the particles rather than by decomposition of inorganic carbonates.
During synthesis, the maximum flame temperature is around 2200 - 2700°C (Médler
et al, 2002; Gréhn et al., 2012) yet our investigations infer that some of the precursor
derivatives do not fully decompose. This may be because the particles experience the
flame temperature for a fraction of a second, whereas in TGA analysis, despite the
lower temperatures, the dwell times are much longer, (heating rate 10°C/s) enabling
decomposition reactions to proceed to completion. Moreover, Gréhn et al. (2012)
also observed individual precursor droplets escaping the spray that might
contaminate the product ZnO NPs on the collection filter.

Following the gradual loss of mass between 200 and 700°C, the sample
stabilizes until the temperature reaches 800°C (Figure 5-14). Approximately 0.5 % of
the total mass of the sample is lost between 800 and 950 °C which is accompanied by

an increase in absorbance in the range 1350-1450cm™. Initially this was thought to
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be an experimental error however repetitions of the TGA experiment produced
consistent results. A loss in mass is not observed between 800 and 950 °C with other
samples of ZnO analysed in the same way (Figure 4-3, Figure 4-4, Figure 4-5 and
Figure 5-12) and therefore it appears to be unique to the sample. At present the
composition of the gas evolving from the sample is unknown and requires further
investigation in order explain this phenomena.

The TGA result for EN-Z-6 is presented in Figure 5-15 (a) and reveals a loss
of mass between 50 and 150°C corresponding to the evaporation of water from the
sample evident by the increase in absorption in the range 1350-1450 cm™ observed
over the same temperature range in Figure 5-15 (c). There is a gradual loss of mass
between 200 and 500 °C consistent with that observed for EN-Z-4, which may be
attributed to evolution of CO, by decomposition of zinc carbonate on the surface of
the NPs, evident by the peaks in absorption in the range 2300-2400 cm™ between 200
and 500 °C in Figure 5-15 (c). There is another peak in CO, evolution occurring
around 600°C. This may be due to DEG that has not been removed fully during the

washing procedure.

5.3.2 Surface Characterisation

Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS) and solid state carbon 13 nuclear magnetic resonance
spectroscopy (**C-NMR) techniques were employed to investigate the surface
composition of the samples. EN-Z-4 was investigated by XPS and FTIR over time in

order to determine the effect of ageing on the composition of the sample surface.

5.3.2.1 Fourier Transform infrared Spectroscopy

Figure 5-16 (a) shows the FTIR spectrum obtained for the as-prepared sample
of EN-Z-4. The strong band < 550 cm™ is characteristic of the broad band of
absorption that indicates ZnO lattice bonding (Wahab et al., 2009; Umar et al., 2009;
Li et al., 2010). The band at 1680 cm™ is characteristic of C=0 stretching of an
organic carbonyl group. It may be due to aldehyde, ketone or carboxylic acid
compounds that have formed due to partial decomposition of the precursor
compound zinc naphthenate in the toluene-fuelled flame during the synthesis

124



process, previously detected by TGA with EGA (Figure 5-14). The band at 3400 cm’
! relates to the O-H stretch of the hydroxyl vibration and hence indicates hydration of
the sample. Literature reports that the characteristic band here for O-H occurs
between 3200-3600 cm™(Socrates, 2001), however the band present in the current
sample spectrum continues down to 2800 cm™. It is possible that the O-H band is
masking another absorption band that can most probably be attributed to the
asymmetrical stretch of a C-H bond present in the carbonyl containing compound
mentioned above. In addition to the potentially organic impurity, the spectrum also
indicates the presence of carbonate groups, which are likely to occur as a result of
CO, adsorption on storage. The broad band from 1500-1250 cm™ can be attributed to
the C-O stretch of a carbonate group, (v3), which has split into two components with
band maxima at 1400 and 1345 cm™. The splitting of the band indicates that the
carbonate being detected is coordinated to zinc ions, as this reduces the symmetry of
the carbonate molecule causing vibrations to split (Nakamoto, 1997). The bands at
1065, 878 and 696 cm™ occur as a result of the symmetric C-O stretching mode (v1),
the out-of-plane CO3; deformation mode (v2) and the OCO bending mode (v4)
respectively (Nakamoto, 1997).

The FTIR spectrum in Figure 5-16 (b) is of an aged sample of EN-Z-4 and, as
expected, the bands occurring as a result of sample hydration and carbonation
increase in strength. Formation of surface carbonates and hydroxides is typically
observed with zinc oxide exposed to ambient air since ZnCOs; is a stable phase if
CO; is present and Zn(OH); is close to stability in humid air (Klimm et al, 2011).
Thus it must be taken into account that ZnO surfaces exposed to air may easily form
layers of carbonate and/or hydroxide not only by adsorption but also by chemical
reaction (Pan et al., 2010; Klimm et al., 2011). The FTIR spectrum in Figure 5-16 (c)
shows the spectra taken after washing the sample through a series of steps whereby
the ZnO NPs were suspended in MilliQ water, sonicated and then centrifuged. The
precipitated particles were then re-suspended in MilliQ water and the process was
repeated 6 times, after which the sample was dried in an oven at 60°C. This process

appears to have no effect on the resultant FTIR spectra.
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Figure 5-17 (a) TEM image and (b) SAED pattern showing the sintered ZnO
NPs after they have been heated to 800°C for TGA.

The FTIR spectrum in Figure 5-16 (d) was obtained immediately after the
sample had been heated to 950°C during the TGA experiment, in order to investigate
whether the presence of carbonate, hydroxyl and potential organic contaminants on
the surface were diminished. The O-H, C=0O and C=H bands were no longer
detectable, suggesting that all of the moisture, as well as the organic substances
responsible for the suspected C=0 and C-H bands, were removed during high
temperature heat treatment. Although after heating to this temperature, the
composition of the powder remains consistent with wurtzite zincite, as confirmed by
SAED ((Figure 5-17(b)), the high temperature causes the NPs to sinter into larger
particles (Figure 5-17), therefore this is not a suitable method for purifying the
particles. A sharpening and decrease in intensity of absorbance due to inorganic
carbonate bands is observed after heating to 950 °C, indicating a reduction, but not
removal of the surface carbonate phase. It may be that the entire surface-carbonate
was removed during heat treatment but transferal from the furnace to the FTIR
instrument resulted in a limited degree of re-carbonation even in the short time the

surface was exposed to air.
An FTIR spectrum of the colloidal suspension of EN-Z-6 ZnO NPs in DEG

obtained immediately after synthesis is presented in Figure 5-18 (a). Comparing the

spectrum for colloidal EN-Z-6 in DEG with the FTIR spectrum obtained for pure
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DEG presented in Figure 5-18 (c), it can be seen that the majority of the peaks
observed in Figure 5-18 (a) are a result of DEG. There is an additional band present
in the colloidal EN-Z-6 in DEG FTIR spectrum (Figure 5-18 (a)) compared with the
DEG FTIR spectrum (Figure 5-18 (c)), located at 1730 cm™. This band is likely to be
due to the C=0 stretching of a carbonyl group (Socrates, 2001), the presence of
which may be explained by a variety of reasons. Firstly, the entirety of the zinc
acetate precursor may not have reacted, giving rise to residue remaining in the
sample. The FTIR of ZnAc, presented in Figure 5-18 (d), has a band at 1730 cm™
attributable to the C=0 stretch. However ZnAc also has a strong band at 1575 cm™
which does not appear in the FTIR spectrum for colloidal EN-Z-6 in DEG, indicating
that there is likely to be alternative explanation for the band at 1730 cm™. Although
the degradation products of DEG are not reported in the literature, it is well
documented that when heated, ethylene glycol, propylene glycol and polyethylene
glycol all form carboxylic acids such as glycolic, glyoxylic, formic, carbonic and
oxalic as degradation products (Rossiter et al., 1983; Rossiter et al., 1985; Clifton et
al., 1985), all of which have bands at 1730 cm™ corresponding to the stretch of C=0
bonds present in the carboxylic acid functional group (COOH). Bands associated
with the O-H bond present in the functional group would occur between 2800-3300
cm™ however due to the O-H bands present in the DEG spectrum at similar
frequencies it is not possible to confirm their presence. Therefore the band at 1730
cm™ may be present as a result of products formed from the degradation of DEG
upon heating. After washing with distilled water, the band at 1730 cm™ disappears
(Figure 5-16 (b)).

The FTIR for the washed EN-Z-6 sample is presented in Figure 5-18 (b) and
indicates that the majority of the bands associated with DEG and the band at 1730
cm™ associated with a carbonyl group are removed. There are however very weak
bands remaining at 2920 and 2850 cm™ associated with asymmetric and symmetric
CH, stretching indicating that the DEG has not been fully removed. This is
consistent with the impurities detected by TGA with EGA (Figure 5-15). The broad
band at 3400 cm™ may be due to the O-H stretch of residual DEG or carboxylic acids
formed from its degradation. However, as the CH, have been reduced to a
significantly greater degree, it is probable that the band is also due the O-H stretching
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of water molecules present as a result of incomplete evaporation during the drying
process. Alternatively, water molecules from the atmosphere may have adsorbed on

to the surface of the particles after drying.
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5.3.2.2 X-ray Photoelectron Spectroscopy

The survey scans for EN-Z-4 and EN-Z-6 are presented in Figure 5-19 (a)
and (b) respectively. Higher magnification spectra for the Zn2ps,, Ol1s and C1s edges
are presented in Figure 5-20, Figure 5-21 and Figure 5-22 respectively. For EN-Z-4,
XPS was performed close to the time of synthesis of the sample (T=1 month), and
then again 8 months later (T=9 months) in order to investigate the extent to which the
sample was adsorbing atmospheric CO, and the spectra obtained for the Ol1s and C1s
edges are presented in Figure 5-23 (a) and (b) respectively. The percentage
concentrations of each element were determined by photoelectron peak area

integration and are reported in Table 5-9.
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Figure 5-19 XPS survey scan for (a) EN-Z-4 and (b) EN-Z-6 synthesized ZnO

samples.
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The Zn2ps, binding energies for EN-Z-4 and EN-Z-6 were found at 1021.8
and 1021.1 eV respectively. The Zn2py, binding energies for EN-Z-4 and EN-Z-6
were found at 1044.9 and 1044.2 eV respectively (Figure 5-20). Values obtained are

in good agreement with those reported in the literature indicating that the species of
zinc detected is that belonging to ZnO (Mar et al., 1993; Chen et al., 2011).
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Figure 5-20 XPS spectra of Zn2p edge for (a) EN-Z-4 and (b) EN-Z-6 with

binding energies labeled above each peak.

Three mixed Gaussian-Lorentzian peaks were fitted to the Ols edge of the

spectra revealing three types of oxygen species to be present in both of the
synthesized ZnO samples (Figure 5-21). The largest peak for EN-Z-4 (Figure 5-21
(@) and EN-Z-6 (Figure 5-21 (b)), at 530.4 and 530.1 eV respectively, may be
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attributed to the oxygen in the crystal lattice of ZnO, in good agreement with the
literature values reported (Mar et al., 1993; Zhang et al., 2005; Chen et al., 2011).
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Figure 5-21 XPS spectra of Ols edge for (a) EN-Z-4 and (b) EN-Z-6 with
binding energies labeled above each peak.

The central peaks at 531.9 and 521.4 eV for EN-Z-4 and EN-Z-6 respectively
correspond to hydrated oxide species (Zhang et al, 2005) and/or O=C oxygen species
(Liquiang et al., 2004). The hydrated oxide species corresponds to chemically
adsorbed water molecules, previously detected in both samples by TGA with EGA
(Figure 5-14 and Figure 5-15) and FTIR (Figure 5-16 and Figure 5-18). The highest
binding energy peak for the oxygen species present in the samples is at 532.6 and
532.1 eV for EN-Z-4 and EN-Z-6 respectively. This may be attributed to loosely
bound oxygen on the surface of the ZnO NPs belonging to physically adsorbed CO,
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or H,O (Mar. et al, 1993; Islam et al., 1996; Au et al.,, 1988; Zhang et al. 2005),
previously detected for both EN-Z-4 and EN-Z-6 by TGA with EGA (Figure 5-14
and Figure 5-15) and FTIR (Figure 5-16 and Figure 5-18).

The C1s edges of the XPS spectra for EN-Z-4 and EN-Z-6 are shown in
Figure 5-22 (a) and Figure 5-22 (b) respectively and indicate that there are three
types of carbon species present in both of the synthesized samples.
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Figure 5-22 XPS spectra of Cls edge for (a) EN-Z-4 and (b) EN-Z-6 with
binding energies labeled above each peak
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The peaks at 285.0 eV and 284.9 eV in the EN-Z-4 and EN-Z-6 spectra
respectively, correspond to adventitious carbon (Swiatowska-Mrowiecka et al, 2008).
These peaks may also be a result of the aliphatic carbon present in the contaminants
detected in the samples by TGA with EGA (Figure 5-14and Figure 5-15) and FTIR
(Figure 5-16 and Figure 5-18). The peaks at 286.5 and 286.4 eV in the EN-Z-4 and
EN-Z-6 spectra respectively are most likely to be due to carbonate species formed by
chemical adsorption of CO; (Stoch et al., 1991). The peaks at 289.2 and 288.9 eV in
the spectra for EN-Z-4 and EN-Z-6 respectively may be attributed to the carbon
species present in physically adsorbed carbon dioxide molecules (Hirsch and
Hirshwald, 1988). These peaks may also be indicative of the species of carbon in a
carboxylate group (O-C=0), which is likely to be part of the organic contaminants
detected by TGA with EGA (Figure 5-14and Figure 5-15) and FTIR (Figure 5-16
and Figure 5-18).

The O1s and C1s edges of the XPS spectrum for the aged sample of EN-Z-4
are presented in Figure 5-23 (a) and Figure 5-23 (b) and indicate that the surface of
the sample has changed over time. The percentage concentrations of carbon, oxygen
and zinc in the top few nanometres of the sample surface are reported in Table 5-9
and show a significant increase in the carbon content and an increase in the amount
of oxygen on ageing. This is in agreement with FTIR investigations on the aged
sample (Figure 5-16). The percentage concentrations of the different species of
oxygen and carbon present in the as prepared and aged samples of EN-Z-4 are
reported in Table 5-10. An increase in the oxygen peaks associated with chemically
and physically adsorbed CO, and H,O (Peaks (1) and (2) in Figure 5-23) is observed.
Additionally, an increase in carbon associated with chemically adsorbed CO, (Peak
(2)) in Figure 5-23 (b) is observed.
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Figure 5-23 XPS spectrum of (a) Ol1s and (b) C1s edges of EN-Z-4 after ageing.

Table 5-9 Table reporting the relative concentrations of Zn, O and C in the

surface of the synthesized samples, obtained from XPS spectra

Concentration (%o)
Sample
Zn2p Ols Cls
EN-Z-4 a4.3 50.9 4.8
EN-Z-6 34.5 54.7 10.8
EN-Z-4 agedl 304 53.1 16.5
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Table 5-10 Table reporting the percentage concentrations of carbon and oxygen
species present in the as prepared and aged sample of EN-Z-4, determined by
XPS

Concentration (%)
Sample Cls Ols
1 2 3 1 2 3
EN-Z-4 19.9 9.3 70.8 5.9 19.3 74.8
EN-Z-4 aged| 11.2 259 62.9 14.1 238 62.1

5.3.2.3 Nuclear Magnetic Resonance Spectroscopy

The samples were analysed by solid state **C NMR and the spectra obtained
are displayed in Figure 5-24. The spectrum obtained for EN-Z-4 is presented in
Figure 5-24 (a) and due to a very weak signal output from the sample, is a result of
an overnight accumulation. A background roll is observed which in particular,
accounts for the bump around 130 ppm. The small signal around 165 ppm is
characteristic of carbonate that may be attributed to the surface carbonate previously
detected by TGA with EGA (Figure 5-14), FTIR (Figure 5-16) and XPS (Figure
5-22). The signal around 30 ppm is most probably due to experimental background,
caused by contaminants such as grease on the rotor.

The spectrum for EN-Z-6 presented in Figure 5-24 (b) has a more obvious
range of signals, although the absolute intensity is still very low. The lines at 61.1
and 72.8 ppm are characteristic of the carbon associated with alcohol groups. The
line at 21.6 ppm is indicative of methyl groups and the line at 180 ppm may
correspond to carboxylic acid groups. All of these species may be attributed to either
DEG or carboxylic acids resulting from DEG degradation, small amounts of which
have previously been detected by TGA with EGA (Figure 5-15), FTIR (Figure 5-18)
and XPS (Figure 5-22).
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Figure 5-24 The *C NMR spectra for (a) EN-Z-4 and (b) EN-Z-6.

5.3.3 Nanoparticle Characterisation

The aforementioned techniques provide information with regard to the
characteristics of the bulk and surface of the sample. In order to characterize the
samples at the nanoparticle level, scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and dynamic light scattering techniques were employed.

5.3.3.1 Scanning Electron Microscopy

Scanning electron microscope (SEM) images of EN-Z-4 and EN-Z-6 are
presented in Figure 5-25 (a) and (b) respectively. Although the primary particles are
discernible from the images, the sample is heavily agglomerated into sizes in the
order of a few hundred nanometers, making it difficult to obtain an accurate
distribution of primary particle size. Investigation of the samples by TEM is
therefore required in order to obtain clearer definition of the primary particle sizes

and morphologies.
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Figure 5-25 SEM images of (a) EN-Z-4 and (b) EN-Z-6 synthesized ZnO NP

samples.

5.3.3.2 Transmission Electron Microscopy

Transmission electron microscope (TEM) images of clusters of the ZnO NPs
in EN-Z-4 and EN-Z-6 are presented in Figure 5-26 (a) and Figure 5-27 (a)
respectively. The widths and lengths of 250 particles from each sample were
measured and the Feret ratio for each particle was calculated. The data are presented
in histograms in Figure 5-26 (c¢) and Figure 5-27 (c) for EN-Z-4 and EN-Z-6
respectively. EN-Z-4 has an average particle length of 23 + 8 nm; width of 14 + 4
nm; and Feret ratio of 1.6 + 0.4. These results indicate that the interparticle variation
in size and morphology has a relatively narrow distribution and that the majority of
the particles are elongated. EN-Z-6 has an average particle length of 47 + 26 nm;
width of 26 £ 8 nm; and Feret ratio of 1.8 + 0.5. These results indicate that the
distribution of particle size and morphology is wider than in the case of EN-Z-4 but
still relatively narrow. Similarly with EN-Z-4, the particles present in the sample are
predominantly elongated.

High resolution images of a single particle of EN-Z-4 and EN-Z-6 (outlined
by a red box in Figure 5-26 (a) and Figure 5-27 (a)) are presented in Figure 5-26 (b)
and Figure 5-27 (b) where the atomic planes are clearly discernible and are indexed
to a single crystal of ZnO. The images confirm that the NPs in both samples are

predominantly single crystal in nature. The indicated d-spacing of the planes
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observed in the high resolution image of the EN-Z-4 particle (Figure 5-26 (c)) is

2.819 A, which corresponds to the d-spacing of the {1010} planes of the ZnO crystal
(JCP-DS ref: 01-079-0206). This indicates that the preferred direction of growth of

the elongated ZnO particles is in a direction parallel to the {1010} planes, supporting
the assumption that the ZnO NPs in this sample grow preferentially along the c-axis,
<0001>, as is typically observed with gas-phase synthesis techniques (Wang &
Muhammed, 1999). The indicated d-spacing of the planes observed in the high
resolution image of the EN-Z-6 particle (Figure 5-27 (c)) is 2.609 A, which
corresponds to the d-spacing of the {0002} planes of the ZnO crystal (JCP-DS ref:
01-079-0206). The particle imaged is equiaxial and therefore no preferred growth in
any direction is observed for this particular particle.

The particle lengths and widths obtained by measurement from TEM images
are in good agreement with those values reported for BET (Table 5-4) and XRD
(Figure 5-5 (d) and Figure 5-9 (c)).

Selected area electron diffraction (SAED) patterns were obtained for the
clusters of particles presented in Figure 5-26 (a) and Figure 5-27 (a) for EN-Z-4 and
EN-Z-6 respectively. The SAED patterns are presented in Figure 5-26 (d) and Figure
5-27 (d) for EN-Z-4 and EN-Z-6 respectively. The d-spacings calculated from
measurement of the ring diameters in the SAED patterns are reported in Table 5-11
are in good agreement with XRD data for Zincite (ref: 01-079-0206).

The energy dispersive X-ray (EDX) spectra obtained for EN-Z-4 and EN-Z-6
are presented in Figure 5-26 (e) and Figure 5-27 (e) respectively and confirm the
presence of only zinc and oxygen in the samples. The copper peaks observed are
from the copper grid bars on the TEM grid and also possibly from the sample holder.
The carbon peaks present are mainly due to the holey carbon support film on the
TEM grid.
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Figure 5-26 (a) TEM image of a typical cluster of EN-Z-4 NPs (b) histograms to
show the variation in particle length, width and Feret ratio. (c) Higher
resolution image of a single particle showing crystal planes. (d) SAED pattern

and (e) EDX spectrum obtained from the cluster of particles in (a).
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Figure 5-27 (a) TEM image of a typical cluster of EN-Z-6 NPs (b) histograms to

show the variation in particle length, width and Feret ratio. (c) Higher

resolution image of a single particle showing crystal planes. (d) SAED pattern

and (e) EDX spectrum obtained from the cluster of particles in (a).
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Table 5-11 Table displaying the ring diameters and corresponding calculated d-
spacings measured from SAED diffraction patterns of EN-Z-4 and EN-Z-6. Also
displayed are the d-spacings for zincite extracted from the JCPDS reference
file: 01-079-0206

JCPDS Ref: FSP 18 Degsyn

01-079-0206
il . Ring . Ring .

d-spacing ) d-spacing | _. d-spacing
A) Diametre A) Diametre A)
(1/nm) (1/nm)

1010 2.815 7.10 2.818 7.12 2.809
0002 2.603 7.64 2.617 7.70 2.597
1011 2.476 7.99 2.504 8.10 2.469
1012 1.911 10.32 1.937 10.49 1.906
1120 1.625 12.40 1.613 12.35 1.619
1013 1.477 13.61 1.469 13.56 1.475
2020 1.407 14.01 1.427 14.22 1.406
1122 1.378 14.59 1.371 14.51 1.378
2021 1.359 14.79 1.352 14.74 1.357
0004 1.302 15.32 1.305 15.40 1.299
2022 1.238 16.06 1.245 16.18 1.236

5.3.3.3 Dynamic Light Scattering

Particle size distribution data obtained by DLS for EN-Z-4 and EN-Z-6
suspended in water at a concentration of 1000 pg/ml and a final solution pH of 7.8,
are shown in Figure 5-28 (a) and (b) respectively.

Observation of the NP suspensions over time would suggest that EN-Z-6 has
superior stability to EN-Z-4. EN-Z-6 does not appear to agglomerate and sediment
for more than 48 hours, whereas EN-Z-4 begins to sediment and agglomerate after
approximately 1 hour. This may be due to the residual DEG on the sample surface,
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detected by TGA with EGA (Figure 5-15), FTIR (Figure 5-18), and XPS (Figure
5-22 (b)), acting as a stabilizing agent. Time dependent data for ZnO NP stability in
water is presented in Chapter 6.

The light scattering profile of the suspension is converted into plots of
intensity, volume and number using the instrumental software. The Rayleigh
approximation states that the intensity of light scattered by a particle is proportional
to the diameter of the particle (I o d°). The intensity profile for EN-Z-4 in Figure
5-28 (a) (red line) displays a modal peak at 1500 nm, a secondary peak at 185 nm
and two smaller peaks at 550 and 5500 nm. The intensity plot shows the relative
intensity of light scattered by each of the size groups. The volume profile for EN-Z-4
displayed on the same plot (Figure 5-28 (a)) (blue line) has a modal peak at 180 nm,
a secondary peak at 1500 nm and two smaller peaks at 550 nm and 5500 nm. The
volume plot is formed by conversion of the intensity profile using Mie theory which
takes into account the greater relative scattering of the larger particles compared to
the small (Malvern 2000) and hence explains the switch between the relative size of
modal and secondary peaks. The number profile for EN-Z-4 (Figure 5-28 (a)) (black
line) is derived from the volume plot and displays the relative percentage of particles
in each size class. The number plot displays the narrowest particle size distribution,
however as it is derived using a mathematical approximation, it is not necessarily the
most accurate. The plot has a principal peak at 160 nm indicating that the majority of
the NPs (with an average primary particle size of 18 nm) in the suspension are
agglomerated into clusters of particles. The secondary peak at 500 nm accounts for a
much smaller fraction of larger agglomerates present in the suspension. Although the
number profile indicates that the majority of the agglomerates present in the sample
are below 800 nm, it does not show the extremely low fraction of agglomerates
present that are greater than 1000 nm in hydrodynamic diameter, as shown by the
intensity and volume plots.

The light scattering profiles for EN-Z-6 are presented in Figure 5-28 (b). The
intensity profile (red line) has a peak maximum at 170 nm which reduces to 160 nm
in the volume profile (blue line). The number profile (black line) indicates that the
size of the particles in the sample range between 65 and 200 nm in diameter with the

majority of the particles around 110 nm in diameter. Comparing this to the average
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particle size obtained by TEM measurements of 47 + 26 nm (Figure 5-27 (a)), it can
be concluded that although the majority of the particles are agglomerated into small

clusters of particles there are also likely to be isolated primary particles in the

suspension.
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Figure 5-28 DLS profile for (a) EN-Z-4 and (b) EN-Z-6 ZnO suspensions in
water at a concentration of 1000 pug/ml taken immediately after ultrasonication
for 20 minutes. The intensity profile is shown in red, the profile converted to

volume is shown in blue and the number profile is shown in black.
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The DLS measurements were taken immediately after the sample was
removed from the ultrasonic bath and are therefore not an indication of how well the
particles are dispersed as time progresses. The tendency of the particles to
agglomerate may be explained by the solution pH of 7.8 which is relatively close to
the isoelectric point of ZnO which is approximately pH 9 (Degen and Kosec, 2000;
Bang et al., 2006).

Particle stability must be taken into account in toxicological assays which
invariably take place in biological media such as Dulbecco’s modified eagle medium
(DMEM). The degree of particle agglomeration in suspensions will be affected by
the dispersing medium i.e. the presence of salts and protein serum can affect NP
stability. The results of investigations into the stability of the ZnO NP samples in
DMEM are reported in Chapter 6. In addition to the NPs agglomeration behaviour,

the solubility of the NPs at varying solution concentrations is also investigated.

5.4 Summary

ZnO NP samples have been synthesized by a flame spray pyrolysis technique
and by a polyol route. ZnO NP samples with varying particle sizes were synthesized
via the polyol route by altering the concentration of the ZnAc precursor. Increasing
the concentration of ZnAc was found to increase the size of the ZnO crystallites
obtained, while at the same time decreasing the tendency of the crystallites produced
to agglomerate into spherical clusters. The reproducibility and scalability of the
method was investigated. Repeats of experimental conditions did not always yield
particles with the same size and morphological characteristics, demonstrating the
sensitivity of the technique to unintentional small changes in reaction conditions,
such as temperature fluctuations. It was determined that heterogeneous heating of the
sample, as a result of employing a different hotplate for the repeat experiments
resulted in polydisperse ZnO NPs, as compared to the original synthesis experiments
for Degsyn-0.15-100-1, Degsyn-0.45-100-1 and Degsyn-0.90-100-1. A sample with
an average particle length of 47 + 26 nm was selected to put forward to toxicological
investigations and was analyzed in detail using the characterisation protocol.

The size of the NPs produced was altered in the FSP route by varying the rate

of flow of the precursor solution to the flame and changing the zinc precursor and

145



solvent. Increasing the rate of flow of the precursor solution to the flame from 1-5
ml/min increased the average size (dger) Of the NPs obtained from 11 to 18 nm, in
good agreement with particles synthesized by Tani et al. (2002). The sample with a
dset of 18 nm was selected to put forward to toxicological investigations and was
therefore characterized using the protocol.

The FSP sample (EN-Z-4) has a narrow particle size distribution, measured
from TEM (Figure 5-26) with an average particle length of 23 + 8 nm; width of 14 +
4 nm; and Feret ratio of 1.6 + 0.4. The sample prepared by polyol route (EN-Z-6) has
a somewhat wider distribution (Figure 5-27) with an average particle length of 47 +
26 nm; width of 26 £ 8 nm; and Feret ratio of 1.8 =+ 0.5. EN-Z-4 and EN-Z-6
synthesized samples both comprise monophasic wurtzite ZnO as determined by XRD
(Figure 5-5 (d) and Figure 5-9 (c) respectively). Residual precursor was detected on
the surface of the synthesized samples by TGA with EGA (Figure 5-14 and Figure
5-15), FTIR (Figure 5-16 and Figure 5-18), XPS (Figure 5-22), however the amounts
detected were extremely small, especially when compared to the coating on EN-Z-1.
As well as the residual precursor impurities detected, physically and chemically
adsorbed CO, and H,O was identified at the surface of the synthesized samples,
which was also present at the surface of commercial samples. EN-Z-6 has a greater
stability in water compared to EN-Z-4, remaining in suspension for more than 48
hours compared with approximately 1 hour. EN-Z-6 remains stable for long enough
that it will not agglomerate during an acute toxicity assay (i.e. a maximum time of 48

hours).

Comparing all 5 of the ZnO NP samples investigated in this thesis, EN-Z-4
has the narrowest distribution of particle sizes. EN-Z-6 has a narrower distribution
than EN-Z-1 but is more polydisperse than EN-Z-3 and EN-Z-2. Synthesized ZnO
NPs have higher purity than commercial samples. EN-Z-2 and EN-Z-3 commercial
samples were found to contain a secondary phase of hydrozincite (Figure 4-2). EN-
Z-1 dispersion is superior; however an unidentified aliphatic polyether coating is

present on the particle surface.
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In final summary, both of the samples synthesized in house have specific
characteristics that are superior to the commercially available samples. The samples
are monophasic ZnO and more information is known regarding the impurities on the
surface of the particles, as well as smaller quantities being present. EN-Z-4 has the
narrowest particle size distribution compared to the other samples and EN-Z-6 has
greater stability than the other powders obtained.

The carbonate / hydroxide layer detected at the surface of the NPs in all five
of the investigated samples may alter the weight of the samples resulting in an
underestimated dose of ZnO being delivered to the toxicity assays. In addition, the
impurities could significantly affect the chemical and physical properties such as
their solubility which is known to affect ZnO toxicity (Xia et al., 2008; Reed et al,
2012).

In order to gain a comprehensive understanding of the state of the NPs when
administered to the toxicity assays, it was essential to characterise their
agglomeration behaviour and solubility in biological media. The results of these

investigations are presented in Chapter 6.
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6 Dispersion and Solubility of Zinc Oxide Nanoparticles in
Solution

In order to administer ZnO NPs for toxicity assays, dispersion in a liquid
medium is required. The in vitro assays carried out in this investigation use a cell
culture solution called Dulbecco’s Modified Eagle Medium (DMEM). This medium
provides the cells with the nutrients required to remain viable. It is therefore essential
to investigate NP characteristics, such as agglomeration and solubility, when
suspended in DMEM. Cell culture media is often supplemented with serum proteins
such as foetal calf serum (FCS) or bovine serum albumin (BSA) in cell in order to
maintain the viability of the cells. Although the toxicity experiments reported in this
investigation used serum free media, as a point of interest, the effect of the addition
of BSA to DMEM on the agglomeration and solubility of the ZnO NP suspensions
was also investigated.

With the exception of EN-Z-1, all samples were dispatched to the consortium
members in the ENNSATOX project as 1000 pg/ml ZnO suspensions in MilliQ
water. EN-Z-1 was sent out in the form it was received from the commercial
supplier, which was as a 4 x 10° pg/ml colloidal suspension in water. Therefore it
was important to characterise the behaviour of the NPs in water as well as DMEM.

The dispersion of the commercial and synthesized ZnO NPs when suspended in
MilliQ water is reported in Chapters 4 (Figure 4-19) and 5 (Figure 5-28)
respectively, as determined by the dynamic light scattering (DLS) technique. The
results indicate that all of the powder samples are not particularly stable over time,
however there is no quantification of stability. A more extensive investigation of the
dispersion and solubility characteristics of the ZnO samples in MilliQ water, DMEM
and DMEM-BSA was carried out and the results are presented in this chapter. The
magnitude of the charge on the NPs surface was determined by zeta potential
measurements. Due to limitations associated with DLS, an alternative method of
determining the size distribution of the agglomerates present in polydisperse, low NP
concentration samples was investigated. The technique involves the plunge freezing
of the sample on a TEM grid, warming under vacuum and then imaging in a
conventional TEM (Hondow et al., 2012; Wallace et al., 2012). The solubility of
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ZnO NP samples in water, DMEM and DMEM-BSA was determined by separating
the NPs from the dispersion via ultracentrifugation at 14,500 rpm (14,100 x g) and
then measuring the dissolved zinc concentration in a known volume of supernatant

using inductively coupled plasma mass spectrometry (ICP-MS).

6.1 Solubility of ZnO Nanoparticles
The equilibrium solubility of ZnO in water is highly pH dependent and is
reported to range from >1000 pg/ml at pH 6 to 1 pg/ml at pH 8 (Stumm & Morgan
1995). Franklin et al. (2007) measured a stable equilibrium solubility level for ZnO
in water at pH 7.6 and 24 °C, equivalent to the complete dissolution of 20 pg/ml ZnO
(16 pg/ml Zn). The medium in which ZnO NPs are suspended will also affect the
equilibrium solubility. For example, Song et al. (2010) and Xia et al. (2008) reported
that suspensions of ZnO NPs in DMEM at 37 °C, tended to equilibrium when the
concentration of dissolved ZnO reached 12.4 and 18.3 pg/ml respectively.
Temperature can also affect equilibrium solubility for ZnO NP suspensions. For
example Reed et al (2012) showed a lower ZnO solubility in DMEM at 37 °C as
compared to at 20 °C, where the concentration of dissolved ZnO measured increased
from 8.75 pg/ml (7 pg/ml Zn) to 16.25 pg/ml (13 pg/ml Zn) respectively. Chemical
equilibrium modelling (Visual Minteq) predicts that less-soluble zinc hydrocarbonate
(hydrozincite) and zinc phosphate hydrate (hopeite) will re-precipitate in moderately
hard water and Roswell Park Memorial Institute (RPMI) cell culture medium
respectively. This was verified experimentally by Reed et al. (2012) for solutions of
ZnO NPs and by Turney et al. (2012) for soluble zinc salts in RPMI. For ZnO NP
suspensions in DMEM (with and without BSA) Reed et al. also reported a rising Zn
concentration in solution over time (1400 hrs), accompanied by a decreasing pH. The
findings reported in the literature emphasize the variability of ZnO equilibrium
solubility with solution characteristics such as composition, pH and temperature and
highlight the importance of characterising ZnO NP suspensions used in toxicological
investigations in a controlled environment.
In this section, dissolution kinetics of the ZnO NP samples are investigated. As
well as this, the effect of the medium and the temperature of the medium on the

equilibrium solubility of the sample are investigated. The pH of the solutions was
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monitored as this too can affect solubility. Furthermore, the effect of increasing ZnO

NP concentration on the amount of zinc in solution is investigated.

6.1.1 Dissolution of ZnO Nanoparticles in Varying Media

In order to investigate ZnO dissolution in the medium in which the NPs are
suspended, the solubility of the 5 ZnO samples was characterised in H,O and
DMEM. The effect on the solubility when BSA was added to the suspensions at a
concentration of 10 % w/w was also investigated. Toxicological investigations using
cells are typically carried out at 37°C, therefore the solubility experiments for
DMEM and H,0O were carried out at both 37 °C and 21°C in order to investigate the
effect of varying the temperature. The samples were prepared at a concentration of
100 pg/ml and stored for 24 hours in sealed vials before separating out the NPs by
centrifugation (36 minutes at 14500 rpm) and analysing the supernatant using ICP-
MS.

The zinc concentration obtained from the ICP-MS measurement was converted
into a concentration of ZnO in pg/ml. The results are presented in Figure 6-1 and
indicate that ZnO solubility is diminished at elevated temperature when suspended in
both water and in DMEM. The concentration of dissolved ZnO measured, and
increase in solubility observed with decreasing temperature is in agreement with
findings reported by Reed et al. (2012).

The results indicate that for all samples, the dissolution of ZnO is greater in
DMEM than in H,O. This is consistent with the results of similar studies reported in
the literature (Reed et al., 2012). The EN-Z-1 sample, suspected to have a lower
solubility than the other samples did not exhibit comparatively lower concentrations
of dissolved ZnO. Therefore further investigation was required in order to obtain
conclusive results. The addition of BSA to the suspension does not appear to
significantly impact on the solubility of the ZnO NPs.

The error in the measured Zn concentration is approximately 2.5 % occurring
as a result of inaccuracy of the ICP-MS instrument. However, this error may be
overlooked when taking into account the error that might arise from variability in the
actual concentration of ZnO in the suspensions compared to the nominal

concentration. In the following section (6.1.2), it is determined that the error in the
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total mass of ZnO in a suspension for EN-Z-1 is approximately 35 % and for the
remaining 4 samples is approximately 20 % (Table 6-1). The differences in ZnO
dissolution in water and DMEM, and at different temperatures, even when taking the
percentage errors into consideration are still significant. However, the changes in
ZnO solubility when DMEM is supplemented with BSA are very small and therefore
do not present significant findings.
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Sample
Figure 6-1 Chart illustrating the effect of the type of media and the temperature
on the dissolution of ZnO. Samples were suspended in both water and in
DMEM at 25°C and at 37°C for 24 hrs. The solubility of ZnO in a solution of
DMEM and BSA at 25°C is also reported. Concentration of Zn in solution was
measured by ICP-MS.
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6.1.2 ZnO Dissolution Kinetics and Equilibrium Solubility

In order to gain a more comprehensive understanding of ZnO NP dissolution
characteristics, the solubility of the samples over time and at varying ZnO
concentrations was investigated.

In order to replicate the suspensions administered to the cells, stock
suspensions of the samples were prepared in MilliQ water at the relevant
concentrations and allowed to equilibrate for 48 hour. The concentration of the EN-
Z-1 stock is 4 x 10° pg/ml whereas the concentration of the other 4 samples’ stock
suspensions was 1000 pg/ml. Immediately prior to the experiment, a 1000 pg/ml
stock suspension of EN-Z-1 was prepared. Serial dilutions of the stocks were carried
out to make concentrations of 100, 30, 10, 3 and 1 pg/ml. In order to ascertain the
degree of variability between the aliquots taken from the stocks to prepare the serial
dilutions, a 100 pl volume of each stock solution was digested in acid and analysed
by ICP-MS to measure the total concentration of ZnO. The results are reported in
Table 6-1 and indicate that there is a relatively large amount of variation in the
amount of ZnO measured in each aliquot. The measured concentration of ZnO in the
EN-Z-1 sample is significantly higher than 1000 pg/ml for all 3 of the aliquots
analysed, with an average value of 1440 pg/ml. The standard deviation of the
measurements is more than half the nominal concentration at 520 pg/ml. As this
sample is purchased as a colloidal dispersion, this may suggest that the concentration
quoted by the supplier is inaccurate. Alternatively, the discrepancies may occur as a
result of the sample preparation. Prior to the aliquots being taken, the EN-Z-1 sample
was only very recently diluted to a nominal concentration of 1000 pg/ml from its
original nominal concentration of 4 x 10> pug/ml. This will mean that there will be a
higher concentration of undissolved ZnO, than will be present in the other 4 ZnO
samples. Particles and small agglomerates of ZnO present in the 1000 pug/ml stock
suspension of EN-Z-1 will cause greater fluctuations in the concentration than
dissolved species and hence the large variation in ZnO concentrations for the 3
measured aliquots of EN-Z-1 may be explained.

The average ZnO concentration and standard deviation for the 3 measured
aliquots of EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 is 850 + 120 pg/ml, 900 + 170
pg/ml, 850 + 180 pg/ml and 830 + 120 pg/ml respectively. The average actual
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concentration values measured for these 4 samples are consistently lower than the
desired nominal concentrations. This may have arisen due to inaccurate weighing of
the powder prior to making up the stock. Alternatively, due to the very fine nature of
the powder, a loss of material may be occurring when transferring the weighed ZnO
nanopowder to the stock container. Furthermore, the presence of carbonates on the
surface of the samples, as well as the adsorbed moisture detected in all of the
samples (by TGA with EGA, FTIR and XPS in sections 4.2 and 5.3 respectively)
will marginally affect the weight of the sample.

To determine the rate of ZnO dissolution, a series of time intervals were
selected to investigate: 0.6, 1.6, 4, 10, 24 and 48 hour. At these time points, 2 mls of
each suspension was removed from vials in which the dispersed ZnO was sealed,
particles were then separated from the solution by centrifugation at 14,500 rpm for
36 mins and the supernatant analysed by ICP-MS for soluble Zn.

The results reported in Table 6-1 indicate a large degree of variation in the
actual ZnO concentration measured for suspensions with the same nominal ZnO
concentration. Therefore for each of the ZnO samples, the actual concentration of
ZnO was measured for suspensions at all of the nominal concentrations of ZnO
investigated. As for the 1000 pg/ml nominal concentration, this was achieved by
sampling a 100 pl volume from each suspension, dissolving all solid material by
adding HNO3; and then analysing by ICP-MS. The results of the analysis are
presented in Table 6-2. The actual ZnO concentrations measured for the EN-Z-1
sample are higher than the nominal concentrations, whereas this is opposite for the
other samples. These results can be explained by the concentrations of the
corresponding stock solutions from which the serial dilutions were prepared.

The actual concentrations measured for each of the suspensions and the
measured concentration of dissolved ZnO for the samples were both used to calculate
the percentage of dissolved ZnO in each sample. Graphs displaying the percentage of
dissolved ZnO compared with the actual concentration of ZnO in the sample, at each
of the investigated time points, are presented in Figure 6-2. After 0.6 hour (Figure
6-2 (a)), the results indicate that EN-Z-1 is significantly less dissolved than the other
4 samples. For all concentrations of EN-Z-1 the amount of dissolved ZnO is less than

20 %. For the remaining 4 samples, the amount of dissolved ZnO is between 50 and
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80 % for suspensions with nominal concentrations 1, 3 and 10 pg/ml. With the
exception of EN-Z-1, the percentage of dissolved ZnO drops significantly for all
samples between 10 and 30 pg/ml. For samples with a nominal concentration of 100
pg/ml, the percentage of dissolved ZnO is between 10 and 20 % which is comparable
with the values measured at 30 pg/ml; the exception is EN-Z-1 where only 7 % ZnO
has dissolved in the 100 pug/ml sample, however the actual concentration of ZnO in
this sample is greater than the other 4 samples (Table 6-2) and therefore the absolute
amount of dissolved ZnO is relatively similar. This may be due in part to the more
recent dilution of ‘as-received’ EN-Z-1 to the stock concentration of 1000 pg/ml as
compared to the other samples. The solution would not have had the chance to
equilibrate and would therefore have a larger than expected solid fraction of ZnO
remaining.

The percentage of ZnO in solution for each sample after 1.6, 4 and 10 hour is
presented in Figure 6-2 (b), Figure 6-2 (c) and Figure 6-2 (d) respectively. The
solubility of EN-Z-1 after these times is more comparable with the other samples
than for the 0.6 hr time point indicating that the initial difference was a result of EN-
Z-1 having not yet reached equilibrium. This is consistent with investigations by
David et al. (2012), who report that the kinetics of ZnO NP dissolution are on the
order of a few hours. Furthermore the coating present in EN-Z-1 may slow the
dissolution of the ZnO NPs in the sample further, as compared to the other uncoated
samples, as has been previously been shown for EN-Z-1 by our group of scientists on
the ENNSATOX project (Mu et al., 2013). Figure 6-2 (e) shows the percentage of
ZnO in solution after 24 hour. This point was of major interest as the investigations
determining the agglomerate size distributions, discussed in the following section
(6.2), were carried out after 24 hour. The results presented in Figure 6-2 (e) indicate
that for all ZnO NP samples, at all concentrations, a mixture of NPs and dissolved
zinc is exposed to the cells. Although there is a smaller percentage of Zn in solution
for EN-Z-1 (27 %) as compared to the other samples (from 35% to 40 %), the
absolute level of dissolved Zn is approximately constant at around 5 pg ZnO/ml,

indicating the equilibrium solubility has been reached.
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Table 6-1 Table showing the actual concentration of ZnO suspended in DMEM at a nominal concentration of 1000 pg ZnO/ml.
Quantities are determined by measurement of the zinc concentration by ICP-MS. The degree of variation occurring as a result

of the inhomogeneity of the suspensions is reported by measuring 3 samples of the same concentration.

EN-Z-1 EN-Z-2 EN-Z-3 EN-7-4 EN-Z-6
Nominal ZnO
Actual Zn0 Actual Zn0O Actual ZnO Actual Zn0O Actual Zn0Q
Run Concentration (pg/ml) a n. Standard a n. Standard 2 n. Standard 2 n. Standard 2 n. Standard
Concentration Deviati Concentration Deviati Concentration Deviati Concentration Deviati Concentration Deviati
eviation eviation eviation eviation eviation
[ug;“ml} [ug;“ml} [ug;’ml} [ug;’ml} [ugfml}
1 1000 1197 975 815 653 710
2 1000 1080 520 740 120 794 170 1010 180 816 120
3 1000 2040 835 1095 873 a51

Table 6-2 Table showing the actual concentration of ZnO measured in suspensions of ZnO in DMEM with nominal

concentrations of 1, 3, 10, 30 and 100 pug/ml. Quantities were obtained by measurement of the zinc concentration by ICP-MS.

g;];i::::lrit??n Actual ZnO Concentration (ng/ml)
(ng/ml) EN-Z-1 EN-Z-2 EN-Z-3 EN-Z-4 EN-Z-6
1 4.7 0.89 1.15 1.48 0.94
3 11.30 421 2.63 2.51 2.40
10 18.67 12.76 12.51 6.87 8.09
30 58.25 32.55 41.82 23.77 31.80
100 138.16 68.46 85.89 93.98 79.16
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However at shorter sampling intervals, far higher relative concentrations of dissolved
ZnO are reported for EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 however for EN-Z-1 the
highest percentage of ZnO measured to be in solution is 35 %. This means that a
smaller quantity of zinc is precipitating out from solution as the suspensions age for
EN-Z-1 than for the other samples. Other solid zinc compounds can precipitate out as
the dissolution of ZnO proceeds, such as hydrozincite, zinc carbonate and hopeite
have been observed (Reed et al. 2012; Turney et al., 2012). Figure 6-2 (f) shows the
percentage of ZnO in solution after 48 hour. The amount of dissolved zinc after 48
hour can be seen to have decreased significantly from the 24 hr samples. Even for the
suspensions with nominal concentrations of 1 pg/ml, less than 30 % of the ZnO in all
of the samples has dissolved.

An alternative representation of the data reported in Figure 6-2 is presented in
Figure 6-3 and displays the percentage of ZnO in solution for all 5 ZnO samples
with respect to time. The lower solubility and slower dissolution kinetics of EN-Z-1
compared to the other samples is more obvious. For example in Figure 6-3 (a) where
the percentage of dissolved ZnO for 1 pug/ml over time is presented, EN-Z-1 is lower
than the other ZnO samples for the entire 48 hour sampling period. Similarly for 3
and 10 pg/ml suspensions of ZnO displayed in Figure 6-3 (b) and (c) repectively,
comparable concentrations of dissolved ZnO are not observed in EN-Z-1as to the
other four samples, until 48 and 10 hours respectively. Furthermore, Figure 6-3
displays more clearly the observed decrease in ZnO solubility for all samples over
time, with the exception of EN-Z-1. The decrease in solubility of ZnO in DMEM
with increasing age is contradictory to findings reported in the literature. Reed et al.
(2012) found that the concentration of dissolved ZnO actually increased over time.
The general trend in the decrease in solubility as the suspensions age in this
investigation may be explained by the corresponding change in solution pH, which
was recorded for all samples at each of the time points investigated. The pH at every
time point, for all of the suspensions with nominal concentrations of 1, 3, 10, 30 and
100 pg/ml are presented in Figure 6-4 (a), (b), (c), (d) and (e) respectively. In all 5
samples, over all concentrations, the pH was found to increase from approximately
7.5 to 8.5 over the 48 hour period. The reason for the pH increase is most probably

due to the ambient level of exposure of CO, to the DMEM suspensions. After each
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sampling interval, the lids of the vials were removed and 2 mls of the suspensions
were withdrawn in order to analyse and determine the concentration of zinc in
solution by ICP-MS. Furthermore the lid remained off the vial in order to measure
the pH which took approximately 2 minutes. In this time, the suspension was
exposed to air and due to the reduction in the volume of the suspension in the vial,
there was a greater volume of air trapped in the vial after the lid was replaced each
time. The pH of DMEM will rise if the level of CO; falls below 5 % (Dontchos et al.,
2008). The reason for this is reported by the manufacturer (Invitrogen). Sodium
bicarbonate (NaHCO3) is present in DMEM in order to buffer the pH of the solution
at approximately 7.4.
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Figure 6-2 Graphs showing the amount of ZnO that has dissolved into solution,
expressed as a percentage of and plotted against the actual total concentration
of ZnO in the suspension in DMEM at (a) 0.6, (b) 1.6, (c) 4, (d) 10, (e) 24, and (f)
48 hour.
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Figure 6-3 Graphs showing the amount of ZnO that has dissolved into solution,
expressed as a percentage of the actual ZnO concentration, plotted against time
since sample preparation (hours) for solutions with nominal concentration (a) 1,
(b) 3, (c) 10, (d) 30 and (e) 100 pg/ml. The absolute level of Zn in solution for
the samples typically reaches a maximum of 9 ug ZnO/ml within 0.6 hour, with

the exception of EN-Z-1 which reaches this value after 4 hours.
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In order to maintain this pH, the concentration of NaHCO3 in the medium
must be matched with the appropriate level of CO; in the atmosphere above the
medium. DMEM has been developed to buffer at physiological pH in 5-10 % CO.. If
CO; levels are low, such as in this investigation, the level of HCO3 will be high and
therefore the pH will become more alkaline.

In order to confirm that the ambient level of CO, was responsible for the rise
in pH, and not chemical reactions taking place due to the presence of ZnO NPs in the
media, 3 blank samples of NaHCO; buffered DMEM were treated to varying
experimental conditions. 20 ml vials were filled to capacity with DMEM and stored
for 48 hour at 37°C. For sample 1, the pH was recorded only at the beginning and the
end of the experiment, with the vial remaining sealed for the duration. For sample 2,
the lids were removed at each of the sampling intervals in order to monitor the pH.
For sample 3, the lids were removed to measure the pH and a volume of 2 mls was
removed from the vial at each of the sampling intervals. The results are presented in
Figure 6-4 (f) and confirm that the observed rise in pH is due to the exposure of the
suspension to ambient levels of CO,.

For many of the samples at each of the time intervals investigated, there is a
significant drop in the percentage of dissolved ZnO measured when the concentration
is increased from 10 to 30 pug/ml. This is indicative that the equilibrium solubility of
ZnO is reached somewhere between these two concentrations. However, as a result
of the rising pH measured throughout the experiment, the equilibrium solubility will
not be constant (Stumm & Morgan 1995) At 24 hour, the concentration of ZnO in
solution for all samples stabilizes at approximately 5 pg/ml. This is lower than the
dissolved equilibrium ZnO concentration reported in the literature for ZnO NPs
suspended in DMEM at 37 °C (values between 10 and 15 pg/ml), since here the pH
at this point is 8 — 8.5, compared to in previous studies where pH < 7.6 (Reed et al.,
2012; Song et al., 2010). It has previously been shown that control of pH in near
neutral solutions is extremely important, since a decrease of even 0.15 pH units from
neutral pH leads to a doubling of the free Zn concentration of a suspension of ZnO
NPs (David et al., 2012).

Unfortunately, the changing pH over the course of the experiment means that

the 24 hour suspensions in the solubility experiments cannot be directly compared
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with NP toxicity assays (because cell lines are buffered in 10% CO,) or the
experiments investigating agglomerate size distributions by DLS and PF-TEM
(because these solutions were stored in sealed vials). Therefore, we can only assume
the pH of the suspensions will not have risen to the same extent as has been observed
in the solubility experiments as the exposure to ambient levels of CO; is much lower
(Figure 6-4 (e)). The solubility of ZnO is also unlikely to follow the trend reported
by Reed et al. (2012), as in their experiment the pH decreases over time, indicating
that the solutions they investigated were not correctly buffered. The ZnO solubility in
the toxicity assays and agglomerate size distribution investigation experiments are
more likely to follow a trend similar to that reported by our team of researchers on
the ENNSATOX project (Mu et al., 2013). They found that up to 5.7 ug/ml of ZnO
NPs fully dissolve in DMEM, while above this concentration, insoluble smithsonite
(ZnCO3) is formed. This stable equilibrium was determined for ZnO NPs suspended
in DMEM at 37 °C under 5% CO,/ 95% N, atmosphere at a pH of 7.68. They also
investigated the solubility of EN-Z-1 and EN-Z-2 and found that EN-Z-1 did not
reach equilibrium until > 48 hours, as compared to EN-Z-2 which reached
equilibrium solubility within a few hours. This is presumed to be a result of the
polymer coating present in EN-Z-1.

Therefore the ZnO NP suspensions in cellular exposures of 24 hours at
concentrations below 5.7 ug/ml are likely to be administering only dissolved Zn.
Above this concentration, suspensions will probably consist of a solid fraction of Zn
(both re-precipitated zinc carbonate (and/or phosphate) particulates, and/or some

ZnO NPs potentially with a ZnCO3 coating).
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Figure 6-4 Graphs showing the pH at increasing time points during the
experiment (0.6, 1.6. 4, 10, 24 and 48 hour) for varying nominal concentrations
of ZnO in DMEM, i.e. (a) 1 pg/ml, (b) 3 pg/ml, (c) 10 pg/ml, (d) 30 pg/ml, (e) 100
pg/ml. (f) Graph showing how the pH varies for blank DMEM samples where,
(1) vials were sealed throughout the duration of the experiment (2) Lids were
removed in order to measure the pH at each sampling interval and (3) Volume
of 2 mls was removed and pH was measured at each of the sampling intervals.
Error bars determined by reported accuracy of the pH meter which was + 0.1
pH units.
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6.2 Colloidal Stability of ZnO NPs in Suspension

Investigating NP stability in solutions is crucial as it provides information
regarding the size of the particles and agglomerates being administered to the cells in
the toxicity assays. Toxicity assays are carried out at a variety of ZnO NP
concentrations and as such, the effect of concentration on ZnO NP colloidal stability
was investigated. Furthermore, the effect of medium composition on ZnO NP
colloidal stability was investigated. The dispersion of ZnO NP samples was
investigated by zeta potential, dynamic light scattering (DLS) and plunge freezing
transmission electron microscopy (PF-TEM) techniques.

Stock suspensions of EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 in MilliQ water
were prepared at a concentration of 1000 pg/ml, 72 hour prior to the stability
investigations being carried out. A stock suspension of EN-Z-1 was prepared at a
concentration of 1000 pg/ml, immediately prior to the stability experiments being

carried out.

6.2.1 Zeta Potential

The zeta potentials measured for each of the 5 ZnO NP samples are presented
in Figure 6-5. The results indicate that EN-Z-1, EN-Z-4 and EN-Z-6 with zeta
potentials of -14.3 and, +14.1 and -14.9 mV respectively, will have superior stability
to EN-Z-2 and EN-Z-3 with zeta potentials of +5.2 and +8.5 mV respectively. A zeta
potential of increased magnitude indicates greater dispersion stability because there
is stronger coulombic repulsion between particles (hence reducing the tendency to
agglomerate).

As well as the increased magnitude of the zeta potential measured for EN-Z-1
and EN-Z-6, the charge measured is the opposite of that measured for EN-Z-2, EN-
Z-3 and EN-Z-4. This is likely to be characteristic of the coatings and impurities
present on the surface of EN-Z-1 and EN-Z-6. An organic coating was detected on
the surface of the ZnO NPs in the EN-Z-1 sample, by TGA with EGA (Figure 4-6),
FTIR (Figure 4-9), XPS (Figure 4-13) and NMR (Figure 4-14). Residual DEG was
identified on the surface of the ZnO NPs in the EN-Z-6 sample by TGA with EGA
(Figure 5-15), FTIR (Figure 5-18), XPS (Figure 5-22) and NMR (Figure 5-24).
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In order to investigate the effect of the medium composition on ZnO NP
stability, ZnO NPs were suspended in DMEM and DMEM-BSA at a concentration of
100 pg/ml, with BSA at a concentration of 10 % w/w with respect to ZnO. However,
owing to the high ionic strength of the DMEM, zeta potential measurements could
not be obtained for these samples. Nevertheless, suspensions of ZnO NPs were
prepared in MilliQ water at a concentration of 100 pg/ml supplemented with 10 %
w/w BSA in order to investigate the effect of serum on the zeta potential of the
particles. The results presented in Figure 6-6 show that the magnitude of the zeta
potential is increased and is always negative, for all ZnO NP samples except for EN-
Z-1. This indicates that with the exception of EN-Z-1, ZnO NP stability is
significantly improved in the presence of BSA. The experiments were carried out at
pH 7.4; at this pH the protein has an overall negative charge as a result of
deprotonation of the carboxylic side chains (COQO") (Fologea et al., 2007). This may
explain the increased stability of EN-Z-2, EN-Z-3 and EN-Z-4 due to the attraction
of the negatively charged COO™ groups to the positively charged particles and
subsequent adsorption of BSA onto the surface of the ZnO NPs. This is confirmed by
the negative zeta potential measured for the NPs in the presence of BSA and explains
the increased stability as a result of electrostatic repulsion. Due to the negatively
charged NPs in EN-Z-1, negatively charged groups on the BSA molecule will be
repelled and will not result in adsorption to the NP surface; therefore no change in
zeta potential is measured. For EN-Z-6 the negative magnitude of the zeta potential
increases with the addition of BSA. As the zeta potential was already negative, it is
unlikely that BSA has adsorbed to the surface of the NPs in this sample and therefore

this requires futher investigation in order to understand the processes involved here.

6.2.2 Dynamic Light Scattering
This section reports the distributions of hydrodynamic diameters measured by

dynamic light scattering (DLS) for a variety of ZnO NP suspensions.

6.2.2.1 ZnO Nanoparticle Colloidal Stability Over Time
In order to investigate the colloidal stability of ZnO NP samples in water over

a 24 hour period, stock suspensions were placed in an ultrasonic bath for 30 minutes,
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after which the samples were removed and analysed immediately by DLS (T =0
hour). Subsequent DLS measurements of the samples were obtained at T =1, T = 4,
T =10and T = 24 hour. Prior to the samples being placed into the DLS instrument,
the vial was turned upside down once and then returned to a standing position, in
order to re-suspend the sedimented fraction of the sample. The results of the DLS
experiments, investigating ZnO NP stability are presented in Figure 6-7 and are
largely in agreement with the zeta potential measurements for the ZnO NP samples
dispersed in MilliQ water (Figure 6-5). The DLS number profiles obtained for EN-Z-
1, presented in Figure 6-7 (a), indicate that the stability of the sample does not
change significantly over the course of 24 hour. The very small difference between
the size distributions obtained at 10 and 24 hour, where the peak maximum increases
from approximately 70 nm to 85 nm, may be an indication that the NPs are

beginning to agglomerate.
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The DLS number profiles obtained for EN-Z-2 are presented in Figure 6-7 (b)
and indicate that this sample is not stable over the 24 hour period investigated. After
only 1 hour, the maximum of the primary peak has increased from 115 to 145 nm
and the secondary peak at approximately 500 nm has increased in intensity. A small
peak has also appeared at around 1700 nm indicating that as well as the primary
particles and small clusters of particles agglomerating, large agglomerates are also
forming and increasing in size. After 4 hour, the primary peak has increased to
around 450 nm, and there is no longer any peak visible at a lower size range,
indicating that all of the NPs have agglomerated into relatively large clusters. After
10 hour, the primary peak is at 2000 nm and after 24 hour the primary peak is at
2300 nm, with a small fraction of the agglomerates being in the size range of 6000
nm. The DLS number profile obtained for EN-Z-3 is presented in Figure 6-7 (c) and
indicates that the sample is also unstable over 24 hour.

The DLS number profiles obtained for EN-Z-6 are presented in Figure 6-7 (e)
and indicate that this sample has good stability in water over time as compared to the
other powder samples of ZnO investigated. The superior stability observed by DLS
for EN-Z-1 and EN-Z-6 as compared to EN-Z-2 and EN-Z-3, was previously
indicated by the greater magnitude of the zeta potential measured for these samples
(Figure 6-5).

The DLS number profiles obtained for EN-Z-4 are presented in Figure 6-7 (d)
and indicate that the sample is not stable over 24 hours. From the magnitude of the
zeta potential measured for EN-Z-4, one would expect this sample to have a similar
stability to EN-Z-1 and EN-Z-6. The primary particle size however is significantly
smaller than the NPs in the other samples, which will increase the surface energy of
the sample and increase the tendency of the particles to agglomerate. The average
length of the NPs in EN-Z-4, determined by TEM, is 23 £ 8 nm (Figure 5-26),
whereas the average particle length determined by TEM for EN-Z-1 (Figure 4-16)
and EN-Z-6 (Figure 5-27) is 30 + 20 and 47 + 26 nm respectively.
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ultrasonic bath in which it is placed for 30 minutes after initial dispersion.
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These results demonstrate the variable nature of ZnO NPs when dispersed in
water. As well as different samples of ZnO displaying varying degrees of
agglomeration, most of the NP suspensions are unstable, changing in agglomeration
behaviour as time progresses. These findings highlight the importance of
characterising a ZnO NP suspension under exactly the same conditions as it would be
administered to cells for a viability assay. Therefore, the stability of the 5 ZnO NP
samples at toxicologically relevant concentrations and in cell culture media was
subsequently investigated by DLS and PF-TEM.

6.2.2.2 Dispersion of ZnO Nanoparticles in Water at Varying Concentrations

Toxicity assays are carried out over a variety of ZnO NP concentrations and
therefore it is important to investigate how ZnO NP concentration affects colloidal
stability. The 1000 pg/ml stock suspensions prepared previously (section 6.2) were
diluted appropriately to obtain concentrations of ZnO in MilliQ water at 100 and 10
pg/ml. The toxicity assays carried out in this study were 24 hour exposures, therefore
it was at this time point that the dispersion characteristics of the ZnO NP suspensions
were of great interest. Hence, 24 hours after the dilutions were prepared, the
suspensions were placed in an ultrasonic bath for 30 minutes and then analysed
immediately by DLS. The time taken to transfer the sample from the ultrasonic bath
to the cuvette for measurement, and also the time taken to insert the sample cuvette
into the instrument and record the measurements must also be taken into account. In
total the extra processing time contributed an additional 3 to 4 minutes.

The particle size distributions for 1000, 100 and 10 pg/ml concentrations of
EN-Z-1 in water, obtained by DLS are presented in Figure 6-8 (a). The results
indicate that for the EN-Z-1 sample, there is no significant difference in the
distribution of hydrodynamic diameters with varying concentration indicating that
NP colloidal stability is not affected by ZnO NP concentration. For the 1000 pg/ml
suspension, the agglomerates present are in the range 30 -300 nm with a peak
maximum at 73 nm. The agglomerate distribution measured by DLS for the 100

png/ml sample ranges between 50 and 250 nm with a peak maximum at 80 nm. The
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agglomerate size distribution measured for the 10 pg/ml sample ranges between 20
and 200 nm with a peak maximum at 62 nm.

The particle size distributions for 1000, 100 and 10 pg/ml concentrations of
EN-Z-2 in water, obtained by DLS are presented in Figure 6-8 (b). The results
indicate that for the EN-Z-2 sample, there is a significant difference in the
distribution of hydrodynamic diameters with varying concentration, but we know
dissolution below approximately 15 pug ZnO/ml is complete (Franklin et al., 2007)
and occurs within a few hours. Therefore, not surprisingly, the colloidal stability of
the samples at each of the concentrations does not follow a particular trend.

The particle size distributions for 1000, 100 and 10 pg/ml concentrations of
EN-Z-3 in water, obtained by DLS are presented in Figure 6-8 (c). Similar to EN-Z-
2, the results indicate that for the EN-Z-3 sample, there is a significant difference in
the distribution of hydrodynamic diameters with varying ZnO NP concentration. The
DLS profiles for EN-Z-4 are presented in Figure 6-8 (d) and show a significant
variation in the distribution of hydrodynamic diameters for different concentrations
of ZnO. Again, there is no clear relationship between the ZnO NP concentration and
the distribution of agglomerate sizes measured in the sample. Similarly, the DLS
results for EN-Z-6 presented in Figure 6-8 (e) indicate that the distribution of
hydrodynamic diameters in the sample varies with concentration, although the
relationship is not clear.

At concentrations of 10 pug ZnO/ml, it is expected that the majority of NPs in
the suspension have dissolved by 24 hours; this may explain why the hydrodynamic
size distributions measured by DLS for ZnO NP suspensions with varying

concentrations do not appear to follow any particular trend.

6.2.2.3 Dispersion of ZnO Nanoparticles in Cell Culture Media (with and without
serum proteins)

In order to investigate the stability of ZnO NPs in biological media, the
samples were dispersed in DMEM at a concentration of 100 pg/ml. Additionally
samples were prepared with a BSA concentration of 10 pug/ml in order to investigate
the effect on ZnO NP stability.
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Figure 6-8 Particle size number distributions for (a) EN-Z-1, (b) EN-Z-2, (c)
EN-Z-3, (d) EN-Z-4 and (e) EN-Z-6 dispersed in water at varying
concentrations (1000, 100 and 10 pg/ml) 24 hours after sample preparation, as
determined by DLS.
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The agglomerate size distributions obtained for EN-Z-1, EN-Z-2, EN-Z-3, EN-
Z-4 and EN-Z-6 in DMEM and DMEM-BSA are presented in Figure 6-9 (a), (b), (c),
(d) and (e) respectively. For all samples, the addition of BSA has a stabilizing effect
on the NPs in suspension, characterized by a reduction in the hydrodynamic
diameters measured by DLS. With the exception of EN-Z-1and EN-Z-6, these results
can be explained by the adsorption of BSA onto the NP surface due to electrostatic
attraction between the positively charged NP surface and the negatively charged
BSA molecules. This is characterized by an oppositely charged and increased
magnitude of the zeta potential measured for EN-Z-2, EN-Z-3 and EN-Z-4 upon
addition of BSA to the suspension (Figure 6-5 and Figure 6-6). For EN-Z-1, evidence
for BSA adsorbing on to the surface of the NPs is not apparent. The zeta potential
with and without the addition of BSA is -14.3 mV (Figure 6-6 (a)) and -14 mV
(Figure 6-5 (a)) respectively indicating that there is no effect on the surface charge of
the NPs. Further investigation is required for EN-Z-6, as although a markedly
improved dipersion is observed (Figure 6-8 (e)) and an increase in the magnitude of
the zeta potential is measured when BSA is added (Figure 6-6 (e)), the NPs in this
sample were already negatively charged (Figure 6-5 (e)) and therefore it is unlikely
that BSA has adsorbed to the surface.

Comparing the size distributions in DMEM to those in water indicate that the
colloidal stability of ZnO NPs is reduced in DMEM. We also know that the
equilibrium dissolution level is reduced to 5.7 pg/ml (Mu et al., 2013) but that above
this secondary ZnCO; precipitates form, which potentially may confound DLS
measurements. For example, the particle size distribution measured by DLS for EN-
Z-1 dispersed in water at a concentration of 100 pg/ml has a principal peak at
approximately 80 nm (Figure 6-8 (a)) compared with in DMEM where the peak is at
91 nm (Figure 6-9 (a)).

The DLS results presented for the samples at varying concentrations do not
identify a specific relationship between ZnO NP colloidal stability and concentration.
One would expect the agglomeration of NPs in a suspension to be reduced at lower
concentration as the rate of direct particle to particle interaction is reduced (Allouni

et al. 2009). However for some of the ZnO NP suspensions investigated in this study,
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the opposite is true. An explanation for this may be due to the solubility of ZnO
which has previously been investigated (Figure 6-2). DLS is capable of measuring
the distribution of hydrodynamic diameters accurately for a stable monodisperse
dispersion of NPs, however issues arise when an NP dispersion is unstable or
polydisperse. This is because the intensity of light scattered by particles in a
suspension is proportional to the diameter of the particle (I a d°). Therefore in a
polydisperse or unstable suspension, there is a greater intensity of scattered light by
larger particles or agglomerates leading to the smaller particles and finer agglomerate
signal being swamped (Malvern, 2000). It has been shown that at low concentrations,
depending on the pH of the suspension, a significant fraction if not all of the ZnO
will be in solution (Figure 6-2). This reduces the concentration of ZnO NPs in the
suspensions. A reduced NP concentration leads to a lower intensity of scattered light
from the particles, which may reduce the accuracy of the measurement. Additionally,
dissolution may occur more rapidly for fine agglomerates and individual NPs than
for larger agglomerates, and hence the swamping effect of the larger agglomerates
will be even more significant. Furthermore the sample processing time between
sonication ending and the measurements having been recorded is approximately 4
minutes. This time will allow for sedimentation to initiate, especially in the case of
suspensions with higher concentration. This may lead to inaccurate measurement of
larger agglomerates as a result of their position in the sample cell, and hence lead to
unrepresentative size distributions. Finally, the precipitation of ZnCO3; in DMEM
(Mu et al., 2013) or even hydrozincite in water (Reed et al., 2012) may futher
complicate these readings.

The distribution of hydrodynamic diameters measured for different
concentrations of EN-Z-1 do not vary as significantly as for the other ZnO NP
dispersions. This may be due the high stability of EN-Z-1 in suspension which gives
rise to a narrower distribution of agglomerate sizes. This would reduce the signal
being swamped by light reflected from larger agglomerates as there would be far
fewer present in the dispersion. This may also reflect the slower dissolution rate of
EN-Z-1 (Mu et al., 2013).
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Figure 6-9 Particle size number distributions for (a) EN-Z-1, (b) EN-Z-2, (c)
EN-Z-3, (d) EN-Z-4 and (e) EN-Z-6 dispersed in DMEM and DMEM-BSA as
determined by DLS.

6.2.3 Plunge Freezing Transmission Electron Microscopy

Due to the limitations experienced using DLS to measure the distribution of
ZnO NP agglomerates in suspension, such as inaccurate sizing of polydisperse
suspensions with poor stability, especially at low NP concentrations, an alternative
technique was investigated. For this technique, a 3.5 pl volume of a NP suspension is
placed onto a TEM grid, blotted and then plunged into liquid ethane in order to
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suspend the NPs in a vitreous film of ice. The grid is then allowed to warm up under
vacuum conditions and analysed by TEM. Hondow et al. (2012) previously reported
that when a plunge frozen NP dispersion is warmed to room temperature under
vacuum conditions, the NPs do not move.

NP samples analysed by TEM are typically prepared by drop casting a small
volume of a suspension onto a TEM grid, however drying effects cause the NPs to
agglomerate together such that any clusters of particles imaged in the TEM are not
representative of those in a suspension. In order to compare the two sample
preparation techniques, a 1000 pg/ml suspension of EN-Z-6 in MilliQ was prepared
by both the drop casting and plunge freezing method. For both techniques, a volume
of 3.5 pl of suspension was used. TEM images of the two samples are presented in
Figure 6-10 (Wallace et al., 2012). It is clear from the images that the agglomerates
present in the sample prepared by the drop casting route (Figure 6-10 (a)) are
considerably larger than those present in the sample prepared by the plunge freezing
method (Figure 6-10 (b)). This suggests that the drying processes that cause the NPs
to agglomerate in the drop casting sample preparation route do not operate in the
plunge freezing route, however the results do not give any indication as to whether
the agglomerates in the image are an accurate representation of the agglomerates
present when suspended in a liquid medium. In order to validate the technique,
comparison with DLS of ZnO suspensions in water was achieved by measuring the
Feret length of 250 agglomerates of ZnO NPs from TEM images of PF samples to
obtain an agglomerate size distribution.

6.2.3.1 Dispersion of ZnO Nanoparticles in Water at Varying Concentrations

The PF-TEM method of obtaining an agglomerate size distribution for a ZnO
NP suspension was investigated in order to explore the limitations experienced with
DLS. Therefore, the PF-TEM technique was employed to investigate ZnO NP
suspensions in MilliQ water at concentrations of 1000, 100 and 10 pg/ml. Sample
preparation was synonymous to that described for the DLS experiments in section
6.2.2.2.
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Figure 6-10 Low magnification TEM images of EN-Z-6 at 1000 pg/ml in water,
prepared by (a) the drop-casting method and (b) by the plunge-freezing method
(Wallace et al., 2012).

Examples of TEM images from which agglomerate size distributions were
measured for EN-Z-1, EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 are presented in Figure
6-11, Figure 6-12, Figure 6-13, Figure 6-14 and Figure 6-15 respectively, as well as
EDX spectra identifying the agglomerates as ZnO.

A low magnification TEM image of EN-Z-1 dispersed in water at a
concentration of 100 pg/ml is presented in Figure 6-11 (a). This magnification (1900
x) was found to be optimum in that the agglomerates were large enough to be
visualized clearly and measure the size from, with sufficient field of view to rapidly
select many. This accelerated the process of measuring 250 agglomerates from
several images for each sample. A TEM image at higher magnification is presented
in Figure 6-11 (b) where the individual ZnO NPs forming an agglomerate can be
easily observed. In order to confirm that the agglomerate in Figure 6-11 (b) was
Zn0, an EDX spectrum was also obtained for the agglomerate (Figure 6-11 (c)).

Images of EN-Z-2 dispersed in water at a concentration of 100 pg/ml,
prepared by the plunge freezing route are presented in Figure 6-12. An example of
the type of a low magnification TEM image used to measure the agglomerate sizes is
presented in Figure 6-12 (a). In this sample, impurities were detected as well as the

agglomerates of ZnO NPs, such as those presented in Figure 6-12 (b) (composition
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confirmed by EDX (Figure 6-12 (d)). Particles of salts were present in a small
number of ZnO NP agglomerates (Figure 6-12 (c)). The EDX spectrum obtained for
the particles in Figure 6-12 (c), presented in Figure 6-12 (e), confirms the presence of
zinc and oxygen, however the intensity of the oxygen peak compared to the zinc
peaks is greater than expected. Additionally, there are small amounts of calcium and
sulphur present; indicating that the salt present may be calcium sulphate. Salts were
not detected in the 1000 and 10 pg/ml suspensions and previous compositional
analysis of EN-Z-2 by EDX (Figure 4-14) did not detect this type of impurity,
therefore it is unlikely to have arisen from the ZnO nanopowder itself. A possible
source of contamination is the water in which the sample is suspended which when
analysed by ICP-MS was found to contain low levels of calcium and sulphur (Figure
4-1). However, salt particles were not identified in any of the other ZnO samples
suspended in water and the source of the water was consistent for all of the
suspensions prepared. The impurities therefore most probably arise from
contamination of the vial in which the suspension was prepared.

A low magnification TEM image of EN-Z-3 dispersed in water at a
concentration of 100 pg/ml is presented in Figure 6-13 (a). A TEM image at higher
magnification is presented in Figure 6-13 (b) where the primary ZnO NPs are easily
discernible. An EDX spectrum obtained for the agglomerate shown in Figure 6-13
(b) is presented in Figure 6-13 (c) and confirms the presence of only zinc and
oxygen. The presence of ZnCO3 cannot be identified by EDX as a result of the
contribution to the carbon peak from the support film. This is the case for all of the
PF samples analysed by EDX.

A low magnification TEM image of EN-Z-4 dispersed in water at a
concentration of 100 pug/ml is presented in Figure 6-14 (a). A TEM image at higher
magnification, presented in Figure 6-14 (b), reveals an agglomerate of ZnO where
the particles do not appear to have the same facetted edges observed in the TEM
analysis reported in Chapter 5 (Figure 5-26). The TEM grids were prepared within
minutes of the suspension being prepared for the images shown in Figure 5-26.
Whereas for the plunge frozen sample, the nanopowder has been in stored as a 1000
pg/ml suspension for 48 hour before being diluted to 100 pg/ml suspension and
stored for a further 24 hour prior to the PF-TEM grids being prepared. The
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morphology of the ZnO particles observed in Figure 6-14 (b) may be a result of
partial dissolution of the sample arising from prolonged storage in water, as has
previously been discussed (Figure 6-2). An EDX spectrum obtained for the
agglomerate shown in Figure 6-14 (b), presented in Figure 6-14 (d) confirms the
presence of only zinc and oxygen. There are also agglomerates present in the
suspension that consist of NPs that more closely resemble the NPs observed in the
original TEM images (Figure 5-26), i.e. without any sign of dissolution. An example
of an agglomerate such as this is presented in Figure 6-14 (c), confirmed to be ZnO
by EDX (Figure 6-14 (e)).

A low magnification TEM image of EN-Z-6 dispersed in water at a
concentration of 100 pg/ml is presented in Figure 6-15 (a). A TEM image showing a
small agglomerate of particles at higher magnification is presented in Figure 6-15
(b). An EDX spectrum obtained for the agglomerate shown in Figure 6-15 (b),
presented in Figure 6-15 (c) confirms the presence of only zinc and oxygen.
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Figure 6-11 TEM analysis of EN-Z-1 dispersed in water at a concentration of
100 pg/ml, prepared by the plunge freezing route. (2) Low magnification TEM
image, (b) TEM image at higher magnification and (c) EDX spectrum obtained
for the cluster of particles shown in (b), confirming ZnO composition of NPs.
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Figure 6-12 TEM analysis of EN-Z-2 dispersed in water at a concentration of
100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image of the sample. Higher magnification TEM images of (b) an agglomerate
of ZnO NPs, (c) an agglomerate of ZnO NPs with salts present. (d) EDX
spectrum obtained for the cluster of particles shown in (b) and () an EDX

spectrum obtained for the area presented in (c).
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Figure 6-13 TEM analysis of EN-Z-3 dispersed in water at a concentration of

100 pg/ml, prepared by the plunge freezing route. (2) Low magnification TEM
image, (b) TEM image at higher magnification and (c) EDX spectrum obtained

for the cluster of particles shown in (b).
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Figure 6-14 TEM analysis of EN-Z-4 dispersed in water at a concentration of

100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image, (b) TEM image at higher magnification showing NPs affected by
dissolution, (¢) TEM image showing NP agglomerate apparently unaffected by
dissolution. (d) EDX spectrum obtained for the NPs presented in (b) and (e)
EDX spectrum obtained for the NPs presented in (c).
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Figure 6-15 TEM analysis of EN-Z-6 dispersed in water at a concentration of
100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image, (b) TEM image at higher magnification and (c) EDX spectrum obtained

for the cluster of particles shown in (b).
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6.2.3.2 Agglomerate Size Distributions by Plunge Freezing Transmission Electron
Microscopy

A particle size distribution was produced for each sample by measurement of
the Feret lengths of 250 agglomerates imaged by PF-TEM. The size distributions
obtained for each sample at concentrations of 1000, 100 and 10 pg/ml are presented
in Figure 6-16.

The agglomerate size distributions obtained for EN-Z-1 are presented in
Figure 6-16 (a). The agglomerate size distribution decreases marginally when the
concentration is lowered from 1000 to 100 pg/ml. The size distribution of the
agglomerates present in the 1000 pg/ml suspension range in size between 8 and 1100
nm with a peak maximum at 50 nm, whereas for the 100 pug/ml suspension, the size
distribution obtained by PF-TEM indicates agglomerates between 10 and 400 nm are
present in the sample with a peak maximum at 35 nm. However when the
concentration of ZnO is decreased further to 10 pg/ml, the size distribution measured
for the agglomerates in the suspension increases to between 10 and 300 nm in size
with a peak maximum at 65 nm. This may be due to the dissolution of individual NPs
and finer agglomerates, resulting in an increased distribution of the ZnO
agglomerates remaining. However, the differences in size distributions measured for
EN-Z-1 at varying concentrations are very small and may be insignificant.

For the remaining samples, very few (< 10) ZnO agglomerates were found in
over 100 images recorded for the 10 pg/ml suspensions prepared by PF-TEM, as
might be expected given the known rate of dissolution and equilibrium solubility for
ZnO. It would have taken a great deal of time to prepare more grids and record
hundreds more images in order to obtain measurement of 250 agglomerates,
therefore no PF-TEM size distributions are reported for this concentration.

The comparison of agglomerate size distributions measured by PF-TEM for
1000 and 100 pg/ml concentrations of EN-Z-2 in water are presented in Figure 6-16
(b), and in contrast to the DLS results, an increase in the agglomerate size
distribution is observed with increasing ZnO NP concentration. The PF-TEM results
for EN-Z-3 at concentrations of 1000 and 100 pg/ml in water are presented in Figure
6-16 (c), and also indicate that the agglomerate size distributions increase with

increasing ZnO NP concentration.

182



~— 1000ug/mi EN-Z-1 (a)
. ~— 100ugiml
T =— 10ug/ml
254
4 §
o 204 o
. 0/ :
# 15 o ¥ &
2 ' H
m - 1 =
R AT ]
o A [
o) 1
'1‘ S
[ 8 F——— - Pit'.- 2 N ——
— —_—————————————r
1 10 100 1000 10000
Size (di{nm))
354
= 1000ugiml EN-Z-3 (g}
100ug/mi
30+
25
w
g, 2
%] 0
£ N 1% £
# 15 ] e
£ 2
oo r B
E‘J ¥ |I J‘ é
5. ¥
[/ ]H PP . o :“{_xt
1 10 100 1000 10000
Size d (nm)
a5 -
-— 1000 ugml EN-Z-6 (&)
04 = 100 wgiml
] 70
£ |
o ¥ !
£ a0
L .
= Ay
a 104
&
5
A'\
i
o - ¥ -
i i Tie 1o 10000
Size-d (nm)

1000ugimi
100ug/ml

EM-Z-2 (b}

10 100
Size d (nm)

~— 1000 ug/mi

100 wg/ml

EN-Z-4 (d)

Tl 100
Size d {nm)

Figure 6-16 Particle size distributions for (a) EN-Z-1, (b) EN-Z-2, (c) EN-Z-3,
(d) EN-Z-4 and (e) EN-Z-6 dispersed in water at varying concentrations (1000,

100 and 10 pg/ml) as determined by PF-TEM.

The particle size distributions for 1000 and 100 pg/ml concentrations of EN-

Z-4 in water, obtained by PF-TEM, are presented in Figure 6-16 (d) and in contrast

to the other 4 samples of ZnO, an increase in the agglomerate size distribution is
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observed when the concentration is increased from 100 to 1000 pg/ml. The particle
size distributions for 1000 and 100 pg/ml concentrations of EN-Z-6 in water,
obtained by PF-TEM, are presented in Figure 6-16 (e) and indicate that the
agglomerate size distribution increases with increasing ZnO NP concentration.

The increases in agglomerate size distributions measured for many of the
ZnO samples with increasing ZnO concentration are small and therefore may be due
to measurement error. In order to confirm that the increase in agglomerate sizes with
increasing ZnO concentration observed are significant, a much larger number than
250 particles should be included in the measurements, or repeat experiments should
be carried out.

6.2.3.3 Dispersion of ZnO Nanoparticles in Biological Media

In order to obtain an agglomerate size distribution for the ZnO NP
suspensions in DMEM, 250 agglomerates were measured from TEM images for each
sample. Furthermore, EDX was performed to confirm the presence of ZnO.
Examples of TEM analysis of the plunge frozen samples of EN-Z-1, EN-Z-2, EN-Z-
3, EN-Z-4 and EN-Z-6 are presented in Figure 6-17, Figure 6-18, Figure 6-19, Figure
6-20 and Figure 6-21 respectively. A significant difference with the TEM analysis
for the samples in DMEM as compared to in water, is that there was a high
concentration of salts precipitated onto the TEM grids in the DMEM samples as
might be expected. Initially, EDX was employed to confirm that the salt particles
were not ZnO NPs (Figure 6-20 (c)). However, once a number of salt particles had
been identified and confirmed by EDX, it was possible to distinguish the salts from
the NPs as the salt particles were beam sensitive and varied in morphology to the
Zn0O NPs.

Another difference for the samples in DMEM compared to in water was that
there was clear evidence of dissolution in all 5 of the ZnO NP samples, supporting
results of solubility investigations presented previously (Figure 6-1). In the majority
of ZnO NP agglomerates, the edges of the particles looked to be affected by
dissolution (Figure 6-17 (b), Figure 6-18 (b), Figure 6-19 (b), Figure 6-20 (b) and
Figure 6-21 (c)). In some of the agglomerates of ZnO imaged, the individual NPs
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could no longer be made out (Figure 6-17 (c) and Figure 6-18 (c)). EDX identified
high concentrations of elements other than zinc and oxygen in these agglomerates
(Figure 6-17 (e) and Figure 6-18 (e)). It is possible that these agglomerates are in fact
lower solubility compounds of zinc that have precipitated from solution, such as zinc

carbonate, hopeite or hydrozincite discussed previously in section 6.1.
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Figure 6-17 TEM analysis of EN-Z-1 dispersed in DMEM at a concentration of

100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image. (b) TEM images obtained at higher magnification for an agglomerate of
particles and (c) a mixture of ZnO and components of DMEM. (d) EDX
spectrum obtained for the cluster of particles shown in (b) and (¢) EDX
spectrum obtained for the particles shown in (c) with clear evidence for the

additional presence of salts.
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Figure 6-18 TEM analysis of EN-Z-2 dispersed in DMEM at a concentration of

100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image. TEM images obtained at higher magnification (b) showing the edges of
the ZnO particles are dissolving and (c) showing an example of an agglomerate
where the individual particles are no longer discernible due to dissolution of
ZnO. (d) EDX spectrum obtained for the particles shown in (b) and (e) EDX

spectrum obtained for the particles shown in (c).
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Figure 6-19 TEM analysis of EN-Z-3 dispersed in DMEM at a concentration of

100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image showing ZnO NPs and salts. (b) TEM image obtained at higher
magnification showing an agglomerate of ZnO showing signs of dissolution at
the NP surface. (c) EDX spectrum obtained for the particles shown in (b).
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Figure 6-20 TEM analysis of EN-Z-4 dispersed in DMEM at a concentration of

100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image showing ZnO NP agglomerates and salts and (b) image of an agglomerate
of ZnO at higher magnification showing evidence of dissolution and (c) EDX

spectrum obtained for the NPs shown in (b).
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Figure 6-21 TEM analysis of EN-Z-6 dispersed in DMEM at a concentration of
100 pg/ml, prepared by the plunge freezing route. (a) Low magnification TEM
image showing ZnO NPs and salts. TEM images obtained at higher
magnification showing (b) the ZnO NP presented in (a) and, (b) an agglomerate
of ZnO NPs with a salt present in the cluster, (d) EDX spectrum obtained for
the NP shown in (b) and (e) EDX spectrum obtained for the NP shown in (c).
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The effect of serum on the dispersion of ZnO in DMEM was investigated by
adding 10 % w/w BSA and analyzing the particle size distribution by PF-TEM.
Images of ZnO NP agglomerates of EN-Z-1, EN-Z-2 and EN-Z-3 are presented in
Figure 6-22 (a)(i), (b)(i) and (c)(i) respectively. In the EN-Z-2 and EN-Z-3 images, a
coating of what is presumably BSA can be seen on the surface of the NPs. However,
this coating is not clearly visible on the surface of the EN-Z-1 NPs. This may be due
to the negatively charged EN-Z-1 NPs repelling negatively charged BSA and
preventing adsorption onto the surface which is characterized by the unchanged zeta
potential when BSA is added to the suspension (Figure 6-5 and Figure 6-6). EDX
spectra obtained for the agglomerates in Figure 6-22 (a)(i), (b)(i) and (c)(i) are
presented in Figure 6-22 (a)(ii), (b)(ii) and (c)(ii) respectively. As well as the
expected peaks for zinc and oxygen, there are also peaks for phosphorus, calcium,
chlorine, potassium and sulphur which may be attributed to the DMEM. BSA is
comprised mainly of carbon, however the peak in the EDX spectrum for carbon is
partly due to the carbon film on the TEM grid and therefore cannot be used as

confirmation of the presence of BSA.

6.2.3.4 Agglomerate Size Distributions by Plunge Freezing Transmission Electron
Microscopy

The agglomerate size distributions obtained by PF-TEM for EN-Z-1, EN-Z-2,
EN-Z-3, EN-Z-4 and EN-Z-6 dispersed in DMEM and DMEM-BSA are presented in
Figure 6-23 (a), (b), (c), (d) and (e) respectively. The results are in agreement with
DLS, indicating that the addition of BSA to the suspensions has a stabilizing effect
on the ZnO NPs. For all 5 samples of ZnO, the number of larger agglomerates
present in the suspensions is reduced when BSA is added. With the exception of EN-
Z-1, these findings can be explained by the increase in the magnitude of the zeta
potential observed when BSA is added to the solution (Figure 6-6). Additionally,
TEM images of the plunge frozen suspensions of EN-Z-2 and EN-Z-3 in DMEM-
BSA are presented in Figure 6-22 (b) and (c) respectively showing the apparent
adsorption of BSA to the surface of the NPs, and therefore stabilizing the NPs in
dispersion. For EN-Z-1, the zeta potential with and without the addition of BSA is -
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14.3 mV and -14 mV respectively indicating that there is no effect on the surface
charge of the NPs in this sample. Furthermore, no BSA coating is identified on the
surface of the NPs from TEM images of plunge frozen suspension of EN-Z-1 in

DMEM-BSA.
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Figure 6-22 TEM analysis of ZnO samples dispersed in DMEM and BSA at a
concentration of 100 pg/ml, prepared by plunge freezing route; (a)(i) TEM
image of EN-Z-1 and (a)(ii) EDX spectrum for the cluster of particles in (a)(i);
(b)(i) TEM image of EN-Z-2 and (b)(ii)) EDX spectrum for the cluster of
particles in (b)(i); (c)(i) TEM image of EN-Z-3 and (c)(ii) EDX spectrum for the

cluster of particles in (c)(i).
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Comparing the size distributions obtained by PF-TEM for ZnO NPs

suspended in DMEM (Figure 6-23) with those suspended in water (Figure 6-16)
indicates that the colloidal stability of ZnO NPs is reduced in DMEM. For example,
the maxima of the agglomerate size distributions for EN-Z-1 in water and DMEM
are 35 nm (Figure 6-16 (a)) and 91 nm (Figure 6-23 (a)) respectively.
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Figure 6-23 Particle size distributions for (a) EN-Z-1, (b) EN-Z-2, (c) EN-Z-3,
(d) EN-Z-4 and (e) EN-Z-6 dispersed in DMEM and DMEM-BSA, as
determined by PF-TEM.
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6.3 Comparison of Agglomerate Size Distributions Measured by Plunge
Freezing Transmission Electron Microscopy and Dynamic Light
Scattering Techniques
For 1000 pg/ml suspensions of ZnO in water, the agglomerate size

distributions measured by DLS and PF-TEM are in reasonable agreement with one

another. For example, the distribution by DLS for EN-Z-1(Figure 6-8 (a)) measured
is between 30 and 300 nm with a peak at 73 nm, whereas the distribution obtained by

PF-TEM (Figure 6-16 (a)) measures agglomerates between 10 and 1000 nm with a

peak at 50 nm. However, it must be noted that the majority of the agglomerates in the

sample measured by PF-TEM were smaller than 300 nm and that only a few
agglomerates were measured that were larger than this.

The size distributions measured by DLS and PF-TEM for EN-Z-1 at different
concentrations are in good agreement with one another. For the remaining samples,
although the PF-TEM size distributions for varying concentrations are over relatively
similar ranges, DLS measures significantly varied size distributions for the different
concentrations of ZnO. In the case of EN-Z-2, EN-Z-3 and EN-Z-6, the primary peak
in the DLS plot occurs at a significantly larger size when the concentration of ZnO is
reduced from 1000 to 100 pg/ml indicating a lower stability. The opposite result is in
fact expected as a reduction in the concentration of particles in a sample will reduce
the rate of NP collisions and hence reduce the formation of agglomerates (Allouni,
2009). This brings into question the accuracy of the size distributions measured by
DLS at low concentrations of ZnO. A possible cause for the inaccuracy of the results
may be due to a much larger fraction of the ZnO being dissolved at the lower
concentration. The smaller agglomerates and primary particles will dissolve over a
shorter time than the larger agglomerates. Therefore the suspension will comprise
fewer small agglomerates and primary particles. A limitation of DLS is related to the
greater scattering of light by larger particles. Therefore, the intensity of light
scattered by the undissolved larger agglomerates would swamp the signal produced
from the very low number of fine agglomerates. For EN-Z-1, the sample has a
considerably lower distribution of sizes as compared to the other samples of ZnO as
it has greater colloidal stability and it also has a slower dissolution rate (Mu et al.,
2013). Therefore the effect of the high intensity of scattered light from the larger
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agglomerates swamping the signal produced by light scattered from fine
agglomerates is not as significant.

The PF-TEM results for ZnO NP suspensions in water over varying
concentrations show that the average agglomerate size decreases with decreasing
ZnO NP concentration (Figure 6-16).

The PF-TEM results for suspensions of EN-Z-2, EN-Z-3 and EN-Z-4 in
water and in DMEM do not identify significant peak maxima, indicating that there is
a continuous range of agglomerate sizes. The polydisperse nature of the suspensions
identified by PF-TEM explains the potentially unrepresentative size distributions
measured by DLS. For EN-Z-1 and EN-Z-6, PF-TEM indicates a defined distribution
of sizes, confirming the superior stability of these samples, originally indicated by
zeta potentials (Figure 6-5).

Even though the sampling size is much smaller for PF-TEM than for DLS,
the PF-TEM size distributions for the 100 pug/ml appear to give are a more accurate
representation of the whole range of sizes of agglomerates present in the suspensions.
Although the DLS results indicate otherwise, the size distributions obtained from PF-
TEM reveal that there are in fact still very small agglomerates present in the samples
at lower concentrations. Therefore the DLS results for the 10 pg/ml samples are
likely to also be unrepresentative of the size distribution for the samples, however as
there are no PF-TEM results to compare them with, this can’t be confirmed. The
DLS results for this concentration are probably not even relevant because of the
equilibrium solubility in water and DMEM being just above or below 10 pg/ml.

The distributions obtained from both PF-TEM and DLS indicate that BSA
has a stabilizing effect on NP suspensions. The PF-TEM results show that the
number of large agglomerates is reduced but that the distribution of sizes is not
altered considerably. Whereas DLS results indicate that the addition of BSA
drastically reduces the distribution of agglomerate sizes. This is evidence for the
effect of large agglomerates swamping the signal from fine agglomerates, causing
the size distribution measured by DLS to be concentrated on one fraction of sizes.
The reduction in agglomerate size distribution of ZnO in suspension with the
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addition of BSA has previously been reported in the literature (Tantra et al. 2010;
Churchman et al. 2013).

The results indicate consistently that ZnO NP samples are more heavily
agglomerated when they are suspended in DMEM than in MilliQ water. This effect
has previously been reported by Hsiao and Huang (2011). The more pronounced
agglomeration observed in DMEM is largely due to the high ionic strength of the
medium which reduces the stability of ZnO NPs (Bian et al., 2011). Increasing the
ionic strength of the suspension reduces the Debye length of the electrical double
layer and therefore increases the tendency of the NPs to agglomerate (Verwey and
Overbeek, 1948).

The results presented indicate that although DLS and PF-TEM are suitable
techniques for determining particle size distributions in suspensions, dispersion
characteristics such as low NP concentration due to dissolution, impact on the
validity of the results and the time taken to acquire results. The results presented
clearly highlight the limitations of DLS when analyzing polydisperse samples,
especially with low NP concentrations. Alternative methods of determining the
agglomerate size distribution of a NP suspension have therefore briefly been

investigated and are discussed in section 6.3.1.

6.3.1 Alternative Techniques for Imaging Nanoparticle Dispersions

The importance of characterising NP samples in solutions and the limitations
encountered by DLS and PF-TEM prompted our investigation into alternative
techniques such as atmospheric scanning electron microscope (ASEM) and liquid
cell transmission electron microscopy (LC-TEM). The ASEM is capable of analysing
samples held under atmospheric conditions and as such, can directly image a liquid
sample. In LC-TEM, a liquid cell TEM holder is inserted into a TEM and imaged
through an electron transparent membrane. The instruments are both located at the
University of York. Due to the superior dispersion exhibited by EN-Z-1 as compared
to the other ZnO samples, this sample was chosen to be analysed by the two

techniques.
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6.3.1.1 Atmospheric Scanning Electron Microscope

A 100 pg/ml suspension was added to the sample chamber, details of which
are provided in section 3.3.1.1. Images were recorded at reasonably low
magnifications (approx. 10,000 x), an example of which is presented in Figure 6-24
(a). At higher magnifications (> 30, 000 x) the particles tended to dislodge from the
silicon nitride membrane. This resulted in the images recorded displaying streaks
where the particles moved. This effect is demonstrated in Figure 6-24 (b). A particle
size distribution was produced by measurement of the agglomerates in the images
recorded. The results are compared with size distributions obtained for the100 pg/ml
EN-Z-1 suspension in water using DLS and PF-TEM in Figure 6-25, however it must
be noted that due to a lack of images only 75 agglomerates were measured for the
ASEM distribution. The size distributions obtained by PF-TEM, DLS and ASEM
have peak maxima at 35, 80 and 200 nm respectively. The larger particle size
distribution determined by ASEM may be explained by a number of reasons. The
low magnification of the images may inhibit the visualization of the very small
particles and agglomerates present in the sample. Some of the NPs in the EN-Z-1
sample are as small as 10 nm and the resolution of the instrument was quoted as
being around 20 nm. Additionally, the particles observed in the ASEM images are
those which are attached to the membrane. Smaller particles move around in a
solution due to Brownian motion more rapidly than larger particles and will sediment
more slowly so one might expect the particles observed to be the larger fraction of
the sample resulting in a biased distribution. Furthermore, as a result of the low
magnification at which the images had to be recorded, the edges of the NP
agglomerates are not particularly well defined.

This method of characterisation of NP dispersions is advantageous in that it
directly measures the NPs in situ. However, the problems our investigations
encountered with regard to the biased particle size distribution determined by the
technique would need to be addressed. Additionally, when the suspending media is
something more complex than MilliQ distilled water, issues may arise distinguishing

NPs from other components of the solution.

194



Figure 6-24 ASEM analysis of a 100 pg/ml suspension of EN-Z-1. (a) Low
magnification (10,000x) ASEM image of the dispersion showing both
agglomerates and individual NPs; (b) Image at 30, 000 x magnification

displaying a particle moving on the membrane as the image is recorded.
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Figure 6-25 Graph comparing the particle size distributions measured for a 100

pg/ml dispersion of EN-Z-1 in MilliQ water, obtained by DLS, PF-TEM and
ASEM.
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6.3.1.2 Liquid Cell Transmission Electron Microscopy

A suspension of 100 pg/ml EN-Z-1 in MilliQ water was characterized by
liquid cell transmission electron microscopy (LC-TEM). Gold NPs (AuNP) (Average
size = 100 nm) were added to the suspension in order to help focus the beam.
Unfortunately, the AuNPs were not easily distinguishable from the ZnO NPs. A low
magnification image of the sample is presented in Figure 6-26 (a). The white
spherical particles that can be seen on the image are likely to be the AuNP standard.
An image of what is probably a small ZnO agglomerate is presented in Figure 6-26
(c). This image was recorded at the opposite side of the membrane to that in Figure
6-26 (b). On this particular side of the membrane, when the magnification was
increased in order to investigate the particles presented in Figure 6-26 (c) in more
detail, flocculates of what is suspected to be ZnO or zinc salts began to form. It is
unclear whether these flocculates were solid particulates already present in the
sample, that became visible as a result of attachment to the surface of the membrane,
or whether the flocculates precipitated from solution as a result of the solution
interaction with the electron beam. EDX was attempted on various regions of the
sample, and although a gold signal was obtained for the particle present in Figure
6-26 (b), in the majority of cases no signal could be detected.
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50 nm

Figure 6-26 Liquid cell TEM images of a 100 pg/ml suspension of EN-Z-1 (a) at
low magnification showing AuNPs (b) showing an AuNP at high magnification,
(c) displaying a ZnO NP agglomerate and (d) showing the flocculates of ZnO or
zinc salts produced when the electron beam is focused on a region at high

magnification for 10 seconds.
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6.4 InSummary

Results from this chapter have emphasized the complexity of ZnO NP
suspensions, the characteristics of which alter dependent on the liquid in which they
are suspended. The ionic strength, temperature and pH of the solution all affect the

physicochemical characteristics of the ZnO NPs.

The dispersion stability of ZnO NP powders EN-Z-2, EN-Z-3 and EN-Z-4 is
poor, with agglomeration and sedimentation occurring within 1 hour of preparation.
EN-Z-1 and EN-Z-6 samples have improved dispersion characteristics and remain in
suspension for longer than 24 hour, most likely as a result of organic compounds

present on the surface of the NPs.

General trends observed from the ZnO NP suspensions investigated in this chapter
are:
1. The agglomeration of ZnO increases when suspended in DMEM as
compared to in water (consistent with Hsiao & Huang, 2011)
2. The solubility of ZnO increases when suspended in DMEM as compared
to in water (consistent with Reed et al. 2012)
3. Solubility of ZnO increases with decreasing solution temperature
(consistent with Reed et al. 2012)
4. The addition of BSA has a dispersing effect on ZnO NP suspensions.
This is due to an increase in the negativity of the zeta potential,
consistent with findings reported by Tantra et al. (2010).

The dispersing effect of BSA is significant as there are many compounds present
in the physiological and aquatic environment, such as human serum albumin and
humic acid that may behave in a similar way. This reduction in the hydrodynamic
size of the NPs can significantly affect their bioavailability and fate and alter their

potential toxicity to organisms.

The results for the agglomerate size distributions obtained by PF-TEM and DLS

were in good agreement when comparing varying concentrations of EN-Z-1 in water.
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The DLS results for the other 4 ZnO samples showed considerable variations in the
distribution of sizes with changing concentration. Whereas, PF-TEM size
distributions measured for the other 4 ZnO samples were in reasonable agreement for
different concentrations of ZnO, with a marginal reduction in the agglomerate size
distribution with decreasing ZnO NP concentration indicated by most of the samples.
This is expected as a result of fewer particle — particle collisions which lowers the

potential for NP agglomeration and sedimentation (Allouni et al., 2009).

The variation in the size distributions measured by DLS for different ZnO
concentrations may be explained by the solubility of ZnO. ICP-MS results indicate
that as the concentration of the sample decreases, the percentage of the sample in
solution increases. This is expected as a stable equilibrium solubility of ZnO in water
at pH 7.6 and 24 °C has previously been reported as equivalent to the complete
dissolution of 20 pg/ml ZnO (16 pg/ml Zn) (Franklin et al. (2007)). Hence, the
concentration of solid ZnO NPs is much lower than the nominal concentration
because a significant quantity is dissolving into solution. For low concentrations this
means that a very small number of primary particles remain in suspension. This
increases the swamping effect on the intensity of light measured from the larger

agglomerates, hence skewing the size distribution measured for the sample.

The size distributions obtained for the samples by PF-TEM were an accurate
representation of the range of agglomerates in the suspension, as this involved direct
measurement of the sizes from TEM images. Additionally, the technique was
validated by comparison with DLS for suspensions with high ZnO concentration
(1000 pg/ml). However, with the exception of EN-Z-1, for the 10 pg/ml sample, a
size distribution could not be obtained due to a lack of data collected. Taking into
consideration the equilibrium solubility of ZnO measured by Franklin et al. (2007),
this is likely to be due to dissolution of the majority of the sample. Although PF-
TEM may give a more accurate representation of the agglomerates that are actually
measured, the number of agglomerates used to obtain the sample size distribution
(250) is very low when compared to how many agglomerates are actually present in

the suspension and therefore this technique provides only semi-quantitative analysis.
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With the exception of EN-Z-1, very few NPs were located in the PF-TEM
images for the 10 pg/ml concentration. It was thought that this may be due to the
slower dissolution of EN-Z-1 (Mu et al., 2013). However, ICP-MS results show that
after 24 hour in solution (the point at which the PF-TEM and DLS size distributions
were obtained), a similar amount of ZnO is in solution for all ZnO NP samples. The
different solubility for EN-Z-1 measured in this investigation, compared with that
reported in our previous publication (Mu et al., 2013) most probably arises as a result
of the controlled level of CO, and buffered pH in the experiments reported in our
prior investigation. Additionally, the results indicated that for all samples of ZnO, at
a concentration of 10ug/ml, only between 20 and 50 % of the ZnO was in solution.
However, the ICP-MS results were found to be unrepresentative of the samples used
in the dispersion studies due to inconsistencies in experimental conditions, i.e.
increasing volume of air in the vials over the course of the experiment, causing the
pH to rise. This would reduce the solubility of ZnO. However, the ICP-MS results
show a high quantity of dissolved ZnO at T = 0.6 hour, with the exception of EN-Z-
1. Reed et al. (2012) reported a continuous increase in the amount of zinc in solution
as time proceeds with a similar experimental set up to the dispersion studies
conducted here which could indicate that the ZnO in the 10 pg/ml samples is mostly
dissolved after 24 hour. The reason NPs were observed in EN-Z-1 and not in the
other 4 samples at 10 pg/ml may be due in part to the slower dissolution (Mu et al.,
2013), but is also probably due to the higher actual concentration of ZnO measured
for this sample. At a concentration of 10 ug/ml, it is very close to the equilibrium
solubility in DMEM at 37 °C measured by Song et al. (2010), Xia et al. (2008), and
Reed et al. (2012) where the concentration of dissolved ZnO reached 12.4 , 18.3 and
8.75 pg/ml respectively. Additionally, the equilibrium solubility for ZnO in DMEM
was measured maintaining a pH of 7.6 as 5.7 pug/ml. It is therefore not surprising that
EN-Z-1 presented many more ZnO NPs in the PF-TEM images than the other

samples of ZnO.

The ICP-MS results indicate that the concentration of ZnO in suspension at

which the solubility is in equilibrium is between 10 and 30 pg/ml which is in
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agreement with Franklin et al. (2007), Song et al. (2010), Xia et al. (2008) and Reed
et al. (2012). However, due to the increasing pH over the course of the experiment,
the equilibrium solubility is not constant and therefore an exact value has not been
reported. The dissolution of ZnO at low concentrations is significant to toxicity
studies as it shows that at toxicologically relevant concentrations that are likely be
encountered in the aquatic environment, there is a high quantity of dissolved zinc in

solution.

The investigations carried out on the sample provide us with a good idea of the
characteristics of the suspensions being administered to the toxicity assays. A table
summarizing the information acquired for all 5 samples investigated is presented in
Chapter 7 along with the toxicity results of cell viability assay and genotoxicity

assays and additionally cell uptake studies.

Results emphasize the importance of investigating the behavior of NPs in
toxicologically relevant media, in order to correctly interpret results of toxicity
assays. Great care must be taken to identically replicate the experimental conditions
of cell viability assays, in order to determine NP suspension characteristics
accurately. As has been demonstrated, even factors such as the amount of air

remaining in a vial can significantly influence the solution behavior.
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7 Toxicity of ZnO Nanoparticles and Discussion

In this thesis, 5 ZnO NP samples were sourced and a characterisation protocol
was implemented in order to obtain detailed physicochemical characteristics of the
samples, the results of which are presented in Chapter 4 and 5, with dispersion and

solubility reported in Chapter 6.

In order to assess the toxicity of the ZnO NP samples, in vitro toxicity assays
have been carried out using A549 (human lung alveolar carcinoma) cells. Effects of
the ZnO NPs on the viability and genetic fidelity of the cells were evaluated using
the MTT (thiazolyl blue tetrazolium bromide) and Comet assays respectively. In
addition, toxicity has been assessed by monitoring the uptake of NPs into the cells by
TEM.

In this chapter, a summary of the physicochemical characteristics of the 5 ZnO
NP samples is provided (Section 7.1) as well as the results of the MTT assay
(Section 7.2.1), Comet assay (Section 7.2.2) and uptake experiments (Section 7.2.3).
The key characteristics of ZnO NP samples contributing to their toxicity in vitro are
identified.

7.1 Summary of ZnO Nanoparticle Physicochemical Characteristics

In order to interpret the results of NP toxicity assays, a detailed understanding
with regard to the physicochemical characteristics of the samples used in the
investigations is required. With this detailed information in hand, the effect of ZnO
NP size, morphology, phase, composition, surface chemistry and solution chemistry
on the toxicity to cells may be assessed. A summary of the physicochemical
characteristics of the 5 ZnO NP samples investigated in this thesis is presented in
Table 7-1. The toxicological investigations, for which the results are reported in this
chapter, were carried out in DMEM at 37 °C, over 24 hours using a variety of ZnO
concentrations. Therefore the results summarized in the table have been selected to
provide information on the state of the NPs under these particular exposure

conditions.
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XRD revealed EN-Z-1, EN-Z-4 and EN-Z-6 to be monophasic ZnO; whereas
EN-Z-2 and EN-Z-3 contained a small amount of a secondary phase, which was
identified as hydrozincite (Zns(COz3),0OHg). It was not determined whether this phase
was residual to the synthesis process or had formed afterwards via the adsorption of
atmospheric CO; and HO.

Zinc carbonate (ZnCO3) was found to be present at the surface of all of the dry
powder samples, identified by TGA with EGA, FTIR and XPS (Sections 4.2 and
5.3). In addition to this, all of the dry powder samples contained moisture. An
organic compound which was identified as an aliphatic polyether was detected on the
surface of the EN-Z-1 NPs by TGA-EGA, FTIR, XPS and NMR (Figure 4-6, Figure
4-9, Figure 4-13 and Figure 4-14 respectively). Additionally, residual DEG precursor
was detected on the surface of the EN-Z-6 NPs by FTIR, XPS and NMR (Figure
5-18, Figure 5-22 and Figure 5-24 respectively).

The primary particle sizes were determined by BET, XRD and TEM. All of the
samples were polydisperse, with EN-Z-4 having the narrowest size distribution of the
synthesized samples and EN-Z-3 having the narrowest size distribution of the
commercial samples. The average particle Feret ratio calculated for the samples was
> 1 for all 5 samples, indicating that the majority of particles in the samples were
elongated. In EN-Z-1, EN-Z-4 and EN-Z-6, the elongation was significantly more
prominent than in EN-Z-2 and EN-Z-3 samples.

EN-Z-1 was found to have the greatest colloidal stability over time; this was to
be expected as the sample was purchased as a colloidal suspension in water. EN-Z-6
dispersed in water was found to be stable after 24 hours, which may be attributed to
the residual DEG on the surface of the NPs. The remaining 3 samples were unstable
over 24 hours. Analysis of the agglomerate size distributions for ZnO samples in
water and DMEM, revealed that ZnO NPs are more prone to agglomeration when
dispersed in DMEM than in water. This was thought to be due to the high ionic

strength of the cell culture medium. The zeta potential of the EN-Z-1 sample in water

203



was negative, whereas for the other samples the zeta potentials measured were
positive. This may be attributed to the aliphatic polyether coating present on the EN-
Z-1 NP surface.

The agglomerate size distributions measured by PF-TEM, for the samples after
24 hours in DMEM (and then sonicated for 20 minutes) reveal that for all samples,
there are a wide distribution of sizes present, ranging from individual primary
particles up to large agglomerates, thousands of nanometres in diameter. The EN-Z-1
and EN-Z-6 samples have the narrowest and smallest size distribution of
agglomerates. Unfortunately, the PF-TEM size measurements do not give an
accurate representation of the agglomerates present in the cell assay solutions after
24 hours as there is no sonication in the toxicity assay. However, the measurements
give an indication into the agglomeration of the ZnO NP samples and the way in
which the agglomerate size distributions compare at this stage in the investigation.

The amount of dissolved ZnO was determined by ICP-MS over a range of
concentrations. This was measured in DMEM at 37 °C after 24 hours in suspension.
It must be noted that the experimental set up for the solubility measurements differed
from the in vitro assays, which resulted in an increase in the pH of the solution which
led to a lower ZnO solubility. Therefore the absolute amount of ZnO in solution
measured by the solubility experiment will differ from the actual amount of ZnO in
solution administered to the cells in vitro. Our investigations on the ENNSATOX
project have shown by electroanalytical methods that the actual amount is likely to
be 5.7 ug ZnO/ml (Mu et al., (2013)). The dissolution experiments revealed that for
all samples of ZnO at all concentrations, a fraction of ZnO was dissolved in solution
after 24 hours. The amount of dissolved ZnO was reasonably consistent for all 5
samples of ZnO after 24 hours indicating that solubility did not vary considerably
between samples, however the dissolution rate for coated EN-Z-1 was found to be
slower than that of the uncoated samples (consistent with Mu et al., (2013)). Over the
course of the solubility experiments, it was determined that the total actual amount of
ZnO in the suspensions varied significantly between samples, and was inconsistent

with the nominal concentrations dispersed in solution. In particular, the actual
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concentration of EN-Z-1 was consistently higher than the concentrations of the other
ZnO NP samples (Table 6-1 and Table 6-2). This was assumed to be due to an error
in the commercial supplier’s quoted concentration and issues and also due to issues
arising in sampling when preparing dilutions of the ZnO NP suspension. This is a
crucial finding as many studies have reported significantly increased toxicity for only
small variations in ZnO NP concentration (Lin et al., 2008; Hsiao &Huang, 2011).

The overview of physicochemical characteristics of the 5 ZnO NPs, reveals the
variable nature of ZnO NP samples, regarding particle size, morphology and purity.
Additionally, the complexity of characterizing ZnO NPs in solutions has also been
highlighted, however consistent themes have been identified:

1. ZnO NPs reach an equilibrium solubility in DMEM within a few hours.
At concentrations above this equilibrium, the NPs are agglomerated as
either ZnO or ZnO and re-precipitated ZnCOs.

2. The polymer coating on EN-Z-1 increases the time to reach equilibrium

to between 24 and 48 hours and stabilises the colloidal suspension.

7.2 Toxicity

In order to assess the potential cyto- and genotoxicity of ZnO NPs to cells, the
MTT and Comet assay were performed, using 5 ZnO NP samples at concentrations
in the range 0.01 t01000 pg/ml. All of the toxicity experiments conducted in this
study were carried out using A549 (human lung alveolar carcinoma) cells in DMEM
(no serum); exposures were incubated for 24 hours at 37 °C with 5 % CO,. A549
cells were selected as there is evidence that when ZnO NPs uptake into the lungs,

they rapidly dissolve and induce toxicity (Cho et al., 2011).

7.2.1 Cytotoxicity

The MTT assay was employed in order to assess the cytotoxicity of the ZnO
NP samples. The MTT assay is a colorimetric assay which measures cellular
metabolic activity and can therefore give an indication as to the number of viable

cells.
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Table 7-1 Summary of the physicochemical properties of ZnO nanoparticles samples selected for toxicological investigations

Name EN-Z-1 EN-Z-2 EN-Z-3 EN-Z-4 EN-Z-6
Source (Catalogue Number) Alfa Aesar (45409) Alfa Aesar (44533) Micronisers Pty Ltd (Nanosun™) Synthesized in House Synthesized in House

Zincite (01-079-0206) = hexagonal ZnO Zincite (01-079-0206) = hexagonal ZnO
Phase and Purity (XRD) Zincite (01-079-0206) = hexagonal ZnO Secondary phase present consistent with Secondary phase present consistent with Zineite (01-079-0206) = hexagonal ZnO Zincite (01-079-0206) = hexagonal ZnO

hydrozincite (00-014-0256) hydrozincite (00-014-0256)
Surface Composition/Purity Qrg@c COmpO@d, possibly an .
aliphatic polyether is present on the ZnCO:s present at NP surface ZnCOs present at NP surface ZnCO:s present at NP surface ZnCOs + residual DEG on NP surface
(TGA, FTIR, XPS,NMR)
_surface of the NP
AT
‘ n
TEM AT
Particle Size (nm) (TEM) @) Length =30 £ 20; Width=16 £ 10 Length = 40 £ 20; Width =30+ 12 Length =38 £ 10; Width=30+7 Length =23 £ §; Width=14+ 4 Length =47 £ 26; Width=26 £ 8
Feret Ratio (TEM) ) Feret Ratio=1.9 £ 0.8 Feret Ratio = 1.45 £ 0.3 Feret Ratio = 1.34 £ 0.25 Feret Ratio= 1.6 £ 0.4 Feret Ratio= 1.8 £ 0.5
Stability in water over time
" DLS) » Stable over 24 hours Unstable over 24 hours Unstable over 24 hours Unstable over 24 hours Stable over 24 hours
Zeta Potential in Water (mV) © -14 5.2 8.5 14 15
Agglomerate Size Distribution
. Range = 10 - 400 (max at 35) Range = 20 - 3000 (max at 130) Range = 50 - 1100 (max at 130) Range = 30 - 5000 (max at 180) Range = 30 - 900 (max at 70)
in Water (nm) (PF-TEM) @ = = = = =
Agglomerate Size Distribution R 30-300 ( t91) R 40 - 2000 (; t 190) R 10 - 4000 t 142) R 20 - 700 ( t 615) R 10 - 400 (; t122)
ange = 30 - max a ange = 40 - max a ange = 10 - max a ange = 20 - max at 615 ange = 10 - max a
in DMEM (nm) (PF-TEM) () = = = = =
1 22 45 54 56 50
3 0 24 44 48 55 55
Nominal ZnO .% of ZI_M
concentration| 10 [ " selution 27 45 45 33 32
CP-MS)
ml @
(ng/ml) 30 ® 13 17 11 11 18
100 4 5 5 4 4

(a) Primary particle size measured from 250 nanoparticles in TEM images: (b} Stability measured in water at 25 °C 1000 pg/ml. (c) Zeta potential measured in water at 25 °C at 1000 pg/ml; Agglomerate size distribution measured in (d) Water at 37 °C at 100 pg/ml and (e) DMEM at 37 °C at 100
pg/ml; (f) Dissolved ZnO concentration measured DMEM at 37 °C after 24 hours
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All of the MTT experiments were performed by Qingshan Mu and Ritta
Partanen at the University of Leeds. The results of the MTT assay, presented in
Figure 7-1 display the amount of viable cells remaining after a 24 hour exposure to a
range of ZnO NP concentrations, as a percentage of viable cells measured in the
control sample. Exposures were carried out in triplicate; the data plotted is an
average of the 3 measurements and the error bar is determined by the standard

deviation of the measurements.

In addition to the 5 ZnO samples, the MTT assay was also performed using a
solution of zinc sulphate heptahydrate (ZnSO,47(H,0)). The concentration was
adjusted such that the quantity of zinc was the same as for the ZnO experiments. As
ZnS0,4 7(H,0) was used, this meant that the dry weight of the powder was 3.5 times
higher for the ZnSO, 7(H20) than for the ZnO NPs.

Our team of researchers on the ENNSATOX project found ZnSO,4 to be more
toxic than ZnO NP samples (Mu et al., 2013). A continuously increasing Zn?*
concentration was measured with increasing ZnSO, concentration such that the Zn?*
solubility limit was exceeded by supersaturation. It was concluded that ZnO NPs
reach a solubility limit (~ 5.7 pug ZnO/ml), above which they either remain intact or
dissolve and re-precipitate in DMEM as ZnCOs. Either way, the particles were found
to induce lower toxicity than Zn®**. The toxicity of EN-Z-1 and EN-Z-2 was
investigated (Mu et al., 2013). EN-Z-1 induced higher toxicity than EN-Z-2 which
was attributed to the presence of the coating on EN-Z-1 NPs. The coating was found
to enhance interaction with a model membrane, and also compromised the membrane
to a greater extent than EN-Z-2. They found that for EN-Z-1, there was direct
interaction between non-dissolved NPs and cells by measuring an increased
cytoplasmic concentration of Zn** as compared to EN-Z-2, providing evidence for
intracellular dissolution of EN-Z-1 NPs. Therefore, it was postulated that the
increased toxicity of EN-Z-1 was due to enhanced uptake, either passively by
compromising the plasma membrane or endocytically by promoting interaction with
the plasma membrane, and hence enabling intracellular release of Zn**. Furthermore,

ZnO NPs with needle-like morphology were found to enhance toxicity by frustrated
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endocytosis, i.e. disrupting the cell membrane, leading to the release of toxic

enzymes resulting in inflammation.

The MTT assay results acquired in this investigation (Figure 7-1) indicate
that even at very low ZnO concentrations, i.e. 0.01 pg/ml, there is a statistically
significant (p < 0.05) reduction in cell viability for many of the samples.

EN-Z-3 exhibits an unusual response in that there is an increase in viability
measured when ZnO NPs are added up to a concentration of 10 pg/ml. It could be
that cell growth is stimulated by the particles, however this is unlikely as the effect is
not observed for the other samples. A statistically significant reduction in cell
viability is measured at 1000 pg/ml, however the toxicity measured is still much
lower than for the other ZnO NP samples. It may be argued that the EN-Z-3 sample
elicited a lower toxic response as compared to the other ZnO NPs due to the more
equiaxial nature of the NPs in the sample. For example, Hsiao & Huang (2011)
reported on the higher toxicity of ZnO nanorods as compared to ZnO nanospheres to
Ab549 cells after an exposure of 24 hours. Our previous investigations also reported
on the lower toxicity of equiaxed ZnO NPs as compared to NPs with high aspect
ratio (Mu et al., 2013). However, the EN-Z-2 sample has a similar average particle
Feret ratio and therefore this is unlikely to be the reason for the lower measured
toxicity for the EN-Z-3 sample. For now, the results will be treated as abnormal and
the MTT assay should be repeated with a newly prepared suspension of EN-Z-3.

EN-Z-1, EN-Z-6 and soluble ZnSO,all induce significant cytotoxicity at 0.01
pug/ml. However ZnSQO4 reduces cell viability by a higher percentage across all of the
concentrations investigated. This indicates that even at concentrations as low as 1
pug/ml, where one would expect all of the ZnO NPs to dissolve, there is a fraction of
undissolved zinc remaining (in agreement with solubility data (Table 7-1). This
indicates that there is a higher concentration of zinc in solution for ZnSO,, since for
the ZnO NP samples, the NPs may act as nucleation sites for the re-precipitation of
zinc to form lower solubility nanoparticulate ZnCO3 (Reed et al., 2012; Mu et al.,
2013) thus implying that ZnCOj3 nanoparticles are less cytotoxic than Zn*".

At 10 and 100 pg/ml all of the samples elicit a statistically significant toxic

response however the results for EN-Z-1 compared with the other NP samples are in

208



stronger agreement with cell viability measurements reported in the literature,
determined by the MTT assay for 24 hour ZnO NP exposures to A549 cells. For
example, Ahamed et al. (2011) administered suspensions of ZnO nanorods (drgm =
52 nm; dps = 97 nm; aspect ratio = 2.88) to A549 cells and found that increasing the
ZnO NP concentration from 10 to 100 pg/ml, induced a reduction in cell viability

from 72 to 40 % respectively.
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Figure 7-1 Effect of different samples of ZnO NPs on the viability of A549 lung
epithelial cells determined by MTT assay. Cells were exposed to varying
concentrations of ZnO NP suspensions in DMEM for 24 hours and at 37°C. Cell
viability is plotted as a percentage of the control cell viability. Values plotted are
the mean of 3 replicate experiments (n = 3); error bars are + one standard
deviation. (™ = p <0.05, M= p < 0.02, "= p < 0.01, *= p <0.005, **=p < 0.002,
***=p < 0.001)
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EN-Z-2 and EN-Z-4 elicit significant toxicity at concentrations of 0.1 and 10
pg/ml respectively. The physicochemical characteristics that have been obtained for
the samples (Table 7-1) give some indications as to why EN-Z-1 and EN-Z-6 are
toxic at lower concentrations than the other NP samples. For example, EN-Z-1 and
EN-Z-6 are most stable in suspension and therefore the cells will be exposed to
agglomerates with smaller dimensions, which may uptake into cells more readily and
hence elicit higher toxicity by intracellular dissolution. The increased toxicity for
EN-Z-1 is most probably due to the presence of the aliphatic polyether present on the
NP surface, as was demonstrated previously by our group of scientists on the
ENNSATOX project (Mu et al., 2013). The coating was found to damage the
integrity of the lipid membrane, and also increase NP interaction with the membrane.
Therefore increased toxicity is a result of enhanced uptake of EN-Z-1 NPs, leading to
increased intracellular release of Zn*". The residual DEG detected on the surface of
EN-Z-6 may have a similar effect as the coating on EN-Z-1. It may be that the
negative surface charge of the NPs measured for EN-Z-1 and EN-Z-6 (Figure 6-5)
increases interaction with the plasma membrane. Conversely it is reported in the
literature that NPs with positive surface charge display enhanced cellular uptake (and
therefore increased toxicity) in non-phagocytic cells, than their negatively charged
counterparts (Bhattacharjee et al., 2010; El Badawy et al., 2011). An overview of the
role of NP surface charge in cellular uptake and cytotoxicity is provided by Fréhlich
et al. (2012). At higher concentrations i.e. 10 and 100 pg/ml EN-Z-1 is more toxic
than all other NP samples. This may be because EN-Z-1 dissolves more slowly than
the other ZnO NP samples (Figure 6-2), which may indicate that ZnO NPs induce
increased toxicity compared to ZnCO3; NPs.

When assessing the ZnO NP samples solubility, it was found that EN-Z-1
suspensions prepared had higher actual ZnO concentrations than the other samples,
and it is therefore likely that this was the case in the toxicity assay exposures as well.
The results from the MTT assay show that toxicity increases with increasing ZnO NP
concentration (Figure 7-1) and therefore it is a possibility that EN-Z-1 is more toxic
simply because the concentration of ZnO is higher. Investigations in the literature
have reported that cell viability is reduced significantly by small changes in ZnO NP

concentration. For example Hsiao & Huang (2011) observed a reduction in cell

210



viability from 70 to 20 % when the concentration of ZnO was increased from 6.25 to
12.5 pg/ml. The ZnO NPs used in the study were uncoated and had primary particle
sizes between 50 and 122 nm. Lin et al. (2008) measured a drop in cell viability from
85 to 30 % after exposure to ZnO NPs when the concentration was increased from 10
to 18 pg/ml. These results indicate that the toxicity of ZnO NPs is very sensitive to
concentrations in the region of 10 pg/ml. This may be a result of this concentration
being close to the equilibrium solubility concentration of ZnO (Section 6.1.2).
Therefore, it is possible that the higher toxicity of the EN-Z-1 sample at 10 pug/ml is
due to the actual concentration of ZnO NPs being greater than the other 4 samples of
ZnO. However, the largest amount by which the actual concentration of the EN-Z-1
sample varied as compared to the actual concentration of other ZnO NP samples with
the same nominal concentrations was by a factor of 2. For the 100 pg/ml samples,
the difference in cell viability between the EN-Z-1 and other samples of ZnO NPs is
approximately 40 %. From the MTT results presented in Figure 7-1, it does not seem
likely that if the concentration of the 4 powder samples was doubled, the cell

viability would reduce by as much as 40 %.

In the majority of studies reported in the literature, a much larger reduction in
cell viability has been reported for ZnO NP concentrations of 100 pg/ml than have
been measured for EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 (Lin et al., 2008; Hsiao &
Huang, 2011; Ahamed et al. 2012). This may be explained as contrary to the studies
reported in the literature, in this investigation the cells have been incubated with ZnO
NPs for 24 h in the absence of foetal bovine serum. The addition of serum has been
shown to increase ZnO NP stability by altering the surface charge (Figure 6-6) and
therefore this may be an indication that it is the colloidal nature of ZnO NP
suspensions that increases toxicity. Alternatively, this may provide evidence for the
damaging potential of the protein corona upon interaction with the plasma
membrane. It must also be noted that in this study, for the MTT assay, the light
adsorption was corrected for the dispersion of light by the ZnO NPs using intensities
from control wells containing no cells. This has not been carried out in many of the
literature studies and therefore may account for the reduced toxicity exhibited by the

ZnO NPs in this investigation. However the cytotoxicity of EN-Z-1 is in good
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agreement with values reported in the literature therefore this is unlikely to be the
reason for the discrepancy.

An alternative reason for the lower toxicity between 10 and 100 pg/ml
measured in this study for powder samples of ZnO NP may be due to the presence of
chemically and physically adsorbed carbonate that has been detected on the surface
of these 4 samples. Due to the increased amount of carbonate in the solution, a larger
quantity of zinc carbonate may precipitate thus reducing the amount of zinc in
solution. It is clear that ZnCQOs is not as soluble as ZnO in DMEM and so a surface
coating may inhibit dissolution of a ZnO core. It has previously been reported that
ZnCO;3; forms at the surface of ZnO NPs exposed to ambient conditions (Pan et al.,
2011). The particles used in this study had been stored for a number of months
before the suspensions were prepared for the toxicity assays. In section 5.3.2, it is
identified by FTIR (Figure 5-16) and XPS (Figure 5-23) that the amount of ZnCOj3 at
the surface of EN-Z-4 increases with ageing and therefore, it may be that the samples
used in this investigation have an increased amount of surface carbonate as compared

to alternative studies and hence induce lower toxicity.

The hydrozincite phase detected in EN-Z-2 and EN-Z-3 samples does not
apparently alter the toxicity as compared to monophasic samples of ZnO such as EN-
Z-4 and EN-Z-6.

7.2.2 Genotoxicity

The results obtained from the comet assay, investigating the DNA damaging
potential of the commercial and synthesized ZnO NP samples are presented in Figure
7-2 and Figure 7-3 respectively. The formation of a comet tail after electrophoresis
indicates DNA damage and as such in this study, genotoxicity was assessed by
measurement of the percentage of DNA in the comet tails. Exposures were
performed in triplicate; the value plotted on the chart is an average of the 3
measurements and the error bars are determined by calculation of the standard

deviation. Genotoxicity measurements are only interpretable on viable cells and
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therefore the results from the MTT assay are used in order to determine the
concentrations to investigate. The comet assay for the commercially sourced samples
was performed by Mrs Kay White and Rachel Mu in the Leeds Institute of Genetics,
Health and Therapeutics at the University of Leeds.

For the commercial samples, A549 lung epithelial cells were exposed to
various concentrations of ZnO NP ranging from 0.01 to 1 pg/ml, as the significant
cell death observed at higher concentrations (Figure 7-1) will hamper the
interpretation of comet assay results. For the synthesized samples, A549 lung
epithelial cells were exposed to only 2 concentrations of ZnO NP at 1 and 10 pg/ml.
In addition to the 2 concentrations of ZnO NPs, the cells were also exposed to the
supernatant of a 10 pg/ml suspension of each of the synthesized samples which had
been centrifuged for 35 minutes at 14,500 rpm. The results for the commercial
samples of ZnO NPs presented in Figure 7-2 indicate that minor DNA damage is
observed for all dosages, including the control cells. For EN-Z-1 and EN-Z-2, no
significant genotoxicity is measured at any of the concentrations investigated as the
DNA damage observed is similar to that of the control cells. For EN-Z-3, a small but
statistically significant increase in DNA damage is measured at ZnO NP
concentrations of 0.1 and 1 pg/ml as compared to the control cells. It is difficult to
attribute a particular physicochemical characteristic of EN-Z-3 to the apparent
increase in genotoxicity for the sample as it is very similar in size, shape and
composition to EN-Z-2. Of the samples without organic surface contamination, EN-
Z-3 shows the highest stability (Figure 6-7). The smaller agglomerates administered

to the cells for EN-Z-3 may be taken up more readily and alter the genotoxicity.
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Figure 7-2 Effect of commercial samples of ZnO NPs on the DNA of A549 lung
epithelial cells determined using the Comet Assay, by measurement of the
percentage of DNA in the Comet tail. Cells were exposed to varying
concentrations of ZnO NP suspensions in DMEM for 24 hours and at 37°C.
Values plotted are mean (n = 3); error bars are + one standard deviation. (™ =p
<0.05, M=p<0.02)

The comet assay results for the synthesized samples of ZnO are presented in
Figure 7-3. Neither of the ZnO NP concentrations investigated induce a significantly
higher degree of DNA damage as compared to the respective control experiments.
The experiments investigating the effect of the supernatant of the 10 pg/ml on the
cells indicate that there is no significant different in DNA damage as compared to the
respective ZnO NP 10 pg/ml samples. The percentage of tail DNA measured at 10
pug/ml is between 5 and 15 %, which is inconsistent with results reported in the
literature carried out at the same concentration for 24 hour exposures and using A549
cells. For example Lin et al. (2008), using uncoated ZnO NPs with primary particle
size of 70 nm, reported a much higher level of DNA damage; they measured 40 %
DNA damage at a concentration of 10 pug/ml which increased to 90 % damage when

the ZnO NP concentration was raised to 14 pug/ml. This may be attributed to the use

214



of serum by Lin et al. (2008) which will enhance NP stability and has also been
shown to enhance the lipid membrane activity of ZnO NPs (Churchman et al., 2013),

thus affecting uptake and toxicity.
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Figure 7-3 Effect of synthesized samples of ZnO NPs on the DNA of A549 lung
epithelial cells determined using the Comet Assay, by measurement of the
percentage of DNA in the Comet tail. Cells were exposed in DMEM for 24 hours
and at 37°C to 1 and 10 pg/ml suspensions of ZnO NPs suspensions and
additionally to the supernatant of a centrifuged 10 pg/ml suspension of ZnO

NPs. Values plotted are mean (n = 3); error bars are + one standard deviation.

7.2.3 Cellular Uptake

The cellular uptake for EN-Z-1 by A549 lung epithelial cells was investigated
previously (Mu et al., 2013) using a ZnO concentration of 1000 pg/ml and exposure
time of 1 hour under conditions identical to the MTT and comet assays performed in
this investigation. The cellular uptake of EN-Z-4 and EN-Z-6 was investigated for
ZnO concentrations of 10 and 100 pg/ml over an exposure of 24 hours. Additionally,

for EN-Z-4 and EN-Z-6, the 100 pug/ml suspension was centrifuged at 14,500 rpm for
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35 minutes, and exposures were carried out under the same conditions using the
supernatant. As a large reduction in cell viability was measured using the MTT assay
for some samples at 100 pg/ml, it was hoped that by investigating the supernatant of
a 100 pg/ml ZnO NP suspension, toxicity would be attributable to either the
dissolved Zn or to the presence of ZnO NPs. As 10 pg ZnO/ml is close to the
equilibrium solubility concentration for ZnO it was thought to be an important
concentration to investigate in the cellular uptake experiments and it was hoped that
this may provide further evidence for significant ZnO NP dissolution at this
concentration, and the presence of ZnCQOj3 particles. Controls were also prepared by
exposing A549 cells to 500 pl of MilliQ water in DMEM at 37°C for 24 hours. Cell
sections were prepared and cut to a nominal thickness of 100 nm and then placed on
a copper grid which could then be examined in the TEM. The high angle annular
dark field scanning transmission electron microscopy (HAADF STEM) imaging
mode was employed in order to more easily identify ZnO NPs, as zinc has a much
higher atomic weight than the elements present in the cell and therefore would show
increased contrast. Al HAADF STEM images presented in this Chapter have
inverted contrast in order to make them comparable with bright field TEM images.

A low magnification TEM image of an entire grid square, presented in Figure
7-4 (a) shows control A549 cells presented in the typical morphology exhibited by
this cell type. The majority of cells are joined to their neighbouring cells at
desmosome junctions. Figure 7-4 (b) presents an increased magnification TEM
image of a single cell where some of the features such as microvilli and the nucleus
can be identified. An EDX of the area outlined by the box in Figure 7-4 (b) is
presented in Figure 7-4 (c). The fixative used in the cell section preparation
procedure is glutaraldehyde and 2 % osmium tetroxide which accounts for the
osmium signal in the EDX spectrum and probably also some of the oxygen signal.
The copper signal may be attributed to the copper bars on the TEM grid on which the
cell section lies. The remaining elements identified in the EDX spectrum are
components of the cell.

The TEM results from cellular uptake investigations for EN-Z-1 are
presented in Figure 7-5 (Mu et al., 2013). A contrast inverted HAADF STEM image

of a typical cell is shown in Figure 7-5 (a); the majority of the cells in the sample
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appear intact. A contrast inverted HAADF STEM image of the region outlined by the
box in Figure 7-5 (a) is presented in Figure 7-5 (b), showing what appear to be ZnO
NPs. A TEM image of the area indicated by the boxed region in Figure 7-5 (b) is
shown in Figure 7-5 (d) where the particles, which are located in the cytoplasm of
the cell, can be seen more clearly and show signs of dissolution. The size of the
particles is comparable with that of the primary particle size for EN-Z-1 and EDX
confirms the presence of zinc indicating that the particles are likely to be EN-Z-1
NPs that have been taken up by the cell following exposure. The exposure took place
over 1 hour and the rapid uptake of the NPs by the cells may be attributed to the
aliphatic polyether coating the sample; as has previously been discussed, the coating
has been found to enhance uptake either by compromising the plasma membrane and
enabling passive uptake of NPs, or by promoting interaction with the membrane

leading to increased endocytic uptake of NPs (Mu et al., 2013).
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Figure 7-4 A549 cells exposed to MilliQ water for 24 hours at 37°C. (a) TEM

image of whole grid square showing numerous cells; (b) TEM image of a whole

cell; (c) EDX spectrum of the area outlined by the box in (b).
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Figure 7-5 A549 cells exposed to 1000 pg/ml EN-Z-1 for 1 hour. (a) Contrast
inverted HAADF STEM image of a whole cell; (b) Contrast inverted HAADF
STEM image of the area indicated by the boxed region in (a); (¢) TEM image of
the area indicated by the boxed region in (b); (d) EDX spectrum from the top
nanoparticle in (c) (from Mu et al. 2013).

The TEM analysis presented in Figure 7-6, Figure 7-7 and Figure 7-8 is of
A549 cells exposed to EN-Z-6 at 100 pg/ml, the supernatant of a 100 pg/ml sample
and 10 pg/ml respectively, for 24 hours in DMEM at 37 °C. Figure 7-6 (a) is a low
magnification TEM image showing numerous cells which have been exposed to EN-

Z-6 at 100 pg/ml. The image reveals that the morphology of the A549 cells has
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altered as a consequence of the ZnO NP exposure. 29 of the 30 cells imaged are
isolated and rounded, which is in contrast to the long, thin adjoined cells observed in
the control sample (Figure 7-4). The rounded morphology observed for the A549
cells is indicative of cell stress (Patra et al., 2007). Hsiao & Huang (2011) reported
the abnormally rounded nature of A549 cells that had been exposed to 50 pg/ml ZnO
NPs for 24 hours, indicating that the cells were either damaged or dead. A contrast
inverted HAADF STEM image of the cell outlined by the box in Figure 7-6 (a) is
presented in Figure 7-6 (b) and reveals additional signs of cell distress, possibly the
onset of necrosis, characterized by vacuolization. Vacuolization occurred to varying
degrees across 29 of the cells imaged and has previously been reported in damaged
and apoptotic A549 cells (Wang & Chen, 2012). A contrast inverted HAADF STEM
image of the region outlined by the box in Figure 7-6 (b) is presented in Figure 7-6
(c) and identifies what are potentially ZnO NPs bound within the nuclear membrane
of the cell. A high magnification TEM image of the region outlined by the dotted box
in Figure 7-6 (c) is presented in Figure 7-6 (d) and an EDX spectrum of the top
particle in the image is presented in Figure 7-6 (e). The NPs located here are similar
in length to that of the primary particles in EN-Z-6 (approximately 40 nm) and the
presence of ZnO confirmed by EDX analysis forms a strong argument that these are
indeed EN-Z-6 ZnO NPs that have been taken up by the cell following exposure.
ZnO NPs have previously been located in A549 cells following a 24 hour exposure.
For example, Lin et al. (2008) identified agglomerated ZnO NPs within a vesicle.
The ZnO concentration was 12ug/ml, and the NPs identified within the vesicle in the
cell were similar in size to that of the primary particles (approx. 70 nm).

A high magnification TEM image of the region outlined by the dashed box in
Figure 7-6 (c) is presented in Figure 7-6 (f) and an EDX spectrum of the cluster of
particles is presented in Figure 7-6 (g). EDX confirms the presence of zinc and
therefore it may be assumed that these are ZnO NPs. However, the average size of
the particles determined by 50 measurements is 14 nm, which is substantially smaller
than the primary particle size of EN-Z-6. The particles identified in Figure 7-6 (f)
may be remnant of an agglomerate of EN-Z-6 ZnO NPs that have dissolved to form
smaller NPs. Alternatively, dissolved zinc may have precipitated into NPs of zinc

compounds such as Zn3(POg), or ZnCQOs3, as a result of a change in the chemical
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environment, which may have arisen through entering the nuclear environment. The
zinc ions forming these particles may be present as a result of intercellular ZnO NP
dissolution, e.g. in a lysosome, or extracellular ZnO NP dissolution in the exposure
media. The particles may be ZnCOj; that has precipitated from solutions of ZnO and
DMEM in the extracellular environment (Mu et al., 2013) and have been taken up by
the cells. A further 3 clusters of these smaller NPs were identified at various other
locations in the cells imaged in Figure 7-6 (b) and additionally in numerous other
cells in the samples. 10 cells were examined in detail and 16 clusters of small NPs
were located in 8 of the cells. One more area was found that contained ZnO NPs of
similar sizes to that of the primary particles in EN-Z-6.

A low magnification TEM image of the cells treated with the supernatant of
the 100 pg/ml sample is presented in Figure 7-7 (a). The cell morphology is similar
to that observed in the control sample indicating that the cells are healthy. A TEM
image of a typical cell (outlined by the box Figure 7-7 (a)) shows the plasma
membrane with numerous microvilli and the nucleus is also clearly discernible.
Higher magnification images of the cytoplasm and nucleus of the cell in Figure 7-7
(b) are presented in Figure 7-7 (c) and Figure 7-7 (d) respectively. In Figure 7-7 (c)
the normal cytoplasmic inclusions such as the vacuoles and mitochondria can be seen
and in Figure 7-7 (d), the nucleolus is visible. All 20 of the cells imaged appear
healthy. The results indicate that the toxicity to the A549 cells in this experiment was
induced as a result of the ZnO NPs present in the suspension. When the solid
component of the 100 pug/ml sample was removed and only the remaining zinc ions,
were administered to the cells, no toxicity, assessed as a function of cell morphology,
was observed; this is consistent with Moos et al. (2010) who found that NP contact
with the cell is required in order to induce toxicity. The supernatant will presumably
have a Zn** concentration close to the equilibrium solubility (~ 5.7 pug ZnO/ml),
which is not particularly toxic to cells (Figure 7-1), hence the apparent viability of
the cells imaged here. There were no small NPs found in the cells administered to the

supernatant which indicates that there was no precipitation of zinc from solution.
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Figure 7-6 A549 cells exposed to 100 pg/ml EN-Z-6 for 24 hours at 37°C. (a)
Low magnification image of grid square showing numerous cells; (b) contrast
inverted HAADF STEM image of a whole cell indicated by the boxed region in
(@); (c) contrast inverted HAADF STEM image of the area indicated by the
boxed region in (b); (c) TEM image of the area indicated by the box with the
dotted outline in (c); () EDX spectrum from the top NP in (d); (f) TEM image
of the area indicated by the box with the dashed outline in (c); (g) EDX

spectrum from the cluster of NPs in (f).

A low magnification TEM image showing cells exposed to 10 pg/ml EN-Z-6

for 24 hours at 37°C is presented in Figure 7-8 (a). The cell morphology is consistent

221



with that of the control cells indicating that the cells are healthy. A contrast inverted
HAADF STEM image of an entire cell is presented in Figure 7-8 (b) where the
nucleus and nuclear membrane are clearly discernible as well as microvilli around
the plasma membrane. Higher magnification images of the nucleus and cytoplasm
presented in Figure 7-8 (c) and Figure 7-8 (d) respectively reveal that there are small
white particles present in a number of vacuoles. An EDX of the region outlined by a
box in Figure 7-8 (d) reveals that they are not ZnO NPs but rather clumps of osmium

fixative.

Figure 7-7 A549 cells exposed to the supernatant of a 100 pg/ml, centrifuged
suspension of EN-Z-6, for 24 hours at 37°C. (a) Low magnification image of grid
square showing numerous cells; (b) TEM image of a whole cell indicated by the
boxed region in (a); (c¢) TEM image of the cell showing area indicated by the box
with the dotted outline (b); (d) TEM image of the area indicated by the box with
the dashed outline in (b).
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Figure 7-8 A549 cells exposed to 10 pg/ml EN-Z-6 for 24 hours at 37°C. (a) Low

magnification image of grid square showing numerous cells; (b) contrast
inverted HAADF STEM image of a whole cell; (c) contrast inverted HAADF
STEM image of the nucleus of the cell shown in (b); (d) contrast inverted
HAADF STEM image of the left hand side of the cell shown in (b); (e) EDX

spectrum of the area indicated by the boxed region in (d).
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The TEM analysis presented in Figure 7-9, Figure 7-10 and Figure 7-11 are
of A549 cells exposed to EN-Z-4 at 100 pg/ml, the supernatant of a 100 pg/ml
sample and 10 pg/ml respectively. In the case of the 100 pg/ml sample, a similar
effect on cell morphology is observed as with the EN-Z-6 100 pg/ml exposure.
Evidence for this is provided in Figure 7-9 (a) where the A549 cells are isolated and
rounded. Of the 30 cells imaged, 28 appear rounded. As well as morphological
changes, vacuolization is also apparent in 26 cells imaged in the sample; an example
of this can be seen in Figure 7-9 (b) which shows a TEM image of the whole cell
outlined by the box in Figure 7-9 (a). A contrast inverted HAADF STEM image of
the region outlined by the box in Figure 7-9 (b) is presented in Figure 7-9 (c).
Imaging in this mode facilitated in the identification of clusters of small ZnO NPs
within the nucleus, similar to those observed in the EN-Z-6 100 pg/ml sample. A
contrast inverted HAADF STEM image of the region outlined by the box in Figure
7-9 (c) is displayed in Figure 7-9 (d) and clearly shows 3 clusters of the small NPs
observed. EDX of the bottom cluster in Figure 7-9 (d), presented in Figure 7-9 (e)
revealed the presence of zinc. The NPs were smaller than the primary particles in the
EN-Z-4 sample which may indicate that they are formed from EN-Z-4 NP
agglomerates that have undergone significant dissolution. Alternatively the small
NPs may be formed from zinc ions which have precipitated to form lower solubility
compounds such as ZnCOj3 either in the intracellular or extracellular environment. A
detailed examination of 10 cells was performed and the small NPs discussed were
located in 8.

A TEM image of cells exposed to the supernatant of the 100 pug/ml EN-Z-4
suspension is presented in Figure 7-10 (a). The cells have the typical morphology
observed in the control cells and are grouped together indicating that they are
healthy. TEM images of the cells outlined by the dashed and dotted boxes in Figure
7-10 (a), are presented in Figure 7-10 (b) and Figure 7-10 (c) respectively. In both
images the nucleus and microvilli are discernible and the cells appear healthy. EDX
over several areas including the region outlined by the box in Figure 7-10 (c), which

is presented in Figure 7-10 (d) does not identify the presence of zinc in the cells.
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Figure 7-9 A549 cells exposed to 100 pg/ml EN-Z-4 for 24 hours at 37°C. (a)
Low magnification image of grid square showing numerous cells; (b) TEM
image of a whole cell; (c) contrast inverted HAADF STEM image of region
indicated by the boxed area in (b); (d) contrast inverted HAADF STEM image
of the region indicated by the boxed area shown in (c); () EDX spectrum of the
bottom cluster of NPs in (d).
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Figure 7-10 A549 cells exposed to the supernatant of a 100 pg/ml, centrifuged
suspension of EN-Z-4, for 24 hours at 37°C. (a) Low magnification image of grid
square showing numerous cells; (b) TEM image of cells indicated by the box
with dashed outline in (a); (c) TEM image of the cell indicated by the box with
the dotted outline in (a); (d) EDX spectrum of the area indicated by the boxed

region in (c).

A TEM image of the cells exposed to 10 pg/ml EN-Z-4 is presented in Figure
7-11 (a) and indicates that the cells are healthy. A contrast inverted HAADF STEM
image of the cell outlined by the box in Figure 7-11 (a) is presented in Figure 7-11
(b). A contrast inverted HAADF STEM image of the region outlined by the box in
Figure 7-11 (b) is presented in Figure 7-11 (c). There are white flecks present in the
vacuoles and mitochondria and additionally a large clump is present which has been
outlined by a box. EDX of the clump in the box (Figure 7-11 (d)) and the other white
flecks indicates that they consist of osmium which arises from the fixative used.
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Figure 7-11 A549 cells exposed to 10 pg/ml EN-Z-4, for 24 hours at 37°C. (a)
Low magnification image of grid square showing numerous cells; (b) contrast
inverted HAADF STEM image of the cell indicated by the box in (a); (c)
contrast inverted HAADF STEM image of the area indicated by the boxed
region in (b); (d) EDX spectrum of the area indicated by the boxed region in (c).

For EN-Z-1 at a concentration of 1000 pug/ml EN-Z-1, it can be noted that no
clusters of NPs significantly smaller than EN-Z-1 primary particles were located in
the cells, as opposed to the 100 pug/ml samples of EN-Z-4 and EN-Z-6 where lots of
these clusters were observed. This may be an indication as to the differences in
toxicity exhibited by the EN-Z-1 samples as compared to EN-Z-4 and EN-Z-6, as a
result of varying mechanisms of cellular uptake. For example EN-Z-1 dissolves more
slowly than E-Z-Z-4 and EN-Z-6 (Figure 6-2), which may explain why there were no
small NPs located in the cells for EN-Z-1. The coating on EN-Z-1has been shown to

promote phospholipid membrane interaction and also compromise the plasma
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membrane leading to enhanced uptake into cells either passively or endocytically,
thus inducing greater toxicity by intracellular dissolution of NPs (Mu et al., 2013).
The enhanced uptake measured for EN-Z-1 may provide evidence that the small NPs
located in EN-Z-4 and EN-Z-6 are formed in the intracellular environment, as one
would not expect so many particles to have been taken up by the cells for EN-Z-4
and EN-Z-6. However in order to directly compare cellular uptake investigations and
to further clarify these findings, cellular uptake for EN-Z-1 must be investigated at a
concentration of 100 pg/ml over a 24 hour exposure.

The 100 pg/ml EN-Z-6 and EN-Z-4 exposures appear to have induced
significant levels of damage to the cells, i.e. of the 30 cells imaged in each of the
samples, more than 90 % show signs of damage (characterized by a rounded
morphology). This does not correlate with the cytotoxicity results measured by the
MTT assay, which have been reported in this investigation where for EN-Z-6 and
EN-Z-4, cell viability for both was measured as 69 % (Figure 7-1). These results may
indicate that EM is a more sensitive technique for determining cell viability than the
MTT assay. EM has previously been found to be a sensitive technique for measuring
cell viability. For example, changes in element concentrations occur before many
other markers that are usually used to demonstrate cell death (Fernandez-Segura &
Warley, 2008). EM has previously been employed in order to measure element
concentrations such as K/Na ratios by EDX in order to establish cell viability (Di

Francesco et al., 1998).

7.3 In Summary

Physicochemical characterisation of ZnO NPs is essential for interpreting the
results of toxicity assays. The actual concentrations of ZnO NP suspensions can vary
considerably from the nominal concentrations desired. This is crucial as small
changes in ZnO NP concentration may significantly affect toxicity.

ZnO NP solutions induced lower cytotoxicity than solutions of Zn?* with
equivalent concentrations of Zn. This may be due to the solution of ZnSQO, leading to
supersaturation of Zn®* in the absence of NPs acting as a nucleation sites for the re-
precipitation of zinc to form ZnCOgs. This implies that ZnCO; particles are less

cytotoxic than Zn*".
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EN-Z-1 induced greater cytotoxicity in A549 cells in DMEM over 24 hour
exposures at 37°C. The higher toxicity of the EN-Z-1 sample may be due to a number
of reasons. The aliphatic polyether present on the NP surface may affect the
mechanism of toxicity induced by EN-Z-1 as compared to the 4 powder ZnO NP
samples. Polymer coatings can promote strong interaction with lipid membranes and
promote uptake of ZnO NPs into cells. Therefore, the enhanced uptake of the ZnO
NPs in this sample may lead to intracellular NP dissolution, increasing zinc levels
internally in the cell and inducing higher toxicity. Alternatively, the coating may be
disrupting the plasma membrane, and the ZnO NPs may be taken up passively.
Again, this results in intracellular dissolution and increased levels of zinc internally
(Mu et al., 2013).

Alternatively or additionally, the increased toxicity observed for EN-Z-1 may be
due to the actual concentration of ZnO in the suspensions being higher than the
actual concentration measured for the other 4 samples.

The toxicity induced by EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 to A549 cells
over 24 hours is lower compared with results reported in the literature. This may be
due to the absence of FBS in the exposure media used in this investigation. Serum
has been shown to adsorb to the surface of ZnO NPs and therefore this may increase
toxicity by enhancing endocytic NP uptake into cells, or by disrupting the plasma
membrane and allowing passive uptake of NPs. Alternatively, the large amount of
physically and chemically adsorbed carbonate present on the surface of the dry
powder samples may be reducing toxicity by lowering the level of zinc in solution by
inhibiting ZnO dissolution of the NP core.

Coated and uncoated ZnO NPs are taken up by A549 cells and have been located
in both the cytoplasm and the nucleus. In the cells exposed to 100 pg/ml EN-Z-4 and
EN-Z-6, very small NPs (smaller than primary particle sizes of the samples)
containing zinc were found in the cells. These are probably ZnCO3 particles formed
from dissolved zinc precipitating from solution in the extracellular or intracellular
environment. For both samples at this ZnO NP concentration, the majority of cells
appeared damaged, despite the MTT assay suggesting ~70 % viability, indicating
that there are differences in sensitivity when using different in vitro toxicity assays.

Although the exposure conditions were not identical, the EN-Z-1 sample appeared to
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undergo an alternative uptake mechanism as no NPs smaller than primary particle
size were located in the cells exposed to EN-Z-1. This may be attributed to the
enhanced uptake due to the coating present on the NPs and also the slower

dissolution measured for EN-Z-1.
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8 Summary of Findings and Conclusions

A characterisation protocol is required in order to assess the physicochemical
characteristics of ZnO NPs intended for use in toxicological studies. This thesis
presents a protocol that extracts information from a sample with regard to the NP
size, morphology, composition, phase content, purity, surface chemistry, surface
area, solubility and dispersion. The protocol consists of the following techniques:
Inductively coupled plasma mass spectrometry (ICP-MS), X-ray diffraction (XRD),
BET gas adsorption, thermogravimetric analysis with evolved gas analysis by
Fourier transform infra-red spectroscopy (TGA-EGA with FTIR), FTIR, X-ray
photoelectron spectroscopy (XPS), nuclear magnetic resonance spectroscopy (NMR),
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
dynamic light scattering (DLS), plunge freezing transmission electron microscopy
(PF-TEM) and Zeta potential measurement. This protocol should be applied in future

toxicity studies on different NPs.

Commercially sourced ZnO NP samples are relatively variable in size, size
distribution and morphology; some samples have coatings present on the surface of
the NPs or contain secondary phases. EN-Z-1 has a wide distribution of sizes and
morphologies. Due to the presence of a coating (possibly an aliphatic polyether), the
particles have excellent stability in aqueous dispersion remaining in suspension for
weeks after preparation. EN-Z-2 has a narrower size distribution however there is an
additional phase of Zns(CO3)2(H20)s present in the sample. The powder does not
disperse into primary particles when suspended in water, and even immediately after
sonication relatively large agglomerates still exist. EN-Z-3 has a relatively narrow
size distribution and only a few varieties of particle morphology. Characterisation
indicates that there is a very low concentration of hydrozincite present in the sample.
The particles disperse well in water initially however the primary particle size is not
achieved and sedimentation of the particles occurs within hours of preparing the

dispersion.
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ZnO NP samples were synthesized by flame spray pyrolysis technique and by
polyol route. The FSP route produces the most monodispersed NPs of all the samples
investigated in this study.

For the polyol route, increasing the concentration of ZnAc increases the size of
the ZnO crystallites obtained, while at the same time decreasing the tendency of the
crystallites produced to agglomerate into spherical clusters. Inhomogeneous heating
of the precursor solution leads to polydisperse ZnO NPs.

For the FSP route, varying the rate of flow of the precursor solution to the
flame and changing the zinc precursor and solvent alters the size of the NPs
produced. Increasing the rate of flow of the precursor solution to the flame from 1-5
ml/min increased the average size (dger) of the NPs obtained from 11 to 18 nm.

EN-Z-4 (prepared by FSP) and EN-Z-6 (prepared by the polyol route) were
selected to put forward to toxicological investigations. Synthesized samples both
comprise monophasic wurtzite ZnO. Residual precursor was detected on the surface
of the synthesized samples, however the amounts detected were extremely small

compared to the coating on EN-Z-1.

The actual ZnO NP concentration can vary significantly from the nominal
concentration which will lead to unrepresentative results from toxicological
investigations. Error in determining the mass of ZnO may result from adsorbed CO,

and H,0 at the surface of samples. These impurities could also affect solubility.

The agglomeration and solubility of ZnO is sensitive to solution charcteristics.
Due to high ionic strength, agglomeration of ZnO NPs increases when suspended in
DMEM as compared to in water. The addition of BSA has a dispersing effect on
ZnO NP suspensions, due to the formation of a protein corona. The solubility of ZnO
increases when suspended in DMEM as compared to in water. Solubility also
increases with decreasing solution temperature. Perhaps most critically, the pH of the

solution significantly influences ZnO solubility.

PF-TEM is an excellent complementary technique to DLS for determing

agglomerate size distributions of NP suspensions. The results for the agglomerate
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size distributions obtained by PF-TEM and DLS were in good agreement when
comparing varying concentrations of EN-Z-1 in water. DLS struggles with accurately
measuring hydrodynamic diametres of ZnO suspensions with low concentration due

to polydispersity of the sample and dissolution.

The toxicity of ZnO NPs to cells is dependent on dispersion and dissolution in
cell culture media. ZnO will dissolve in DMEM completely up to a concentration of
5.7 ug/ml, above which zinc carbonate precipitates; uncoated ZnO NPs induce lower
toxicity than ionic zinc as a result of this precipitation. Coated ZnO NPs induce
higher toxicity than uncoated ZnO NPs due to slower dissolution kinetics, enhanced
cellular uptake and intracellular dissolution leading to increased zinc levels internally
in the cell. The presence of serum in cell culture media during toxicity assays may
impact on ZnO NP toxicity as EN-Z-2, EN-Z-3, EN-Z-4 and EN-Z-6 induced lower
toxicity to A549 cells over 24 hours compared to results reported in the literature.

Characterising cellular uptake by TEM is a more sensitive technique for

assessing cell viability than the MTT assay.

There is currently a lack of adequate characterisation of NPs, used in toxicity
studies, reported in the literature. This study highlights the importance of carrying
out detailed physicochemical charcaterisation of NPs used in toxicological
investigations in order to accurately interpret results. Many characterisation
techniques have been investigated in this work and although it would be beneficial
for nanotoxicologists to carry out all of the techniques included in the protocol, it is
perhaps not a realistic expectation. Therefore, where necessary priority may be given
to certain techniques to acquire key information from the sample, knowledge of
which this investigation has identified as essential for interpereting NP toxicity
studies. Primary particle size, composition and crystalline phase may be determined
by TEM. This study found that the agglomerate size distribution, solubility and
presence of coatings may impact on the potential toxicity of NPs. Hence, it is
recommended that as a minimum, techniques to determine these characteristics
should be implemented. Therefore DLS, ICP-MS and FTIR may be used for
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preliminary investigations. For polydisperse samples and suspensions with low NP

concentration, it is recommended that an alternative method of investigating

agglomerate size distribution, such as PF-TEM, is employed to complement DLS. A

significant issue with the investiagtion presented in this thesis has been a lack of

repeat experiments for DLS and ICP-MS measurements. It is strongly recommended

that measurements are carried out in triplicate in order to validate and increase

confidence in the results acquired.

8.1 Future Work

Monitor the temperature of the precursor solution for polyol synthesis of ZnO
NPs in order to determine if inconsistencies between batches is attributable to
inhomogenous heating.

Repeat the experiments investigating dissolution over time but maintain a
constant pH for the duration. Store the suspensions under identical conditions
experienced in toxicity assays.

Investigate the dispersion of ZnO NPs in DMEM and water by DLS and PF-
TEM without sonication immediately prior to analysis. Sedimented NPs must
be removed from the bottom of the vial in order to analyse by sizing
techniques. Agitation of the sedimented NPs by gently shaking the vial may
be more akin to the motion experienced by the NPs when in suspension with
the cells.

In order to determine the effect of carbonate on the NP surface, freshly
prepared samples will be stored under dry conditions with silica gel. The
solubility and toxicity of pure ZnO may then be investigated.

The effect of NP solubility on the toxicity will be investigated further.

Investigate the synthesis of ZnO NPs with varying solubility by varying level
of dopant material such as iron. Analyse the effect of the altered solubility on
the toxicity of the particles.

The MTT assay for EN-Z-3 will be repeated.

The MTT and Comet assay will be performed using a positive control in

order to increase the reliability of the results presented in this thesis.
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The weight of the sample will be measured using more accurate scales, and
the concentration will be checked by ICP-MS.
When analysing samples by ICP-MS and DLS, experiments will be repeated

in triplicate in order to improve the accuracy and interpretation of results.
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