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Abstract

Abstract

Nanotechnology is a rapidly growing industry of global economic importance. However,
there is concern that the unique properties of engineered nanoparticles (ENPs) which
can make them useful to society could mean that they pose a risk to the natural
environment. There are still many uncertainties around the behaviour of ENPs in
aquatic systems, their capacity to be taken up by aquatic organisms, and their potential
toxic effects. This study therefore used four different surface functionalised gold (Au)
nanoparticles as exemplars and explored their behaviour in various aquatic systems
and their uptake into aquatic organisms. Studies into the behaviour of the study ENPs
in standardized ecotoxicity test media showed that the particles exhibit very different
aggregation behaviour depending on the test media type, the chemical composition of
the test media and surface capping of the nanoparticles. Based on the results of the
aggregation studies in a range of natural waters, a series of methods to predict size of
Au particles in different water chemistries were developed. Results showed that there
would likely be big differences in the aggregation of the different Au nanoparticle types
in UK water types which implies that aggregation of ENPs will vary widely across
surface waters. The uptake of the four Au nanoparticles into the aquatic invertebrate,
Gammarous pulex, did not show obvious relationship between the aggregation state in
a treatment and uptake suggesting that the widely accepted assumption that ENP
uptake is related to particle size does not hold for the range of aggregation states
studied. The results of this thesis showed that the degree of aggregation of ENPs and
uptake into aquatic organisms would vary depending on the surface functionalisation of
the ENPs and water chemistry. The results imply that aggregation of ENPs will vary
widely across surface waters which make assessment of risks a challenge. Additionally,
the uptake data indicate that factors other than particle size determine uptake of ENPs
into organisms. Therefore, it may be necessary to develop new paradigms and models

for risk assessment of ENPs.
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Chapter 1

Chapter 1

Review: Occurrence, behaviour and ecotoxicity
of engineered nanoparticles In aquatic

environment

Introduction

Nanotechnology uses engineered nanoparticles (ENPs) which are manufactured to
have specific properties and which have at least one dimension less than 100 nm
(SCENIHR, 2005, Nowack and Bucheli, 2007; Christian et al., 2008). The small size of
ENPs gives a large mean surface area, high reactivity and potentially a high surface
charge. These unique properties have allowed ENPs to be used in a wide range of
industrial applications (Farré et al., 2009). For example, nano-textiles synthesised with
titanium dioxide (TiO,) nanoparticles or carbon nanotubes (CNTs) are applied in
waterproof sports or outdoor clothing (Siegfried and Som, 2007). Application of
nanotechnology in the sports field provides ultralight and high strength sports
equipment made of carbon nanotubes (Esawi and Farag, 2007). TiO, and zinc oxide
(ZnO) become transparent to visible light when formed at the nanoscale; however, they
are able to absorb and reflect UV light, so these are currently being used in sunscreens
and in the cosmetic industry. Nanotechnology could be applied in the elimination of
pollutants and for water remediation. The development of nanotechnology allows us to

do new things in almost every conceivable technological discipline.
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Chapter 1
As the markets for nanotechnology grow the production volume of ENPs is also
increasing. For example, it was reported that the total annual production of nickel
(carbon-coated) powders was 3,500 tonnes/year between 2006 and 2007 and this was
expected to increase by at least three times by 2014 (UNEP, 2007). Potential
production of TiO, is likely to be almost 2.5 million metric tons per year by 2025
(Robichaud et al., 2009). With the increasing use of ENPs, there is increased likelihood
of their release to the environment. Concerns about their safety and the potential risks
posed to human health and the environment have therefore been raised by many
(Banfield and Zhang, 2001; Simonet and Valcarcel, 2009). Consequently, the public
are now aware of nanotechnology meaning that quantification and regulation of the
risks are a priority (Seaton et al, 2009). The U.S. Environmental Protection Agency
(EPA) is currently developing and combining regulatory interventions such as the Toxic
Substances Control Act (TSCA), as one key scheme to regulate nanotechnology
(Gibson and Pula, 2009). Under TSCA, EPA intends to publish a significant new use
rule (SNUR) for certain, as yet undetermined, nanoscale materials (nanoscale silver,
TiO,, and ZnO). This rule asks to provide not only specific information concerning
production volumes, methods manufacture and processing but also health effects,
ecological effects, and environmental fate (Sayre et al., 2011). The European Chemical
Agency has attempted to control uses of ENPs under the REACH (Registration,
Evaluation, Authorization and Restriction of Chemicals) regulation number EC
1907/2006 (European Commission, 2006). Under the REACH regulation, information of
physico-chemical properties, human health effects, environmental effects and
environmental fate of a substance should be provided in order to register a substance.
However, for nanomaterials, not only data requirements for the substance but also
information on the specific properties of the substances at nanoscale including size,
number concentration, surface area, charge and overall surface reactivity and
aggregation/agglomeration status may be required (Emerging and Risks, 2007). The
inclusion of ENPs in the regulations indicates that the human health and environmental

risk are major issues to be discussed and the safety of ENPs could be a crucial factor
14



Chapter 1
of trade restrictions or global communication after enforcement of the regulation. There
are various regulations for ENPs but environmental data; namely data on the fate,
exposure and hazard/risk are yet to be properly quantified and knowledge is still
lagging far behind. Therefore, in this introduction, an overview of types of ENPs and
the occurrence and behaviour of ENPs in the aquatic environment is provided, followed
by a summary of potential effects on aquatic organisms. Finally, the main aims and

objectives of the research performed in this thesis are defined.

Types and properties of engineered nanoparticles

Types of engineered nanoparticles

Fullerenes and carbon nanotubes

A fullerene is any molecule composed of carbon. Carbon-based nanomaterials are well
known carbon allotropes including a hollow sphere or a tubular structure (Aitken et al.,
2006). Spherical fullerenes are known as buckminster fullerenes or ‘buckyballs’.
Fullerenes have chemically and thermally stable properties so they can be used in
several different applications. They can be dissolved in solvents, purified, functionalized,
sublimed, polymerized, or act as excellent electron acceptors (Murayama et al., 2005).
If fullerenes are functionalized with more hydrophilic functional groups such as -OH, -
COOH, and -NH,, the biological and pharmacological activity could be increased so
these materials could be used in medical and pharmaceutical applications (Bosi et al.,
2003). Following the discovery of fullerenes, CNTs have been in the spotlight as an
impressive nanomaterial. CNTs are fibrous fullerenes composed of rolled-up graphene
sheets and are capped with pentagonal carbon rings (Terrones, 2003; Ajayan and Zhou,
2001). There are two types of carbon tubes: single-walled nanotubes (SWNTs) which
consist of a single layer or individual cylinders of 1-2 nm diameter and multi-walled
nanotubes (MWNTs) which have multiple concentric tubes. CNTs are not only

lightweight but also have high tensile strength and unique electronic properties (Aitken
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Chapter 1
et al., 2006). The main applications of CNTs include use in electrochemical devices,
microelectronics industry, energy storage (e.g. Li-ion batteries, solar cells and fuel cells)
and sensing elements utilizing their electrical, electrochemical or optical properties

(Endo et al., 2008).

Quantum dots

Quantum dots (QDs) are spherical nano-sized (2-10 nm) crystals. QDs are
semiconductors with characteristics closely related to the size and shape of their
individual crystals. QDs have a colloidal core enclosed by one or more surface coating
shell which helps to improve their optical properties and solubility in aqueous media
(Zhang and Monteiro-Riviere, 2009; Ghasemi et al, 2009). QDs can emit light at
different wavelengths due to their size and chemical composition. These unique
fluorescence properties of QDs coupled with their surface functionalisation make them
useful in cell imaging, immunohistochemistry, and cancer targeting (Ghasemi et al.,
2009). Other applications of QDs include imaging and therapeutic functions. Many
researchers are exploring the use of QDs for drug delivery and to aid the

understanding of pharmacokinetics in cells and animals (Qi and Gao, 2008).

Metal and metal oxide nanoparticles

Metal and metal oxide (MeO) nanoparticles are normally categorized as single element
(e.g. silver (Ag), gold (Au), Copper (Cu), iron (Fe), etc,), compounds (e.g. silicon
carbide (SiC), silicon nitrade (SisNy4), etc.) and single metal oxides (e.g. Aluminum oxide
(AlxO3), TiO,, ZnO, Cerium Oxide (CeO,), etc.) (Joner et al., 2008). MeO nanoparticles
can be synthesized from a variety of materials in different shapes and sizes, resulting
in nanoparticles with a range of different physical properties. Additionally, MeO
nanoparticles have been reacted with polymers, ligands, ionic liquids to assist with
stabilization (Bigall and Eychmiller, 2010; Chaudret and Philippot, 2007) so these are

regarded as useful materials in many chemical industries. TiO, and ZnO nanoparticles
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Chapter 1
are used in sunscreens, cosmetics, and bottle coatings because of their ability to block
ultraviolet light (Klaine et al., 2008; Chaudret and Philippot, 2007). CeQO, is used as a
combustion catalyst in diesel fuels to improve the quality of the emissions. CeO,
nanoparticles are also used in solar cells, gas sensors, oxygen pumps and
metallurgical and glass/ceramic applications (Chaudret and Philippot, 2007; Park et al.,
2008). Ag nanoparticles are used in fabric softeners, washing machines and toothpaste
for their antimicrobial activity properties (O'Brien and Cummins, 2011). Au
nanoparticles are applied to biological imaging, electron microscopy and therapeutics
due to their plasmon resonance properties (Rayavarapu et al., 2007; Jain et al., 2008;

Murphy et al., 2005).

Dendrimers

Dendrimers are particles which have diameters ranging from 2 to 10 nm. Dendrimers
are based on a class of polymeric materials comprising an inner core molecule
surrounded by a series of branches. Due to the molecular composition of dendrimers,
they have improved physical and chemical properties (Klajnert and Bryszewska, 2001;
Sakthivel and Florence, 2003). The special magnetic, optical, and electronic properties
of dendrimers means they are well suited to biomedical applications such as use as an
active therapeutic agents, as vectors for targeted delivery of drugs, or as peptides and

oligonucleotides (Bronstein and Shifrina, 2009; Duncan and 1zzo, 2005).

Properties of engineered nanoparticles

ENPs have special functionalities such as high chemical stability, hydrophobic or
hydrophilic properties which make them different to the bulk material of the same
chemical composition (Wigginton et al., 2007). Additionally, properties such as particle
size, shape, surface charge and associated changes in surface charge and modified

electronic characteristic make ENPs novel and important.

17



Chapter 1
The small size and large surface area of ENPs is the main characteristic that
distinguishes ENPs from other materials. ENPs have greater specific surface area than
material made out of ordinary material of the same chemical composition. The specific
surface area is the ratio of surface area to the mass (Aitken et al., 2006). The surface
area of ENPs increases dramatically as particle size decreases because of reactive
sites on the surface of ENPs (Suttiponparnit et al., 2011; Navarro et al., 2008a). The
reactivity of ENPs is increased by a higher ratio of surface-to-core atoms and a greater
number of corner and edge atoms (Feldheim, 2007). Reactivity of ENPs and surface
properties can be exploited by manufacturers for use in a variety of consumer products
(Stone et al., 2010).
The morphology of ENPs is an important factor in determining the properties of an ENP
due to changes in colloidal stability and composition of the materials themselves (Qu et
al., 2004; Christian et al., 2008). For example, the shape of ENPs can affect shape
dependent toxicity to organisms (Chithrani et al., 2006; Simon-Deckers et al., 2009).
Chithrani et al. (2006) observed rod shaped nanoparticles were less taken up due to
larger contact area with the cell membrane receptors than the spherical nanoparticles.
The surface properties of ENPs can be functionalized with small molecules, surfactants
or polymers (Christian et al., 2008). The surface property is the most important factor in
determining ENP behaviour due to the way it affects how ENPS interact within
organisms and how the ENP behaves in the environment (Nowack and Bucheli, 2007;
El Badawy et al., 2011). Surface properties also affect surface area, charge at the
surface and any surface modifications (Jiang et al., 2009a). Therefore, the surface
property of ENPs is a very important factor which must be considered in risk

assessments for human and environmental health.
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Chapter 1

Occurrence and behaviour of engineered nanoparticles

in the aquatic environment

Occurrence engineered nanoparticles in the aquatic

environment

ENPs can be released into air, soil and aquatic systems either during the
manufacturing process, during product use or when their use has ended through either
accidental or deliberate release. For example, Ag nanoparticles can be released from
textiles during washing and then enter sewage systems. Once the sewage is treated,
the nanoparticle can potentially enter aquatic environments in wastewater effluents
(Benn and Westerhoff, 2008; Geranio et al., 2009). Large quantities of TiO,
nanoparticles in paints can be washed from the exterior of buildings by rainfall and end
up in surface waters. Weathering and photochemical and oxidation reactions can
further contribute to the release of TiO,from paint into the environment (Kaegi et al.,
2008).

The pathways releasing ENPs to the environment are interconnected (Figure 1).
Understanding the pathways of ENPs between each environmental compartment could
be difficult. However, what we do know is that the aquatic environment is likely to be
the sink where a large number of ENPs end up; therefore understanding the sensitivity
of aquatic organisms to ENPs is a key knowledge gap that needs to be bridged

(Schaller and Fan, 2009; Scown et al., 2010; Farré et al., 2009).
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Deliberate or accidental release
of particles into one or more
environmental compartments

Photochemical or Altered surface Binding to other
chemical change characteristics particles/surfaces
Further disposal |
|
l Volatilization Leaching l l Drainage, surface adsorption
Air Water Soil
Uptake by Persistence and
biological environmental
organisms contamination
|
Bioaccumulation Adverse effects Biodegradation

in food chain

Figure 1. Fate of nanoparticles in the environment (SCENIHR, 2005).
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Chapter 1
Although the aquatic environment is a compartment of importance for ENP risk, the
lack of suitable analytical methods makes determining concentrations of ENPs in the
aquatic environment difficult (Hassellév et al., 2008). To this end, there have been a
number of predictive modelling approaches developed to predict environmental
concentrations of ENPs (Table 2). For example, Mueller and Nowack (2008) calculated
the predicted environmental concentrations (PECs) of Ag nanoparticles, TiO;
nanoparticles and carbon nanotubes (CNT) using a realistic exposure scenario and a
high exposure scenario including worst-case assumptions. The PECs for CNTs, Ag
nanoparticles, and TiO, nanoparticles ranged from 0.0005 to 0.0008 pg/L, 0.03 to 0.08
ug/L and 0.7 to 16 ug/L, respectively. Gottschalk et al. (2010) used Monte Carlo and
Markov Chain Monte Carlo simulations combined with sensitivity and uncertainty
analysis to derive PECs for Ag nanoparticles, TiO, nanoparticles and CNT. The model
assumed that the most dominant ENPs transfers were from products to sewage
treatment plants (STP), waste incineration plant (WIP) and landfill sites. In surface
waters, the PECs for these ENPs were up to 0.021 pg/L. For STP, PECs were much
higher than surface waters (up to 4.3 pg/L). Boxall et al. (2007) estimated potential
concentration of metal nanoparticles and metal oxdie such as aluminium oxide (AlO;
nanoparticles), silica oxide (SiO, nanoparticles) and ZnO nanoparticles and calculated
PECs up to 76 pg/L in surface water under the modelling. While the data generated by
these studies will understandably include many limitations, they provide a good starting
point for predicting exposure concentrations of ENPs in the aquatic environment. The
main limitations of the modelling studies include the uncertainty of estimating and
quantifying the production of ENPs in a year, as no quantitative data are available on
ENPs emissions during manufacturing process. In addition, the lack of data on
dispersion states for ENPs in the environment is a major limitation of the models which
potentially could lead to large discrepancies between the modelled and measured
values. Research efforts need to focus on quantifying these factors which are at
present unknown but potentially could play a major role in deciding the fate of ENPs in

the environment.
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Table 2. Predicted Environmental Concentrations of Engineered Nanoparticles in

surface waters

_ _ o o Carbon
Silver Nanoparticle Titanium dioxide
nanotube
STP effluent” 0.0298-0.127 3.5-16.3 0.0076-0.0191
STP? 2-18 N.A N.A
Surface “ 0.28 x 10°®-
0315 0.56 x 10 -0.08 0.016 —24.5
water"?® 0.000.810°
River water?* 0.04 - 0.32 0.25 N.A

pg/L. NA= no data available,
1) Gottschalk et al. (2010),

2) Blaser et al. (2008),

3) Mueller and Nowack (2008)
4) Johnson et al. (2011)

5) Boxall et al. (2007)
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Behaviour of engineered nanoparticles in aquatic suspensions

Specific functionalised capping agents such as inorganic or organic compounds can be
applied to ENPs to enhance their stability and mobility in suspension (Ju-Nam and
Lead, 2008). However, due to the interactions between the surface properties of ENPs
and the chemical properties in the aquatic environment, they can change formation or
dispersion status once in the environment. This change in formation or dispersion
status could be due to aggregation, which is an attachment via particle-surface and
particle-particle interactions, adsorption and dissolution, which is transformation of the
nanoparticulate form of a chemical compounds to the dissolved ionic form (Petosa et
al., 2010; Quik et al, 2010). Aggregation into larger particle sizes is a common
behaviour of ENPs in the aquatic environment and can result in particle elimination
from the water column to sediment by changing particle settlement rates (Keller et al.,
2010; Nowack and Bucheli, 2007; Navarro et al., 2008a; Christian et al., 2008; Klaine
et al., 2008). The aggregation state of an ENP can also cause size-dependent toxic
responses and alter the uptake routes of ENPs into aquatic organisms (Alkilany and
Murphy, 2010). Therefore, understanding the behaviour of ENPs, especially
aggregation, in aquatic environments, is essential if we are to determine the fate and
potential to cause adverse effects in aquatic species.

The aggregation and dispersions of nanoparticles can be explained by the theory of
Derjaguin-Landau-Verwey-Overbeck (DLVO). The DLVO theory uses the sum of
attractive (van der Waals attractive) and repulsive forces (electrostatic double layer
(EDL) potential) acting on two closely adjacent particles (Hotze et al., 2010). The
charge of the EDL on the surface of the particle can be controlled by the ionic strength
(IS) in the solution. At a low IS, the EDL could extend far out from the particle while at
higher IS, the additional charge screening of the surface compresses the EDL (Hotze

et al., 2010; Handy et al., 2008b).
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Figure 2 demonstrates the aggregation of Au nanoparticles in different conditions. In
distilled water, the ENPs are stabilised (Figure. 2 (a)). However, in CaCl, solution and

natural lake water and, the particles stick together to form an aggregate (Figure. 2 (b)

and (c)) (Tiede, 2008).

Figure 2. Transmission electron microscopy (TEM) images of gold nanoparticles (50
nm) in different aquatic systems. (a) Distilled water, (b) CaCl, and (c) lake water. There
was particle destabilization in CaCl, and natural waters compare to in distilled water

due to high IS and divalent cations. Reproduced with permission from Tiede (2008).
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Particle aggregation is also strongly influenced by other environmental factors and
many studies have investigated the effects of environmental properties on particle
stabilisation (Nowack and Bucheli, 2007). One of these major factors is the presence of
natural organic matter (NOM) including humic and fulvic acids in natural waters. NOM
has different interactions with ENPs depending on the surface charge of the particles.
Zhang et al. (2009) observed the impact of NOM on stabilization of MeO nanoparticles
such as TiO, and ZnO. In the absence of NOM, MeO nanoparticles showed induced
aggregation while significant stabilisation of particles was observed in the presence of
NOM. The stabilisation behaviour of MeO nanoparticles were caused by adsorption of
NOM onto the surface of nanoparticles and the negative charge of the functional
groups of NOM which makes the negative charged ENPs to be more electronegative.
The more electronegative ENPs are more stable than before their interactions with the
NOM functional groups and are more likely to be involved in repulsion reactions with
NOM (Dickson et al., 2012; Chen and Elimelech, 2007; Navarro et al., 2008a).
Baalousha et al. (2008) also have observed the effects of NOM on destabilization of
iron oxide nanoparticles. The positive surface charge of iron oxide nanoparticles was
neutralized by the adsorption of the negatively charged NOM. After adsorption, the
surface layer of the iron oxide became thicker, this influenced the increasing particle
hydrodynamic diameter.
The presence of divalent cations affects particle aggregation through the interaction
with the surface charge of ENPs. For example, citrate coated Ag nanoparticles and Au
nanoparticles showed faster aggregation with increasing concentration of CaCl, and
NaCl. The cations in the solution change the negative surface charge of citrate
effectively by neutralising the coating by the specific interactions with carboxyl groups
of citrate molecules (Huynh and Chen, 2011; Liu et al., 2012). However, if positively
charge ENPs are in the solution containing divalent cations, steric repulsion forces will
be dominant and lead to electrostatic stabilisation (El Badawy et al., 2012).
The variability of particle stabilisation and aggregation between ENPs could further be

affected by pH. As pH increases, the concentration of OH also increases and causes
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the surface charge of ENPs to become more negative (El Badawy et al., 2010). Liu et
al. (2012) have observed the aggregation of Au nanoparticles coated with citrate and
11-mercaptoundecanoic acid at low pH by neutralization of the surface charge by
protonation of the carboxyl functional groups in NaCl solution. However, at higher pH
values, citrate coated Au NP (negatively charged) were electrostatically stabilised by
the deprotonated carboxylic acid group.

The aggregation of ENPs in natural aquatic environments will be determined by a
combination of the environmental factors described above and studies have been done
to explore the effects of combinations of parameters on aggregation. Stankus et al.
(2011) observed the aggregation behaviour of Au nanoparticles in a solution containing
NOM and divalent cations. The particle size of Au nanoparticles was enhanced at high
concentrations of IS with the NOMs through cation binding, adsorption and reducing
steric interactions while stabilised particles were seen at lower IS in the presence of
NOM. Aggregation studies using natural water samples have shown stabilization of the
ENPs at high concentrations of dissolved organic carbon (DOC) and low IS whereas
high concentrations of divalent ions caused particles to aggregate (Lin et al., 2010;
Sillanpaa et al., 2011; Keller et al., 2010; Hoecke et al., 2011; Ottofuelling et al., 2011).
In natural waters, ENPs can interact with clays, minerals and other natural colloids and
may form heteroaggregates. Since the number of natural particles is likely to be much
higher than ENPs in natural systems, heteroaggregation is likely to occur more
frequently than homoaggregation (i.e. the attachment two similar nanoparticles).
Therefore, heteroaggregation is also an important factor to be considered when

predicting the fate and behaviour of ENPs in the aquatic environment.
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Acute and chronic effects of engineered nanoparticles

A variety of aquatic species have been used in the ecotoxicological assessment for
ENPs. Table 3 summarises some of the acute and chronic effects data for both metal
and MeO nanoparticles. Most studies have followed standard test methods from the
Organisation for Economic Co-operation and Development (OECD), EPA guidelines
and American Society for Testing and Materials (ASTM). The exposure durations of
these tests generally ranged from 24 h to 96 h for acute studies and were 21 d for
chronic tests. In acute toxicity tests, the EC/LCso of TiO, nanoparticles on aquatic
invertebrates (Daphnia magna and Ceriodaphnia dubia) was highly variable between
studies, ranging from 0.73 mg/L (Dabrunz et al., 2011) to over 100 mg/L (Wiench et al.,
2009). In chronic toxicity tests, the ECs, were 0.46 mg/L (Zhu et al., 2010) and 66.1
mg/L in a 21 day longer term test (Wiench et al., 2009). The lowest toxicity values were
reported for metal oxides on algal growth inhibition (Pseudokirchneriella subcapitata),
with values of 0.42 mg/L for ZnO nanoparticles and 0.72 mg/L for copper oxide (CuO)
nanoparticles, respectively (Aruoja et al., 2009).

The effects of metallic nanoparticles on various aquatic organisms have been reported
by a number of researchers (Griffitt et al., 2008; Gaiser et al., 2011; Chae et al., 2009).
For aluminum nanoparticles, C. dubia had an LCs, of 0.42 mg/L but no effects were
seen on Danio rerio at the highest exposure concentration (10 mg/L) (Griffitt et al.,
2008). The most sensitive organism to Ag nanoparticles exposure was Oryzias latipes
which had an LCs, of 0.035 = 0.9 mg/L (96 h). The LCs, of daphnids and algae at 48 h
for Ag nanoparticles were 0.04 mg/L and 0.19 mg/L, respectively (Griffitt et al., 2008;
Gaiser et al., 2011).

The homogenous dispersion that is currently recommended for ecotoxicological tests
could be difficult to apply to risk assessments of nanomaterials or bulk substance. The
current test methods for ENPs may not accurately reflect the behaviours of ENPs in the
natural environment such as agglomeration and aggregation after which precipitation is

likely to occur. Additionally, reactions of ENPs with other (naturally occurring)
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substances that may attach themselves to the surface of nanomaterials are not
accounted for (Pronk et al., 2009). Several preparation methods are therefore applied
to maintain homogenous dispersion or enhance particle stabilization (Table 3). Some of
the studies referenced in Table 3 were performed under semi-static or flow-through
methods (Zhu et al., 2010; Chae et al., 2009) while others used centrifugation (Hoecke
et al., 2008) or filtration (Chae et al., 2009) to remove aggregated particles before the
particles were dispersed into the test media. The method by which the nanoparticles
are prepared could affect different biological effects. It is therefore necessary to select
appropriate nanoparticle preparation methods for the ecotoxicoloigical assessment of
ENPs. In particular, the ecotoxicity test media that are typically used contain CaCl,-H.0,
MgSQO,4-7H,0, NaHCO;, KCI and CaSO4-H,O (U.S. EPA, 1991; OECD, 2011; OECD,
2004) which would have a large influence on particle aggregation. It is questionable
whether the methods listed above are effective to prevent particles aggregation or to
maintain particles in a stable state. In addition, particle aggregation will strongly
influence exposure routes, toxicity effects and bioavailability in the test organisms
(Baun et al., 2008a). It is therefore not only important to consider toxicity based on
values such as EC/LCs, derived by a dose-response relationship, but other metrics
such as combinations of specific surface area, particle size, zeta potential, and shape

might be better suited to quantify adverse effects across nanomaterials.
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Chapter 1

Uptake routes and effects of engineered nanoparticles

on the aquatic organisms

Cellular level

At the cellular level, plants, bacteria, and fungi are surrounded by a semipermeable cell
wall (Fabrega et al,, 2011). Uptake across this semi-permeable membrane is highly
dependent upon the type of ENP involved. ENPs that are readily soluble can either
release ions inside the cell after passing through the cell membrane, attach to the cell
surface or diffuse across an algal cell layer (Cronholm et al., 2013; Miao et al., 2010).
Solid particles can be taken up inside the cell via processes such as endocytosis,
phagocytosis and pinocytosis and show particle internalisation (Miao et al., 2010;
Nowack and Bucheli, 2007; Klaine et al., 2008). If the pore size of the cell is larger than
particle size, most semipermeable cell walls would allow small particles to penetrate
and reach the plasma membrane. After ENPs penetrate the cell membrane, the cells
can produce new pores which are larger than normal causing more internalization of
ENPs which further affects the way the cell membrane functions (Navarro et al., 2008a;
Fabrega et al., 2011; Jiang et al., 2008).

The surface charge of ENPs is also an important factor for determining uptake into
algae and bacteria. For example, in Bacillus species, carboxyl, phosphate and amino
groups are present in the cellular membranes which are negatively charged. This
causes high repulsion between negatively charged particles and so negatively charged
particles may be taken up less and cause less toxic effects. However, positively
charged ENPs can be attracted to the cell membranes and this attraction could result in
damage to cell membranes through the formation of reactive oxygen species which can
lead to cell death (El Badawy et al., 2011).

ENPs can also interact with biomolecules, such as proteins. Proteins strongly adsorb to
the surface of nanoparticle forming a protein layer, commonly referred to as a 'protein
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corona' (Lynch et al., 2008). The protein corona can have various effects on the
physiological responses of a cell to an ENP including the stimulation of agglomeration,
cellular uptake, transport, accumulation and toxicity (Rahman et al., 2013).

Table 4 presents the results from studies looking at the effects of metal and MeO ENPs
on algae. For CeO, ENPs, there was a weak physical interaction between single or
aggregated CeO, ENP and a P. seudokirchneriella cell. It resulted in cellular damage
and membrane disruption but no uptake or strong adsorption to the cell wall were seen
(Hoecke et al., 2009; Rodea-Palomares et al., 2011). There was adsorption of SiO,
ENPs to the outer surface of the algal cell. However, uptake effects were not observed
in TEM analysis (Hoecke et al., 2009). Unlike the results for CeO, ENPs and SiO,
ENPs, CuO ENPs penetrated into Microcystis aeruginosa cell wall and internalised into
the cell (Wang et al., 2011). The internalisation of ZnO ENPs was also observed in the
cells of Euglena gracilis (Brayner et al., 2010). Ag nanoparticles have been found to
internalise in Ochromonas danica. The internalisation of Ag nanoparticles could be due
to cell membrane permeability or a break in the membrane that resulted in the passive

uptake of Ag nanoparticles (Miao et al., 2010)
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Chapter 1

Crustaceans

Crustaceans, especially daphnia species such as D. magna and C. dubia species, are
commonly used to assess hazardous materials or chemicals under regulatory testing
schemes. These species are also recommended for ENP risk assessment (Baun et al.,
2008a) so many studies have been done to explore the uptake of ENPs into daphnids.
D. magna is one of many filter feeding organisms which gather food particles by direct
interception through the interaction between single filter-fibres and particles. The filter
mesh size of daphnids ranges from 0.24 to 0.64 um, therefore, ENPs in this size range
can be readily ingested by daphnids and may show effects on the organism (Geller and
Muller, 1981; Burns, 1968; Rosenkranz et al., 2009). Larger size particles may
penetrate into the filter chamber less readily than those that are in the size range of
filter mesh. After ENPs are ingested by daphnids, ENPs typically accumulate in the
digestive tract which is the main place where foods are stored. In the gut of daphnids,
there is a peritrophic membrane which protects the gut epithelium and controls the
exchange of nutrients and enzymes (Heinlaan et al, 2011). The gut epithelium
contains well-developed microvilli lines which are regarded as important in the
adsorption of ENPs (Zhu et al., 2009).

ENPs also transfer into the large spherical storage cells which contains lipids or lipid-
like cytoplasmic along the epithelial lining of the digestive tract. The storage cells are
the area where vitellogenin and yolk globules are synthesised (Rosenkranz.., 2009;
Heinlaan et al., 2011; Goulden and Hornig, 1980). The high lipid fraction in the egg yolk
sac of foetuses shows high levels of accumulation of lipophilic fullerene (Cqo) (Tao et al.,
2009). Rosenkranz et al. (2009) also found carboxylated fluorescent polystyrene beads
(size 20 nm and 1000 nm) crossed the epithelial barrier and accumulated in the oil
storage droplets of daphnids very quickly within 30 minutes of exposure. After being

taken up, the aggregated ENPs require high amounts of energy to remove them from
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the gut which can ultimately result in growth inhibition and reduced fecundity (Lovern et
al., 2008; Li and Huang, 2010).

Several studies have investigated the uptake and translocation of CNTs (MWNTSs,
SWNTs and Cg nanoparticles), QD, CuO nanoparticles, Ag nanoparticles and Au
nanoparticles in D. magna and C. dubia (Table 5). Petersen et al. (2009) observed that
carbon nanotubes attach to D. magna’'s carapace, appendages and antennae. TEM
analysis showed that most CNTs were located in the organisms’ gut and were not
absorbed into cellular tissues. Depuration of the CNTs was not observed after the
organisms were moved to clean water. Li and Huang (2011) observed the uptake of
CNTs following different physical-chemical treatments e.g. ozonation and ultrasound
treatment. After exposure, the gut of C. dubia were filled with ultrasound treated CNTs
(around 86%). The results indicated that surface treatment influenced the aggregate
size and led to the ENPs being accumulated in the digestive tract. Roberts et al. (2007)
treated the coating of CNTs to enhance solubility and observed the effects to D. magna.
The organisms ingested soluble CNTs as a food source and excreted insoluble CNTs
only.

Baun et al. (2008b) observed the influence of Cg, on the uptake of other environmental
contaminants such as atrazine, methyl parathion, pentachlorophenol (PCP), and
phenanthrene on uptake into D. magna. Faster uptake of phenanthrene was observed
when it was absorbed onto Cgy, however, the phenanthrene without Cgy was also
rapidly eliminated when the organisms were moved to clean water.

The uptake of amphiphilic polymer coated CdSe/ZnS QDs were examined using D.
magna. QDs were found not only in the digestive tracts of daphnia but also in the
carapace, antennae, and thoracic appendages. After the animals were moved to clean
water, QDs in the digestive tracts were not removed with around 53% of the initial
amount taken up remaining in the organism (Lewinski et al., 2010).

Heinlaan et al. (2011) compared the uptake of CuO nanoparticles and bulk CuO in D.
magna. Both CuO nanoparticles and bulk CuO were taken up and observed in the

midgut of D. magna. Nanoparticulate CuO was observed to have caused ultrastructural
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changes in the midgut epithelium of the organisms; this effect wasn't apparent after
exposure to bulk CuO. This strongly suggests that the adverse effect to the daphnids
was caused by a size-related effect.

Zhao and Wang (2010) observed the uptake of Ag nanoparticles in different test
conditions using different ENP concentrations and feeding condition. At lower exposure
concentrations, the uptake rate was lower than that of Ag free ions. However, at higher
concentrations, the uptake of Ag nanoparticles increased significantly after 8 h
exposure. Greater uptake of the Ag nanoparticles was observed in the presence of
food (i.e. algae) compared to a no food treatment.

Lovern et al. (2008) found that the uptake of Au nanoparticles into the gut of organisms
depends on exposure time. At the beginning of the exposure, there were no visible
particles in the gut of D. magna, however, after 6 h exposure, Au nanoparticles were
found not only in midgut but also in mouth and the tail regions of digestive systems of
the organisms. Following the depuration phase of the experiments, the accumulated Au

nanoparticles were observed to remain in the gut tissue for some time.
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Chapter 1

Fish

Contaminants can enter fish from the water via the gills, ingestion of food and by
dermal absorption (Clark et al., 1990). Uptake through the gills is considered as the
primary site of uptake for contaminants due to the optimized function for exchange of
solutes between blood of fish and water, a large surface area and the existence of a
thin epithelial barrier (Farkas et al., 2011; Kleinow et al., 2008). There is an unstirred
layer which is made up of water and layers of mucus on the gill surface. The functional
layers which are in between epithelial cell surfaces and the unstirred layers act like cell
membrane charge barriers and lead to metal ion mobility, exchange and diffusion. They
also have defence mechanisms which occur in the unstirred layer; the mucus provides
protection from chemicals penetrating into the epithelia cell by trapping and
aggregating the contaminants on the gill surface (Handy et al., 2008a; Kleinow et al.,
2008; Smith et al., 2007).

The extent to which ENPs are absorbed from the gastrointestinal tract of fish varies
depending on the size and surface chemistry of the ENPs in question. Small sized
nanoparticles cross the colonic mucus layer in the gut within a short time (2 min for 14
nm latex nanoparticle) while larger particles (e.g. >1000 nm) cannot pass this layer.
Lipophilic ENPs can be taken up through endocytosis in the gut or diffuse directly
through the cell membrane. Again, the surface charge of ENPs is important for uptake
as the positively charged particles can be trapped in the negatively charged mucus
whereas negatively charged particles diffuse across the mucus layer and interact with
epithelial cells (Handy et al., 2008a; Buzea et al., 2007).

In terms of dermal uptake, the skin of fish acts like a barrier to separate internal and
external environments. It maintains the internal environment with ionic and osmotic
integrity and protects it from the external environment and pathogens. The skin
consists of two major layers, an outer layer (epidermis) and an inner layer (dermis).

Like the gill and the gut, the mucus is produced from goblet cells which help to protect
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the epidermis by trapping ENPs or other environmental contaminants (Kleinow et al.,
2008; Coello and Khan, 1996; Handy et al., 2008a).

Table 6 summarises ENP uptake studies for fish. In these studies, most of the
accumulated ENPs were observed mainly in the gut and gill (Smith et al., 2007; Farkas
et al., 2011; Griffitt et al., 2009; Peyrot et al., 2009). After fish embryos were exposed to
ENPs, the ENPs would either attach or adsorb to the surface of the chorion of fish egg
and then penetrate into the chorionic space through the chorion pore canals by passive
diffusion. Once inside the embryo, the ENPs could interact with incoming nanoparticles
and then form larger particles. Due to these interactions, the chorion pore canals might
be blocked and influence particle bioaccumulation or induced abnormalities to

developing embryos (Fent et al., 2010; Lee et al., 2007; Kashiwada, 2006).
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Chapter 1
In summary, various environmental parameters determine the behaviour of ENPs and
their uptake and toxic impacts in aquatic systems. However, there are still many
uncertainties around the behaviour and effects of these materials in the environment
and this makes it difficult to establish the risks of ENPs in natural systems. Many
reviews have therefore highlighted the importance of in-depth knowledge for
nanoparticle characterization, fate and effects of ENPs in experimental or
environmental media in order to more fully understand the observed effects (Handy et

al., 2008b; Hasselldv et al., 2008; Baun et al., 2008a).

Conclusion and aim for future work

This review shows that various environmental parameters are likely to affect the
behaviour of ENPs. Many studies in aquatic organisms have been conducted to
investigate the effects of ENPs on the aquatic environment and demonstrated a wide
range of biological effects. However, relating exposure concentration of ENPs to their
effects is challenging as the traditional use of mass or mass per unit volume alone is
unlikely to be appropriate for risk assessment of ENPs. Conducting risk assessments
of ENPs using traditional methods fails to consider the interactions and dynamic
behaviours of ENPs that are likely to occur in the natural environment. Thus the aims of
this study were threefold (1) Develop an improved understanding of the factors
affecting the aggregation behaviour of ENPs in aquatic systems; (2) observe the
factors affecting uptake of ENPs into aquatic organisms; and (3) based on the
knowledge gained, to provide recommendations on how the environmental risks of

ENPs could be better assessed in the future.

These aims were achieved through the following specific objectives:
1. To compare the behaviour of ENPs between standardised test media which are
commonly applied to ecotoxicity test and natural waters.
2. To identify key physicochemical properties of ENPs which influence their

behaviour.
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3. To develop a model to predict aggregation and size distribution of ENPs in
river systems through the UK.
4. To explore the effects of aggregation state on the uptake of ENPs into aquatic
organisms.
5. Based on the knowledge gained in objectives 1 to 4, to provide
recommendations as to how future risk assessments of ENPs can more

accurately reflect conditions of natural aquatic environments.

The aims and objectives described above have been addressed in 4 experimental

Chapters and one discussion Chapter:

Chapter 2 describes studies to assess the fate study of gold nanoparticles, with
different surface functionalisation, in standard ecotoxicity test media and natural waters.
The study explores behaviour in standard tests reflects the likely behaviour of these
ENPs in the natural environment. The effects of one environmental factor (dissolved
organic matter) and the presence/absence of test organisms on particle aggregation

are also explored.

Chapter 3 describes studies to assess whether the particle core affects the behaviour
of ENPs. In this chapter, the behaviour of silver and gold nanoparticles with equivalent

size and surface functionality are compared.

Chapter 4 develops relationships between particle aggregation and water chemistry.

These relationships are then used to predict particle size distributions for a range of

gold nanoparticle with different surface functionalities in river systems through the UK.
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Chapter 5 describes studies to explore the uptake of gold nanoparticles into aquatic
invertebrate. The studies were performed using Gammarus pulex and gold

nanoparticles coated with different surface functionalities under different environmental

conditions.

Chapter 6 provides the overall conclusion and recommendations for how to take this

work forwards.
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Chapter 2

Regulatory ecotoxicity testing of engineered
nanoparticles: are the results relevant to the

natural environment?

Introduction

As a result of their exquisitely tunable properties, ENPs are being, or have the potential
to be, used in many sectors including defence, energy storage and generation,
agriculture, as well as environmental remediation (Aitken et al., 2006). The increased
prevalence of ENPs means their release into the aquatic environment is inevitable
(Scown et al., 2010; Handy et al., 2008b). Available exposure estimates for surface
waters indicate that concentrations of silver ENPs are likely to range from 0.72 - 30
ng/L; TiO, ENP concentrations will range from 0.021 - 16 ug/L; and concentrations of
CNTs will range from 0.0033 — 0.8 ng/L (Mueller and Nowack, 2008; Gottschalk et al.,
2010). Even though the concentrations of ENPs in the environment are predicted to be
low, the risk of ENPs cannot be ignored. Over the past few years a wide range of acute
and chronic ecotoxicological studies have therefore been performed to better
understand the potential risks of ENPs to the aquatic environment (e.g. Hoecke et al.,
2008; Griffitt et al., 2008; Wiench et al., 2009; Dabrunz et al., 2011).

Most published ecotoxicity studies follow traditional test method guidelines such as
those developed by OECD or U.S. EPA (e.g. Dabrunz et al., 2011; Wiench et al., 2009;

Lovern and Klaper, 2006; Rogers et al., 2010). These studies employ standardised test
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media designed primarily to support the test organism and to provide consistency
across studies. For traditional chemical contaminants, where toxicity is related to mass
concentration, the use of standardised media is probably appropriate; this is particularly
true if exposure concentrations are characterised throughout the duration of the study.
However, this may not be the case for ENPs, for which bioavailability and toxicity are
not only affected by mass or particle number concentration but also by the degree of
aggregation of the ENPs and the resulting particle size distribution (French et al., 2009;
Kimmerer et al, 2011; Sharma, 2009; Lin and Xing, 2008). Aggregation and
disaggregation are highly dependent on environmental factors, such as the pH,
electrolyte valence and presence of NOM (Hyung et al., 2007; Stankus et al., 2011;
Jiang et al., 2009b). If the degree of aggregation in standard test media is not
representative of aggregation in the natural environment then, if used for environmental
risk assessment purposes, existing standard ecotoxicity test methodologies could
either over- or under-estimate the risk of an ENP in natural systems. Differences in
ENP behaviour across standardized media will also make it difficult to develop an
understanding of the relative sensitivity of different species to a particular ENP.
Although the effects of individual environmental parameters and particle characteristics
on ENPs aggregation have been well studied (Keller et al., 2010; Hyung et al., 2007;
French et al., 2009; Thio et al., 2011), we currently do not know whether ENPs
behaviour in standard ecotoxicity experiments accurately reflects behaviour in the
natural environment. The present study was performed to explore the behaviour of a
set of model Au nanoparticles with different surface functionality in a range of
standardised test matrices and to determine whether behaviour in standard tests
reflects the likely behaviour of these ENPs in the natural environment. The effects of
the presence/absence of test organisms and the addition of NOM to the standardised

media were also explored.
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Material and methods

Study materials

Citrate capped Au nanoparticles (Au-citrate nanoparticles; d~30 nm) were prepared in
aqueous media by heating a solution of HAuCl,-2H,O (0.25 mM, 3.75 mM tribasic salt,
1 liter) to 90 °C. The solution was heated for 1 h over which time its colour gradually
changed to gray and finally purple/red. The Au nanoparticles solutions were
subsequently purified by dialysis. Dialysis was done on 1000 mL of stock solution
which was divided into two 500 mL fractions and placed in Lot Number 3244650
dialysis tubing (approximate molecular weight cut off = 8,000 Daltons). The filled tubes
were submerged in distilled water for 4 d and the bath water was changed at 12 h
intervals. Mercaptoundecanoic acid capped particles (Au-MUDA nanoparticles; d~30
nm) were prepared by addition of 500 mL fraction of 30 nm citrate capped Au
nanoparticles stock solution directly to an ethanol solution of 11-mercaptoundecanoic
acid (0.12 g, 3 mL). The mixture was stirred in subdued light for one week. The
resulting solution was then purified by dialysis using the procedure outlined above. The
chemical structures of MUDA and citrate are shown in Figure 3.

‘Positive’ amino PEG thiol-capped (Au-PEG-NH, nanoparticles) and ‘neutral’ PEG-
capped (Au-PEG nanoparticles) Au nanoparticles were obtained from Nanocs Inc
(Boston, United States). Humic acid sodium salt (CAS No. 68131-04-4) was used to
explore effects of NOM, this was obtained from Sigma Aldrich (Poole, Dorset, United

Kingdom).
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COONa

0
W HO+COONa
OH

HS COONa

Figure 3. Test gold nanoparticles coated with; (a) 11-mercaptoundecanoic acid (MUDA)

gold nanoparticles, (b) sodium citrate tribasic dehydrate (citrate) gold nanopatrticles.

Prior to testing, all model study particles were characterised by TEM operating at
200kV (JEOL-JEM 2011) and nanoparticle tracking analysis (NTA) using a NanoSight
2.2 LM 10 instrument. NTA follows individual nanoparticles in the liquid phase moving
under Brownian motion and records their movement as a video on a frame-by-frame
basis. After recording for a given time, hydrodynamic diameter of individual particles is

calculated using the Stokes-Einstein equation (Malloy and Carr, 2006):

kT .
R (Equation 2.1)

dp is hydrodynamic diameter (nm), k is the Boltzmann constant (J K™, Tis the absolute
temperature (K), n is the viscosity of the medium (kg m™ s™) and D is diffusion
coefficient

The Au-MUDA and Au-citrate nanoparticles were also characterised by FTIR and XPS
analysis. The characteristics of the study particles and exposure concentrations are
summarised in Table 7 and the results of the FTIR and XPS analysis are given in the

Appendix 2.
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Standardised test media

A range of commonly used standard ecotoxicity media was studied, specifically:
artificial pond water (APW) (Naylor et al., 1989), OECD Daphnia M4 media (OECD,
2004), algae media (Kuhl and Lorenzen, 1964), Gamborg’s B-5 basal medium, artificial
salt water (ASW) at 35 %. salinity (Kester et al., 1967), and US EPA hard (HW),
moderate hard (MHW) and soft (SW) waters (U.S. EPA, 1991). Information on the
general characteristics of the test media is described in Table 8. Zeta potential
(NanoSight NS500, NanoSight Ltd, Amesbury, United Kingdom) were measured for
each test ENPs in each test media except in ASW, M4 and Lemna media where the

NS500 was unable to produce reliable zeta measurements (Table 7).
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Chapter 2

Table 8. Characteristics of the standard ecotoxicity media used in the aggregation

studies
Tests _
Example of o lonic
Test where Conductivity .
_ _ test pH strength  Major elements
media media _ (uS/cm)
orgnaisms (mM)
used
Artificial _ CaCly'H:0,
Naylor et  Fish,
pond _ 7.47 651 11.1 MgSO,-7H,0,
al. (1989) Gammarids
water NaHCO;, KCI
CaCly-Hx0,
_ MgSO,-7H,0,
M4 OECD Daphnids
_ 7.29 645 7.99 NaHCO;, KCl,
media TG 202 sp. _
combined
vitamin
CaCly-2H.0,
Kuhl and MgSO47HQO,
Algae Green
. Lorenzen, 6.17 1,272 17.2 KNQO3,
media algae
1964 NaH.PO4-1H,0,
NaH2P04'2H20
Lemna
_ N.A. Lemnasp. 6.50 4,200 N.A -
media
Artificial _
Marine
salt N.A. _ 7.74 47,100 N.A -
organisms
water
EPA hard
7.82 464 7.39
water ,
Different
EPA _
concentrations
moderate USEPA Freshwater
_ 7.69 494 3.70 of NaHCOj,,
hard 1991 organisms
CaSO4'H20,
water
MgSO,, KCI
EPA soft
7.98 293 1.85
water

N.A.: Not available, pH and conductivity are measured. IS is calculated.
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Natural waters

Forty nine samples, ranging in pH from 3.79 — 7.90, were obtained from rivers in the
north of England. The samples were selected to provide a broad representation of
surface water chemistry (pH, conductivity, dissolved organic carbon content and cation
and anion concentrations) for UK systems. Following collection, samples were filtered
using 2.5 um cellulose filter papers and then stored at 4 °C prior to use. The
characteristics of the samples are summarised in Table 9. The details of natural water
analysis methods are given in Chapter 4, ‘Collection and characterization of natural

water samples’.

Test organisms

Three aquatic organisms, D. magna, G. pulex and Lemna minor, were chosen to
observe the effects of test organisms on aggregation. D. magna were obtained from an
in-house culture maintained at 21 + 1 °C in M4 on a diet of algae under a 16 h light: 8 h
dark cycle. G. pulex were collected from Bishop Wilton, East Yorkshire, United
Kingdom and were maintained in the laboratory at room temperature in APW for at
least 10 d under s 12 h light:12 h dark cycle on a diet of horse chestnut leaves
(Castanea sativa) prior to testing. L. minor were obtained from an in-house culture
maintained in Gamborg’s B-5 basal medium at 20 = 1 °C under 10000 lux light intensity.

For the study, 5 day old D. magna and adult G. pulex were used.
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Table 9. Summary of the characteristics of the 49 natural water samples used in the

aggregation studies

Parameters unit Mean Minimum  25% 75% Maximum
pH N.A 6.13 3.79 4.55 7.3 7.90
Conductivity uS/cm 278.40 46.1 85.9 24550 1239.00
Ammonia-N pug/mL 0.17 0.003 0.03 0.16 1.25
Nitrate-N pg/mL 0.71 0.00 0.075 1.17 2.27
DOC mg/L 14.71 1.84 5.42 7.74 49.3
lonic strength mmole/L  2.38 0.08 0.37 2.47 11.41
SO,” mmole/L  0.07 0.01 0.02 0.10 0.23

CI mmole/L  0.21 0.02 0.08 0.29 0.71
NOs mmole/L  0.02 0.00 0.01 0.03 0.06
PO,* mmole/L  0.00 0.00 0.00  0.01 0.01

F mmole/L  0.00 0.00 0.00 0.00 0.03

K* mmole/L  0.07 0.00 0.01 0.15 0.31
Na* mmole/L  0.55 0.01 0.05 0.44 3.57
Ca** mmole/L  0.67 0.00 0.02 0.82 3.61
Mg** mmole/L  0.23 0.01 0.03 0.23 1.25
Hardness* mg/L 90.89 1.56 5.77 103.55 484.69

N.A : Not available, *: calculated value
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Behaviour of gold nanoparticles

Test media and natural waters

The behaviour of the study nanoparticles in each artificial test medium was monitored
over 48 h using NTA. Prior to the aggregation studies, the stock solutions were ultra-
sonicated for 15 min and duplicates of 0.5 mg/L of Au-MUDA nanoparticles and citrate
and 1 mg/L of Au-PEG-NH, nanoparticles and Au-PEG nanoparticles then prepared
from the stock solution. Following addition of the ENPs, samples (1 mL) were taken for
NTA analysis from each duplicate 1, 2, 4, 6, 8, 24 and 48 h after addition of the ENPs
to the media. The same test concentrations were used for the natural water studies. In
these studies Au-MUDA nanoparticles was dispersed into all water samples while for
the other particle types only twenty six water samples were used. The test duration was
also shorter with samples being taken for NTA analysis 1, 2, 4, 6 and 8 h after addition
of the ENPs. Samples of media and natural water, without ENPs, were also taken for
NTA analysis and these analyses showed the ‘background’ nanoparticle concentrations

in the test media were lower than or close to the NTA limits of detection.

Effects of test organism

In three of the media, the influence of the presence of a test organism on aggregation
of Au-MUDA nanoparticles was also assessed over 24, 48 or 96 h, the
media/organism/exposure time combinations were: M4 media /D. magna /48 h, APW
/G. pulex /96 h, and Gamborg’s media /Lemna minor /24 h. The organism loadings for
D. magna and L. minor were based on OECD guidelines 202 and 211 (OECD, 2004;
OECD, 2006) while the loading for G. pulex was based on the method of (Meredith-
Williams et al., 2012). For D. magna, there were four replicates of 5 animals in 30 mL
of test solution; for G. pulex, there were three replicates of 10 animals in 500 mL of

media. For L. minor colonies, there were 3 replicates of 4 colonies in 100 mL of test

58



Chapter 2
solution. For the invertebrates, samples (1 mL) of media were taken 0, 1, 2, 4, 6, 8, 24,
48 and 96 h for NTA analysis and for the macrophyte, samples were taken at 0, 1, 4, 6,

8 and 24 h.

Effects of humic acid

To investigate the effects of dissolved organic carbon, duplicate 0.5 mg/L dispersions
of Au-MUDA nanoparticles, citrate and PEG-NH, were prepared in either deionised
water or deionised water containing 1 mg/L or 5 mg/L of HA. Samples of dispersions
were taken 0, 1, 2, 4, 6 and 8 h after spiking for characterisation of particle size

distributions by NTA.
Statistical analyses

Statistical analysis of the data was performed using PASW (v 19; SPSS Inc.). Data
were evaluated for normality by a Shapiro-Wilk or a Kolmogorov-Smirnov test and
homogeneity was then confirmed. For the D. magna results, two-way ANOVA was
used and for the HA results for Au-MUDA nanoparticles and Au-PEG-NH,, a non-
parametric analysis (Kruskal-Wallis) test was used to evaluate differences in behaviour
between treatments and de-ionised water. A nonparametric analysis (Scheirer-Ray-
Hare (SRH) test), was used to assess the differences in aggregation of Au
nanoparticles for all the other treatments (i.e. standard media and behaviour in the
presence of L. minor and G. pulex) compared to deionised water. The Scheirer-Ray-
Hare test is non-parametric analysis equivalent of a two way ANOVA with replication
and extension of the Kruskal- Wallis test (Dytham, 2011). The significance level was p

< 0.05.
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Results

Behaviour in standardised test media

The behaviour of the studied nanoparticles depended upon particle surface chemistry
and the type of test media. Aggregation was typically observed within 1 - 6 h after
which time the mean particle sizes stabilised (Figure 4). No significant increase in
mean size of the Au-PEG-NH, was seen in any test media compared to deionised
water (SRH, p > 0.05). With the exception HW, there was also no significant difference
in the aggregation of Au-PEG nanoparticles in any of the standard media compared to
deionised water (SRH, p > 0.05). In contrast, significant aggregation was seen for the
Au-MUDA nanoparticles in all test media compared to deionised water (SRH, p < 0.05).
For the Au-citrate nanoparticles, increased aggregation was seen in all test media

(SRH, p < 0.05) except in MHW and SW (SRH, p > 0.05).

(a) Dl water
I Au-MUDA NPs

300 - [/ Au-citrate NPs
Emm Au-PEG-NH, NPs
[ Au-PEG NPs

200 -

Size (nm)

100 -

e

Time (hours)

Figure 4. Change in mean particle size of four types of Au ENPs in standard test media.
(a) DI water, (b) APW, (c) M4 media, (d) ASW, (e) Algae media, (f) Lemna media, (g)
HW, (h) MHW and (i) SW.
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Figure 4. Continued.
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(f) Lemna media
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Effects of test organisms on aggregation

As the Au-MUDA nanoparticles were found to be unstable in the majority of test media,
studies were performed to assess the effects of three organism/media combinations on
the behaviour of these nanoparticles only. In the absence of test organisms, the
nanoparticles aggregated with mean particle sizes at the end of the study being 3
(Lemna media) to 10 times greater than the starting mean particle size of the stock
solution. However, the presence of D. magna and G. pulex significantly reduced the
degree of aggregation in M4 and APW (Figure 5a and 5b; two-way ANOVA and SRH, p
< 0.05). The presence of L. minor had no effect on aggregation (Figure 5c; SRH, p >
0.05) although particles were observed to sediment out in the presence of the

macrophyte.

Behaviour in natural waters

There was large variability in the behaviour of the study nanoparticles in the natural
water samples with mean particle sizes varying by a factor of 2 (Au-PEG-NH,) to 6 (Au-
MUDA nanoparticles) between samples (Figure 6 (c) and (a)). The Au-PEG-NH, and
Au-PEG nanoparticles were found to be less stable in the natural waters (sized from 72
nm to 245 nm) than in the artificial test media (mean size range of between 56.3 nm
and 86 nm) (Figure 6 (c) and (d)). Au-MUDA nanoparticles were generally less
aggregated in natural waters compared to standard media (Figure 6 (a)). Substantial
variation was seen in the aggregation of Au-citrate nanoparticles in natural waters with

these ENPs appearing to be stable in some samples and unstable in others (Figure 6

().

65



Chapter 2

500

400

300

Size (nm)

200

100

—&— Presence of D. magna
—O— Absence of D. magna

(€Y

20 30 40 50

Time (hours)

500

400

300 -

Size (M)

200 -

100

(b)

—®— Presence of G. pulex
—O— Absence of G. pulex

40 60 80 100 120

Time (hours)

500

400

300

Size (nm)

200

100

—®&— Presence of L. minor
—O— Absence of L. minor

(©

Kor-o—

10 15 20 25 30

Time (hours)

Figure 5. Change in patrticle size (mean values with standard errors) cross section area
over time for Au-MUDA particles in the presence and absence of test organisms. (a)
Daphnia magna (b) Gammarus pulex and (c) Lemna minor.
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Figure 6. Comparison of mean particle size of four type of Au nanoparticles between
natural waters (grey bars) and standard ecotoxicity test media (black bars) at 8 h after
dispersion. 1: artificial pond water, 2: M4 media, 3: artificial salt water, 4: algae media,
5: Lemna media, 6: EPA hard water, 7: EPA moderate hard water and 8: EPA soft

water.
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Effects of humic acid on aggregation

It is well known that the presence of dissolved organic material stabilises some ENPs
(Chen and Elimelech 2007; Hyung et al. 2007) and that this depends on the surface
charge or coating agents of nanoparticles (Baalousha 2008). When Au-PEG
nanoparticles were added to humic acid solutions, there were few particles detected. In
these exposures, aggregates of the Au-PEG particles were visually observed to settle
out which is explains the lower level of detection. It was only possible to explore the
effects of humic acid on the behaviour of other three study nanoparticles. A small, but
significant increase in mean particle size was seen with increasing humic acid
concentrations in DI water for all Au nanoparticles (Figure 7 (a); Kruskal-Wallis and
one-way ANOVA, p < 0.05). With the exception of M4 media, addition of humic acid
significantly reduced the mean particle size of Au-MUDA nanoparticles in all test media
compared to the media only treatment (Figure 7 (a); Kruskal-Wallis, p < 0.05). While a
small but significant increase in mean particle size was seen for the Au-citrate
nanoparticles in the algal media and Lemna media (Figure 7 (b); Kruskal-Wallis and
one-way ANOVA, p < 0.05), HA addition had no effect on mean particle size in the
other test media (Figure 7 (b)). For the Au-PEG-NH, nanoparticles, a significant
increase in mean particle size was seen with increasing HA concentration for all media

(Figure 7 (c), Kruskal-Wallis, p<0.05).
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Figure 7. The effects of humic acid on aggregation of three types of Au ENPs in

different test media after 2 h disperse. Error bars indicate standard errors of mean size

of particle. 1: DI water, 2: APW, 3: M4 media, 4: Algae media and 5: Lemna media.
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Figure 7. Continued.
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Discussion

Behaviour in test media

Aggregation of the study nanoparticles was assessed in a wide range of ecotoxicity
media that have previously been used by other workers to assess the effects of a
range of metal-based nanoparticles on different aquatic organisms (Table 10). M4
media and MHW, in particular have been used in these investigations. While the
nanoparticle mass concentrations used in this study were high compared to
concentrations expected in the natural environment, comparison with concentrations
used in ecotoxicity studies (Table 10) indicate that they are similar or lower than
concentrations of metal and MeO nanoparticles that have been previously tested.

The aggregation behaviour of all Au nanoparticles in the test media varied according to
the surface coatings of the particles and composition of test media. The ‘positive’ Au-
PEG-NH, and ‘neutral’ Au-PEG nanoparticles were stable in most test media. Similar
results were found by Stankus et al. (2011) who showed that ‘neutral’ polyvinyl
pyrrolidone capped Au particles are stable across a range of solutions of different IS
and that aggregation of ‘positive’ mercaptopentyl (trimethylammonium) capped Au
particles does not occur in 10mM of CaCl, and MgCl,. The stability of the ‘neutral’ Au-
PEG nanoparticles is reasonably explained by steric repulsion arising from interactions
of the capping agent whereas the stability of the Au-PEG-NH, nanoparticles is
understood in the context that these particles are positively charged in the test media
and that adjacent particles will repel each other (French et al. 2009; Stankus et al.

2011).
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In contrast to the positive and neutral particles, the stability of the ‘negative’ Au-citrate
and ‘amphoteric’ Au-MUDA particles varied considerably with greatest aggregation
generally being seen in the media with highest IS. Similar relationships between IS and
aggregation have been seen in other studies with Au-citrate and Au-MUDA capped
particles (Stankus et al. 2011; Liu et al. 2012) and citrate capped Ag nanoparticles (El
Badawy et al. 2010). The instability of the negative and amphoteric particles at higher
IS are probably explained by the compression of the electrostatic double layer on the
particle surface which reduces the degree of electrostatic repulsion (e.g. Stankus et al.
2011).
The observed behaviour of the Au-citrate and Au-MUDA nanoparticles in the different
systems highlights the problem of performing ecotoxicity studies with standard media.
The large differences in particle size distribution across media demonstrates that if a
suite of ecotoxicity studies were performed on these particles, the exposure of the test
organisms would be very different, meaning that results would not be at all comparable.

This raises a significant challenge for the environmental risk assessment process.

Effects of organisms

The presence of D. magna and G. pulex significantly reduced the degree of
aggregation of the Au-MUDA nanoparticles. Even though L. minor is a photosynthetic
aquatic macrophyte which will affect the pH of the test media over time (in this study
pH was observed to drop from 6.5 to 6.0), this species had no effect on aggregation.
The observed effects for the invertebrates might be explained by effects of the
organisms on water movement, the physical breakdown of aggregates by the test
organisms and/or chemical modification of the particles within the invertebrates.
Previous work has shown that greater aggregation of CuO nanoparticles occurs in low
flow velocity environments compared to higher flow velocity systems (Jeong and Kim,

2009).
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Studies with D. magna using lipid coated nanotubes showed that, following ingestion,
the animals are able to modify the solubility of the particles, probably as a result of the
digestion of the surface coating (Roberts et al., 2007) while D. hyalina has been shown
to reduce the aggregation of mineral colloids in lake water and this is thought to be due
to action of the filter mesh of the organism (Filella et al., 2008). Other invertebrates
have been shown to increase the aggregation of nanoparticles. For example, the
freshwater crustacean Thamnocephalus platyurus enhances aggregation of Ceg
fullerenes (Patra et al., 2011). The results highlight the need to better understand the
effects of organisms on the properties and speciation of nanoparticles and that
biological effects on nanoparticles behaviour should be considered when assessing the

exposure and effects of nanoparticles in the natural environment.

Natural waters vs. test media

The behaviour of the study nanoparticles varied across the natural waters. Comparison
of the results for natural waters with observed behaviour in the standardised test media
shows that the Au-PEG-NH, and Au-PEG nanoparticles behave very differently in the
natural waters compared to the standard media. In natural waters, these particles are
aggregated to different degrees whereas in the standardised media, the particles are
stable (Figure 6). Limited aggregation of the Au-MUDA and Au-citrate nanoparticles
was seen for the majority of the natural waters tested whereas these particles were
found to aggregate in the standardised media (Figure 6). The different behaviours of Au
nanoparticles between natural waters and standard media might be explained by
differences in the dissolved organic carbon concentration and IS of the different
samples (Keller et al. 2010). The IS of the test media (mean = 8.21 mmol/L) was
generally higher than in the natural waters (mean = 2.38 mmol/L) and DOC was
present in the natural waters (mean = 14.7 mg/L) while in standard media no DOC was

present.
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Previous studies have shown that humic substances can adsorb onto Au-MUDA and
citrate nanoparticles leading to electosteric repulsion in natural waters (Gao et al. 2009).
Humic acids have also been shown to change the surface charge of Au-PEG-NH,
nanoparticles and Au-PEG NP to either a negative charge or to neutral (Ottofuelling et
al., 2011) resulting in aggregation of the particles depending on the amount of cations
in natural waters (Zhang et al., 2009). To explore whether DOC addition could be used
as a refinement to standard ecotoxicity testing procedures in order to provide more
environmental realism, studies were performed in a selection of the standard media

using HA addition.

Effects of natural organic matter

The presence of humic acid significantly reduced the aggregation of the Au-MUDA
particles and significantly increased the aggregation of the Au-PEG-NH, nanoparticles
but had limited impact on the stability of the Au-citrate nanoparticles. The results for the
Au-PEG-NH, nanoparticles are probably explained by the neutralisation of the NP
surface charge by the humic acid (Dickson et al., 2012). Previous studies with Au-
MUDA nanoparticles contrast with our observations and show that natural organic
matter had no effect on the aggregation rates of the 30 nm Au-MUDA particles (Liu et
al, 2012). However, studies with mercapto(ethoxy)ethanol (MEE) capped gold
nanoparticles, which are structurally similar to MUDA particles, indicate that NOM does
have a stabilising effect on the particles (Stankus et al., 2011). Data from the humic
acid addition experiments indicated that for positive and amphoteric nanoparticles,
addition and dissolved organic carbon to standardised ecotoxicity media may help
bridge the gap between behaviour in laboratory-based studies and behaviour of these
particles in natural systems.

Overall, these results indicate that the behaviour of nanoparticles in standardised
media can be very different from behaviour in the natural environment, particularly for

neutral and positive nanoparticles, this therefore brings into question the broader
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environmental relevance of many of the studies that have been performed to date into

the effects of metal-based nanoparticles on aquatic organisms.

Conclusion

This study shows that ENPs had very different behaviours in various types of
standardized test media depending on the particle type. The aggregation of ENPs was
also affected by existence of test organisms and DOC. The behaviour of nanoparticles
in natural waters was completely different from behaviour in laboratory media. The
mismatch between behaviour of ENPs in standard media and natural systems raises
questions around the relevance of standard ecotoxicity experiments for use in the risk
assessment of nanoparticles. Therefore, for the risk assessment of ENPs, it is crucial
that appropriate test media be selected for the ecotoxicity testing. In the short term, it
may be appropriate to use a range of real river water samples that represent the range
water characteristics seen in the natural environment, for ecotoxicity tests. Such an
approach might provide a better characterisation of the risks of ENPs in natural
systems. In the longer term, as our knowledge of ENP fate and toxicity develops, it may
be possible to tailor testing based on the properties of the ENP being studied. Overall,
there is a pressing need to develop ecotoxicity tests that provide test conditions which
are environmentally relevant. Such testing should probably be tailored to the surface

properties of the ENP under investigation.

The work described in this Chapter explored the behaviour of Au ENPs with different

surface functionalities. In the next Chapter we explore whether particles with a different

core but the same functionality behave in the same way.
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Chapter 3

Aggregation of metal nanoparticles in the

environment: does the core matter?

Introduction

In the previous Chapter, we explored the degree of aggregation experienced by Au
nanoparticles with various surface functionalisation across a range of standardised test
media and natural waters. The particle size was found to be principally dependent on
the surface functionalisation and the water type. These studies were done with Au
particles so the applicability of the developed relationships to other particles with other
metals as cores is unknown. The core material of ENPs is not only an important
descriptor for their application and use (Ghosh Chaudhuri and Paria, 2011) but also is
strongly related to nanoparticle toxicity (Christian et al., 2008). One study showed that
Ag nanoparticles caused rapid inhibition of algal photosynthesis in, the freshwater alga
Chlamydomonas reinhardti, which was meditated by the release of Ag*. Furthermore,
results showed that algae could mediate the release of Ag* from the nanoparticles
(Navarro et al, 2008b). Franklin et al. (2007) exposed ZnO nanoparticles to the
freshwater green alga P. subcapitata, and found adverse effects could be attributed to

dissolved Zn (ll) originating from the ZnO nanoparticles. This study showed that the
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effect was not caused by nanoparticulate form of ZnO, but rather attributed it to the
presence of ZnO in the tests.

Although the core material could play an important role, whether particle aggregation is
affected by core material has seldom been considered. The objective of this study
described in this Chapter was therefore to investigate whether the core material
influences particle aggregation of metal ENPs. The studies described in this Chapter
employed Ag nanoparticles coated with citrate and 11-mercaptoundecanoic acid
cappings to observe aggregation in standardized test media. The results were then
compared to the results obtained for the equivalent Au nanoparticles which are

reported in Chapter 2.

Material and methods

Study materials

Studies were done on Ag nanoparticles with an average particle size of 30 nm. Two
different capping agents were used, namely ‘Amphoteric’ 11-mercaptoundecanoic acid-
capped (MUDA) and ‘negative’ sodium citrate tribasic dehydrate-capped (citrate). Citric
acid capped Ag nanoparticles were prepared in aqueous solution by mixing AgNO3
and citric acid in the molar ratio citric acid/AgNO; = 12 (0.25 mM of AgNO;, 3.0 mM
tribasic salt, 1 L). Two drops of 4M NaOH base solution were added after stirring the
citric acid/AgNOj solution for 10 minutes, and then the solution was heated to 70 °C for
1 h. During heating the solution gradually changed to dark yellow consistent with the
formation of Ag nanoparticles. MUDA passivated Ag nanoparticles were prepared by a
ligand exchange reaction of MUDA. MUDA readily displaces the surface citric acid on
Ag-citrate nanoparticles. An ethanol solution of MUDA (0.12 g, 3 mL) was added drop
wise to 1 L of citric acid capped Ag nanoparticles aqueous stock solution with rapidly
stirring. The mixture was kept in subdued light and was stirred for one week. All silver

nanoparticles were purified using dialysis. The stock solution (200 mL) of choice was
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poured into a dialysis tube. The filled tubes were submerged distilled water (4 L
capacity beaker) for 4 d (bath water was changed at regular 5 h intervals). The results
of the TEM and UV-Vis spectrum analysis are given in the Appendix 3.

Detailed information on the preparation of the Au nanoparticles is given in Chapter 2.

Standardised test media

Test media commonly used in ecotoxicity testing were used in this study: artificial pond
water (APW) (Naylor et al., 1989), OECD Daphnia M4 media (OECD, 2004),
Gamborg’s B-5 basal medium (Lemna media), artificial salt water (ASW) at 35 %o
salinity (Kester et al., 1967), and U.S. EPA hard (HW), moderate hard (MHW) and soft
(SW) waters (USEPA, 1991). The test media ranged in pH from 6.17 to 7.98 and in IS

from 1.85to 17.2 mM (Park et al., 2014).
Particle aggregation study of silver nanoparticles

Aggregation studies of Ag nanoparticles were performed using the methodology
described in Chapter 2. Prior to the aggregation studies, the stock solutions were ultra-
sonicated for 15 min to break down any existing agglomerated particles. Solutions of
the study nanoparticles were then prepared in duplicate at a concentration of 0.1 mg/L.
Samples (1 mL) were then taken 1, 2, 4, and 7 h after dispersion and analysed three
times using nanoparticle tracking analysis (NTA) using a NanoSight 2.2 LM 14
instrument (NanoSight Ltd, Amesbury, UK). NTA follows individual nanopatrticles in the
liquid phase moving under Brownian motion and records their movement as a video on
a frame-by-frame basis. After recording for a given time, hydrodynamic diameter of
individual particles is calculated using the Stokes-Einstein equation (Malloy and Carr,

2006):
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kT ,
- (Equation 3.1)

d, is hydrodynamic diameter (nm), k is the Boltzmann constant (J K™'), T is the absolute
temperature (K), n is the viscosity of the medium (kg m™ s™) and D is the diffusion
coefficient.

The particle aggregations of Ag nanoparticles were compared with that of Au

nanoparticles in Chapter 2 to investigate effect of core materials on aggregation.
Statistical analyses

Statistical analysis of the data was performed using SPSS (v 21; SPSS Inc.). Data
were evaluated for normality by a Shapiro-Wilk or a Kolmogorov-Smirnov test and
homogeneity was then confirmed. One-way ANOVA and Mann-Whitney tests were
applied to determine differences in aggregation between different core materials in

each test media. The significance level was p < 0.05.
Attachment efficiency method

Attachment efficiency (sometimes also referred to as 'inverse stability ratio') is a
measure of the propensity of nanoparticles to adhere to each other; it is the fraction of
collisions between particles that result in aggregation. Calculation of attachment
efficiency from single-particle tracking data (like that acquired by the NanoSight)
requires knowledge of 1) the number of primary particles that go to form a given
aggregate (and hence the number of successful collisions that must have taken place),
and 2) the rate at which the nanoparticles are colliding.

Attachment efficiency was estimated by looking principally at the primary particles,
since these constituted the majority of the particles in the samples. By considering their

hydrodynamic radii r, a collision cross-section o between two particles can be
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calculated. The mean free paths / of particles can be estimated by assuming that the
Brownian motion of the nanoparticles can be described adequately by a Maxwell
distribution. A Maxwell distribution is used in physics to describe the distribution of
energy between particles in thermal equilibrium. The mean free path may be calculated
using Equation (3.2), where n is the number of particles per unit volume. It is possible
to rearrange the Stokes-Einstein equation to extract a mean particle drift speed, v
from the other parameters, as shown in Equation (3.3), where T is the absolute
temperature in Kelvin, kzis the Boltzman constant, and nis the viscosity of the

suspending medium (in this case water).

[l = =— (Equation 3.2)
p= [|2Lks Equation 3.3
= Jemnr (Equation 3.3)

The second step involves estimating the number of successful collisions that must
have occurred in the time period in order to create aggregates of the size observed.
For these purposes, the fractal dimension (which in this case can be used as a
measure of the porosity) of the aggregates was assumed to be about 2, halfway
between the 1.7 observed in diffusion-limited (fast) aggregation, and 2.3 observed in
reaction-limited (slow) aggregation (He et al., 2013).

Once the necessary adhesion rate has been calculated, it is then trivial to take the ratio,
which will be the fraction of collisions that resulted in adhesion of particles. This is the
attachment efficiency. The results match well with other experimental values reported
in the literature (Chen and Elimelech, 2007; Tufenkji and Elimelech, 2004). Two
possible means of improving this method would be introducing derivatives to account
for the opposing factors that as particles aggregate, there are fewer particles in the
suspension to collide, and that as particles aggregate, the size increases, as does the

collision cross-section.
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Results and Discussion

Effect on aggregation by surface functionalisation and core

materials

Overall, the aggregation behaviour of all study Ag and Au nanoparticles were highly
dependent upon test media but comparable within each test media. The most
aggregation for both core types was observed in APW, M4 media and ASW while the
least aggregation was observed in MHW and SW compared with those in DI water after
7 and 8 h exposure.

Comparisons of stabilisation of each particle by surface functionalisation in the test
media are described in Figure 8. For Ag nanoparticles coated with MUDA and citrate,
the most aggregation was seen in APW, at a mean size of 260 = 14.76 nm, and 189.83
+ 52.47 nm, respectively. The most stabilisation of those particles was observed in SW,
which showed similar particle size with those in DI water. Neither surface functionalized
Ag nanoparticles showed significant particle size differences in most test media, except
ASW, MHW and SW (One way-ANOVA and Mann-Whitney tests, p < 0.05) (Figure 8
(a)). Both of the tested Au nanoparticles behaved similarly to both Ag nanoparticles in
the test media. The most aggregation of both Au nanoparticles was seen in APW and
the least aggregation occurred in SW. Significant differences in particle size between
MUDA coated Au nanoparticles and citrate Au nanoparticles were seen in DI water,
Lemna media, HW, MHW and SW (One way-ANOVA and Mann-Whitney tests, p <

0.05) (Figure 8 (b)).
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Figure 8. Comparison of mean size of Au nanoparticles and Ag nanoparticles by
surface functionalisation at 7 and 8 h dispersed into the test media (a) MUDA and
citrate coated Ag nanoparticles and (b) MUDA and citrate coated Au nanoparticles. All

data are mean * standard error. * p < 0.05
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A comparison of particle aggregation between different core materials in the test media
is shown in Figure 9. The greatest aggregation of MUDA coated Ag and Au
nanoparticles was seen in APW and the most stable particles were observed in SW,
compared with those in DI water (Figure 9 (a)). The significant differences in particle
size of both particles were seen in DI water, Lemna media, HW and MHW (One way-
ANOVA and Mann-Whitney tests, p < 0.05). In contrast to the MUDA coated Ag and Au
nanoparticles, the stability of citrate coated Ag and Au nanoparticles was found to be
significantly different in most test media except in APW and HW (One-way ANOVA and
Mann-Whitney test, p < 0.05) (Figure 9 (b)).
To confirm the effects of surface functionalisation and core materials on particle
stabilisation, particle attachment efficiencies were derived in the test media depending
on IS of the test media (Figure 10). The attachment efficiencies of Ag and Au
nanoparticles increased with increasing IS, of which the lowest and highest IS was 1.85
mM in SW and 11.1 mM in APW respectively. It is well known that attachment
efficiency of ENPs is highly correlated with surface charge or surface functionalisation
and IS (Chen and Elimelech, 2006). Liu et al. (2012) observed the significance of
effects of IS on the stability of Au nanoparticles coated with MUDA and citrate in
various concentrations of NaCl, suggesting an electrostatic mechanism. French et al.
(2009) also found fast aggregation from nano-sized particles to micron-sizes of TiO,
with increasing IS. These aggregation studies have addressed the effect of the
relationship of IS and electronic double layer on nanoparticle behaviour. At low IS, the
influence of the EDL forces could extend far out from the particles and thus cause
strong electrostatic repulsion between particles (Hotze et al., 2010; Laaksonen et al.,
2006). However, at high IS, the EDL could be compressed, reducing the degree of
electrostatic repulsion and increasing attractive force between particles. This results in

unstable and highly aggregated agglomerated particles (Jiang et al., 2009a).

85



Chapter 3

(a) MUDA coated Ag and Au NPs

HE Ag-MUDA NPs
300 4 [ Au-MUDA NPs
I

E I
£
Q 200 A
‘»
2 T
S
o -

100

O iIH T T T T T T IIH
DI APW M4 ASW lemna HW MHW SW
(b) Citrate coated Ag and Au NPs
I Ag-citrate NPs
300 - [ Au-citrate NPs
- T
T

€
£
% 200 n T
)
o
[3)
S
©
o

100

O I

DI APW M4 ASW lemna HW MHW  SW

Figure 9. Comparison of mean size Au nanoparticles and Ag nanoparticles by core
materials at 7 and 8 h dispersed into the test media. (a) Ag nanoparticles and Au
nanoparticles coated with MUDA and (b) Ag nanopatrticles and Au nanoparticles coated
with citrate. All data are mean + standard error. * p < 0.05.
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Figure 10. Attachment efficiency of all study particles in various test media. The IS
were 1.85 mM (SW), 3.70 mM (MHW), 7.39 mM (HW), 7.99 mM (M4 media) and 11.1

mM (APW).
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There are only a few studies that have been done to observe the effects of core
material of ENPs on aggregation behaviour. El Badawy et al. (2010) and Liu et al.
(2012) observed particle attachment efficiency in various concentrations of NaCl using
citrate coated Ag and Au nanoparticles, respectively. Both citrate coated Ag and Au
nanoparticles showed increasing degree of aggregation with increasing concentration
of NaCl. Those studies indicated that particle aggregation was caused by the
interactions of surface functionalisation of ENPs and divalent cations in the test solution,
which acted a major factor to control particle stabilisation rather than being significantly
influenced by core materials (Liu et al., 2012). The aggregation behaviour in the studies
of El Badawy et al. (2010) and Liu et al. (2012) were in a good agreement with our
results which compared core material effects on particle stabilisation, shown in Figure 9.
The core material is a less significant factor affecting particle aggregation. Conversely,
aggregation of ENPs affects dissolution of core materials. Mudunkotuwa et al. (2011)
and Bian et al. (2011) observed a decrease in the extent of dissolution of ZnO cores
with increased aggregation rate. This decrease was caused by reduced reactive
surface area of nanoparticles by aggregation (Mudunkotuwa et al., 2011). In one study,
the aggregation of ENPs started immediately and completed aggregation within short
time (Park et al,, 2014) so fewer ions would be released into the test media. Li and
Lenhart (2012) have reported that citrate coated Ag nanoparticles could not release
silver ions due to rapid aggregation at an early stage of the experiment and reached a
comparable concentration with control group after 15 d exposure. The OECD guideline
recommended experiment durations for acute toxicity tests are between 48 h and 96 h
(OECD, 2004; OECD, 1992), which could be insufficient time to release core material.
Therefore the effects caused by core materials to aquatic organisms could be less than

usually estimated.
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Conclusion

This study has demonstrated the importance of the surface functionalisation for the
aggregation behaviour of functionalized Au and Ag nanoparticles. Increasing
aggregation rate and attachment efficiency were seen with increasing IS of test media.
The core material of Au and Ag nanoparticles showed weaker influence on particle
aggregation. The effect of surface functionalisation on environmental fate and
behaviour of ENPs is therefore a critical parameter that should be explored in future
research. Although the core material was less relevant to particle aggregation, it cannot
be ignored for the purposes of risk assessment of ENPs. Further investigation is
needed to address a role of core material and the relationship between particle
aggregation and dissolution of core material, and develop a tool for quantification of
ENPs in the aquatic environment.

The aggregation studies in this chapter were performed in idealised lab conditions,
which made it possible to clarify what factors influenced particle aggregation. However,
there are considerably more variables in the real environment, so it would be salient to

extend a future study to a wider and more representative range of conditions.

In the next chapter, we explore the aggregation of Au nanoparticles with different

functionalisation in the natural waters and develop methods to predict the stability of Au

nanoparticles in UK river systems.
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Chapter 4

Estimating the stability of Functionalised Gold

Nanoparticles in Natural Waters

Introduction

For exposure assessment of ‘normal chemical substances’, it is common that
environmental concentration is predicted using mathematical models or determined in
real environmental samples using analytical methods (Tiede et al., 2009). Since the
environmental concentration is strongly associated with the toxic effects on aquatic
organisms, measuring or predicting environmental concentration of a substance is
important for risk assessment (Solomon et al., 2000).

Unlike ‘normal’ substances in solution in aquatic systems, ENPs can occur in different
states of aggregation and this will be influenced by a range of environmental
parameters including pH, DOC concentration and IS on their fate after exposure
(French et al., 2009). Chapter 2 and Chapter 3 have demonstrated the strong influence
of environmental factors on stability of Ag and Au nanopatrticles in various test media. If
environmental parameters vary across environmental water bodies, the degree of
aggregation of an ENP across surface waters in the natural environment can therefore
vary greatly (Park et al., 2014). For the assessment of the environmental risks of ENPs,
it would therefore be beneficial to develop an understanding of the relationships

between particle properties and water parameters and aggregation.
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In a recent study, Liu et al. (2013) described the application of an in vitro testing
approach for estimating stability of gold ENPs across water bodies in continental
Europe. They demonstrated that the use of in-vitro multi-parameter matrix testing
approach alongside hydrochemistry data for European streams is a valuable tool for
understanding the aggregation, transport, and fate of functionalized ENPs on a broad
scale and indicated how the method provides a template for predicting the stability of
ENPs in aqueous media that can be implemented in exposure modelling. However, this
approach does require experimental testing of an ENP under a wide range of
conditions. The development of mathematical models relating particle stability to water
chemistry of natural waters might be an attractive alternative to the in-vitro tests.
Therefore in this study we build upon the concept of Liu et al. (2013) and use the data
from Chapter 2 to develop a series of models for predicting the aggregation behaviour
of ENPs with different surface functionalities in real water systems. We then illustrate
how the models can be used to estimate the spatial stability of ENPs taking the UK as
a case study and discuss how the concept and results of the spatial assessments could

be applied in environmental risk assessment of ENPs in the future.

Material and methods

Study material

Four different types of Au nanoparticles (average 30 nm) were used: ‘amphoteric’ 11-
mercaptoundecanoic acid-capped (Au-MUDA nanoparticles); ‘negative’ sodium citrate
tribasic dehydrate-capped (Au-citrate nanoparticles); ‘positive’ amino PEG thiol-capped
(Au-PEG-NH, nanoparticles); and ‘neutral’” PEG-capped (Au-PEG nanoparticles). Au-
MUDA and citrate nanoparticles were prepared at the University of Alberta using the
methodologies described in Chapter 2. ‘Au-PEG-NH, nanoparticles and Au-PEG

nanoparticles were purchased from Nanocs Inc (Boston, USA). Before each
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aggregation study began, all Au nanoparticles stock solutions were ultra-sonicated for

30 minutes each to ensure dispersion.
Collection and characterisation of natural water samples

A total of 49 fresh water samples with different pH values ranging from 3.79 to 7.90
were collected from various sites across the north of England in August 2011 (Table 11)
and March 2012 (Table 12) for use in the aggregation studies to support the model
development work. An additional set of four samples was collected in July 2013 for use
in aggregation studies for model evaluation (Table 12). The details of sampling time,
sampling site and water chemistry were shown in Appendix 4.

After collection, the samples were filtered through cellulose filter papers (2.5 ym) and
stored at 4 °C. The pH (FG2 — FiveGo™ pH, Mettler-Toledo, Inc.) and conductivity
(SG7 — SevenGo pro™ conductivity, Mettler-Toledo, Inc.) were measured at the
sampling point.

Nitrate and ammonia were analysed by an auto analyser (Bran + Luebbe Auto
Analyser 3 from Seal Analytical, Fareham, UK). Aqueous standard solutions of five
different concentrations (0, 0.5, 1.0, 1.5, and 2.0 mg/L) were analysed and the
correlation of coefficients (R?) of the calibration curves were higher than 0.99.

The detection limits of nitrate and ammonia were 0.06 mg/L and 0.04 mg/L,
respectively. All of the relative standard deviation (RSD, %) were well below 5%
showing that this method is very precise.

To determine chloride, fluoride, nitrate, sulphate and phosphate, the water samples
were filtered with 0.25 ym and were analysed by chromatography (ICS 2000 series
Dionex lon Chromatograph System, USA). To generate calibration curves, from 0.5
mg/L to 2.5 mg/L for fluoride, nitrate and phosphate were prepared and ranging from 5
mg/L to 25 mg/L for chloride and sulphate were set. A standard reference material
containing 1.5 mg/L of fluoride, nitrate and phosphate and 5 mg/L of chloride and

sulphate were also prepared and analysed. Linear regressions were performed on the
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standards (R?=0.99) and used in analysis of the standard reference material which
showed recoveries ranged from 99 % to 100%. The limits of detection were from 0.5
Mg/L to 0.21 mg/L and range of % RSD were from 0.03 to 1.47.

To analyse DOC in the samples, samples were filtered 0.45 um filters again and
analysed by a TOC analyser (liqui TOC, Elementar). The standards for calibration were
set 1, 5, 10, 20, 35 and 50 mg/L and correlation coefficients (R?) were higher than 0.99.
The detection limit was 0.18 mg/L and %RSD was well below 5 %.

Metal concentrations (calcium, magnesium, sodium and potassium) were determined
using an atomic absorption spectrophotometer (AA-6300, Shimadzu). The correlation
coefficients (R?) of calibration curve were higher than 0.99 and recovery ranged from
99 % to 100%. The detection limits were ranged from 2 pg/L to 1 mg/L and less than 5%
of RSD were shown.

Hardness was calculated based on the measured concentrations of calcium and
magnesium ions in the water samples and expressed in terms of calcium carbonate
equivalents. Concentration of cations and anions in the natural water were used to
estimate IS (IS = 1/2xZCxZ?; where Ci= concentration of the ith species, Z?=valence

(or oxidation) number of the /" species).
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Table 11. Characteristics of a range of natural water samples for Au-MUDA

nanoparticles only

Parameters unit Mean Minimum 25% 75% Maximum
pH N.A 5.61 3.79 4.03 7.23 7.90
Conductivity ~ puS/cm 235.13  54.1 85.9 238 883.00
Ammonium-N  pg/mL 0.14 0.01 0.03 0.15 0.85
Nitrate-N pg/mL 0.60 0.01 0.07 0.78 1.74
lonic strength  mmole/L 2.89 0.08 0.37 2.47 11.41
DOC mg/L 23.18 6.61 7.81 39.51 49.38
S0,% mmole/L  0.07 0.01 0.02 0.10 0.23
cr mmole/L ¢ o1 0.02 0.08 0.29 0.71
NO5 mmole/L  0.02 0.0001 0.01 0.03 0.06
PO* mmole/L  0.004 0.001 0.001 0.007 0.01

F mmole/L  0.01 0.002 0.003 0.007 0.02
K* mmole/L  0.07 0.00 0.01 0.15 0.31
Na* mmole/L 0.55 0.01 0.05 0.44 3.57
Cca* mmole/L  0.67 0.00 0.02 0.82 3.61
Mg?* mmole/L  0.23 0.01 0.03 0.23 1.25
Hardness* mg/L 68.13 1.56 2.28 100.39 317.06

N.A : Not available, *: calculated value
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Table 12. Characteristics of a range of natural water samples for all types of Au

nanoparticles

Parameters unit Mean Minimum  25% 75% Maximum
pH N.A 6.60 4.29 5.88 7.29 7.64
Conductivity uS/cm 316.68 46.10 56.85 388.50 1239.00
Ammonium-N pug/mL 0.19 0.01 0.03 0.16 1.25
Nitrate-N pg/mL 0.82 0.24 0.58 1.38 2.28
DOC mg/L 7.22 1.84 4.04 10.34 17.65
lonic strength mmole/L  2.93 0.37 0.42 5.75 11.41
S0~ mmole/L  0.01 0.08 0.06 0.13 0.23

Cr mmole/L  0.25 0.09 0.15 0.39 0.53
NO; mmole/L  0.03 0.002 0.02 0.04 0.06
PO,* mmole/L  0.003 0.001 0.001 0.004 0.01

F mmole/L  0.006 0.003 0.004 0.008 0.01

K* mmole/L  0.05 0.01 0.01 0.09 0.20
Na* mmole/L  0.71 0.08 0.14 0.58 3.57
Ca* mmole/L  0.83 0.01 0.04 2.13 3.61
Mg** mmole/L  0.28 0.03 0.06 0.32 1.25
Hardness* mg/L 111.02 4.06 10.01 175.81 484.69

N.A : Not available, *: calculated value
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Aggregation studies of gold nanoparticles in natural waters

Aggregation studies were performed in duplicate in each of the test waters at a
concentration of 0.5 mg/L for the Au-MUDA and citrate nanoparticles and 0.1 mg/L for
the Au-PEG-NH, and PEG nanoparticles. Following addition of Au nanoparticles to
water, 1 mL of samples were taken from each duplicate at 0, 1, 2, 4, 6 and 8 h and
analysed three times. For model validation, samples for each Au nanoparticles were
prepared at 0.2 mg/L using additional four natural water samples. 1 mL of each Au
nanoparticles were sampled from three replicates at 0 h and 24 h and analysed two
times. All samples for aggregation study and model validation were analysed by a
NanoSight 2.2 LM 14, nanoparticle tracking analysis (NTA) instrument (NanoSight Ltd,
Amesbury, UK). NTA records the movement of individual nanoparticles in the water
samples under Brownian motion and then calculates the hydrodynamic diameter of
particles (nm) using the Stokes-Einstein equation (Malloy and Carr, 2006). All natural
water samples without Au nanoparticles were also taken for NTA analysis and these
analyses showed that the ‘background’ NP concentrations in the natural waters were
lower than or close to the NTA limits of detection. The stability of Au-MUDA
nanoparticles was explored in all water samples whereas the stability of the other
particles was assessed in 30 water samples (26 model development and 4 model

validation).
Statistical analysis

To explore the differences in aggregation behaviour over time, statistical analysis of the
data was performed using SPSS (v 21; SPSS Inc.). One-way ANOVA and a non-
parametric analysis (Kruskal-Wallis) were used to assess the differences in
aggregation of Au nanoparticles between 0 h and 8 h. The significance level was p <

0.05.
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Model developing and evaluation

Models for estimating ENP stability were developed for each study ENP from the mean
particle size of each material at 8 h. Models were developed using multiple linear
regression by SPSS v21 (SPSS Inc). Water quality data from natural waters, including
pH, DOC, IS and individual or sum of cations (Ca®*, Mg®*, Na* and K*) and anions (CI,
SO,* and NOg) were used as regression parameters in the method and the enter
method in multiple liner regression was applied. The level of significance for all
analyses was set at 0.05. The best prediction model equations were selected based
upon adjusted R? values. For model evaluation, water quality data for four additional
water samples for Au-MUDA and citrate nanoparticles and three additional samples for
Au-PEG-NH, and PEG nanoparticles were used in the models to predict particle sizes
of the Au nanoparticles. The predicted particle sizes were then compared to

experimentally determined values to evaluate adequacy the model.

Assessment of particle stability across the UK

The developed models were used alongside data on water chemistry for a range of UK
rivers to develop stability maps for the study particles for the UK landscape. The
chemical species required for calculation of the regression equations were taken from
five data sources: 1) routine monitoring carried out by the Environment Agency of
England and Wales, 2) The Thames initiative research platform of the Centre for
ecology and Hydrology, 3) The Ribble/Wyre observatory, 4) The UK Acid Waters
Monitoring Network data report and 5) The Land Ocean Interaction Study (Neal et al.,
2012). Despite using multiple data sets, only 233 sites were found that had values for
the chemical species required to apply the particle size regression equations.

Most of the data from the 233 sites, mainly freshwater river sites, were obtained from
monitoring studies performed over the last ten years, (data from the Thames initiative

and the Environment Agency were taken from the last 3 years of measurement). The
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extracted environmental parameters (mean concentration) from the data were pH,
DOC, cations (Ca**, Mg?*, Na* and K*) and anions (CI', SO,%, NOg). IS was calculated
from the cation and anion concentrations using the methodology described earlier.
Water parameters for each site were input to the stability equations to estimate the
mean particle size for each particle at each site, assuming the same exposure

concentration as used in the aggregation studies.

Particle stability maps

The particle sizes estimated by the equations using the average values of the collected
natural water data were plotted as particle stabilisation maps using ArcMap 10.1 (ESRI
inc. Redlands, CA, USA). The location of each sampling site was defined by a six

figure UK National Grid reference.

Results and discussion

Stability of gold nanoparticles in natural water

Aggregation of the Au nanoparticles varied across surface functionalities and water
types (Figure 11). Au-MUDA nanoparticles were stable in the majority of water samples
over an 8 h period although significant aggregation was seen in a few water samples
with a mean particle size of 236 £ 7.93 nm being measured in once sample at the end
of the study (Figure 11 (a)). For Au-citrate nanoparticles, rapid aggregation (i.e. before
the first sampling point) was seen in all water samples and, in most waters, only a
small change in size was seen over the remainder of the study although in some
sample, significant further aggregation was observed. Mean particle sizes of the Au-
citrate after 8 h ranged from 71.17 £ 3.23 nm to 254.83 + 5.84 nm (Figure 11 (b)). For
Au-PEG-NH, nanoparticles, rapid aggregation was seen and the mean particle sizes
then only changed slightly over the remainder of the study. The mean particles sizes of

the Au-PEG-NH, nanoparticles ranged from between 72.67 + 2.17 nm and 117 = 3.80
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nm (Figure. 11 (c)). Rapid aggregation was also observed for the Au-PEG
nanoparticles with then little change in mean particle sizes over the remainder of the
study. Mean particle sizes for the Au-PEG nanoparticles after 8 h ranged from 95.17 +
6.79 nm to 254.83 + 15.87 nm, respectively (Figure. 11 (d)).

Au-MUDA nanoparticles in most water samples did not show remarkable particle size
differences compare with aggregation in DI water. However, Au-citrate, PEG-NH, and
PEG nanoparticles showed rapid and greater aggregation in the water samples than
those in DI water at 0 h and 8 h exposure. According to our previous study (Chapter 2)
the aggregation could be occurred immediately after exposure by the interactions with
water chemistry and surface charge of Au nanoparticles. For Au-citrate nanoparticles, it
could be explained that divalent cations (e.g. Ca®* and Mg*) affected on changing
negative surface charge to neutral through the interactions with the carboxyl group of
citrate and reduced electrostatic repulsion between particles (Huynh and Chen, 2011).
In addition, compression electrical double layer of Au-citrate nanoparticles by IS, it
caused different degree of aggregation in the water samples depending on
concentration of IS (Nason et al, 2012). The presence of DOC could be a main
contributor to induce aggregation of Au-PEG-NH, and PEG nanoparticles by altering
the surface charge to either negative or neutral resulting in more aggregation by the
interaction with divalent and monovalent cations in the water (Zhang et al., 2009;
Ottofuelling et al,, 2011).The least aggregation of Au-MUDA nanoparticles in most
water samples were caused by DOC which coated the surface of Au-MUDA
nanoparticles immediately and enhanced electrostatic repulsion and then induced
particle stabilisation. However, if the concentration of IS increased, there would be
divalent cation bridging between divalent cations and surface charge. It could lead
reducing electrostatic interaction between particles and increasing aggregation rate
(Stankus et al., 2011).

Some studies also have addressed the particle aggregation in natural waters by the
combined effects of environmental factors for TiO, (Keller et al., 2010; Sillanp&a et al.,

2011; Ottofuelling et al., 2011), CeO, (Van Hoecke et al., 2011; Keller et al., 2010),
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multiwalled CNTs (Lin et al., 2010) and QDs (Navarro et al., 2009). These studies have
pointed out increasing particle stabilization with increasing concentration of DOCs and

decreasing amount of divalent cations in natural waters.
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Figure 11. Aggregation of All types of nanoparticles in natural water samples after
dispersion at 0 h and 8 h. The water samples were categorised by pH. The particles
sizes are mean * standard errors. (a) Au-MUDA nanoparticles, (b) Au-citrate

nanoparticles, (c) Au-PEG-NH, nanoparticles and (d) Au-PEG nanoparticles.
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(b) Au-citrate NPs
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Figure 11. Continued.
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(d) Au-PEG NPs
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Figure 11. Continued.
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Development and evaluation of model to predict aggregation

To develop models to predict aggregation of Au nanoparticles, multiple linear
regression analysis were performed using several combination of natural water
chemical properties. The multiple linear regression analysis resulted in strong and
statistically significant relationships between mean particle size and pH, DOC and IS of
the natural waters which showed high correlation coefficients (R?) of ranged from 0.61
to 0.93 (Equations 4.1- 4.4; p < 0.05). In equation 4.1, a negative correlation was found
with pH, however, DOC and IS were positively related to particle aggregation of Au-
MUDA nanoparticles. In equations from 4.2 to 4.4, all of three water parameters are

positively correlated to stability of Au-citrate, PEG-NH, and PEG nanoparticles.

Size of Au-MUDA nanoparticles at 8 h (0.5 mg/L)

—84.89 - 8.72xpH + 0.23 x DOC + 17.86 IS (R?=0.88) (Equation 4.1)

Size of Au-citrate nanoparticles at 8 h (0.5 mg/L)

~39.80 + 3.48xpH + 2.25xDOC + 14.31 x IS (R?=0.93) (Equation 4.2)

Size of Au-PEG-NH, nanoparticles at 8 h (0.1mg/L)

=59.23 + 4.35xpH + 2.91xDOC + 5.03xIS (R®=0.61) (Equation 4.3)

Size of Au-PEG nanoparticles at 8 h (0.1mg/L)

=67.64 + 7.92xpH + 4.30xDOC + 5.98xIS (R®=0.71) (Equation 4.4)

To confirm the model’s ability to predict particle size in natural waters, the model was
evaluated by applying it to the equations to estimate aggregation in additional water
samples and comparing the predictions with aggregation measurements for these

samples (red dots). There was fair to good agreement between the predictions and
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measurement with correlation coefficients (R?) for measured vs predicted sizes being
0.99 for Au-MUDA nanoparticles, 0.83 for Au-citrate nanoparticles, 0.79 for Au-PEG-
NH. nanoparticles and 0.69 to PEG nanoparticles (Figure 12). After evaluation of the
model, the equations were also applied to observe the correlation between measured
and predicted particle size for Au-MUDA nanoparticles in 49 water samples and for Au-
citrate, PEG-NH, and PEG nanoparticles in 26 water samples (Black dots). It also

showed high correlations for measured and predicted particle size (R?= 0.76 to 0.94).
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Figure 12. Correlation between measured and predicted particle size of each Au NP
(Black dots) and model evaluation of the model (red dots) (a) Au-MUDA nanopatrticles,
(b) Au-citrate nanoparticles, (c) Au-PEG-NH, nanoparticles and (d) Au-PEG

nanoparticles.
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(d) Au-PEG NPs (equation 4)
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Predicted particle size distribution in UK

Based on the developed equations, the stability of the study particles was predicted
using surface water chemistry data for the UK. For Au-MUDA nanoparticles, 33% of
sites would be expected to have the most stable particles (below 50 nm) and 43.9% of
sites would have a mean particle size of 50 nm - 100 nm. In 22.2 % of sites, the Au-
MUDA nanoparticles were predicted to be unstable (100 nm - 300nm). For Au-citrate,
around 49 % of sites were predicted to result in moderate stability (50 nm -100 nm) and
at 51 % of the sites, the particles were predicted to be unstable through the UK. Au-
PEG-NH, particles were predicted to be unstable in most sites except some area in
Wales and North of England. Most Au-PEG nanoparticles were expected to be
unstable in all study areas of UK. The overall predicted particle sizes of Au
nanoparticles were geographically divided into four areas and described as particle
size distribution maps for each particle type (Figure 13). In addition, Box and whisker
plots with mean, median, interquartile ranges and minimum and maximum values for
each particle size in UK waters are provided in Figure 13. Due to lack of water
chemistry information it was only possible to estimate the stability of the study ENPs at
a few sites in the Midlands of England, Scotland and Ireland so we have focused our
discussion on regional differences in behaviour between Wales, South West, South
East and London, and the North of England.

The most stabilised Au-MUDA nanoparticles were distributed mainly in 91% of Wales
(Figure 13 (a)). The most aggregated Au-MUDA nanoparticles were predicted in South
East and London area (56.0%), which ranged in a mean particle size from 116.49 nm
to 174.92 nm (Figure 13 (a)). For Au-citrate nanopatrticles, distribution of the moderate
stable particles were in Wales (a mean patrticle size of 84.52 + 2.54 nm) but unstable
particles were distributed in South West area (a mean particle size of 102.31 + 3.55
nm), South East and London area (a mean particle size of 155.82 + 6.30 nm) and
North of England (a mean particle size of 119.39 *+ 5.38 nm) (Figure 13 (b) and Figure

14 (b)). Most unstable Au-PEG-NH, and PEG nanoparticles were seen in most areas
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(Figure 13 (c) and (d)) and the mean sizes ranged from 103.31 nm to 134.19 nm for
Au-PEG-NH, NP and from 140.30 nm to 179.47 nm for Au-PEG nanoparticles (Figure
14 (c) and (d)).
The different ranges of predicted particle size were strongly related to environmental
factors, especially depending on amount of IS and DOC in each area. The most
stabilisation of Au-MUDA nanoparticles and moderate stable of Au-citrate nanoparticles
in Wales were caused by low concentration of IS (0.94 mmol/L) and high amount of
DOC (3.23 mg/L). In contrast, unstable Au-MUDA and citrate nanoparticles were
predicted in South East and London area, and North of England due to much higher
concentration of IS (from 5.60 mmol/L to 6.79 mmol/L). The similar particle
stabilisations of Au nanoparticles were also observed in study of Liu et al. (2013). They
has predicted particle stabilisation of MUDA and citrate coated Au nanoparticles by IS
and DOC through European countries. MUDA and citrate coated Au nanoparticles
were predicted rapid aggregation in regions that high concentration of divalent cations.
In contrast to aggregation resulted by divalent cations, significant stabilization by DOC

on MUDA and citrate coated Au nanoparticles were in most parts of European streams.
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Figure 13. Estimated mean particle sizes for different gold particles in rivers in England
and Wales based on an initial concentration of 500 pug/ L and 100 pg/L of 30 nm
particles. (a) Au-MUDA nanoparticles, (b) Au-citrate nanoparticles (c) Au-PEG-NH,

nanoparticles and (d) Au-PEG nanoparticles.
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Figure 14. Box and whisker plot of mean particle size distributions of Au nanoparticles
in rivers in different regions of the UK. The central box represents the lower and upper
quartiles (25 and 75 percentile) and the red line is mean value. Two horizontal bars
denote the minimum and the maximum predicted particle size. (a) Au-MUDA
nanoparticles, (b) Au-citrate nanoparticles, (c) Au-PEG-NH, nanoparticles and (d) Au-

PEG nanoparticles.
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Model uncertainty

There was good agreement between measured and predicted particle sizes for
particles with various surface coatings. These relationships were therefore used to
assess the likely stability of Au nanoparticles in surface waters across the UK. However,
the study had several limitations and uncertainties which should be addressed in the
future. First, this study did not consider heteroaggregation in natural waters.
Heteroaggregation occurs in natural aquatic systems and involves interaction of a
particle with other particle types such as various naturally existing colloidal particles.
Heteroaggregation is a crucial behaviour to determine transformation of ENPs and
transport process from water systems to sediment. However, up to date,
heteroaggregation has not been extensively considered in many of aggregation studies.
It is therefore critical to consider heteroaggregation in prediction of the fate and
transport of ENPs to develop a realistic model for risk assessment of ENPs in natural
water systems. Second, this study was developed based on a high introductory
concentration of the ENPs. These concentrations are significantly greater than
compare to predicted concentrations (i.e. microgram per litre for carbon nanotube,
metal nanoparticle and MeO nanoparticles) for nanomaterials in surface water resulting
from typical use patterns (Mueller and Nowack, 2008; Blaser et al., 2008; Gottschalk et
al., 2010; Johnson et al., 2011). Applying high concentration to the study has potential
to lead to overestimation of particle size and provide less reliable for the exposure
assessment of ENPs. Finally, the study looked at pristine particles whereas in reality
particles are likely to be released into the environment in a non-pristine form, e.g. they
may have undergone transformation in the product or during transport to surface
waters. Through further experimentation, there is no reason why this study could not be

further developed to better reflect behaviour in the real environment.
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Conclusion

This study has shown different aggregation behaviours of Au nanoparticles in
accordance with particle types and water chemistries of natural waters. A series of
methods also predicted different degree of aggregation behaviour with different surface
functionalities of Au nanoparticles in real water systems. The particle size distributions
of Au nanoparticles were well described in the spatial maps that indicated which Au
nanoparticles were likely to undergo rapid aggregation through the UK. Applying those
prediction methods therefore can provide a good prediction of the risk of ENPs in
natural water systems. The methods developed herein provide a basic concept for
predicting the stability of ENPs in aqueous media and can be adapted to exposure
prediction methods used in risk assessment of ENPs. However, natural systems are
composed with various factors so aggregation of ENPs occurs over a wide range of
conditions. It is therefore required to take into consideration which factors should be
considered to develop more environmentally relevant prediction model for the risk

assessment.

The predictions from this study indicate that mean particle sizes for Au nanoparticles
will vary widely. This could mean that uptake and effects to aquatic organisms varies
widely. Therefore in the next chapter, we explore the relationships between particle

size and uptake for the study ENPs.
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Chapter 5

Dose Particle Size and Surface Functionality
Affect Uptake and Depuration of Gold

Nanoparticles by Aquatic Invertebrates?

Introduction

A number of studies have assessed the association and uptake of ENPs with/into
organisms, and revealed that the uptake effects in organisms were strongly related to
physico-chemical properties of ENPs. For example, the surface properties, including
surface charge, chemical composition, hydrophobic, and hydrophilic properties are
regarded to be major factors influencing the uptake and cytotoxicity of ENPs when
compared to other properties such as core materials (Hoshino et al., 2004). At a
cellular level, the uptake mechanism could be adhesion of the ENPs to outer cell
membranes, and subsequent internalisation into the cell. However, if the surfaces of
ENPs interact with other biological molecules, e.g. corona complex, adhesion of ENPs
to the cell membrane is likely to be reduced, resulting in lower cellular uptake (Lesniak
et al., 2013). Another study showed that the molecular structure of surface cappings on
ENPs was strongly related to cell membrane injury and led to uptake of ENPs into cells
(Wang et al., 2013).

The size and surface area of ENPs are believed to be important factors in determining
the potential uptake and toxic effects on aquatic organisms (Crane et al., 2008; Nel et

al., 2006). The large surface area to mass ratio is thought to lead to nano-sized
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materials being more biologically active than larger particles of the same material, even
though they have the same chemical properties (Oberdérster et al., 2005). For example,
larger sized particles by aggregation could not penetrate smaller pores of the zebrafish
embryo chorion. Therefore, size-dependent uptake effects were not observed (Chen
and Elimelech, 2007). The size distribution of ENPs in a particular environment is
affected by numerous factors including the physical dimensions of the particle core, the
particle capping, as well as the chemistry of the surrounding environment (Fent et al.,
2010; Chen and Elimelech 2007). Thus, it is to be expected that the uptake and effects
of an ENP to an organism vary considerably depending on the chemistry of the
environment into which it released or tested.

In this context, this study aimed to explore the uptake of gold nanoparticles, with
different surface functionalities, into the freshwater amphipod G. pulex from waters with
different characteristics. The work builds upon our previous studies in Chapter 2 that
demonstrated that different model Au nanoparticles show different degrees of
aggregation in standard ecotoxicological test media and natural waters. Our underlying
hypothesis was that the degree of uptake of gold by the invertebrates would depend on

the size distribution of an ENP in the exposure medium’.

Material and Methods

Study materials

Four different Au nanoparticles samples with an average particle size of 30 nm, each
bearing a different capping agent were used: ‘amphoteric’ 11-mercaptoundecanoic
acid-capped (Au-MUDA nanoparticles); ‘negative’ sodium citrate tribasic dehydrate-
capped (Au-citrate nanoparticles); ‘Positive’ amino polyethylene glycol thiol-capped
(Au-PEG-NH, nanoparticles); and ‘neutral’ polyethylene glycol-capped (Au-PEG
nanoparticles) Au nanoparticles. Au-MUDA and citrate nanoparticles were produced for

the study using the methodologye described in Chapter 2. Au-PEG-NH, nanoparticles
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and Au-PEG nanoparticles were purchased from Nanocs Inc. (Boston, USA). Before
each uptake study, all Au nanoparticles stock solutions were ultra-sonicated in a

sonication bath for 30 minutes to ensure dispersion of the ENPs.
Test organisms

Adult G. pulex were collected from Bishop Wilton, East Yorkshire, United Kingdom.
Following collection, they were maintained in the laboratory at 13 °C in a 5 L aquarium
in artificial pond water (APW) for at least 5 d prior to use in the uptake experiments.
The light cycle was 12 h light: 12 h dark. Animals were fed re-hydrated horse chestnut
leaves (Castanea sativa) up to one day before testing. Animals were not fed during the

uptake experiments.
Test medium

Uptake of the model Au nanoparticles was evaluated for standardized ecotoxicity test
media and natural waters. Four different standardised test media that were shown in
Chapter 2 to induce different degrees of aggregation were selected from Chapter 2.
These were: APW (Naylor et al, 1989), OECD Daphnia M4 media (OECD, 2004),
moderate hard (MHW) and soft (SW) waters (U.S. EPA, 1991). The test media
contained different concentrations of CaCl,-H,O, MgSO,-7H,O, NaHCO;, KCI and
CaS0,4-H,0. Natural water samples with different physicochemical properties were also
selected based on Chapter 2 and collected from the River Etherow, Hob Moor, Bishop
Wilton and Helmsley in the North of England. After collection, samples were filtered
using 2.5 ym cellulose filter paper and then kept at 4 °C prior to use. Natural water
samples were analysed for pH, conductivity, dissolved organic carbon content and
cation and anion concentrations. IS and hardness, expressed as equivalent of calcium
carbonate, were calculated using measured cation and anion concentrations. The
details of chemical analysis methods are shown in Chapter 4. The results of chemical

properties of natural waters are summarised in Table 13 and Appendix 4.
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Table 13. Summary of the characteristics of natural water samples used in the uptake

studies
Unit River Hob Moor BiéhOp Helmsley
Etherow Wilton

pH N.A 6.53 7.66 8.19 8.24
Conductivity puS/cm 50.4 904 510 392
Ammonium-N  pg/mL 0.003 0.48 0.01 N.A
Nitrate-N pg/mL  0.60 0.22 0.95 0.47
DOC mg/L 4.24 2.93 1.36 1.00
SO,* mmole/L 0.07 1.08 0.49 0.23
cr mmole/L 0.18 2.90 0.58 0.39
NOs mmole/L N.A 0.14 0.60 0.24
PO, mmole/L 0.63 10.86 N.A N.A
F mmole/L N.A 9.86 2.99 N.A
K* mmole/L 0.02 0.23 0.06 0.01
Na* mmole/L 0.21 1.55 0.42 0.43
Ca** mmole/L 0.02 2.83 2.35 2.11
Mg** mmole/L 0.05 0.74 0.21 0.13
Hardness’ mg/L 7.21 357.00 256.00 224.00
lonic strength”  mmole/L 0.48 11.71 6.92 5.47

N.A: Not available, *: calculated value
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Preliminary toxicity tests

Preliminary studies were performed to assess if the target concentrations of ENPs
used in the uptake studies would result in mortality of G. pulex. These studies were
only performed using the standard test media. Five G. pulex were exposed to 0.1 mg/L,
0.3 mg/L and 1 mg/L of Au-MUDA and citrate NPs and to 0.1 mg/L and 0.5 mg/L of Au-
PEG-NH, and PEG NPs for 48 h. Three replicates were performed for each test media.
At the end of the exposure period, the numbers of dead and living animals were

counted.
Uptake and depuration studies

Uptake and depuration studies were performed using a 24 h exposure phase followed
by a 24 h depuration phase for synthetic test and natural waters. Exposure
concentrations of all model Au NPs were selected based upon the findings of the
preliminary toxicity tests. There were three replicates each containing ten organisms in
300 mL of test water. Five organisms were taken after 24 h exposure. The remaining
five organisms were rinsed with deionised water and then transferred to clean test
medium for depuration. Following the uptake and depuration phases, all organisms
were frozen at -20 °C prior to analysis. The water quality parameters (pH, conductivity
and dissolved oxygen) were monitored throughout.

Particle size distribution and numbers of Au NPs during the uptake/depuration
experiments were measured by nanoparticle tracking analysis (NTA) using a
NanoSight 2.3 LM14 instrument (NanoSight Ltd). NTA records movement of individual
nanoparticles in the water samples under Brownian motion and then calculates
hydrodynamic diameter of particles (nm) using the Stokes-Einstein equation: d,= kT /
3mnD, where d,is hydrodynamic diameter, k is the Boltzmann constant (J K™), Tis the
absolute temperature (K), n is the viscosity of the medium (kg m” s™') and D is diffusion
coefficient (Malloy and Carr, 2006). Aliquots (1 mL) were sampled for NTA analysis

from each replicate at 0 h after Au NPs addition and at 24 h after uptake period from
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test media and the natural waters. Mean concentrations for the three replicate
treatments were then used in the subsequent data analyses. Before addition of the Au
NPs into the test medium, samples of the test media and natural waters were also
taken for NTA analysis to check background particles without ENPs. After depuration
period, the number of particles in the test medium was under the NTA limits of
detection. Therefore the observations of particle aggregation were made at 0 and 24 h

after exposure.
Chemical analysis of organisms

Frozen samples were transferred to pre-massed 14 mL round-bottomed polypropylene
tubes and oven dried at 80 °C for 48h and re-weighed prior to acid digestion, weights
were recorded. The test organisms and a number of QC materials (spikes, reagent
blanks and certified reference materials which were BCR60 with certified a value of 20
ng/g Au and BCR62 with certified a value of a 2 ng/g Au) were then digested in a
heating block at 100°C for 2 h in 1 mL of concentrated acid mixture (4:1 of HNO3; and
HCI). Recoveries for the standard reference materials ranged from 77-110 %. The
sample digests were then made up to 10 mL with deionised water and 0.1 mL of
internal standard (Rh and In at 10 ng/mL) was added into each tube. The sample
digests and a matrix matched series of calibration standards were then analysed by
inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent 7500ce). Data
obtained from the instrument were in counts per second (cps). Using an Excel
spreadsheet cps data for the unknowns and calibration standards were normalised
using the internal standard response. This method corrects for changes in instrument
sensitivity due to physical issues e.g. matrix deposition on the sample/skimmer cones
and nebulisation efficiency fluctuations. A calibration curve was constructed from the
standards to characterise the response and then the unknowns were converted to

concentrations in ng/mL. The data were then corrected for dilution factors, background,
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spike recovery and sample weight to give a final target analyte concentration in the

organism expressed in ng/g dry weight.
Derivation of uptake and depuration rate constants

The uptake and depuration rate constant were derived using the minimised approach
developed by Springer et al. (2008) using Equations 5.1 and 5.2. Rates were
calculated from the concentration of the Au in organisms at the end of the uptake
phase (Cy) and at the end of the depuration period (Cy) and the concentration of test
substance in the water during the exposure (C,) phase (for this the nominal

concentration of 0.2 pg/mL was used).

InCs—IncC
k, = n“t—dntz (Equation 5.1)

Where t, and ¢,are the beginning and end of the depuration period, respectively (fy = t

—t).

The uptake rate constant (k;) is then calculated based on the depuration rate constant

(ko) generated using Equation 1.

k — ko XCtq
L7 cux(1-e—katu)

(Equation 5.2)

Where k; is depuration rate constant and {, is the length of uptake periods.
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Statistical analysis

One-way ANOVA was performed using PASW (v 20; SPSS Inc.) to assess differences
in particle aggregation and uptake/depuration effects in test media and natural waters.
Prior to ANOVA analysis, the data were checked for normality and homogeneity using
a Shapiro-Wilk or a Kolmogorov-Smirnov test. A non-parametric analysis (Mann-
Whitney analysis and Kruskal-Wallis analysis) was used if the data were not normally
distributed or did not satisfy the homogeneity criteria. The significance level was p <

0.05.

Results and Discussion

Preliminary test

In preliminary tests, no mortality was noted following exposure to any of the
concentrations of the nanoparticles used in the preliminary study. NTA characterisation
for the preliminary studies showed that for the 1 mg/L treatment, the particle number
concentrations were above the optimum range of the NTA (i.e., between 10" and 10°
total particles/mL) (Gao et al., 2009). Therefore, the final concentration selected for use

in the uptake studies was 0.2 mg/L.

Particle size and size distribution in test media and natural

waters in the uptake and depuration studies

In the control samples, containing no Au ENPs, no particles were detected by the NTA
for the standard ecotoxicity test media. Particles were however observed in the controls
of the natural water treatments (Figure 15). In River Etherow, Helmsley and Bishop
Wilton water samples, the concentrations of background particles were significantly
lower (0.98 + 0.05 to 4.33 + 0.68 x 108 particles/mL) than those of studied Au NPs (7.73

+0.38 to 17.11 + 0.60 x10°® particles/mL after 24 h uptake period) so this had no effect
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on the interpretation of the NTA results (One-way ANOVA and Mann-Whitney, p <
0.05). However, for the Hob Moor water, with the exception of the Au-MUDA NPs,
there were no differences in particle number concentrations for background particles
and Au NPs (One-way ANOVA and Mann-Whitney, p > 0.05). The interpretation of the
Hob Moor data should therefore be considered as indicative only. During the uptake
study, mean particle sizes of the Au-MUDA, Au-citrate and Au-PEG-NH, NPs
increased significantly in all standard test media over 24 h (One-way ANOVA and
Mann-Whitney analysis, p < 0.05) (Table 14). The greatest particle size were detected
in M4 media as 179 £ 5.6 nm, 162.4 £ 6.9 nm and 124.2 + 7.4 nm for Au-MUDA, citrate
and PEG-NH, NPs, respectively. Limited particle aggregation was observed for Au-
PEG NPs in M4 media and MHW after 24 h exposure (One-way ANOVA, p > 0.05). In
all natural waters, significant particle aggregation was seen for all tested Au NPs (One-
way ANOVA and Mann-Whitney analysis, p < 0.05) except for Au-PEG-NH, NPs (One-
way ANOVA and Mann-Whitney analysis, p > 0.05). Greatest aggregation was seen for
the Au-PEG-NH, NPs (mean size after 24 h around 170 nm) in the Hob Moor and
Bishop Wilton waters. The degree of aggregation was smallest in the River Etherow
water (mean of 67.1 £ 5.2 nm) for Au-MUDA NPs. These results matched findings from
Chapter 2 which showed different behaviours of the study ENPs in synthetic test media
and natural waters. The differences between natural waters and test media understood
in the context of interactions between coating agents and dissolve organic matter
(DOC). The lower particle aggregations of Au-MUDA and citrate in the natural waters
compared to synthetic media were probably caused by DOC which adsorbed onto the
surface of particles and led to steric repulsion between particles (Gao et al., 2009).
DOC also changes the surface charge of ENPs to either negative or to neutral charges
depending on the concentrations of cations in the waters (Ottofuelling et al., 2011;
Zhang et al, 2009). The changing surface charges of Au-PEG-NH, and PEG
nanoparticles could explain the greater aggregation of those nanoparticles in the

natural waters compared to the standardised test medium.
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Figure 15. The mean particle concentrations in natural waters at 24 h in the uptake
studies. A: River Etherow, B: Hob Moor, C: Bishop Wilton and H: Helmsley.
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Table 14. Change in mean particle size and particle number concentration during

uptake period in standard test and natural waters

Au- MUDA NPs

Particle number concentration
Particle size (nm)
(x 10® particles/ml)

Oh 24 h Oh 24 h
Test media
116.7 + 6.9 1542+ 9.2 4.74 +0.27 6.82 +0.54
123.3+ 3.0 179.0 £ 5.6 8.24 £+ 0.47 5.85+0.40
559+ 1.6 92.6+6.0 9.26 + 0.45 8.15+0.72
476 1.0 93.7+26 11.81 £1.13 9.81 £0.99
Natural water
51.5+1.9 67.1+52 18.51 +1.00 17.11 £ 0.60
121.2+25 130.8 £ 1.3 19.16 + 0.47 20.58 +1.15
77.3%+15 102.1 £1.9 17.43 + 0.31 15.03 + 0.49
58.3 51 91.9+22 15.32 £ 0.43 14.44 + 0.54

Mean * standard error, ~ p<0.05
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Table 14. Continued

Au- citrate NPs

Particle number concentration
Particle size (nm)
(x 10® particles/ml)

0h 24 h 0h 24 h
Test media

63.1+3.8 139.0 £3.9 4.18 + 0.46 2.48 £0.22

70.9 + 4.4 162.4+6.9 6.22 + 0.27 2.38+0.16

68.9 9.8 111.6+6.2° 9.43+1.23 5.17 +£0.38

57.0 £2.3 71.7+25 5.92 + 0.44 6.13 £ 0.43

Natural water

76.3+£3.9 101.9 +8.3 6.97 £ 0.44 10.67 = 1.06
139.9 + 3.1 171.6 £2.4° 18.16 +1.43 11.55 +0.38
116.0 + 6.6 1458 +2.7° 6.97 £ 0.50 7.89 +0.36
56.4 +1.1 106.8 2.7 8.64 £ 0.27 8.51 £0.62

Mean * standard error, ~ p<0.05
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Table 14. Continued

Au-PEG-NH, NPs

Particle number concentration
Particle size (nm)
(x 10® particles/ml)

Oh 24 h Oh 24 h
Test media
75.1+£4.2 106.3 +6.8 1.47 +£0.19 3.18 £0.22
878193 1242+7.4 1.61+£0.14 2.95+0.33
107.7+4.4 116.4 1.7 292 +0.21 3.49 +0.27
89.2+3.9 120.4 + 5.4 2.24+0.24 250+0.10

Natural water

118.9+£6.0 120.8 £ 4.7 5.94 +0.33 9.89 + 0.50
173.3+2.9 171.7 £ 3.0 10.31 £0.25 10.96 + 0.61
168.1 £3.5 171.5+3.3 4.86 +0.21 9.12+0.56
118.9 £6.0 120.8 £ 4.7 5.94 +£0.33 9.89 £0.50

Mean * standard error, ~ p<0.05
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Table 14. Continued

Au-PEG NPs
Particle number concentration
Particle size (nm)
(x 10 particles/ml)
Oh 24 h Oh 24 h
Test media
79.4+7.6 99.7+6.9 2.02+0.25 2.64 £0.27
76.1x£75 105.2 £ 3.1 1.73+£0.25 2.36 £0.14
948+34 111.1 +6.4 1.94 +0.15 3.88 £0.28
97.6+5.7 111.7+6.5 2.04+0.24 3.30+0.26
Natural water
110.5+3.3 125.7+5.9 8.44 £1.40 11.05+£0.85
157.8+1.9 1709 +25 11.57 £ 0.49 11.90 £ 0.40
164.7 £ 5.2 178.8+3.2° 490 +0.27 7.73 £0.38
1105+ 3.3 1257 +5.9 8.44 +1.40 11.05 +0.85

Mean * standard error, ~ p<0.05
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Uptake experiments

The uptake results and uptake rates in G. pulex following 24 h exposure from each
standardized test medium and natural waters are shown in Figure 16 and Table 15.
Surface functionality was found to affect uptake. Generally, the greatest uptake was
seen for Au-MUDA NPs (8.40 £ 1.30 pg/g dry weight (River Etherow) to 29.46 + 3.30
ug/g dry weight (APW)) followed by Au-citrate NPs (7.70 + 1.32 ug/g dry weight (MHW)
to 21.78 £ 5.39 ug/g dry weight (Bishop Wilton)), PEG (5.10 + 2.18 ug/g dry weight
(SW) to 14.84 + 7.99 ug/g dry weight (APW)) and then PEG-NH, (6.30 +£1.48 ug/g dry
weight (M4 media) to 14.19 + 3.38 pg/g dry weight (Hob Moor)). For Au-MUDA NPs,
there was a significant difference in the degree of uptake of gold observed across the
different media (One-way ANOVA and Kruskal-Wallis test, p < 0.05). The highest
uptake was seen in APW, SW and Helmsley water and lowest uptake was seen in M4
media and MHW (Figure 16 (a)). The highest concentrations of Au-citrate NPs were
detected in animals exposed to the natural waters collected from Bishop Wilton and
Helmsley, and uptake from these waters was significantly higher than from MHW, SW
and River Etherow water (One-way ANOVA, Tukey, p < 0.05) (Figure 16 (b)). For Au-
PEG-NH, NPs, uptake in the APW treatment was significantly higher than from the M4
media, SW and River Etherow treatments (One-way ANOVA, Tukey p < 0.05) (Figure
16 (c)). There was no significant difference in the uptake of Au-PEG NPs between any
of the test media (Figure 16 (d)) (One-way ANOVA, p > 0.05).

Our study therefore shows the surface functionalisation of Au ENPs is an important
factor for uptake into organisms. The effect of functionality may be particle, coating and
organism specific. For example, Petersen et al. (2011 a; 2011b) observed the size
related accumulation of multiwalled carbon nanotubes, coated with different materials
in D. magna and the earthworm, Eisenia fetida. However, these studies did not show
an effect of surface functionality on the uptake of the ENPs. In contrast, Feswick et al.

(2013) observed an obvious effect of surface functionalistion of CdSe quantum dots
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(QDs) in D. magna which were uncharged polyethylene glycol (PEG), positively
charged amino terminated (PEG-NH,) and negatively charged carboxyl group. Greatest
uptake was seen for the carboxyl functionalised QDs which were retained and
internalised in the organism (Feswick et al., 2013). Bozich et al. (2014) did not find
significant uptake effect of Au NPs in daphnia between on the surface coating types,
however, different toxic effects were observed depending on the surface charge. The
positive charged Au NPs were more toxic than negatively charged particles due to the
high affinity potential to negative charged surface of cellular membrane after uptake. In
addition negatively charged Au NPs (citrate and mercaptopropionic acid coated)
affected on reproduction and body size of D. magna even those particles showed great
aggregation in the test media. It was explained that the aggregation prevented food
consumption or affected on molting or swimming behaviour.
Water chemistry is also an important factor influencing ENP uptake. Chen et al. (2014)
and Yang et al. (2013) observed the effects of humic acid (HA) in test media on the
uptake of fullerene (nCg) and TiO, into D. magna and zebra fish. Both studies showed
lower uptake of nCg and TiO, in D. magna and zebra fish in the presence HA. HA
could influence the stabilisation of ENPs by changing surface charge (Park et al., 2014)
as well as dissolution of core materials (Liu and Hurt, 2010). Gao et al. (2009) found
that lower toxicity of Ag NPs to Ceriodaphnia dubiain test media containing higher
amount of Suwanee River humic acids. The organic substance reduced the Ag ion

release from Ag NPs resulting in lower bioavailability and toxicity.
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Figure 16. Concentration of Au in G. pulex during uptake (24 h) and depuration (48 h)
periods in synthetic test water and natural waters. A: APW, B: M4 media, C: MHW, D:
SW, E: River Etherow, F: Hob Moor, G: Bishop Wilton and H: Helmsley. Alphabets
indicate significantly lower concentration of gold between test medium after uptake
(One-way ANOVA and Kruskal-wallies test, p < 0.05). * presents significance on
depuration compare with uptake in each test media (One way ANOVA and Mann-
Whitney analysis, p < 0.05). Black and grey bars indicate uptake and depuration. Data

shows mean + SD.
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(b) Au-citrate NPs
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(d) Au-PEG NPs
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Chapter 5

Depuration experiments

After placing the organisms into the clean water for 24 h different degrees of depuration
were observed according to the type of Au NPs (Figure 16 and Table 15). For Au-
MUDA NPs, the lowest depuration was seen in APW (9.12%) and Hob Moor sample
(26.45%). In other test media, from 34% to 43% of MUDA coated gold were eliminated
over the depuration period (Figure 16 (a)). The highest depuration of Au-citrate NPs
was seen in APW followed by Helmsley water (57.69% and 50.28%) and the lowest
were in M4 media and Hob Moor (31.18% and 38.05%). Similar amounts of gold were
removed (nearly 40%) in MHW, SW and River Etherow (Figure 16 (b)). The greatest
elimination (87.86% and 86.44%) of Au-PEG-NH, NPs was seen in APW and River
Etherow samples. It corresponded to the highest depuration rates, 2.6 + 0.6 and 2.3 +
0.6, respectively (Figure 16 (c) and Table 15). Almost 50% of PEG-NH, coated gold
was removed in other test media. For Au-PEG NPs, around 65% of gold in APW, M4
media, River Etherow and Hob Moor was depurated while slightly lower elimination
was seen in MHW, SW and Bishop Wilton water (38% to 55%) (Figure 16 (d)).

Like uptake studies of ENPs, there are only a few studies in the literature that have
explored the depuration of ENPs. Lovern et al. (2008) observed fast uptake of Au NPs
into D. magna but, once the particles were taken up, particles formed aggregates or
agglomerates inside the digestive systems of the organisms and these could not be
eliminated. However, Khan et al. (2014) observed fast elimination of citrate coated Au
NPs after a depuration period of only 1 h in the daphnids.

Previous studies have explored the depuration of ENPs in the presence and absence
of natural organic matter (NOM). Depuration studies using D. magna and zebra fish
with HA showed a significant reduction in the amount of fullerene (nCgp) measured in
the test organisms while up to 30 % of fullerene remained after depuration in clean
water (Chen et al., 2014). Glover and Wood (2005) also demonstrated that NOM

increases the elimination of silver from D. magna. It is assumed that NOM binds to

139



Chapter 5
particulate substances in the gut contents of organisms and acts as a depurating ligand
removing the substances via water flow when organisms consume surrounding water
(Glover and Wood, 2005). However, it is assumed that NOM binds to particulate
substances in the gut contents of organisms and acts as a depurating ligand removing
the substances via water flow when organisms consume surrounding water.

In contrast, Oliver et al. (2014) observed in studies with Lymnaea stagnalis that dietary
uptake was more relevant for bioavailability of polyvinyl pyrrolidone coated Ag NPs
rather than water composition or NOM. Our study also did not show differences in
depuration rates between NOM free-synthetic test media and natural waters containing
NOM. The specific role of NOM in the elimination of ENPs is unknown, therefore,
further investigation into the factors determining elimination of ENPs in aquatic

organisms are required.
Relationship between particle size and uptake

While we expected, based on previous studies, uptake to decrease with increasing
mean particle sizes in the different test media, there was actually no clear relationship
between mean particle size and degree of uptake into the organisms (Figure 17). In
fact for Au-citrate NPs in the test media (R%= 0.75) and Au-PEG-NH, and PEG NPs in
the natural waters (R?= 0.96 and 0.62, respectively), greatest uptake was observed in
media where the particles were some of the most aggregated (Figure 17 (b), (c) and d)).
The average primary particle size of studied Au NPs in the present study was 30 nm,
however, at the end of uptake period, the particle size were increased at least by a
factor of two. The particle size had gradually increased within 1-6 h after dispersion
(Park et al., 2014). The particles could be taken up into test organisms very beginning
of exposure after particles were dispersed and less aggregated. Some studies indicate
fast uptake results in test organisms. Rosenkranz et al. (2009) and Tan et al. (2012)
reported that uptake of fluorescence beads and TiO, occurred less than 1 h of

exposure in the gastrointestinal tract of D. magna.
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Many previous uptake studies have shown particle size dependence. However, some
have only evaluated uptake differences between nano-sized and micro-sized particles.
Rosenkranz et al. (2009) also demonstrated greater uptake of 20 nm to 23 nm sized
fluorescent beads versus 1000 nm. In addition, Ag NPs (d = 23 nm) were taken up
more quickly in D. magna than those with 50 nm to 1000 nm dimensions
(Georgantzopoulou et al., 2012). Gaiser et al. (2012) was observed significance uptake
of Ag NPs into Cyprinus carpio compare with micro size Au NPs.
The mismatch between our results and the results of previous studies could be
explained by a number of factors. For example the size range of particles explored in
our study was not as wide as many other studies which have often looked at
differences of uptake of particles <10 nm or close to 1 um and that additional factors
are driving the observed uptake.
One factor that could be important is the particle number concentration (PNC). To
explore whether this was the case or not, relationships between PNC in the different
media and uptake were also explored (Figure 18). For all of the study particles, uptake
increased with PNC measured in the different test media, indicating that PNC is at least
partly explaining the observed differences in uptake.
The previous studies have on NP uptake have explored test organisms which had
different traits than our test organism, this may also explain why we don’t observe
some of the patterns seen by others. At a cellular level, ENPs can easily penetrate into
the cell walls and/or membrane when the pore size of the cell is larger than the
exposed particle size, and may cause adverse effects (Navarro et al.,, 2008a). Filter
feeding organisms (e.g. D. magna and mussel) could ingest the micro sized particles if
they are smaller than organisms’ filter sizes (Filella et al., 2008; Geller et al.,1981;
Ward et al., 2009). For fish, nanoparticles could be taken up through the gill or skin by
nanoparticle absorption but the dietary intake route is likely a major route for
aggregated or larger sized nanoparticles (Gaiser et al., 2012; Jovanovic and Palic,

2012). The feeding behaviour of G. pulex is mainly through shredding activity (Lahive
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et al., 2014) but also uptake from the water is probably a dominant uptake route

(Gross-Sorokin et al., 2003).
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Figure 17. The mean concentration of gold in G. pulex and particle size of Au
nanoparticles from test media and natural waters after uptake period. White and black

circles are test media and natural waters. Data are mean + SD.
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(c) Au-PEG-NH, NPs
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(a) Au-MUDA NPs
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uptake into Gammarus pulex for (a) Au-MUDA NPs, (b) Au-citrate NPs, (c) Au-PEG-

NH, NPs and (d) Au-PEG NPs. Data are mean = SD.
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(c) Au-PEG-NH, NPs
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Conclusion

This study observed the uptake of Au NPs with various surface functionalisations into
aquatic invertebrate, G. pulex, from commonly used ecotoxicity test media and a range
of natural waters. While, the size of ENPs was found not to be a factor in determining
the degree of uptake in G. pulex from the test media, the PNC was found to be an
important factor with greater uptake of all study NPs seen at the higher PNCs. The
results suggest that environmental factors affect behaviour of ENPs in the aquatic
environment as well as uptake in aquatic organisms. Previous toxicity or uptake studies
of ENPs were performed without considering environmental factors such as water
chemistry or NOMs and the risk of ENPs could be over/under estimated. It is therefore
important to find and apply appropriate test conditions for the risk assessment of ENPs
and to understand the interplay between the chemical, biological and morphological

factors affecting uptake of ENPs by organisms.
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Chapter 6

General discussion and conclusions

Introduction

The unique properties and new applications of ENPs have contributed to technological
and economic growth in industries whose products can be advanced by using materials
at the nano- scale. As it is known that ENPs are being released to, and accumulating in,
various environmental matrices, the rapid growth of the nanotechnology industry has
led to concerns over what risks are posed by ENPs in the environment. Despite much
research effort in recent years, at present our knowledge and understanding of the
impacts of ENPs on environmental and human health are limited, and many
uncertainties remain. The knowledge gaps and these uncertainties make risk
assessments and management of ENPs challenging.

For traditional chemical contaminants, the basic components of an environmental risk
assessment include a hazard characterization and an exposure assessment. However,
the behaviour and flows of ENPs in the aquatic environment are not really considered
in exposure assessments due to a lack of data and information. In addition, toxicity
data for the effects of ENPs on aquatic organisms are expressed in relation to mass
concentration or dose response without considering the potential for ENPs to be
transformed in, and interact with, the test solution. Therefore, the main aim of this PhD
thesis was to improve our understanding of the behaviour of ENPs in different test
solutions and how this affects uptake of ENPs in aquatic organisms. To achieve this
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aim, the first priority was to investigate whether ENPs behave differently in
standardized test media and natural waters. As differences in the behaviour of ENPs
between natural waters and standard test media were found, the next stage was to
conduct an aggregation study to determine the factors affecting aggregation, predict
stabilization of ENPs in river systems through the UK, and uptake into aquatic
organisms. This chapter contains a summary of the interpretation of the results
presented in the experimental Chapters, and recommendations for how to take this

work forward.

Summary of experimental chapters

The aggregation behaviour of Au nanoparticles with different surface functionalization
was investigated in standard ecotoxicity test media and a selection of natural waters
collected in Northern England (Chapter 2). Different aggregation behaviours were
observed in the different test media, which could be explained by the different surface
coatings of the Au nanoparticles. MUDA and citrate coated Au nanoparticles
aggregated to form larger particles in most standard test media, especially APW, M4
media, ASW and HW, while positively charged PEG-NH, and neutral PEG Au
nanoparticles did not show significant aggregation in any test media. The aggregation
of Au nanoparticles resulted from interactions between the surface coatings and the
composition of the test media. The stability of PEG-NH, and PEG charged Au
nanoparticles resulted from the mainly steric repulsion, which exploits entropy to make
aggregation unfavourable. Conversely, MUDA and citrate coated Au nanoparticles
exhibited the greatest aggregation in test media with higher IS due to electrostatic
double layer compression. In the natural water samples, aggregation behaviour of Au
nanoparticles was very different with that in standardised test media. Au-MUDA and
citrate nanoparticles were stable in most natural waters, while they aggregated in the
standardized media. Au-PEG-NH, and PEG nanoparticles aggregated less in the
natural waters than in the standard test media. It is likely that the reason for the

differing behaviour of the Au nanoparticles was the higher DOC content in the natural
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waters compared to the standard test media. Humic substances adsorbed to the
surface of Au-MUDA and citrate nanoparticles, retarding the particle aggregation in
natural waters. In the case of Au-PEG-NH, and PEG nanoparticles, the positive and
neutral surface charges were changed to be either a negative or neutral, both of which
interact with a number of cations in natural waters, resulting in particle aggregation.
The effects of humic acid on stabilisation in natural water corresponded to stabilisation
effects of humic acid in the ecotoxicity test media. The results in Chapter 2 highlighted
the fact that surface functionalization can be affected by surface charge, which in turn
is affected by the way the particle interacts with environmental factors.

The importance of the interaction between environmental factors and surface
functionalization on the behaviour of ENPs in the environment raises the question ‘how
does the core material of particles affect particle aggregation? This question was
addressed in Chapter 3. For this study, the aggregation behaviour of Ag nanoparticles,
coated with the same surface coatings (MUDA and citrate) as two of the Au
nanoparticles used in Chapter 2, was assessed and the results obtained for the Au and
Ag nanoparticles compared. Both Au and Ag nanoparticles showed similar aggregation
behaviour and particle attachment efficiency, resulting from interactions of surface
functionalization and ionic strength of each test medium. The aggregation of particles
was found to be less affected by the core material than by the surface coating in most
of the test media.

In Chapter 4, data from Chapter 2 on fate in natural water was used to develop
relationships between water parameters and aggregation. Multiple regression
equations were developed that were able to estimate sizes of different particles based
on a range of environmental variables including pH, DOC and IS. The developed
relationships were then used to explore how particle sizes of the Au study particles
would vary if they were emitted to water bodies in England and Wales. Ranges of
predicted particle sizes were quite large due to variations in water chemistry in different
regions of the UK. For example, Welsh natural water tended to have low IS and high

DOC content, thus the Au-MUDA nanoparticles were predicted to be stable in this
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region (less than 50nm) whereas in areas of England the particles were predicted to
have moderate to low stability.

For Au-citrate NPs, 50% of study areas were predicted to have moderately stable
particles, and another 50% of areas were predicted to have unstable particles. Au-
PEG-NH, and PEG nanoparticles behaviour was predicted to be geographically much
less variable than that of MUDA and citrate coated nanoparticles, which were predicted
to be unstable in most study areas.

In Chapter 5, the uptake of the studied Au nanoparticles by the freshwater amphipod G.
pulex was explored using test media with different water compositions. Using the data
collected in the aggregation study (Chapter 2), four standard ecotoxicity test media
(APW, M4, MHW and SW) and four natural water samples, collected from four
locations in Northern England (the River Etherow, Hob Moor, Bishop Wilton and
Helmsley) were applied in the uptake study. Chapter 5 investigated the hypothesis that
uptake of Au nanoparticles by aquatic organisms depends on the behaviour of the Au
nanoparticles in the test media and natural waters. It was believed that uptake of Au
nanoparticles would be different depending on the particle size, which would depend
on the extent of aggregation in a particular system. Similar to the findings of Chapter 2,
aggregation in the synthetic test media and natural waters, uptake and depuration were
found to vary significantly across media types. In terms of uptake, MUDA and citrate
coated Au nanoparticles were taken up to a greater extent in test media and natural
waters than amino and PEG coated particles. Larger amounts of PEG-NH, and PEG
coated Au nanoparticles were eliminated during the depuration period across all the
test media compared with MUDA and citrate coated Au nanoparticles. The particle
surface functionalisation and water chemistry were important factors to determine the
uptake into G. pulex. However, there was weaker correlation between the uptake of the
tested Au nanoparticles and the particle size distribution in the test media than surface

waters.
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Implication for risk assessment of ENPs in the

environment

This thesis highlights the fact that the behaviour of ENPs is much more complex than
for ‘normal’ chemicals and that the fate and uptake of ENPs is affected by a range of
environmental factors. This complex behaviour therefore means that to establish the
environmental risks of ENPs, it will probably be necessary to adopt different
approaches for exposure and hazard assessment than used for traditional chemicals.
This thesis has highlighted a number of issues that may need to be addressed in the

environmental risk assessment process for ENPs. These are discussed below.

Relevance of existing OECD/EPA ecotoxicity testing approaches — Existing
approaches recommended by e.g. OECD and EPA for testing the ecotoxicity of
chemicals involve the use of surrogate species and standardised exposure media. The
results of the work presented in Chapter 2 indicate that the behaviour of ENPs in the
standardized media is completely different from the observed behaviour in natural
waters. The use of current standardized testing approaches could therefore either over-
or under-estimate the ecotoxicity of an ENP to aquatic organisms. Based on the
findings of this thesis it would therefore be appropriate to develop alternative
standardized test approaches that more readily reflect the behaviour of ENPs in the
real environment. It may also be necessary considering developing testing approaches

for other species that may be sensitive to ENP exposure.

Testing strategies for ENPs — When assessing the risks of a tradition chemical,
ecotoxicity studies are typically performed on one organism type from each of the
trophic levels (fish, daphnids and algae) and one media type. The results presented in
Chapter 4 show that the behaviour of ENPs across England and Wales can be highly
variable depending on the type of particle. An ecotoxicity test in one medium may not

therefore provide an indication of how an ENP will impact organisms in different river
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catchments. Therefore, when testing an ENP, it may be necessary to perform
ecotoxicity studies using a range of media types. These media could be selected
depending on the functionality of a particle and using some of the spatial assessment
approaches presented in Chapter 4 to give information on the eotoxicity of the range of

aggregation states of an ENP that are likely to occur in the system of interest.

Improved assessment of uptake into aquatic organisms — It is known that current
approaches for predicting uptake of chemicals into organisms (e.g. use of the Log Kqw)
are not appropriate for ENPs. Some researchers have suggested that uptake is related
to particle size and that this could be a parameter used for risk assessment. This thesis
indicates that the size of ENPs was not the principal factor contributing to the increased
uptake of ENPs into the organisms tested and that uptake is probably driven by a
combination of environmental and particle-related parameters. Much more work is
needed on the uptake of ENPs into organisms before we can propose predictive

approaches for estimating bioaccumulation as part of the risk assessment process.

Recommendations for future work

While the results in this thesis have provided new knowledge on the behaviour and
uptake of ENPs in the aquatic environment, there are still many unknowns. Future work

to take the findings of this thesis forward should therefore include:

Further development of models to predict the relationship water parameters and
aggregation of ENPs - This thesis showed that the behaviour of ENPs could be
estimated based on the water parameters in different water systems. These models
should be further developed to include different ENPs sizes and surface functionalities,
to allow the effect of ENP concentration to be established and to include other
important fate processes such as hetero-aggregation. To do this work, fast and

sensitive analytical methodologies will be required.
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Further investigation of the core material effects - This study showed the core material
of Au and Ag nanoparticles had less effect on aggregation of ENPs than the surface
coating. This raises the prospect of developing generalised models for ENP behaviour
for different surface functionalities. Before this can be done, it would be interesting to

explore a wider range of core materials and surface functionalities.

Development of better datasets on water parameters around the world — In Chapter 4,
we attempted to explore how the behaviour of ENPs would vary across the England
and Wales landscape. This work was restricted by the availability of data on important
water parameters. It would be valuable to begin to develop improved databases on

water parameters for river systems around the world.

Development of models for estimating uptake of ENPs into aquatic organisms — The
work in Chapter 5 indicates that particle size is not the main drive affecting the uptake
of ENPs into aquatic organisms. Further work is needed to understand the actual
mechanisms of uptake of ENPs into aquatic organisms and the environmental and
particle properties affecting uptake. This work should ultimately aim to develop models
for estimating ENP uptake. It would also be beneficial to understand the fate of the

ENP within the organism, something that was not considered in this thesis.

Alongside the recommendations specific to this PhD, there are a number of broader
recommendations for research that should be done so that we can fully establish the

risks of ENPs in the aquatic environment. This work includes:

The development of new methods for performing ecotoxicity tests of ENPs in test
media - This thesis has shown that ENPs change form and behaviour depending on

aquatic chemistry. It also showed behaviour depends on the surfaces of ENPs in the

test solutions. In existing testing guidelines, there are many limitations for assessing

153



Chapter 6
the exact risk ENPs pose in the natural environment. The development nano-specific
test systems/protocols is challenging but urgently needed. Any new test protocol should
include a consideration of the role that specific physicochemical properties of ENPs
play, in tandem with the pH and temperature of the exposure test media. Particle
aggregation rates should be accounted for when considering timings for changing test
media. The number of ions that dissolve into the test media from nanoparticles, and
their behaviour, are important factors to consider, as is the concentration of

nanoparticles likely to remain in suspension.

Interaction of ENPs with other pollutants - Most previous studies have investigated the
effects of single ENPs on aquatic organisms, and very little information is available on
how ENPs interact with other pollutants. When nanoparticles are suspended in natural
water, they may come into contact with other pollutants or materials that will influence
the fate and bioavailability of both the contaminant and the ENPs. Interactions with
other contaminants may exacerbate the toxic effects of both contaminant and ENP to
organisms through additive or synergistic mechanisms. The role nanoparticles play in

transporting pollutants into aquatic organisms needs further investigation.

The development of a model to predict exposure of ENPs in aquatic systems -

Detecting or measuring ENPs is difficult owing to ineffective analytical methods or
complex properties of ENPs, but it is necessary to predict potential risk in the aquatic
environment. Due to lack of monitoring capabilities, it is important to develop exposure
models to predict the potential exposure risk. To evaluate the potential risk of ENPs to
environment, the model should be able to predict concentration or quantity of ENPs,
since concentration is directly linked to potential ecotoxicological effects. Furthermore,
the model should be developed based on a relevant subset of properties of ENPs,
including physico-chemical properties (size, size distribution, and surface reactivity),

aggregation or sedimentation and possible interactions with environmental factors. It is
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also imperative to consider environmental conditions arising from local geographic

variation.

Uptake effects of ENPs through aquatic food chain - The uptake study using G. pulex
in this thesis showed uptake effects after exposure with no elimination. The result
implies that nanoparticles may move through the food chain if the organism were taken
up by higher organisms. The food chain is an important system in any ecosystem, and
when it is disrupted there can be drastic effects for the entire system. Nevertheless,
investigating dietary uptake by predator-prey interactions and the potential migration of
ENPs in the aquatic food chain have rarely been studied. We now need to develop a
thorough understanding the potential effects of ENPs when they penetrate and

accumulate in the body, biotranformation and migration along food chain.

Theoretically, by addressing these areas for future research it will be possible to
quantify the risks ENPs pose in the environment with greater certainty than is possible

at present.
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Summary

Imaging and characterization of engineered nanoparticles
(ENPs) in water, soils, sediment and food matrices is very
important for research into the risks of ENPs to consumers
and the environment. However, these analyses pose a
significant challenge as most existing techniques require
some form of sample manipulation prior to imaging and
characterization, which can result in changes in the ENPs in
a sample and in the introduction of analytical artefacts. This
study therefore explored the application of a newly designed
instrument, the atmospheric scanning electron microscope
(ASEM), which allows the direct characterization of ENPs
in liquid matrices and which therefore overcomes some of
the limitations associated with existing imaging methods.
ASEM was used to characterize the size distribution of a range
of ENPs in a selection of environmental and food matrices,
including supernatant of natural sediment, test medium used
in ecotoxicology studies, bovine serum albumin and tomato
soup under atmospheric conditions. The obtained imaging
results were compared to results obtained using conventional
imaging by transmission electron microscope (TEM) and SEM
as well as to size distribution data derived from nanoparticle
tracking analysis (NTA). ASEM analysis was found to be a
complementary technique to existing methods that is able to
visualize ENPs in complex liquid matrices and to provide ENP
size information without extensive sample preparation. ASEM

Correspondence to: Ping Luo, Environment Department, The University of York,
Heslington, York YO10 5DD, UK. Tel.: 0044-1904-462000 (ext 3538); fax: 0044-
1904-322998; e-mail: ping.luo@live.cn.

images can detect ENPs in liquids down to 30 nm and to a
level of 1 mg L~ (9% 108 particles mL~!, 50 nm Au ENPs).
The results indicate ASEM is a highly complementary method
to existing approaches for analyzing ENPs in complex media
and thatits use will allow those studying to study ENP behavior
in situ, something that is currently extremely challenging to
do.

Introduction

As a result of the increase in the usage of engineered
nanoparticles (ENPs) in every day products, there are growing
concerns about the safety of ENPs to humans and the
environment (Hristozov & Malsch, 2009). A large number
of studies have and are being performed to assess the risks of
ENPs in the environment and food to human and ecological
health (Green & Ndegwa, 2011). In order to understand
levels of exposure in the environment and food stuffs and the
mechanisms driving toxicity of ENPs, precise characterization
of the concentrations and properties of the ENPs in their
respective media is essential, which unfortunately remains
a significant challenge (Tiede et al., 2009a; Boxall et al., 2007;
Liu et al., 2012). Although conventional analytical methods,
e.g. inductively coupled plasma mass spectrometry (ICP-MS)
and atomic absorption spectroscopy (AAS) and light scattering
techniques have been commonly used in the analysis of ENPs
(Tiede et al., 2009Db; Gillespie, Halling, & Edwards, 201 1), these
techniques only provide information on mass concentrations
and/or particle size distributions of ENPs. They do not however
provide information on e.g. the morphology of ENPs.

© 2013 The Authors
Journal of Microscopy © 2013 Royal Microscopical Society
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Morphological information can be obtained using image-
based approaches such as electron microscopy (Dudkiewicz
et al., 2011). In combination with methods for elemental
analysis, e.g. energy dispersive X-ray spectroscopy (EDS),
conventional electron microscopy can allow visualization of
ENPs within a sample and can provide information on the
chemical composition of the ENPs (Tiede et al., 2008; Lorenz
etal., 2010). The vacuum environment inside the microscope
chamber however dictates that samples usually need to be
prepared in such a way that they are in a dry or solid state.
This necessity can introduce artefacts during drying processes
leading to erroneous results (Blasco & Pic6, 2011). These
artefacts can be avoided by e.g. using cryogenic preparation
methodologies or wet scanning electron microscopy capsules
(wetSEM; e.g. Tiede et al., 2009b) or by the application of
other imaging technologies such as environmental scanning
electron microscopy (ESEM; e.g. Gatti et al., 2008). However,
cryogenic preparation is very time-consuming, ESEM does not
work at ‘real” atmospheric pressures which is very important
for environmental studies, and the electron-transparent
polymer QuantomiX capsule film used in wetSEM is vulnerable
to electron beam damage (Tiede et al., 2009b) and introduces
the sample in an inverted scenario thus making sedimentary
material difficult to image.

Due to the challenges around analysis of ENPs in complex
media, and the limitations of different available methods, most
researchers recognize that a suite of methods needs to be
applied to a sample in order to produce useful data. Here we
demonstrate arelatively new approach, atmospheric scanning
electron microscope (ASEM), which is an instrument offering
scanning electron imaging at atmospheric pressure. The use
of a silicon nitride (SiN,) membrane in the ASEM dish has
drastically improved the stability of the sample enclosure
when compared with the QuantomiX WetSEM capsule. It
prevents the moisture from leaking into the vacuum chamber,
is electron transparent, and it is stable up to 150°C in aqueous
samples (Suga et al., 2011).

An added advantage is that the system uses an inverted
column, thus the samples are imaged from below. This
allows for imaging of sedimentary materials. ASEM can
therefore minimize artefacts introduced by sample preparation
while avoiding some of the limitations and undesired sample
handling problems associated with ESEM and WetSEM. So
far, the method has been successfully used to visualize cell
structure and nuclei (Nishiyama et al., 2010), mycoplasma
(Sato et al., 2012), nitrate solution, silver paste, solder paste
and the self-organization process of particles (Suga et al.,
2011). However, to the best of our knowledge, it has not
yet been applied in the nanosafety research area. This study
therefore investigated the application of ASEM to a range of
environmental and food matrices and a range of ENPs. The
results were compared to results obtained using TEM, SEM
and nanoparticle tracking analysis (NTA) to evaluate the
advantages and disadvantages of the method.

© 2013 The Authors
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Methods and material

Study ENPs

Mercaptoundecanoic acid coated (MUDA) Au ENPs, with a
nominal diameter of 30 nm, were obtained from Dr Jon
Veinot at the University of Alberta (Edmonton, Canada).
Citrate coated Au ENPs, with a nominal diameter of 50 nm,
were purchased from BBInternational (Cardiff, UK; batch no.
10836). Titanium dioxide (TiO,) nanopowder was purchased
from Sigma Aldrich (UK, lot no. 637254, nominal diameter
<25 nm). Spherical silica ENPs in dispersion were provided by
AZ Electronic Material France SAS (Klebosol 30R 50, nominal
diameter 80 nm, concentration 29-31% w/w).

Study matrices

The natural sediment was selected to meet the criteria
described in OECD guideline 106 (OECD, 2000) for sediment
ecotoxicity testing and was collected from the river Derwent at
Buttercrambe, York, UK (54° 0'59.04" N, 0° 52’ 52.67” W).
The natural sediment had a pH value of 7.67, a composition
of 4.2% clay (<2 pum), 2.8% silt (2~50 um) 93% sand
(>50 um). Elendt M4 Daphnia culture medium was prepared
according to OECD guideline 211 (OECD, 1998). Elendt
medium is mainly used to culture Daphnia magna for ecological
tests and is composed of various trace elements, macro-
nutrients and vitamins. Tomato soup was obtained from Dr
Thomas Linsinger and Dr Ringo Grombe at the Joint Research
Centre (Brussels, Belgium). The tomato soup was prepared as
a reference material under laboratory conditions for further
ENPs fate studies. Bovine serum albumin (BSA) powder was
purchased from Sigma Aldrich (UK); 10 g L~! BSA made up
in water is commonly used to stabilise nanoparticles for cell
culture studies. Polylysine solution (P8920) and dextran-500
(31392) for ASEM dish treatment were obtained from Sigma
Aldrich (UK).

Characterization of ENPs in stock solutions and environmental
and food matrices by ASEM and other techniques

Stock dispersions of the MUDA and citrate coated ENPs were
characterized by ASEM, FEG-SEM, TEM and NTA. ASEM, TEM
and NTA were also applied to visualize citrate Au ENPs in
the supernatant of natural sediment and in M4 medium; TiO,
ENPs in BSA; and SiO, particles in tomato soup. An overview
of the particle-matrix combinations that were characterized,
the analytical approaches used and the concentrations of
particles applied is given in Table 1.

ASEM Imaging

ASEM imaging was performed using a JEOL JASM-6200
ClairScope. The ClairScope consists of an upright optical
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Table 1. Overview of the particle-matrix combinations that were characterized, the analytical approaches used and the concentrations of particles

applied.
Nominal
diameter 30 nm 50 nm 50 nm 50 nm <25nm 80 nm
Core Au Au Au Au TiO» SiO,
Coating material 11-MUDA"! Citrate acid Citrate acid Citrate acid n.a. n.a.
Supplier Edmonton, Canada BBI, UK BBI, UK BBI, UK Sigma Aldrich, UK Sigma Aldrich, UK
Matrix Stock Stock Daphnia medium Natural sediment BSA Tomato soup
Mass [con] 40mgL~! 50 mgL~! 50mgL~! 50mg L~! n.a. n.a.
Applied ASEM, TEM, NTA,  ASEM, TEM, NTA,  ASE, TEM, NTA ASEM, TEM, NTA ASEM, TEM, NTA ASEM, TEM, NTA
techniques FEG-SEM FEG-SEM
Pre-treatment n.a. n.a. VENes: Vinedium = 1:3 Menps:Msgedi = 4:1 10x10°mgL~'of 2x103mgL~! of
leave for 0.5 hr leave overnight TiO, in BSA SiO» in tomato
soup

ASEM Step 1. add 200 uL of 0.01% w/v poly-L-Lysine solution to the ASEM dish for 10 min then washed with DI water

Step 2. add 500 pL sample to ASEM dish 23

Step 3. add 500 uL glutaraldehyde (this step only was applied to 30 nm AuMUDA)

Step 4. add 500 uL dextran 500 (20 g L=1)
FEG-SEM Dry in an oven at 50 n.a. n.a. n.a. n.a.

°C over night
NTA 200 times dilution in n.a. "4 100x in water 5000x in water
water

TEM Step 1. coat formvar-carbon coated copper grids with 0.01% w/v poly-L-Lysine solution

Step 2. add 5 uL of the sample onto the treated grid, the excess moisture was blotted off using filter paper* 5,

Note: 111-MUDA, 11-mercaptoundecanoic acid.

2 The TiO; ENPs in BSA solution were mixed with glucose solution in the volume ratio of 1:2 to reduce the beam damage to the BSA.

3 Only the supernatant of the ENP-sediment system was imaged.

4 Prior to ENPs dispersion, the sediment was pre-treated by vacuum filtration (11 zm filter pore size). After ENP spiking, the sample was centrifuged
(ref =2000g, 2500 rpm x 5 min, Hermle Z 51 3K). The supernatant was sampled and further diluted with water for 100 times (HPLC fluorescence grade
water, Fisher scientific, UK).

> The ultracentrifugation of the ENPs in the supernatant of sediment onto TEM grids was performed on a Beckman XL-100 ultracentrifuge (Beckman,
California) with a SW40Ti swing bucket rotor and polymer tubes, at 20°C for 1 h, with ref = 100x103 gand w = 128 x 103 rpm.

microscope (OM, not used in this study) and an inverted
SEM with the specimen in a thin-film windowed dish, in
the observation chamber under atmospheric conditions. The
dishes are produced by depositing a 100 nm SiN, film on a
silicon substrate, etching the under-surface toleave a 250 um
square window, and inserting the chip into the base of a 35
mm diameter cell culture dish (Nishiyama et al., 2010). The
high-energy electrons travel through the SiN, film of the open
dish to interact with the specimen and backscattered electrons
(BSE) are detected in the vacuum chamber to construct a SEM
image of the specimen. An optical image can be taken by OM
from the other side of the specimen. The ASEM was operated
at 30 kV acceleration voltages and 30 spot size (8 nm beam
diameter, Nishiyama et al., 2010). This spot size was selected
based on a compromise between the resolutions, signal to noise
and heating. Larger spot sizes can provide more signal but at
risk of reduced resolution and increased heating which would
shorten the ASEM dish lifespan.

Prior to imaging, 200 uL of 0.01% w/v poly-L-Lysine
(Sigma-Aldrich P8920, diluted 10-fold) solution was added to
the ASEM dish to give a positive charge for better adhesion

of the negatively charged ENPs (Table 1, Ramachandran
etal., 1998; Tiede et al., 2009b). The positively charged poly-
L-Lysine can properly neutralize the surface charge on the
ASEM film window. The poly-1-Lysine was removed after 10
min, and the dish washed with pure water. This coating can be
omitted if a neutral ASEM dish is required. Approximately 500
L of each sample was then added to the centre of the ASEM
dish and left to settle at room temperature for approximately
10 min. Sample preparation was completed by adding 500 uL
ofdextran 500 (20 gL.~!) on the top of the sample. The dextran
acted as a free radical scavenger thus reducing the damage to
the SiN, membrane.

Scanning Electron Microscopy (SEM)

For SEM imaging, the same specimen as used in the ASEM was
deposited on a silicon slab, allowed to dry in an oven (50°C)
over night and was then imaged using a JEOL 7500F field
emission gun-SEM (FEG-SEM) at 5.0 kV acceleration voltage
and at a 4.3 mm working distance.

© 2013 The Authors
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(c)

Fig. 1. Images of nominal 50 nm BBI Au obtained from ASEM (a), FEG-SEM (b) and TEM (c). Analysis showed that TEM, which has a greater resolution
than ASEM and FEG-SEM gives the smallest mean particles size for a sample. Magnified images of single particles are presented in the top left corner of

each image.

Transmission Electron Microscopy (TEM)

TEM images were acquired by a JEOL JEM-2010 microscope
(200 kV) which was fitted with an energy dispersive X-ray
spectrometer (EDS, Oxford Instruments, UK). Formvar-carbon
coated copper grids (S162—4, Agar Scientific, UK) were coated
with 0.1% w/v poly-L-Lysine solution (P8920, Sigma-Aldrich)
to enhance the attraction of negatively charged particles.
Dispersed ENPs (5 uL) were then applied to the copper grids
and the excess moisture was blotted off with filter paper.

To increase the number of ENPs being visualized in the
supernatant of natural sediment, ultracentrifugation, was
applied to increase particle number concentration and hence
improve imaging of particles. The ultracentrifugation was
performed on a Beckman XL-100 ultracentrifuge (Beckman,
California) with a SW40Ti swing bucket rotor and polymer
tubes, at 20°C for 1 h, with rcf = 100 x 103 g and w = 128
x 103 rpm. ENPs accumulated on the TEM grid located at the
bottom of the centrifuge tube, with a flat bottom support of
Agar 100 resin (Agar Scientific, UK).

Nanoparticle Tracking Analysis (NTA)

NTA was performed to monitor the ENP size distribution
in liquid using a Nanosight-LM10 (NTA, Nanosight, UK).
In order to meet the NTA ideal number concentration
requirement (1~25x 108 particles per mL solution), samples
were prepared differently. Stock solutions of the MUDA and
citrate coated ENPs, TiO, ENPs in BSA and SiO, particles in
tomato soup were further diluted in water prior to the analysis.
A more extensive pre-treatment was carried out on the Au
ENPs in natural sediment; the natural sediment was firstly
treated by vacuum filtration (11 wum filter pore size). After
mixing with ENPs, the ENP-sediment sample was centrifuged
(rcf = 2000g, 2500 rpm x 5 min, Hermle Z 513K). The
supernatant was sampled and further diluted (100 times) with
water (HPLC fluorescence grade water, Fisher scientific, UK)
for NTA analysis.

After sample preparation, 0.3 mL of each sample was
injected into the NTA chamber using a BD Plastipak
syringe (2 mlL, lot number 300185, Spain) and 60 sec
videos (frames per second = 60, viscosity = 0.95 at 22°C,

© 2013 The Authors
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640 x 480 resolutions) were recorded. Videos were analyzed
using NTA software 2.0 by calculating the sphere equivalent
hydrodynamic diameter of each single particle via the Stokes-
Einstein equation (Gillespie et al., 2011).

Image Analysis

All the images acquired by TEM, ASEM and FEG-SEM were
then analyzed by the eCognition Architect software (version
8.7) which hasimplemented solutions designed specifically for
ENP characterization developed as part of the EU-FP7-funded
project “Nanolyse”. It is an object-based analysis software
(OBIA), which groups pixels of the objects basing on color
and shape (Blaschke, 2010; Tiede et al., 2009c, 2010). Three
representative images were collected from each sample. Each
sample includes more than 50 particles that were measured
for the mean equivalent circle diameter.

Result and discussion

Capability of ENP size measurement using ASEM

Images of the 50 nm Au ENPs were acquired by ASEM, FEG-
SEM and TEM (Fig. 1). As expected, analysis showed that TEM,
which has a greater resolution than ASEM and FEG-SEM gives
the smallest mean particle size for a sample. The three methods
all provide useful information for studying ENPs with various
advantages and disadvantages. The ASEM images, seen in
the top left corner, enables the samples to be simply imaged
without any sample processing and while the ENPs are in their
natural environment. However, the images of the ENPs in the
ASEM appear blurry and the periphery lacks definition. This is
because the electron beam scattering is broadened in solution
and the electrons are absorbed during the pathway to and from
a particle in a sample. Electron backscattering depends on the
thickness of the scattering material, and thus differs between
the centre and edge of the object. Moreover, Monte Carlo
simulation shows that electron backscattering also depends on
the location depth and the size of Au particles (Dabritz, Langer
& Hauffe, 2001). Therefore, the beam broadening affects both
the particle size and shape measurement.
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Fig. 2. Imaging of the smallest ENPs by ASEM in this study. The smallest round Au ENPs (a) detected by ASEM is 30 nm Au stock solution. The size of

smallest irregular shaped TiO, aggregates (b) detected in BSA is 80 nm.

ASEM images showed an image size of 66 £ 6 nm, which is
significantly larger (p < 0.05) than the ones acquired by the
FEG-SEM (50 £ 6 nm), conventional TEM (41 + 3 nm) and
NTA (60 + 39 nm, asshown inFig. 3¢). The difference between
the NTA measurements and the TEM and SEM measurements
are probably explained by the fact that NTA measures the
hydrodynamic particle diameter whilst SEM and TEM detects
the size of dry particle (Gittings & Saville, 1998).

The difference between FEG-SEM and TEM are probably
due to the fact that high resolution FEG-SEM employs the
secondary detector to acquire the image via detecting low
energy secondary electrons (<50 eV, Goldstein et al., 1981),
primarily providing information on surface topology. Hence,
both the core and coating material of the ENPs are imaged
by FEG-SEM at 5 kV accelerating voltage. In a TEM, image
acquisition is achieved by transmitted electrons. The core of
the ENPs, Au, appearsdark in the image whilst the shell regions
(surface coating) of the ENPs appear grey or bright and the
background appears bright at 200 kV (Fig. 1). Therefore the
size of the core material and coating measured by FEG-SEM is
larger than the size of the core measured by TEM.

The enlarged size measured by ASEM may be due to a
range of different factors. The dominant factor is thought to
be the increased electron scattering at the window and in the
liquid environment, both to the incoming beam and in the
BSE. Improved size measurement results could probably be
obtained by deconvolution of these processes. However such
estimation of particle sizes obtained from SEM in an aqueous
medium behind a SiN, window is a complex problem that is
beyond the scope of this study. Another reason may be that the
particles in liquid are able to undergo small movements which
would reduce the image resolution. Similar conclusions were
made by Tiede et al. (2009b) when using Quantomix capsules
(WetSEM) in a conventional SEM to image ENPs under fully
liquid conditions.

Optimising detection of ENPs

Size detection limit. Figure 2(a) shows the smallest Au ENPs
detected by ASEM is 30 nm Au stock solution. The size of

smallest TiO, aggregates detected in BSA is 80 nm (Fig. 2b)
although TEM imaging suggests that the TiO, aggregates are
down to ~30 nm (not shown). The detection limit might
be improved through changes in the beam diameter and in
sample preparation.

As illustrated in ‘Capability of ENP size measurement using
ASEM’ section, electron beam broadening at the membrane
and in the liquid are major factors in determination of particle
size. The electron beam broadening effect is dependent on
the beam diameter, sample preparation, film thickness of the
ASEM dish, the operating voltage and current (Suzuki et al.,
2007). Theoretically, small beam diameter will enhance the
electron interaction with the unit area of target sample, will
limit the electron beam broadening effect, and ultimately will
improve the size detection limit.

Sample preparation is another determinant of electron beam
broadening. The effect of beam scattering can be minimized
by using a short electron travel path. It is crucial to attract the
ENPs close to the SiN,, film (3 um). This is a key advantage of
the ASEM over wetSEM where in ASEM gravity permits ENPs
to settle on the surface of the SiN, membrane, whereas the
particles need to be physically attracted to the membrane used
in wetSEM where the membrane is presented facing upwards.
However to minimize movement of the particles whilst being
examined, the SiN, was also charged. On the ASEM dish, the
behavior of ENPs under the electron beam is determined by the
competition between different forces. One is the attractive force
between the SiN, membrane and ENPs, e.g. the ASEM dish
was coated with positively charged poly-L-Lysine to attract the
negatively charged ENPs (Ramachandran et al., 1998; Tiede
et al., 2009b). The other force is the dispersive force of the
ENP that is caused by Brownian motion, charging or thermal
effects (Suga et al., 2011) and the bonding force between each
ENP. In this study, only a few of nominal 30 nm Au ENPs
which were coated with 11-mercaptoundecanoic acid (11-
MUDA) were observed using ASEM under liquid conditions.
The negatively charged ENPs quickly drifted away from the
position of the focused beam. Interestingly, this agrees with
the phenomena reported by Suga et al. (2011), where the
positively charged silica particles gathered toward the SiN,

© 2013 The Authors
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Fig. 3. Size distribution of ENPs in different sample matrices were acquired by ASEM, TEM and NTA, respectively (Fig. 3a—i). Large Au agglomerates in
Daphnia culture medium is shown in the ASEM images due to the effect of gravity (Fig. 3a—c). ASEM shows the large TiO, aggregates in BSA which have
been missed by TEM and NTA (Fig. 3d—f). The measurement of SiO» in tomato soup using ASEM (Fig. 3g) is slightly more difficult than TEM (Fig. 3h)
and NTA (Fig. 3i) due to the low density. TEM images (Fig. 3k) mainly show Au agglomerates in sediment while ASEM images indicate that the Au ENPs
associate with the natural sediment as singlets (Fig. 3j) which agrees with NTA data (Fig. 31, 62 £ 21 nm)

film at the focus of the beam. Suga et al. (2011) explained that, attract the positive charged ENPs (e.g. Silica) while repel the
the total sum of the secondary and BSE emitted from the SiN, negatively charged ENPs, e.g. 11-MUDA coated Au ENPs. If
film is less than the total incident electrons which creates a this repulsion force plus the dispersive force is weaker than
potential difference in the water. This potential difference can the attraction force between the ENPs and ASEM dish, the
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ENPs would be stable in the liquid and images of the ENPs
can be obtained. The imaging of these 30 nm Au ENPs was
highly improved by further treatment with glutaraldehyde.
The covalent binding force between the glutaraldehyde (ENPs
coating) can overcome the repulsion force and bring ENPs
close to the SiN, film (Fig. 2a). Another example is when
Au ENPs are immobilized by an external matrix, e.g. by
fixing in biological cells, then much smaller particles can be
detected (<30 nm, C.L. Dennison, private communication). It
isrelatively straightforward toimage 20 nm particles although
the signal to noise of particles is lower and the precision of the
size determination is correspondingly worse.

The operating voltage and film thickness of the ASEM dish,
which controls the number of electrons and their path length
through the film-windowed SiN, ASEM dish, can play a role
on the beam broadening. Generally the higher the voltage,
the more electrons would hit the sample and minimize the
broadening effect. Nishiyama et al. (2010) imaged 15 nm
colloidal Au in liquid state through various SiN, membranes,
i.e. 150 nm, 100 nm and 30 nm at various accelerating
voltages (20 and 30kV). They suggested that the combination
of 30 nm SiN, film with higher voltage (30 kV) produced more
sharply defined particles and the measured particle diameter is
closer to the real value. However, 100 nm SiN, film deposited
ASEM dishes were used in this study since it offers a reasonable
resolution and a longer lifetime than 30 nm film. All the
specimens in this study were imaged at 30 kV. Therefore,
the observable particle size is small when the beam diameter
is small, acceleration voltage is high, when the film is thin,
when the distance between the target and film is small.

The dose of the generated signal depends on the acceleration
voltage and spot size, target atomic number, density, size and
shape. Backscattered imaging at low accelerating voltages and
large spot size (high current) results in enhanced specimen
surface contrast and detail since the primary electrons
penetrate less deep into the target and generate BSE closer
to the original irradiated area (Richards et al., 1999). The
backscattering image contrast is reflecting the atomic number
of the specimen composition. Therefore more BSE will be
acquired with Au (Zx, = 79) than for low atomic number
samples such as Ti (Zy; = 22) (Nishiyama et al., 2010). Figure
3(a) and (j) show the images of the nominal 50 nm Au
ENPs in Daphnia culture medium and an extract of natural
sediment, respectively. The presence of sand/organic matter
in the sediment influenced the visualization of the Au ENPs.
The greater the differences between the atomic numbers of
the target object and sample matrix, the better the quality of
images that can be obtained from ASEM, e.g. a dried sample is
better than a wet one, a purified sample matrix is better than
a crude one.

In addition, the size of signal generation area also depends
on the size and shape of the sample. The minimum observable
size of sphere particles (e.g. 30 nm Au ENPs) is smaller than
the irregular shape of aggregates (e.g. 80 nm TiO, ). Therefore,

Appendix 1

the observable size is small when the acceleration voltage is
low, the spot size is big, the atomic number and density of the
sample is high and the sample shape is sphere. This explains
smaller particle size was measured on spherical Au ENPs
(30 nm) than the TiO, aggregates (80 nm).

Minimum particle number concentration

To achieve the ideal particle number concentration range
for the ASEM imaging, theoretical calculations based on the
experimental data were employed. Figure 1a shows an image
of 5 uL of nominal 50 nm Au ENPs (50 mg L), which is
equivalent to 4.5x10'° particles mL~'. About 50 ENPs are
visible on the dish film at 50,000 x nominal magnification
and spot size 30. Assuming that the ideal particle number
in an image for statistical analysis is between 5 and 100
particles, the ideal sample concentration for 50 nm Au ENPs
would be 5-100 mg L~! with a corresponding particle number
concentration of 4.5 x 10°-9 x 10'° particles mL~! at the
same magnification (50 k).

Evaluation of ASEM imaging for a range of ENPs in different
sample matrices

Au ENPs in Daphnia culture medium

The elongated shape of agglomerated Au ENPs (nominal size
of single ENP = 50 nm) was observed by ASEM after spiking
into Daphnia culture medium for 20 min (Fig. 3a). Analysis by
e-Cognition showed that the size of agglomerates was 230 =+
102 nm. This size measurement differed from results obtained
by TEM imaging (85 + 17 nm, Fig. 3b) and NTA (97 & 73 nm,
Fig. 3c). NTA analysis also showed that, after being spiked
into Daphnia culture medium for 20 min, the hydrodynamic
size of the ENPs increased from 60 £+ 39 nm to 97 &+ 73 nm
along with an increased number of bigger particles (100 nm
to 150 nm, Fig. 3c). It seems that ASEM indicates a larger
size of agglomerates than TEM. This is possibly due to the fact
that large agglomerates are easily to be seen under the effect
of gravity.

TiO> ENPs in BSA solution

Results were obtained for the TiO, ENPs in BSA solution
using similar methods. One of the ClairScope OM images of
the TiO, ENPs (nominal <25 nm) in BSA is shown in Figure
3d (430x), with an insert showing the electron image. All the
TiO, ENPs were observed as round firm aggregates with the
size of 3822 + 700 nm. The large aggregates are about 6 um
across while the small aggregates are down to ~80 nm. Only
small aggregates were found by TEM imaging (127 £ 74 nm,
Fig. 3e) and NTA (123 + 75 nm, Fig. 3f). Various scenarios
might contribute to these differences. First, NTA is incapable of
detecting particles >1000 nm (Gillespie et al., 2011). Second,
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dilution (in deionized water) required by NTA might separate
the agglomerates to constituent particles. NTA measurement
of TiO, sample was performed in DI water due to the existence
of large number of particles in the BSA solution. This indicates
anotherdrawback of NTA;itisunable todifferentiate the target
ENPs from other particles contained in the matrices. Third, the
sample preparation required by TEM imaging (e.g. transferring
with a pipette or blotting with filter paper) might lose the large
agglomerates/aggregates. Larger particles are more likely to
be lost if any part of the particles can be washed away from the
grid surface during dry blotting. This is because, comparing
with the smaller particles, the large ENPs have the lower
surface-to-volume ratio and subsequent weak electrostatic
attraction of particles toward the TEM grid. Lastly, the electron
beam in ASEM might trigger the agglomeration/aggregation
of ENPs in solution (Suga et al., 2011), although at the used
concentrations this is thought to be a low probability.

The main findings from the TiO, analysis are: (i) the nominal
<25 nm TiO, nanopowders have been agglomerated into 80
nm ~ 6000 nm particles after being dispersed into BSA. (ii)
TEM and NTA overrated the small aggregates (up to 500
nm) whilst ASEM can provide a broad overview of the whole
population ranging from nano to micro scale although it
slightly overrated the large aggregates due to the effect of
gravity. (iii) ASEM can provide a clear image of ENPs in a
cloudy matrix which is incompatible with the NTA.

SiO> ENPs in tomato soup

The spherical SiO, ENPs were observed in tomato soup by
ASEM imaging (Fig. 3g, 579 4+ 370 nm). The bright cloud
from the images (seen as arrow in Fig. 3g) may correspond
to the loosely packed agglomerates in TEM images (Fig. 3h,
84 + 15 nm). The large agglomerates observed by ASEM were
a few um in size, whereas the large agglomerates measured
by TEM images were only about 600 nm in size. NTA showed
the mean value of 126 + 109 nm with the exception that a
few agglomerates measured between 550 and 1000 nm in
size. The explanation of the size differences between ASEM,
TEM and NTA is similar to that given in ‘TiO, ENPs in BSA
Solution’ section. Nevertheless, the measurement of SiO, ENPs
(Fig. 3g) using ASEM is slightly difficult than TEM (Fig. 3h) and
NTA (Fig. 3i) due to the low density.

Au ENPs in an extract of natural sediment

50 nm nominal size Au ENPs were imaged in an extract of
natural wet pond sediment for the first time (Fig. 3j). The
Au ENPs associated with the natural organic matter in the
supernatant of the sediment as single particles. The size of
the single ENPs in the extract was as 81 £ 3 nm, which is
slightly larger than the size of the single Au ENPs measured
in stock (66 & 6 nm, Fig. 1). This is possibly due to the
lower signal to noise of the ENP images as shown in section
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of minimum particle number concentration. Regarding the
size distribution of ENPs in the sediment, TEM images
(Fig. 3k) mainly show agglomerates, ASEM images indicate
that the Au ENPs associate with the natural sediment as
singlets which agrees with NTA data (Fig. 31, 62 + 21 nm)

Advantages and limitations of ASEM

ASEM offers imaging of dry, semi-dry and liquid samples
in their original state and provides a broad overview of
the whole population of particles ranging from the nano
to micro scale. Furthermore, the alternative OM in the
ClairScope will be convenient to check large aggregates in
any depth which were washed out during sample preparation
for TEM and SEM and which were underestimated by NTA.
Minimum sample preparation is required and can be achieved
using simple approaches such as the application of poly-L-
Lysine solution to attract ENPs to the ASEM dish, use of
dextran 500 or glucose to neutralize the free radicals, use
of glutaraldehyde to cross link the coating of ENPs. Although,
it is worth noting that even this minimal preparation can
potentially alter the dispersion state of the ENPs. With
necessary sample preparation, the minimum measurable
concentration of the ENPs in liquid is 1 mg L' (9x108
particles mL~!) for 50 nm nominal Au ENPs.

The ASEM dish is not reusable or recyclable. Care must be
taken when viewing hard materials to ensure that the fine
membrane is not compromised. Similar to the Quantomix
capsules in WetSEM, the ASEM dish film may deteriorate
during exposure to the electron beam due to the free radical
or other mechanical damages (Tiede, et al., 2009b). The free
radicals, which are induced by electron beam irradiation, can
instigate complex chemical reactions with the SiN, dish film
and eventually will cause failure of the film integrity. Addition
of free radical scavengers (Dextran) to the specimen can
somewhatreduce these effects. After comparison studies, these
effects can be effectively minimised by the selection of a spot
size of 30 which can maximize the resolution. Nevertheless,
a 100 nm SiN, film is recommended which provides a <1 hr
lifespan, where the beam can focus on one area for maximum
35 mins, which is enough for observation. New developments
such as multi-windowed film dishes are expected to ease this
restriction.

Some researchers have highlighted the need for analysis
of the chemical composition of particles during imaging of
samples. Current developments allow the combination of
TEM and SEM with EDS, Electron energy loss spectroscopy
(EELS), Selected area electron diffraction (SAED), Wavelength
dispersive spectroscopy (WDS) or High angle annular dark
field (HAADF) to obtain elemental information. No chemical
analysis can be achieved by ASEM based on the current
design. However, the OM fitted on the top of specimen does
allow various kinds of fluorescent and bright-field imaging
which could provide useful additional information on the
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composition of a sample (Muraietal., 2011), which not readily
achieved using the other techniques. The OM can also be
of great use to identify regions of interest prior to using the
scanning electron mode and can also provide a corresponding
field of view with ASEM.

Conclusions

This study has demonstrated the application of ASEM to the
analysis of environmental and food samples. While measured
mean sizes for the samples tested were higher than those
obtained by TEM, FEG-SEM and NTA, the fact that ASEM is
able to measure particles in the liquid phase with minimum
preparation provides a number of advantages over the other
methods and means that data can begin to be generated
on the behaviour of an ENP in situ. With necessary sample
preparations, ASEM images can provide the information of
ENPs down to at least 30 nm, 1 mg L™ (9x 103 particles
mL~!, 50 nm Au ENPs). The ASEM was successfully applied
to a range of different core/shell ENPs, e.g. metal (Au), metal
oxide (TiO;) and semiconductor oxide (SiO,) with different
coating materials in complex wet matrices, such as Daphnia
culture medium, BSA and tomato soup.

Overall, we believe that ASEM is a valuable addition to
the existing ‘tool kit’ that is available for understanding the
occurrence and behaviour of ENPs in complex media. While
the results are by no means perfect, the fact that ENPs can be
visualised with ease in ‘wet’ complex samples offers a number
of advantages over some of the existing techniques. When used
in combination with other methods, ASEM should provide
useful additional knowledge on the characteristics of ENPs in
environmental matrices and food.
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Appendix 2

Spectroscopic characterization of gold nanoparticles
prepared in aqueous solutions with different functional

capping molecules

The capping molecules used sodium 11-mercaptoundecanoic acid and citrate tribasic

dehydrate are shown as below:

0 COONa
/\W HO+COON3
HS OH COONa

Figure A. 2. 1. Capping molecules of (a) 11-mercaptoundecanoic acid (MUDA) gold

nanoparticles, (b) sodium citrate tribasic dehydrate (citrate).

The gold precursor used was solid H,AuCl,;-2H,O. The small size nanoparticles was
reduced by fresh prepared NaBH, aqueous solution using solid NaBH, at room
temperature and the big size nanoparticles was reduced with citric acid at 15 times
gold concentration at temperature close to the boiling water (about 90°C). After doing

experiments many times, the optimized preparation procedures are summary as below:

The procedure used for the gold nanoparticles preparation:

Synthesis of 8-10 nm Au nanopatrticles (Sample 1 with citric acid and Sample 2 with 11-

mercaptoundecanoic acid capping):
A stock solution of gold nanoparticles was prepared in aqueous solution via reduction
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of H,AuCl,;-2H,0 (0.25 mM, 1 liter) upon addition of an aqueous NaBH, solution (0.015
g dissolved in 5 mL of distilled water containing 0.11 g sodium citrate tribasic salt) in
one rapid addition. Particle growth was arrested by surface passivation with the
sodium citrate tribasic salt of citrate (0.11 g) that was present in the initial

HgAUC|4'2HQO solution.
Purified citrate capped nanoparticles (Sample 1):

Au nanoparticle solutions were purified by dialysis. The 1000 mL stock solution was
divided into two 500 mL fractions. On fraction was placed in Lot Number 3244650
dialysis tubing (approximate molecular weight cut off (MWCO) = 8,000 Daltons) and the
filled tubes were submerged in distilled water for 4 d (bath water was changed at

regular 12 hour intervals).
11-mercaptoundecanoic acid passivated nanoparticles (Sample 2):

The second fraction of the stock Au-nanoparticles was added directly to an ethanol
solution of 11-mercaptoundecanoic acid (0.12 g, 3 mL) and the mixture was stirred in
subdued light for one week. During this period, the apparent colour of the solution
changed from “blood red” to “purple red”. The resulting solution was dialyzed using the

procedure outlined above.

Synthesis of 24-30 nm Au nanoparticles (Sample 3 with citric acid and sample 4 with

11-mercaptoundecanoic acid capping):

Au nanoparticle were prepared in aqueous solution by heating the solution of
H,AuCl,2H,O (0.25 mM, 3.75 mM tribasic salt, 1 L) to approximately 90°C. The
solution was heated for 1 hour and colour of solution gradually changed to gray and

finally to purple red, that indicated the expected size of nanoparticles was achieved.
Purified citrate capped nanoparticles (Sample 3)

The same procedure used as Sample 1

11-mercaptoundecanoic acid passivated nanoparticles (Sample 4)
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The same procedure used as Sample 2

TEM analysis of Samples 2 and 3 indicates particle diameters noted in the provided
figures. UV-vis absorption spectra indicate no detectable changes in particle diameter
upon functionalization. TEM results for the 11-mercaptoundecanoic acid capped

particles are pending.
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Figure A. 2. 2. 11-mercaptoundecanoic acid passivated gold nanoparticles.
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Figure A. 2. 3. Citrate capped nanoparticles gold nanoparticles.
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Figure A. 2. 5. FT-IR analysis of citrate (black trace) and mercaptoundecanoic acid (red

trace) Functionalised Au nanoparticles.
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Figure A. 2. 6. XPS for gold nanoparticles (sample 2) with 11-mercaptoundecanoic acid

capping groups. The sample was prepared on a copper substrate.
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Spectroscopic characterization of silver nanoparticles
prepared in aqueous solutions with different functional

capping molecules

Synthesis of citric acid and 11-MUDA stabilised 30 nm Ag nanoparticles:

Citric acid capped silver nanoparticles were prepared in aqueous solution by mixing
AgNO; and citric acid in the molar ratio citric acid/AgNO; = 12 (0.25 mM of AgNO,, 3.0
mM tribasic salt, 1 liter). 2 drops of 4 M NaOH base solution were added after stirring
the citric acid/AgNO; solution for 10 minutes, and then the solution was heated to 70°C
for 1 hour. During heating the solution gradually changed to dark yellow consistent
with the formation of Ag nanoparticles. 11-mercaptoundecanoic acid (11-MUDA)
passivated Ag nanoparticles were prepared by a ligand exchange reaction of 11-MUDA.
11-MUDA readily displaces the surface citric acid on Ag-Citrate nanoparticles. An
ethanol solution of 11-MUDA (0.12 g, 3 mL) was added dropwise to 1 liter of citric acid
capped Ag-nanoparticles aqueous stock solution with rapidly stirring. The mixture was

kept in subdued light and was stirred for one week.
Furification of the synthesized Ag nanoparticles samples:

All silver nanoparticles were purified using dialysis. The 200 mL of the stock solution of
choice was poured into a dialysis tube. The filled tubes were submerged distilled water

(4-litre capacity beaker) for 4 d (bath water was changed at regular 5 hour intervals).
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Characterization the synthesized Ag nanoparticles:
Transmission electron microscopy (TEM) samples of Ag nanoparticleswere drop-cast
from an aqueous suspension onto holey carbon coated copper grids and dried under
vacuum. TEM analyses were performed using a JEOL-2010 (LaBg filament) electron
microscope with an accelerating voltage of 200 keV. UV-vis spectra were recorded with
a Hewlett-Packard 8453 UV-vis DAD spectrophotometer. The Ag NP diameters were
determined by measuring the TEM images using the program-soft ImageJ and

histogram analysis were performed using Origin 8.0.
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Figure A.3.1. Bright field TEM and particle size distribution of Ag-Citrate nanoparticles

(d=17.5%£9.4 nm).
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Figure A.3.2. Bright field TEM and particle size distribution of Ag-MUDA nanoparticles

(d =38.8£3.6 nm).

176



Appendix 3

1.6 - Ag NPs citric acid |

o -
o] N
I I

Absorbance (a.u.)

0.0

300 400 500 600 700 800
Wavelength (nm)

Figure A.3.3. UV-Vis spectrum of Ag-Citrate nanoparticles in aqueous solution.

DLS analyses of Ag nanoparticles with citric acid (top) and 11-MUDA (bottom) capping
were carried out in aqueous solutions (See Figure A.3.4). The DLS size distribution
data indicate the citric acid Ag nanoparticles (5) show two distribution peaks at 43.41
nm with intensity 84% and 5.2 nm with 16%, while for 11-MUDA at 52.2nm with
intensity 89% and 5.3 nm with 11%. Zeta-potential measurements for two capping
agents are -34.1 mV for citric acid and -43.9 mV for 11-MUDA, respectively. In principle
DLS measured results were almost identical from aqueous solutions for these two Ag

nanoparticles with citric acid and 11-MUDA capping ligands.
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Figure A.3.4. The DLS measurements of Ag nanoparticles. Top: citric acid. Bottom: 11-

MUDA capped.
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